
Assessment of Inorganics 
Accumulation in Drinking Water 
System Scales and Sediments 

Subject Area: Infrastructure





Assessment of Inorganics 
Accumulation in Drinking Water 
System Scales and Sediments 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



About the Water Research Foundation

The Water Research Foundation (formerly Awwa Research Foundation or AwwaRF) is a member-supported, 
international, 501(c)3 nonprofit organization that sponsors research to enable water utilities, public health 
agencies, and other professionals to provide safe and affordable drinking water to consumers.

The Foundation’s mission is to advance the science of water to improve the quality of life. To achieve this 
mission, the Foundation sponsors studies on all aspects of drinking water, including resources, treatment, 
distribution, and health effects. Funding for research is provided primarily by subscription payments from 
close to 1,000 water utilities, consulting firms, and manufacturers in North America and abroad. Additional 
funding comes from collaborative partnerships with other national and international organizations and the 
U.S. federal government, allowing for resources to be leveraged, expertise to be shared, and broad-based 
knowledge to be developed and disseminated. 

From its headquarters in Denver, Colorado, the Foundation’s staff directs and supports the efforts of 
more than 800 volunteers who serve on the board of trustees and various committees. These volunteers 
represent many facets of the water industry, and contribute their expertise to select and monitor research 
studies that benefit the entire drinking water community.

The results of research are disseminated through a number of channels, including reports, the Web site, 
Webcasts, conferences, and periodicals.  

For its subscribers, the Foundation serves as a cooperative program in which water suppliers unite to pool 
their resources. By applying Foundation research findings, these water suppliers can save substantial costs 
and stay on the leading edge of drinking water science and technology. Since its inception, the Foundation 
has supplied the water community with more than $460 million in applied research value. 

More information about the Foundation and how to become a subscriber is available on the Web at  
www.WaterResearchFoundation.org.

©2010 Water Research Foundation. ALL RIGHTS RESERVED



Assessment of Inorganics 
Accumulation in Drinking Water 
System Scales and Sediments 

Sponsored by:
Water Research Foundation
6666 West Quincy Avenue, Denver, CO 80235-3098

and

United States Environmental Protection Agency
Washington, D.C.

Published by:

Prepared by:
Melinda J. Friedman*, Andrew S. Hill, and Steve H. Reiber
HDR Engineering Inc., Bellevue, WA 98004

Richard L. Valentine, Gregory Larsen, and Angela Young
University of Iowa, Iowa City, IA 52242

and

Gregory V. Korshin and Ching-Yu Peng
University of Washington, Seattle, WA 98195

*Now employed by Confluence Engineering Group, LLC

©2010 Water Research Foundation. ALL RIGHTS RESERVED



Copyright © 2010
by Water Research Foundation

ALL RIGHTS RESERVED. 
No part of this publication may be copied, reproduced 

or otherwise utilized without permission.

ISBN 978-1-60573-089-9

Printed in the U.S.A.

DISCLAIMER

This study is jointly funded by the Water Research Foundation (Foundation) and the U. S 
Environmental Protection Agency (USEPA) under Cooperative Agreement No. CR-83110401.  The 
Foundation and USEPA assume no responsibility for the content of the research study reported in 
this publication or for the opinions or statements of fact expressed in the report.  The mention of 

trade names for commercial products does not represent or imply the approval or endorsement of 
the Foundation or USEPA.  This report is presented solely for informational purposes.

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 

v 

CONTENTS 
 
 

LIST OF TABLES ......................................................................................................................... ix 
 

LIST OF FIGURES ..................................................................................................................... xiii 
 

FOREWORD ............................................................................................................................. xvii 
 

ACKNOWLEDGMENTS ........................................................................................................... xix 
 

EXECUTIVE SUMMARY ......................................................................................................... xxi 
 

CHAPTER 1:  INTRODUCTION AND APPROACH ...................................................................1 
Introduction ..........................................................................................................................1 
Project Objective ..................................................................................................................1 
Project Approach .................................................................................................................2 

Task 1 – Collection and Evaluation of Existing Data and Information ...................2 
Task 2 – Development and Implementation of a Field Study Program ...................2 
Task 3 – Evaluation and Interpretation of Results Generated .................................4 

Report Organization .............................................................................................................5 
 

CHAPTER 2:  LITERATURE REVIEW ........................................................................................7 
Introduction ..........................................................................................................................7 
Background ..........................................................................................................................7 
Inorganic and Radiological Contaminants ...........................................................................9 
 Aluminum ..............................................................................................................15 
 Antimony ...............................................................................................................15 
 Arsenic ...................................................................................................................16 
 Barium....................................................................................................................19 
 Beryllium ...............................................................................................................19 
 Cadmium ................................................................................................................20 
 Chromium ..............................................................................................................20 
 Copper ....................................................................................................................22 
 Cyanide ..................................................................................................................23 
 Fluoride ..................................................................................................................23 
 Lead........................................................................................................................23 
 Manganese .............................................................................................................24 
 Mercury ..................................................................................................................25 
 Nickel .....................................................................................................................25 
 Nitrite/Nitrate .........................................................................................................25 
 Selenium ................................................................................................................26 
 Silver ......................................................................................................................26 
 Thallium .................................................................................................................27 
 Vanadium ...............................................................................................................27 
 Zinc ........................................................................................................................28 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 vi |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

 Alpha Emitters .......................................................................................................28 
 Beta and Photon Emitters .......................................................................................28 
 Radium ...................................................................................................................28 
 Radon .....................................................................................................................31 
 Uranium .................................................................................................................33 
Contaminant Introduction ..................................................................................................35 
Contaminant Sinks .............................................................................................................36 
 Corrosion Scales ....................................................................................................36 
 Precipitates .............................................................................................................39 
 Biofilms..................................................................................................................41 
 Sediments ...............................................................................................................42 
Accumulation Mechanisms ................................................................................................43 
 Physical Mechanisms .............................................................................................43 
 Chemical Mechanisms ...........................................................................................43 
 Biological Mechanisms ..........................................................................................45 
Factors Affecting Sorption .................................................................................................45 
 Composition of Sinks .............................................................................................45 
 Water Chemistry ....................................................................................................51 
Release Mechanisms ..........................................................................................................53 
 Physical Mechanisms .............................................................................................53 
 Chemical Mechanisms ...........................................................................................54 
Potential Factors Affecting Chemical Release ..................................................................57 
 

CHAPTER 3:  FIELD STUDY DESIGN ......................................................................................59 
Introduction ........................................................................................................................59 
Utility and Site Selection ...................................................................................................59 
Participation Approaches ...................................................................................................60 
Sample Generation Methods ..............................................................................................61 

 Solid Samples.........................................................................................................61 
 Water Samples .......................................................................................................63 

 
CHAPTER 4:  PROCESSING AND ANALYTICAL METHODS ..............................................65 

Introduction ........................................................................................................................65 
Sample Collection ..............................................................................................................65 
Sample Receipt ..................................................................................................................65 
Solid Sample Processing ....................................................................................................66 

 Pipe Specimens ......................................................................................................66 
 Hydrant Flush Solids..............................................................................................67 

Solids Extraction Activities ...............................................................................................67 
 Extraction Approaches ...........................................................................................67 
 Method Comparison...............................................................................................69 
 Conversion and Reporting .....................................................................................69 

Analytical Parameters and Methods ..................................................................................70 
 Inorganic Parameters .............................................................................................72 
 Radium Isotopes.....................................................................................................73 
 Radon .....................................................................................................................74 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 Contents |  vii 

  

 Other Parameters ....................................................................................................75 
Surface Imaging and Characterization ...............................................................................75 
X-Ray Diffraction Analysis ...............................................................................................75 
Quality Control Procedures ................................................................................................76 

 Instrument Standardization ....................................................................................76 
 Extraction Method Assessment ..............................................................................78 
 Matrix Interference Assessment ............................................................................79 
 Reproducibility ......................................................................................................83 
 Inter-Laboratory Comparison ................................................................................84 

 
CHAPTER 5:  UTILITY PARTICIPATION AND RESULTS ....................................................87 

Introduction ........................................................................................................................87 
Utility and Sample Overview .............................................................................................88 

 System Sizes ..........................................................................................................91 
 Source Water Types ...............................................................................................91 
 Treatment Applications ..........................................................................................92 
 Treated Water Quality ............................................................................................93 
 Piping Characteristics ............................................................................................97 

Deposit Composition .........................................................................................................98 
Utility Case Studies..........................................................................................................105 

 Utility ‘W’ ............................................................................................................105 
 Utility ‘CL’ ..........................................................................................................107 
 Utility ‘SA’ ..........................................................................................................108 
 Utility ‘CH’ ..........................................................................................................110 
 Utility ‘RW’ .........................................................................................................111 
 Utility ‘IN’ ...........................................................................................................112 
 Utility ‘CC’ ..........................................................................................................114 
 Utility ’DN’ ..........................................................................................................115 
 Utility ‘CA’ ..........................................................................................................116 
 Utility ‘PC’...........................................................................................................117 
 Utility ‘WDB’ ......................................................................................................120 
 Utility ‘WA’ .........................................................................................................121 
 Utility ‘B’ .............................................................................................................122 
 Utility ‘G’.............................................................................................................123 
 Utility ‘AZ’ ..........................................................................................................124 
 Utility ‘BC’ ..........................................................................................................125 
 Utility ‘J’ ..............................................................................................................125 
 Utility ‘NC’ ..........................................................................................................127 
 Utility ‘ST’ ...........................................................................................................128 
 Utility ‘K’.............................................................................................................130 

 
CHAPTER 6:  ACCUMULATION TRENDS ............................................................................133 

Introduction ......................................................................................................................133 
Data Analysis Approach ..................................................................................................133 

 Deposit Composition Analysis ............................................................................133 
 Interpretation of Occurrence ................................................................................134 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 viii |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

Occurrence Trends ...........................................................................................................134 
 Occurrence Bins ...................................................................................................134 
 “Major Bin” Elements ..........................................................................................139 
 “Moderate Bin” Elements ....................................................................................142 
 “Minor Bin” Elements .........................................................................................153 
 “Minimal Bin” Elements......................................................................................164 
 Other Elements .....................................................................................................171 

Exploration of Occurrence Trends ...................................................................................173 
 Influencing Factors ..............................................................................................173 
 Interpretation Approach .......................................................................................174 
 Interpretation Findings .........................................................................................177 

Prevalence Trends ............................................................................................................192 
 Overall Deposit Mass ...........................................................................................193 
 Trace Elements .....................................................................................................195 

 
CHAPTER 7:  CONCLUSIONS AND INDUSTRY RELEVANCE..........................................197 

Introduction ......................................................................................................................197 
Summary of Occurrence Trends ......................................................................................197 

 Bin Classification and Prioritization ....................................................................197 
 Controlling and Influencing Factors ....................................................................198 
 Occurrence Trends by Sample Type ....................................................................202 

Summary of Prevalence Trends .......................................................................................203 
 Overall Deposit Mass ...........................................................................................203 
 Trace Elements .....................................................................................................204 

Public Health Considerations ...........................................................................................206 
 Contaminant Release and Exposure .....................................................................206 
 Review of Current MCL Construct......................................................................207 
 Conceptual Exceedance Factors ..........................................................................208 
 Considerations and Limitations ...........................................................................211 

Recommended Assessment and Control Strategies .........................................................213 
 Step 1 – Assess Existing Conditions and Vulnerability.......................................215 
 Step 2 – Address the Existing Deposits ...............................................................216 
 Step 3 – Reduce Contaminant and Solids Loading ..............................................218 

Recommendations for Future Research ...........................................................................220 
 Contaminant Accumulation .................................................................................220 
 Contaminant Release ...........................................................................................221 
 Potential Health Risks ..........................................................................................222 

 
REFERENCES ............................................................................................................................223 

 
ABBREVIATIONS .....................................................................................................................233 
 
APPENDICES INCLUDED ON CD-ROM WITH THE PRINTED REPORT 

Appendix A:  Field Protocol 
 Appendix B:  Deposit Characterization Work 
 Appendix C:  Sample Photographs 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 

ix 

LIST OF TABLES 
 
 

ES.1 Influencing factors for accumulation of select trace elements ..................................... xxviii 
 
ES.2 Comparison of median occurrence of trace elements by sample type ........................... xxix 
 
2.1 Primary regulated inorganic parameters ............................................................................11 
 
2.2 Regulated radiological parameters .....................................................................................13 
 
2.3 Secondary regulated inorganic parameters (partial list) ....................................................14 
 
2.4 Radium occurrence in groundwater used for public drinking supplies based on the 

National Inorganics and Radionuclides Survey .....................................................31 
 
2.5 Summary of radon-222 occurrence in groundwater used for public drinking supplies 

based on the National Inorganics and Radionuclides Survey ................................32 
 
2.6 Summary of uranium occurrence in groundwater used for public drinking supplies  

based on the National Inorganics and Radionuclides Survey ................................34 
 
2.7 Composition of sediment obtained from water main and storage facility .........................43 
 
2.8 Summary of inorganic contaminant occurrence in scale from lead service lines ..............50 
 
4.1 Distribution of pipe area used for deposit removal ............................................................67 
 
4.2 Summary of analytical methods .........................................................................................73 
 
4.3 Basic settings employed in ICP-MS elemental analyses ...................................................73 
 
4.4 Summary of secondary standards prepared for ICP-MS calibration .................................78 
 
4.5 Measurement summary for SLRS-4 Certified Reference Material (CRM) .......................78 
 
4.6 Measurement summary for NIST 2782 Standard Reference Material (SRM) ..................80 
 
4.7 Assessment of USEPA Method 3050B using multiple-spike standard additions for 

extracted sample MP-4 ..........................................................................................81 
 
4.8 Assessment of matrix interferences of USEPA Method 3050B using matrix spike  

testing for various extracted solids ........................................................................81 
 
4.9 Assessment of matrix interferences of USEPA Method 3050B using pre-extraction  

matrix spike testing for various solids ...................................................................81 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 x |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

4.10 Concentrations of known additions for solids extracted by USEPA Method 3050B ........82 
 
4.11 Recoveries of known additions for solids extracted by USEPA Method 3050B ..............83 
 
4.12 Assessment of reproducibility of USEPA Method 3050B and 226Ra measurement by 

USEPA 900.1 for various solids ............................................................................84 
 
4.13 Inter-laboratory comparison of 226Ra for water samples ...................................................85 
 
4.14 Inter-laboratory comparison of 226Ra for select extracted solids .......................................85 
 
5.1 Summary of utility participants .........................................................................................89 
 
5.2 Summary of pipe specimen samples ..................................................................................90 
 
5.3 Summary of hydrant flush samples ....................................................................................91 
 
5.4 Utility and sample distribution by system size ..................................................................91 
 
5.5 Utility and sample distribution by source water type ........................................................92 
 
5.6 Utility distribution by treatment application for primary source .......................................92 
 
5.7 Distribution system water quality – trace inorganic and radiological elements ................95 
 
5.8 Distribution system water quality – general water quality parameters and other  

inorganic elements .................................................................................................96 
 
5.9 Sample distribution by pipe material .................................................................................97 
 
5.10 Elemental composition of pipe specimen solids – trace inorganic and radiological 

elements .................................................................................................................99 
 
5.11 Elemental composition of pipe specimen solids – common matrix elements .................101 
 
5.12 Elemental composition of hydrant flush solids – trace inorganic and radiological  

elements ...............................................................................................................103 
 
5.13 Elemental composition of hydrant flush solids – common matrix elements ...................104 
 
6.1 Statistical summary of elemental occurrence in deposit samples ....................................136 
 
6.2 Mass conversion factors for various iron precipitates .....................................................177 
 
6.3 Characteristics of deposit samples with highest barium concentrations ..........................178 
 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 List of Tables |  xi 

  

6.4 Assessment of barium occurrence trends (median values) ..............................................179 
 
6.5 Characteristics of deposit samples with highest lead concentrations ..............................181 
 
6.6 Assessment of lead occurrence trends (median values) ...................................................181 
 
6.7 Assessment of nickel occurrence trends (median values) ................................................183 
 
6.8 Assessment of vanadium occurrence trends (median values) ..........................................184 
 
6.9 Assessment of arsenic occurrence trends (median values) ..............................................185 
 
6.10 Characteristics of deposit samples with highest radium-226 concentrations ..................187 
 
6.11 Assessment of radium-226 occurrence trends (median values) .......................................187 
 
6.12 Assessment of chromium occurrence trends (median values) .........................................190 
 
6.13 Assessment of uranium occurrence trends (median values) ............................................191 
 
6.14 Statistical summary of length-normalized deposit prevalence (ΜL) ................................194 
 
6.15 Statistical summary of volume-normalized deposit prevalence (ΜV) ..............................195 
 
6.16 Statistical summary of length-normalized trace element prevalence (Μi,L) ....................196 
 
6.17 Statistical summary of volume-normalized trace element prevalence (Μi,V) ..................196 
 
7.1 Influencing factors for accumulation of select trace elements .........................................199 
 
7.2 Comparison of median occurrence of trace elements by sample type .............................202 
 
7.3 Extrapolated median trace element accumulation (pounds per 100 miles) .....................205 
 
7.4 Conceptual exceedance factors based on complete deposit release .................................209 
 
7.5 Summary of considerations and limitations on the potential for public health risks .......212 
 
7.6 Water quality conditions that impact deposit and trace contaminant stability ................217 

 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



©2010 Water Research Foundation. ALL RIGHTS RESERVED



 

xiii 

LIST OF FIGURES 
 
 
ES.1 Occurrence distribution of trace and common matrix elements in deposit samples ..... xxvii 
 
ES.2 Percentile distribution of surface area-normalized deposit accumulation ..................... xxxi 
 
ES.3 Conceptual Exceedance Factors based on varying degrees of deposit release ............ xxxiii 
 
ES.4 Overview of accumulation assessment and control strategy .........................................xxxv 
 
2.1 Distribution system and entry-point water samples following the implementation of 

wellhead treatment in Fremont, Nebraska ...............................................................8 
 
2.2 National distribution of arsenic in groundwater ................................................................18 
 
2.3 Major physiographic provinces of the United States .........................................................18 
 
2.4 National occurrence of total chromium in drinking water supply sources ........................21 
 
2.5 National occurrence of hexavalent chromium in drinking water supply sources ..............22 
 
2.6 Groundwater sample sites for radionuclide survey ............................................................30 
 
2.7 County-specific median long-term, living-area radon concentrations ...............................33 
 
2.8 Profile of typical cast iron corrosion scale .........................................................................38 
 
3.1 Use of special net assembly to collect discharge solids during hydrant flush trials ..........62 
 
4.1 Distribution of Group1 and Group 2 elements ..................................................................72 
 
4.2 Inter-laboratory comparison of 226Ra for water samples. EES measurements used  

USEPA Method 900.1. UHL measurements used USEPA Method 903.0. ...........86 
 
4.3 Inter-laboratory comparison of 222Rn for water samples based on use of Standard  

Method 7500-Rn. Results reported as non-detect were shown as zero. ................86 
 
5.1 Geographic distribution of utility participants ...................................................................88 
 
5.2 Relationship between thallium and manganese in water samples from utility PC ..........119 
 
6.1 Occurrence distribution of trace and common matrix elements in deposit samples ........138 
 
6.2 Frequency occurrence profile for iron in deposit samples ...............................................140 
 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 xiv |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

6.3 Cumulative occurrence profile for iron in deposit samples .............................................140 
 
6.4 Frequency occurrence profile for sulfur in deposit samples ............................................141 
 
6.5 Cumulative occurrence profile for sulfur in deposit samples ..........................................141 
 
6.6 Frequency occurrence profile for organic carbon in deposit samples .............................142 
 
6.7 Cumulative occurrence profile for organic carbon in deposit samples ............................143 
 
6.8 Frequency occurrence profile for calcium in deposit samples .........................................144 
 
6.9 Cumulative occurrence profile for calcium in deposit samples .......................................144 
 
6.10 Frequency occurrence profile for inorganic carbon in deposit samples ..........................145 
 
6.11 Cumulative occurrence profile for inorganic carbon in deposit samples ........................146 
 
6.12 Frequency occurrence profile for phosphorus in deposit samples ...................................147 
 
6.13 Cumulative occurrence profile for phosphorus in deposit samples .................................147 
 
6.14 Frequency occurrence profile for manganese in deposit samples ...................................148 
 
6.15 Cumulative occurrence profile for manganese in deposit samples ..................................149 
 
6.16 Frequency occurrence profile for magnesium in deposit samples ...................................150 
 
6.17 Cumulative occurrence profile for magnesium in deposit samples .................................150 
 
6.18 Frequency occurrence profile for aluminum in deposit samples .....................................151 
 
6.19 Cumulative occurrence profile for aluminum in deposit samples ...................................151 
 
6.20 Frequency occurrence profile for zinc in deposit samples ...............................................152 
 
6.21 Cumulative occurrence profile for zinc in deposit samples .............................................153 
 
6.22 Frequency occurrence profile for barium in deposit samples ..........................................154 
 
6.23 Cumulative occurrence profile for barium in deposit samples ........................................154 
 
6.24 Frequency occurrence profile for silicon in deposit samples ...........................................155 
 
6.25 Cumulative occurrence profile for silicon in deposit samples .........................................156 
 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 List of Figures |  xv 

  

6.26 Frequency occurrence profile for lead in deposit samples ...............................................157 
 
6.27 Cumulative occurrence profile for lead in deposit samples .............................................157 
 
6.28 Frequency occurrence profile for nickel in deposit samples ...........................................158 
 
6.29 Cumulative occurrence profile for nickel in deposit samples ..........................................158 
 
6.30 Frequency occurrence profile for vanadium in deposit samples .....................................159 
 
6.31 Cumulative occurrence profile for vanadium in deposit samples ....................................160 
 
6.32 Frequency occurrence profile for arsenic in deposit samples ..........................................161 
 
6.33 Cumulative occurrence profile for arsenic in deposit samples ........................................161 
 
6.34 Frequency occurrence profile for radium-226 in deposit samples ...................................162 
 
6.35 Cumulative occurrence profile for radium-226 in deposit samples .................................163 
 
6.36 Frequency occurrence profile for chromium in deposit samples .....................................164 
 
6.37 Cumulative occurrence profile for chromium in deposit samples ...................................164 
 
6.38 Frequency occurrence profile for uranium in deposit samples ........................................165 
 
6.39 Cumulative occurrence profile for uranium in deposit samples ......................................166 
 
6.40 Frequency occurrence profile for cadmium in deposit samples ......................................167 
 
6.41 Cumulative occurrence profile for cadmium in deposit samples .....................................167 
 
6.42 Frequency occurrence profile for antimony in deposit samples ......................................168 
 
6.43 Cumulative occurrence profile for antimony in deposit samples ....................................168 
 
6.44 Frequency occurrence profile for selenium in deposit samples .......................................169 
 
6.45 Cumulative occurrence profile for selenium in deposit samples .....................................170 
 
6.46 Frequency occurrence profile for thallium in deposit samples ........................................171 
 
6.47 Cumulative occurrence profile for thallium in deposit samples ......................................171 
 
6.48 Frequency occurrence profile for radon in water samples ...............................................172 
 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 xvi |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

6.49 Cumulative occurrence profile for radon in water samples .............................................173 
 
6.50 Relationship between barium concentration in deposit and water samples .....................178 
 
6.51 Relationship between lead concentration in deposit and water samples .........................180 
 
6.52 Relationship between nickel concentration in deposit and water samples ......................182 
 
6.53 Relationship between vanadium concentration in deposit and water samples ................183 
 
6.54 Relationship between arsenic concentration in deposit and water samples .....................185 
 
6.55 Relationship between radium-226 concentration in deposit and water samples .............186 
 
6.56 Relationship between normalized radium-226 concentration and manganese 

concentration in deposit samples .........................................................................188 
 
6.57 Relationship between normalized radium-226 concentration and phosphorus 

concentration in deposit samples .........................................................................188 
 
6.58 Relationship between chromium concentration in deposit and water samples ................189 
 
6.59 Relationship between uranium concentration in deposit and water samples ...................190 
 
6.60 Relationship between radon concentration in water samples and radium-226 

concentration in deposit samples .........................................................................192 
 
6.61 Percentile distribution of surface area-normalized deposit accumulation .......................194 
 
7.1 Trace element occurrence bin designation .......................................................................198 
 
7.2 Theoretical lead concentration in water at various deposit mobilization scenarios (based 

on median lead occurrence of 47 μg/g in hydrant flush solid samples) ...............203 
 
7.3 Extrapolated median deposit accumulation by pipe material group and size ..................204 
 
7.4 Extrapolated median trace element accumulation by pipe size .......................................205 
 
7.5 Conceptual exceedance factors based on varying degrees of deposit release .................210 
 
7.6 Overview of accumulation assessment and control strategy ...........................................214 

 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 

xvii 

FOREWORD 
 
 
The Water Research Foundation (Foundation) is a nonprofit corporation that is dedicated 

to the implementation of a research effort to help utilities respond to regulatory requirements and 
traditional high-priority concerns of the industry.  The research agenda is developed through a 
process of consultation with subscribers and drinking water professionals.  Under the umbrella of 
a Strategic Research Plan, the Research Advisory Council prioritizes the suggested projects 
based upon current and future needs, applicability, and past work; the recommendations are 
forwarded to the Board of Trustees for final selection.  The Foundation also sponsors research 
projects through the unsolicited proposal process; the Collaborative Research, Research 
Applications, and Tailored Collaboration programs; and various joint research efforts with 
organizations such as the U.S. Environmental Protection Agency, the U.S. Bureau of 
Reclamation, and the Association of California Water Agencies. 

This publication is a result of one of these sponsored studies, and it is hoped that its 
findings will be applied in communities throughout the world.  The following report serves not 
only as a means of communicating the results of the water industry's centralized research 
program but also as a tool to enlist the further support of the nonmember utilities and individuals. 

Projects are managed closely from their inception to the final report by the Foundation's 
staff and large cadre of volunteers who willingly contribute their time and expertise.  The 
Foundation serves a planning and management function and awards contracts to other 
institutions such as water utilities, universities, and engineering films.  The funding for this 
research effort comes primarily from the Subscription Program, through which water utilities 
subscribe to the research program and make an annual payment proportionate to the volume of 
water they deliver and consultants and manufacturers subscribe based on their annual billings.  
The program offers a cost-effective and fair method for funding research in the public interest. 

A broad spectrum of water supply issues is addressed by the Foundation's research 
agenda: resources, treatment and operations, distribution and storage, water quality and analysis, 
toxicology, economics, and management.  The ultimate purpose of the coordinated effort is to 
assist water suppliers to provide the highest possible quality of water economically and reliably.  
The true benefits are realized when the results are implemented at the utility level. The 
Foundation's trustees are pleased to offer this publication as a contribution toward that end. 

 
 

David E. Rager       Robert C. Renner, P.E. 
Chair, Board of Trustees       Executive Director 
Water Research Foundation      Water Research Foundation 
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EXECUTIVE SUMMARY 
 
 
Drinking water quality standards currently exist for several inorganic and radiological 

contaminants. These standards typically consist of Maximum Contaminant Levels (MCLs) that 
have been developed to protect consumers against potential adverse health effects associated 
with chronic exposure to low concentrations of these contaminants. With the exception of lead 
and copper, the monitoring framework for these contaminants presumes that their fate and 
transport in distribution systems is physically and chemically conservative, i.e., the concentration 
entering the system is the same as that at customer taps (neglecting effects of in-the-system 
blending). For this reason, monitoring requirements and drinking water standards are applied to 
system entry-points where their purpose is to ensure that any contaminants that may be present in 
a particular water source either occur below or are treated below their respective drinking water 
standards. 

The potential for the accumulation and intermittent release of trace inorganic and 
radiological contaminants within water distribution systems has gained considerable attention in 
the drinking water community over the past several years. These phenomena have been shown to 
result in at-the-tap concentrations of certain inorganic and radiological contaminants that far 
exceed their entry-point levels and in some cases, their respective drinking water standards. The 
non-conservative behavior of inorganic and radiological contaminants has raised concerns about 
the appropriateness and accuracy of the existing Safe Drinking Water Act (SDWA) monitoring 
framework for these contaminants, as well as the potential for acute and/or sub-chronic exposure 
scenarios and associated health impacts. It is worth noting that, although emphasis is generally 
given to concerns over contaminant increases associated with release events, there is an often-
overlooked benefit to accumulation – over the long-term, consumer exposure to certain inorganic 
and radiological contaminants may actually be reduced due to their “removal” from the bulk 
water. Just as the existing SDWA regulatory monitoring requirements fail to recognize or capture 
contaminant “spikes” associated with release events, they too fail to recognize the potential for 
contaminant reductions from entry-point levels. 

 
PROJECT OBJECTIVE 

 
The objective of this research effort was to investigate the accumulation of regulated 

inorganic contaminants and naturally-occurring radionuclides in distribution system piping 
scales and accumulated sediments. The research emphasis is on regulated metals, metalloids, and 
radionuclides, specifically: antimony, arsenic, barium, cadmium, chromium, nickel, lead, radium, 
selenium, thallium, uranium, and vanadium. 

This project represents one of the most comprehensive explorations of this issue to-date 
and provides the drinking water industry with much-needed basic data on the occurrence of these 
contaminants in typical solids formed in distribution systems. The collection, synthesis, and 
distillation of data covering a broad range of inorganic and radiological contaminants in diverse 
deposit matrices is seen as an important step in developing a better understanding of the behavior 
of these contaminants within water systems. The findings with regard to contaminant 
accumulation tendencies provide several immediate contributions to the industry, including: 
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• Demonstration of contaminant-specific accumulation phenomena, which provides a firm 
basis for revisiting the SDWA monitoring framework for these contaminants. 

• Assessment of the potential for contaminant excursions above drinking water standards, 
thereby providing insight into potential public health ramifications. 

• Prioritization of contaminants for additional research of a more focused nature. 
 
The following specific objectives were established for the field study phase of this 

research investigation: 
• Quantify the elemental composition of deposit matrices, expressed as mass of constituent 

per mass of total solid. While the study is primarily concerned with the occurrence levels 
of trace inorganic and radiological contaminants, the levels of certain secondary and 
unregulated inorganics commonly found in distribution system deposits (e.g., iron, 
manganese, calcium, phosphorus, etc.) are also evaluated because of their potential role 
as accumulation substrates. 

• Characterize the surface properties, morphology, and mineralogy of deposit matrices (for 
select samples only). 

• Quantify the accumulated mass of constituent elements (i.e., contaminant prevalence), 
expressed on a normalized basis as the mass of constituent per unit of pipe surface area, 
pipe length, and internal pipe volume. 

• Differentiate and compare the “hydraulically-removable” accumulated material with the 
“hydraulically-inert” accumulated material, in terms of elemental composition and 
accumulated mass. As used in this report, these terms are operational and represent the 
two different sample types that were generated: (1) hydrant flush solids and (2) pipe 
specimen scale/deposits, respectively. 

• Explore and characterize conditions that appear to contribute to or influence contaminant 
accumulation, including treated water quality, substrate composition, and pipe material. 
 

SUMMARY OF RESEARCH APPROACH 
 
The project approach consisted of three tasks: (1) collection and evaluation of existing 

data and information; (2) development and implementation of a field study program; and (3) 
evaluation and interpretation of the data generated as part of this research investigation. The 
study was structured and performed in such a manner as to build upon previous findings and fill 
in the most apparent data gaps. 

 
Task 1 – Collection and Evaluation of Existing Data and Information 

 
The purpose of this task was to review and summarize previous research findings 

pertaining to inorganics accumulation, release, and the non-conservative nature of these 
phenomena. A comprehensive literature review was conducted to capture relevant information 
regarding inorganics accumulation within drinking water systems. Several related published 
studies from related disciplines (e.g., soil science, aquatic chemistry) were also summarized. The 
literature review contains information on potential sources, physiochemical properties relevant to 
accumulation in aqueous environments, and, where available, occurrence findings, for each of 
the following inorganic and radiological contaminants:  
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• Fifteen inorganic contaminants and five naturally-occurring radiological contaminants 
regulated by the National Primary Drinking Water Regulations (NPDWRs). 

• Five inorganic elements regulated by the National Secondary Drinking Water 
Regulations (NSDWRs): aluminum, iron, manganese, silver, and zinc. 

• Three currently unregulated parameters: phosphate, nickel, and vanadium. 
 

Contaminant Introduction 
 
Contaminants and precursors can be introduced into the distribution system through a 

variety of pathways. In many cases, the most significant of these is direct introduction from the 
water supply, either originating in the source water or due to the application of certain chemicals 
in the treatment process. Other pathways include corrosion of piping, joints, and plumbing 
materials, and through the degradation of cementitious materials. 

 
Contaminant Sinks 
 

Inorganic and radiological contaminants can physically accumulate on the surface of or 
occluded within solid materials commonly found within drinking water distribution systems. 
These solid materials are referred to as substrates or sinks, and they include corrosion scales, 
precipitates, biofilm, and sediment. These sinks typically exist in a heterogeneous and dynamic 
matrix that reflects the variety of factors influencing their formation and stability. 
 
Accumulation Mechanisms 
 

Inorganic and radiological contaminants can accumulate within the distribution system by 
physical, chemical, and biological mechanisms. Physical mechanisms include sedimentation of 
precipitates/co-precipitates under low flow conditions. Chemical mechanisms include 
precipitation, adsorption/co-precipitation, and generation. Biological mechanisms include 
sorption onto biofilm and bacterially-mediated reactions. 

 
Release Mechanisms 

 
Many of the mechanisms that contribute to accumulation are reversible, allowing 

contaminants to be re-mobilized into the water. Release episodes can result in potentially high 
contaminant concentrations at customer taps over extended periods of time. Physical and 
hydraulic disturbances can dislodge various sinks, thereby entraining the solids-associated 
contaminants into the bulk water. Release may also occur due to changing water chemistry 
(chemical disequilibria). Chemical release mechanisms include scale destabilization, dissolution, 
and contaminant desorption. 
 
Task 2 – Development and Implementation of a Field Study Program 

 
A field study program involving extensive participation by drinking water utilities was 

developed to guide the collection of samples and the generation of original data on inorganics 
accumulation. The field study design consisted of three general elements: 1) solicitation and 
selection of utility participants and sample locations; 2) development of participation approaches, 
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including methodologies for field monitoring and the collection, handling, and delivery of 
samples; and 3) development of comprehensive laboratory analytical and quality assurance plans 
to ensure the application of consistent and reliable methods for extraction and physiochemical 
characterization of the various samples matrices collected. 

The field study was implemented over an 18-month period and involved the participation 
of 20 different drinking water utilities. The collective pool of utility participants offered good 
breadth of system and study conditions, including a diverse range of water system sizes, 
treatment applications, finished water qualities, and pipe materials, sizes, service ages, and 
physical conditions. 

 
Utility and Site Selection 

 
The following guidelines were applied to assist with the selection of utility participants 

and the identification of preferred sample locations within each system: 
• Select utilities that can commit the resources needed for timely study participation, 

including sample availability. 
• Capture a diverse range of system conditions, including differing source water types, 

treatment and post-treatment applications, finished water qualities, and piping materials 
and conditions. 

• Emphasize systems where there is a moderate presence of trace inorganic contaminants 
and other inorganic elements that may serve as accumulation sinks. 

• Emphasize systems and zones that are relatively small and simple with respect to spatial 
and temporal uniformity of water quality.  

• Emphasize areas within participating utility systems that have a greater likelihood of 
deposit accumulation to ensure that samples have adequate mass for processing and 
analysis. 
 

Participation Approaches 
 
The field study design allowed utilities to select from the following five participation 

approaches, which are described in Chapter 3: 
 

• Approach 1 – Unidirectional Flushing and Pipe Specimen Extraction. Due to the 
extensive logistical and coordination requirements, no utilities were able to participate in 
this approach. 

• Approach 2 – Pipe Specimen Extraction. A total of 34 samples were collected using this 
approach. 

• Approach 3 – Boneyard Pipe Specimen. A total of 12 samples were collected using this 
approach. 

• Approach 4 – Unidirectional Flushing. No utilities participated in this approach. 
• Approach 5 – Conventional Flushing. A total of 26 samples were collected using this 

approach. 
 
A field protocol was developed to assist utility participants in carrying out field activities. 

The field protocol, included in Appendix A, provides details of each participation approach and 
Standard Operating Procedures for sample collection and various field analyses. 
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Processing and Analysis 
 
Representative deposit material was obtained from each solid sample, processed (i.e., 

dried, crushed, and homogenized), and extracted per USEPA Method 3050B (Acid Digestion of 
Sediments, Sludges, and Soils). The extract solutions were analyzed for metals in Groups 1 and 2 
below. Radon was not analyzed in digestate since it is a gas. Non-metal elements, including total 
sulfur and carbon, were determined for crushed solid samples using combustion methods. Bulk 
water samples were analyzed for parameters in all three groups. 

 
• Group 1: Trace inorganic and radiological elements: antimony (Sb), arsenic (As), 

barium (Ba), cadmium (Cd), chromium (Cr), lead (Pb), nickel (Ni), radium (Ra), radon 
(Rn), selenium (Se), thallium (Tl), uranium (U), and vanadium (V). 

• Group 2: Common matrix elements: aluminum (Al), calcium (Ca), iron (Fe), 
manganese (Mn), magnesium (Mg), phosphorus (P), silicon (Si), sulfur (S), total carbon 
(TC), total inorganic carbon (TIC), total organic carbon (TOC), and zinc (Zn). 

• Group 3: General water quality parameters: pH, temperature, alkalinity, turbidity, 
and secondary disinfectant type and residual concentration. 
 

Task 3 – Evaluation and Interpretation of Data Generated 
 
A large volume of primary data was generated during this study, including laboratory and 

field results on water quality, deposit composition and mineralogy, and contaminant 
accumulation inventories. Several approaches were applied to provide for meaningful 
presentation and interpretation of these data. These approaches include: 

 
• Documented case studies for individual utility participants. 
• Statistical summaries and detailed evaluations of deposit composition and mineralogical 

trends. 
• Development of estimating methods for contaminant prevalence (mass-based inventory). 
• Statistical summaries of deposit prevalence according to pipe material. 
• Application of relatively simple correlations and statistical groupings to examine the 

influence of substrate composition and water quality conditions on trace inorganic 
element occurrence trends. 

• Prioritization of trace inorganic elements using the concepts of Occurrence Bins and 
Conceptual Exceedance Factors. 

• Evaluation of potential public health implications through comparisons with drinking 
water standards and Health Advisory Levels. 
 

Utility Case Studies 
 
Case studies were developed for each of the 20 utility participants and are presented in 

Chapter 5. For the case studies, trace contaminant accumulation observations were explored by 
examining potential influencing parameters (e.g., pipe material, deposit composition with regard 
to common matrix elements, treated water quality, etc.) and through comparisons with other 
utilities and the entire dataset generated in this study. In certain samples of interest (e.g., when 
trace contaminants were present at high levels relative to other samples), advanced analytical 
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techniques were performed to explore mineralogical, morphological, and surface properties of 
deposit samples. 

 
Data Interpretation 

 
The results produced during this study were assessed to determine trace element 

occurrence and prevalence trends. The emphasis of this effort was to gain a more comprehensive 
understanding of accumulation patterns of inorganic and radiological elements, i.e., to identify 
which elements accumulate and at what concentrations. A secondary goal was to explore trace 
element occurrence trends in the context of water quality and chemistry conditions, pipe 
material, and the concentration of common matrix elements to elucidate potential relationships.  

 
SUMMARY OF KEY FINDINGS 

 
By means of detailed data interpretation activities, the researchers were able to identify 

several conclusive findings that have immediate value in terms of enhancing the industry’s 
understanding of accumulation risk factors and the potential for exceedances of drinking water 
quality standards. Based on the findings from this study, guidance is offered in terms of 
monitoring, engineering, and operational measures that drinking water utilities can take to better 
understand and control the related phenomena of inorganics accumulation and release. 

 
Occurrence Trends – Key Findings  
 
Occurrence Bins 

 
A series of occurrence bins were created to enable a comparison of the relative 

occurrence of the various elements in distribution system deposits and to prioritize trace 
elements based on their tendency to accumulate. Occurrence bins are operationally-defined 
categories that reflect accumulation tendencies based on order-of-magnitude groupings. A total 
of four bins were created – Minimal, Minor, Moderate, and Major. The bin titles and respective 
numerical boundaries are arbitrary and are not intended to be interpreted as representative or 
indicative of potential health risks.   

Figure ES.1 presents the occurrence distribution for each of the trace and common matrix 
elements considered in this study. The figure uses a logarithmic scale and “box-and-whisker” 
style graphics to help illustrate key statistical parameters, i.e., minimum, 10th percentile, median, 
90th percentile, and maximum. 
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Figure ES.1  Occurrence distribution of trace and common matrix elements in deposit samples 
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Influencing Factors 
 
Trace contaminant occurrence trends were examined in the context of certain factors 

known or suspected to influence accumulation by various mechanisms to identify factors that 
appear to govern trace contaminant accumulation. These activities were focused on trace 
contaminants classified in the Minor Bin, as well as uranium. Table ES.1 summarizes behavioral 
patterns for select trace contaminants, taking into account findings from data interpretation 
activities and previous research (as summarized in the literature review). Conclusive findings, 
apparent findings, and previous findings from the literature review are included and denoted 
separately, where applicable. 

Based on similarities in accumulation trends and contaminant behavior, the trace 
elements can be broadly-divided into two groups – trace metal cations and anionic compounds. 
Trace metal cations include barium, lead, nickel, and radium isotopes. These elements have a 
strong affinity for hydrous manganese oxides (HMOs) and an apparent affinity for phosphate 
precipitates and/or phosphate surface groups. Their accumulation by adsorption/co-precipitation 
mechanisms is typically enhanced under conditions of elevated pH and when potentially 
competitive cations (e.g., calcium, magnesium) are present at low concentrations. Trace anionic 
compounds include the oxoacids arsenate, chromate, and vanadate, as well as complexes of 
uranyl. These compounds have a strong affinity for HMOs and hydrous ferric oxides. Their 
accumulation by adsorption/co-precipitation mechanisms is typically enhanced under conditions 
of reduced pH and when potentially competitive anions (e.g., bicarbonate, phosphate, silicate) 
are present at low concentrations. 

 
Table ES.1 

Influencing factors for accumulation of select trace elements 
Trace 

Element 
Source or 
Pathway 

Accumulation 
Mechanisms 

“Controlling” 
Substrates 

Interferences to 
Accumulation 

Barium • Treated water supply 
• Cement-mortar lining(a) 

• Adsorption/co-precipitation 
• Mineral precipitation, e.g., 

BaSO4, BaCO3
(a) 

• Hydrous Mn oxides 
• PO4 solids or surfaces(b) 

• Reduced pH(a) 
• Elevated Ca2+ in water(a) 
• NOM, sequesterants(a) 

Lead 
• Treated water supply 
• Galvanized piping(a, b) 
• Lead-bearing joints 

• Adsorption/co-precipitation 
• Mineral precipitation, e.g., 

PbO2, Pb9(PO4)6
(a) 

• Lead carbonates or 
hydroxycarbonates 

• Hydrous Mn oxides 
• PO4 solids or surfaces(a, b) 

• Reduced pH(a) 
• Elevated Ca2+ in water(a) 
• NOM, sequesterants(a) 

Nickel • Treated water supply 
• Galvanized piping(a, b) • Adsorption/co-precipitation • Hydrous Mn oxides 

• PO4 solids or surfaces(b) 

• Reduced pH(a) 
• Elevated Ca2+ in water(a) 
• NOM, sequesterants(a) 

Vanadium • Treated water supply • Adsorption/co-precipitation 
(primarily as vanadate) 

• Hydrous Mn oxides 
• Hydrous Fe oxides 

• Elevated pH 
• Elevated PO4

3- in water(a) 
• Elevated CO3

2- in water(a) 

Arsenic • Treated water supply 
• Cement-mortar lining(a) 

• Adsorption/co-precipitation 
(primarily as arsenate) 

• Hydrous Mn oxides 
• Hydrous Fe oxides 

• Elevated pH 
• Elevated PO4

3- in water(a) 
• Elevated CO3

2- in water(a) 

(continued) 
   

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 Executive Summary |  xxix 

  

Table ES.1 (Continued) 
Trace 

Element 
Source or 
Pathway 

Accumulation 
Mechanisms 

“Controlling” 
Substrates 

Interferences to 
Accumulation 

Radium • Treated water supply 
• Adsorption/co-precipitation 
• Radioactive decay of 

accumulated uranium 

• Hydrous Mn oxides 
• PO4 solids or surfaces(a, b) 

• Reduced pH 
• Elevated Ca2+ in water 

Chromium 
• Treated water supply 
• Cement-mortar lining(a) 
• Galvanized piping(a, b) 

• Adsorption/co-precipitation
(primarily as chromate) 

• Mineral precipitation, e.g., 
Cr(OH)3

(a) 

• Hydrous Mn oxides 
• Hydrous Fe oxides 

• Elevated pH 
• Elevated PO4

3- in water(a) 
• Elevated CO3

2- in water(a) 

Uranium • Treated water supply 

• Adsorption/co-precipitation 
(primarily as uranyl) 

• Mineral precipitation, e.g., 
UO2, autunite(a) 

• Hydrous Mn oxides 
• Hydrous Fe oxides 
• PO4 solids or surfaces(a, b) 

• Elevated PO4
3- in water 

for sorption processes(a) 

(a) Finding from literature review, but not specifically examined or identified in data interpretation activities. 
(b) Apparent finding based on interpretation of the dataset, although additional research is needed to confirm. 

 
Occurrence Trends by Sample Type 

 
Two distinct types of deposit samples were obtained: pipe specimen scale (i.e., adhered 

deposits) and hydrant flush solids (i.e., hydraulically-removable deposits). As a result of 
potential differences in their origin and stability, it was recognized that these two sample types, 
even when obtained from close proximity within the same system, may differ considerably in a 
number of aspects that affect trace element accumulation.   

Table ES.2 provides a comparison of median occurrence levels of trace elements for 
these two sample types. Based on the results from this study, half of the trace elements are more 
concentrated in hydrant flush solids than pipe specimen deposits. Since hydrant flush solids are 
generally surficial and more readily mobilized than pipe scale, this presents release/exposure 
implications with regard to hydraulic disturbances, e.g., fire flows, sudden increases in demand, 
conventional flushing, flow reversals, pressure transients, etc. 

 
Table ES.2 

Comparison of median occurrence of trace elements by sample type 

Trace 
Element 

More Concentrated 
in Pipe Deposits 

More Concentrated 
in Flush Deposits 

Uranium * 
Thallium **  
Cadmium ***  
Arsenic ****  
Selenium ****  
Vanadium ****  

Trace 
Element 

More Concentrated 
in Pipe Deposits 

More Concentrated 
in Flush Deposits 

Antimony *
Barium  * 
Chromium  ** 
Nickel  *** 
Lead  **** 
Radium-226  **** 

 

 

   

*         ≤ 50% difference
**       50–100% difference 

***     101-200% difference
****    > 200% difference 
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Prevalence Trends– Key Findings 
 
Prevalence refers to the mass inventory of deposits and specific trace elements. As 

discussed in Chapter 6, methodologies were developed to determine normalized mass estimates 
relative to pipe surface area, length, and internal volume. Estimates of pipe surface area-
normalized mass were performed to eliminate the effects of different pipe sizes and internal 
surface areas selected for deposit removal on the total mass obtained. Estimates of pipe length-
normalized mass were performed to allow for conceptual determination of the total inventory of 
deposits and associated trace elements in a particular system. Estimates of volume-normalized 
mass were performed to allow for determination of element-specific concentration “spikes” that 
might occur as a function of the amount of deposit released into the water column. 

 
Overall Deposit Mass  

 
For each pipe sample where deposit mass could be obtained, the surface area-normalized 

deposit mass (mA, in grams per square foot, or g/sft) was calculated based on the inner pipe 
surface area from which the deposit was removed. The results were segregated between the 
following pipe material groups: unlined cast iron (22 samples); ductile and galvanized iron and 
steel (12 samples); and cement-lined (with or without seal-coat) and plastic (12 samples). Figure 
ES.2 illustrates the percentile distribution of surface area-normalized deposit mass for all pipe 
specimens and amongst these three groupings. 

Deposit accumulation ranged from 0 to 1,300 g/sft, with a median value of 156 g/sft for 
all pipe specimens considered collectively. A comparison of the different pipe material groups 
indicates the following rank of deposit accumulation (in order of highest-to-lowest): (1) unlined 
cast iron (median 526 g/sft); (2) ductile and galvanized iron and steel (median 171 g/sft); and (3) 
cement-lined and plastic (median 0 g/sft, i.e., trace amount).  This trend suggests that deposit 
accumulation trends are dominated by the formation of corrosion scale. Unlined cast iron pipes 
are known to result in voluminous corrosion scales in most applications after several years of 
service. At the other extreme, cement-lined and plastic pipes yield minimal-to-no internal 
corrosion scale. Accumulated deposit on these pipe types is largely the result of precipitation, 
transport, and deposition processes. Owing to their relatively smooth surfaces, routine hydraulic 
conditions are likely to be “self-cleaning” in most instances, thus minimizing the amount of 
deposit buildup. 
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Figure ES.2  Percentile distribution of surface area-normalized deposit accumulation 

 
Length- and volume-normalized estimating parameters for deposit accumulation rates 

were developed for three pipe material groups – unlined cast iron; ductile and galvanized iron 
and steel; and cement-lined and plastic. This was done to account for inherent differences in the 
corrosion and scale-forming tendencies of different pipe types. The median value of length-
normalized parameters for each pipe material group was used to estimate the mass of deposit 
accumulated as a function of pipe diameter and extrapolated per mile of pipe. Unlined cast iron 
pipe tends to have the largest degree of accumulated material, with extrapolated median deposit 
accumulation rates of 4.8, 6.4, and 9.5 tons per mile for pipe diameters of 6-inch, 8-inch, and 12-
inch, respectively. Ductile and galvanized iron and steel pipes, by virtue of being engineered to 
be more corrosion-resistant and generally of lesser service age than cast iron, were found to have 
roughly one-third the deposit prevalence of unlined cast iron pipe. The cement-lined and plastic 
pipes obtained for this study did not have any visible internal corrosion scale. This suggests that 
distribution systems with significant quantities of cement-lined and plastic pipe will be less 
vulnerable to deposit and trace inorganic accumulation (but not necessarily to contaminant/pipe 
surface interactions, since cementitious materials undergo solid phases changes and selective 
leaching as a function of water chemistry and hydraulic conditions). It is also worth noting that 
deposit prevalence increases as pipe diameter increases. This is related to the fact that larger size 
pipes have more surface area for accumulation. 

 
Trace Elements 

 
Length- and volume-normalized estimating parameters were developed for individual 

trace elements by coupling the contaminant content of each sample with its length- and volume-
normalized deposit prevalence. It is possible to extrapolate the trace element accumulation rates 
as a function of pipe diameter using the median length-normalized accumulation rates for 
specific trace elements. Estimates were developed for three different pipe diameters – 6-inch, 8-
inch, and 12-inch. The accumulation “tendency” or occurrence of individual trace elements was 
shown to be far more significant than pipe diameter. 
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Public Health Considerations– Key Findings 
 
The release of accumulated contaminants in concentrated amounts could result in levels 

at customer taps that are of public health concern with regard to acute and sub-chronic 
consumptive exposure. The data on trace contaminant occurrence and prevalence developed in 
this study become more meaningful with regard to potential public health significance when 
evaluated in terms of the potential for releases and associated concentration increases that could 
theoretically exceed drinking water MCLs set for inorganic elements under the NPDWRs – CFR 
40, Parts 141 through 143. 

 
Conceptual Exceedance Factors  

 
Since estimates of volume-normalized mass for trace elements represent concentration, 

these estimates allow for determination of trace element concentration “spikes” that may occur 
as a function of the amount of deposit released into the water column. A desktop evaluation was 
performed to estimate these theoretical concentration increases and to compare them with 
drinking water standards. 

As used in this report, conceptual exceedance factors (CEFs) are defined as the ratio of 
the theoretical concentration increase of a trace contaminant in water (under a defined deposit 
release scenario) to its respective drinking water standard. The magnitude of the CEF provides 
an indication of the ability of released trace contaminants to approach and possibly exceed 
drinking water standards. By definition, a CEF of 1.0 means that the theoretical increase in 
concentration is equal to the drinking water standard. 

Figure ES.3 illustrates contaminant-specific CEFs at varying percentages of deposit 
released, based on the median volume-normalized masses observed in this study. The vertical 
axis is shown in logarithmic scale to accommodate the wide range of theoretical values. This 
type of plot is useful for assessing and comparing the amount of deposit release needed to reach 
a CEF of 1.0, as well as the potential resulting CEFs for other degrees of deposit mobilization. 
As shown, there are four general contaminant “clusters”: 

 
• For arsenic, lead, radium-226, and vanadium, the CEF exceeds 1.0 for ≤ 5% deposit 

release. 
• For nickel, cadmium, barium, and chromium, the CEF exceeds 1.0 for 16 to 26% deposit 

release. 
• For uranium, thallium, and antimony, the CEF exceeds 1.0 for 60 to 85% deposit release.  
• For selenium, the CEF would reach a theoretical maximum of only 0.2 even if all 

accumulated deposit was released. 
 
As shown in Figure ES.3, arsenic, lead, radium-226, and vanadium could theoretically 

exceed their respective MCLs with relatively small percentages of deposit release. The arsenic 
MCL could be exceeded if less than 1% of deposit is released. It could be exceeded by more than 
a factor of 20 if 20% of the deposit is released. 

It should be noted that even though these trace elements were designated in the Minor 
Bin, the potential for sizeable exceedances of drinking water standards at customer taps still 
exists. Although destabilization and entrainment of the entire layer/depth of deposit is not a 
likely scenario under typical distribution system operating conditions (particularly when the 
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deposit layer is composed of thick, adherent corrosion scale), given the extreme magnitude with 
which several trace elements concentrate, even relatively minor release episodes can lead to 
exceedances of drinking water standards at customer taps. Loose, surficial solids are readily and 
frequently transported as a result of routine hydraulic changes, varying flow rates/velocities, flow 
reversals, etc. 

 

 
Figure ES.3  Conceptual Exceedance Factors based on varying degrees of deposit release 

 
The use of CEFs presents a more robust approach in comparison with occurrence bins for 

prioritizing the various trace inorganic and radiological elements. This is because CEFs take into 
account the variability in both occurrence/prevalence levels and chronic toxicity levels of these 
contaminants. Under this prioritization approach, contaminant emphasis would be ranked in 
accordance with the magnitude of the CEF, i.e., As, Pb, Ra, V, Ni, Cd, Ba, Cr, U, Tl, Sb, and Se. 
Upon comparison of this prioritization approach with the occurrence bin approach, the primary 
difference is that barium slips considerably down the list. 

In order to perform these analyses, numerous extrapolations and assumptions were 
necessary. Also, comparison with the current MCL construct for inorganic compounds was 
required, which has several limitations in and of itself. Chapter 7 summarizes these 
considerations and limitations and qualitatively describes the likely impacts of these assumptions 
on estimates of risk to public health. Three of the thirteen limitations described in Chapter 7 are: 

 
• Participating utilities do not represent a statistically-valid sample pool for developing 

national occurrence estimates. The participating utilities are mostly groundwater-only 
systems, which generally experience higher levels of dissolved inorganics due to natural 
weathering processes. Additionally, this investigation emphasized systems with moderate 
concentrations of trace elements and certain common matrix elements (e.g. Fe, Mn, P) in 
their treated water. If the study results were used to determine nationwide occurrence, 
this limitation may result in overestimating public health risk. 

• Selected sample sites do not represent a statistically-valid sample pool for developing 
national occurrence estimates. Sites were selected based on presumed risk factors, 
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including presence of manganese. Additionally, sample selection criteria included a 
preference for high quantities of accumulated deposits. If study results were used to 
determine nationwide occurrence, this limitation may result in overestimating public 
health risk. 

• Examination of public health risks for inorganic and radiological contaminants is based 
on the MCL construct. MCLs are generally based on chronic exposure to low 
contaminant levels. Additionally, compliance with MCLs is calculated using running 
annual averages, which may omit the occurrence of intermittent accumulation and release 
in distribution system. These limitations likely underestimate public health risk. 
 
Nonetheless, the findings described in this report should leave little doubt that the 

potential for public health impacts may be substantial under certain conditions. 
 

RECOMMENDED ASSESSMENT AND CONTROL STRATEGIES 
 
Figure ES.4 provides a conceptual overview of a recommended approach that utilities can 

apply to assess and control the accumulation and release of trace inorganic contaminants within 
their distribution system. The approach is divided into three steps; specific considerations 
associated with each of these steps are discussed in detail in the following sections. A detailed 
description is provided in Chapter 7. 

 
Step 1 – Assess Existing Conditions and Vulnerability 

 
Step 1 focuses on developing an understanding of existing system conditions that may 

pose a risk for trace contaminant accumulation and release. It is recommended that each utility 
conduct a self-assessment to gauge its vulnerability to these phenomena, assessing system data 
and information in the following areas: distribution system pipe material, extent of deposit 
accumulation, and water quality conditions. 
 
Step 2 – Address Existing Deposits 
 

It is possible that a significant amount of deposit material and contaminants may have 
accumulated within certain portions of the distribution system. The utility should focus its 
immediate resources on removing loosely-adhered solids from the distribution system and 
implementing measures to stabilize adhered solids to the extent possible. Both of these are 
essentially “release-management” techniques. Of particular importance are the recommendations 
that: (1) utilities apply UDF rather than conventional flushing approaches for removal of loose 
deposits, and (2) assess/implement treatment measures to address water quality/chemistry 
variations associated with the blending of different sources. 

 
Step 3 – Reduce Contaminant and Solids Loading 

 
To ultimately reduce the potential for on-going contaminant accumulation, utilities are 

encouraged to implement engineering measures to improve treatment of inorganic contaminants 
and solids that can act as substrates (e.g., Fe, Mn). 
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Figure ES.4  Overview of accumulation assessment and control strategy 

 

   

STEP  1
Assess Existing Conditions and Vulnerability

Deposit Prevalence
and Properties

•Identify piping materials and locations.
•Inspect pipe tap caps and boneyard pipes.

•Review customer complaint records.

•Assess adequacy of existing flushing 
program.

•Collect mobile & adherent deposit samples 
and analyze for composition and inventory.

Treated Water 
Quality Conditions

•Assess inorganics history in each treated 
water supply.

•Assess presence of iron, manganese, and 
phosphate in each treated water supply.

•Perform investigative monitoring before 
and after treatment changes, source usage 
changes, in response to complaints, and 
under various hydraulic conditions.

STEP  2
Address the Existing Deposits

Adhered
Deposits

•Stabilize water chemistry and quality.
•Reduce corrosivity of water towards 
cement linings.
•Remove adherent solids through pigging 
or rehabilitation (including application of 
cement linings).

•Replace severely tuberculated piping.

Mobile
Deposits

•Remove deposits through high-velocity 
unidirectional flushing.

STEP  3
Reduce Contaminant and Solids Loading

Trace Contaminants

•Provide treatment to remove any trace 
contaminants to lowest practicable levels.

•Avoid the use of “sidestream” treatment 
or blending to meet contaminant MCLs.

•Evaluate sequestration if removal not 
possible.

Contaminant “Sinks”

•Provide treatment to remove iron, 
manganese, and natural-occurring 
suspended solids.

•Implement a structured program for 
undirectional flushing and reservoir 
cleaning.

•Maintain a disinfectant residual to
control biofilm growth.
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SUMMARY OF FUTURE RESEARCH NEEDS 
 
Despite the numerous findings and conclusions resulting from this investigation, there 

remain considerable research gaps to be addressed in order for the drinking water industry to 
develop a more complete understanding of accumulation and release phenomena and associated 
potential public health risks. Several recommendations for future research are provided below, in 
the areas of accumulation, release, and potential health risks. A complete list is provided in 
Chapter 7. 

 
Contaminant Accumulation 

 
• Because this study focused on “high risk” conditions, additional investigations of a nature 

that are more statistically-defensible with regard to national occurrence trends are 
warranted. 

• More focused studies are needed to characterize and differentiate hydraulically-mobile 
deposits versus adherent deposits/scale. 

• The contribution of cementitious pipes and linings to the occurrence of aluminum, 
arsenic, barium, cadmium, and chromium in deposits and water should be studied further.  

• Despite its extremely low level in water supplies, lead was observed at particularly 
variable and often highly concentrated amounts in deposits obtained in this study. The 
nature and sources of lead accumulation in the utility-owned portion of distribution 
systems should be further studied. 

• Future research should be generally focused on the trace contaminants ranked highest in 
the prioritization series, i.e., those classified in the Minor Bin (barium, lead, nickel, 
vanadium, arsenic, radium, and chromium) and/or having the highest CEFs. This research 
should focus on developing a better understanding of the actual occurrence ranges and 
elucidating relationships to water quality, substrate composition and mineralogy, and pipe 
material. 

• This investigation revealed the significant impact that manganese plays on trace 
contaminant accumulation. Controlled studies should be performed to develop adsorption 
equilibrium isotherms for hydrous manganese oxides. 
 

Contaminant Release 
 

• The magnitude, frequency, and duration of contaminant release episodes within 
distribution systems are largely unknown. Detailed monitoring programs should be 
developed and implemented for utilities that are planning to install or convert treatment, 
introduce new sources, etc. Distribution system monitoring should also be performed to 
determine the extent of deposit mobilization under certain hydraulic conditions, including 
routine flow, flow reversals, and peak demands. The non-conservative nature of 
accumulation/release phenomena would need to be considered within monitoring 
program design. 

• Aesthetic quality/properties associated with various degrees of deposit mobilization 
should be characterized to determine if exposure to compromised water is “self-limiting.” 
This should make use of different solid substrates and realistic contaminant occurrence 
levels for each substrate. 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 Executive Summary |  xxxvii 

  

Potential Health Risks 
 

• Given the non-conservative nature of accumulation/release phenomena, coupled with the 
results of this research which indicate the potential for contaminant concentrations above 
current drinking water standards, revised constructs associated with SDWA monitoring 
and compliance for inorganics and radionuclides should be investigated.  

• Potential health risks and No Observed Adverse Effect Levels (NOAELs) associated with 
acute and sub-chronic exposure to elevated concentrations of trace inorganic and 
radiological contaminants should be explored. Sensitive sub-populations (e.g., immune-
compromised) should also be considered. 

• Given the co-occurring nature of trace contaminants, potential synergistic effects arising 
from simultaneous exposure to multiple contaminants at levels above their respective 
MCLs should be explored. 
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CHAPTER 1 
INTRODUCTION AND APPROACH 

 
 
INTRODUCTION 

 
The potential for non-conservative fate and transport (i.e., accumulation, release) of trace 

inorganic and radiological contaminants within water distribution systems has gained attention 
within the drinking water community over the past several years. This heightened awareness is 
consistent with current emphasis by the industry and the Environmental Protection Agency 
(USEPA) to develop a more comprehensive understanding of potential public health risks 
associated with distribution system contamination mechanisms and pathways, an understanding 
that ultimately should allow for development of risk-targeted standards and guidance on system 
management practices. This issue also provides a basis for revisiting the current Safe Drinking 
Water Act (SDWA) monitoring framework for inorganic and radiological contaminants. 

Regarding contaminant accumulation, the particular concern is not the physical presence 
of trace inorganic and radiological elements in the distribution system per se, but rather the 
potential for their release or remobilization into the water column. The release of accumulated 
contaminants in concentrated amounts can result in levels at customer taps that are of public 
health concern (Schock et al., 2008), i.e., concentrations that exceed current drinking water 
standards. This phenomenon has been observed and documented in several recent case studies 
(Reiber and Dostal, 2000; Clement and Carlson, 2004; Reiber and Giani, 2005). 

Regulated trace inorganic contaminants include antimony (Sb), arsenic (As), barium 
(Ba), beryllium (Be), cadmium (Cd), chromium (Cr), cyanide (CN-), fluoride (F-), lead (Pb), 
mercury (Hg), nitrite (NO2

-), nitrate (NO3
-), selenium (Se), and thallium (Tl). Of these 

contaminants, the metals and metalloids are of particular interest with regard to their potential for 
physical accumulation in scales and sediments in water distribution systems. Certain unregulated 
trace metals, including vanadium (V) and nickel (Ni), are also of high interest and concern. 
Regulated radiological parameters of interest include radium (Ra) and uranium (U) isotopes. 
Radon (specifically 222Rn), though not currently regulated, is also of interest. 
 
PROJECT OBJECTIVE 

 
The stated objective of this research effort was “to investigate the accumulation of 

regulated inorganic contaminants and naturally-occurring radionuclides in distribution system 
piping scales and sediments.” The drinking water industry is still in its infancy with regard to 
understanding the fate and transport of inorganic contaminants in water distribution systems.  

This study represents one of the most comprehensive explorations of this issue to-date. 
As such, it provides the drinking water industry with much-needed basic data on the occurrence 
of these contaminants in typical solids formed in distribution systems. The collection, synthesis, 
and distillation of data covering a broad range of inorganic and radiological contaminants in 
diverse deposit matrices is seen as an important step in developing a better understanding of the 
behavior of these contaminants within water systems. The findings with regard to contaminant 
accumulation tendencies provide several immediate contributions to the industry, including: 
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• Demonstration of contaminant-specific accumulation phenomena, which provides a basis 
for revisiting the SDWA monitoring framework for these contaminants. 

• Assessment of potential for contaminant excursions above drinking water standards, 
thereby providing insight into potential public health ramifications. 

• Prioritization of contaminants for additional research of a more focused nature. 
 
Specific project objectives were developed as part of the research strategy and approach, 

as discussed in the following section. 
 
PROJECT APPROACH 

 
The project approach consisted of three general tasks: (1) the collection and evaluation of 

existing data and information; (2) the development and implementation of a field study program; 
and (3) the evaluation and interpretation of analytical results and data generated in as part of this 
research investigation. The study was structured and performed in such a manner as to build 
upon previous findings and fill in the most apparent data gaps. 

 
Task 1 – Collection and Evaluation of Existing Data and Information 

 
The objective of this task was to review and summarize previous research and findings 

pertaining to inorganics accumulation and release. A comprehensive literature review was 
performed to document the current state of knowledge on this issue. Although the literature 
review emphasized research and case studies specific to drinking water systems, several studies 
from related disciplines (e.g., soil science, aquatic chemistry) were also summarized. There is a 
wealth of information on the behavior and interactions of trace inorganic and radiological 
contaminants in the natural environment and many of the findings are germane to engineered 
systems (e.g., drinking water distribution systems) given the similarities in water chemistries, 
contaminant properties, and associated solid phases. 

As part of this task, the project team performed a limited survey of drinking water 
utilities in the United States to determine inorganics occurrence in distribution systems. The 
response rate was relatively poor. However, all respondents indicated that they did not monitor 
for trace inorganic or radiological contaminants beyond system entry-points. Although this 
prevented the development of preliminary occurrence estimates, it served as a valuable finding 
by highlighting the general lack of awareness of the phenomenon of inorganics accumulation 
within the “non-research community” of the drinking water industry. 

 
Task 2 – Development and Implementation of a Field Study Program 
 

A field study program involving extensive participation by drinking water utilities was 
developed to guide the collection of samples and the generation of original data on inorganics 
accumulation. The design of the field program involved the development of utility participation 
approaches and a protocol for the collection of native deposit material and water samples from 
distribution systems. An equally important element of this program was the development of 
comprehensive laboratory analytical and quality assurance plans to ensure the application of 
consistent and reliable methods for extraction and physiochemical characterization of the various 
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samples matrices collected. These plans and protocols were developed with collective input from 
several experts representing private industry, academia, and regulatory agencies. 

The field study design was tailored to the goal of performing a broad “occurrence-style” 
study. The essence of this approach was to maximize the number of different utility participants 
and samples to gain a more comprehensive understanding of the accumulation patterns and 
tendencies of trace inorganic and radiological contaminants, i.e., to identify which contaminants 
accumulate in distribution system deposits and to what range of concentrations. In selecting this 
approach, it was recognized that project resource constraints would prevent performance of a 
statistically-valid occurrence study and that such a broad approach would be less favorable for 
quantifying impact of utility- and site-specific factors, e.g., water quality, hydraulic conditions, 
and pipe material. It was also recognized that, while the accumulation of trace inorganic and 
radiological contaminants within water systems may occur by a variety of mechanisms (e.g., 
deposition, mineral precipitation, adsorption/co-precipitation, etc.), determination of specific 
accumulation mechanisms was beyond the scope and the resources of this study. 

The following specific objectives were established for the field study phase: 
 

• Quantify the elemental composition of deposit matrices, expressed as mass of constituent 
per mass of total solid. While the study was primarily concerned with determining the 
occurrence of trace inorganic and radiological contaminants, the levels of certain 
secondary and unregulated metals and inorganics that are commonly found in distribution 
system deposits (e.g., iron, calcium, etc.) were also evaluated because of their potential 
role as accumulation substrates or “sinks.” 

• Characterize the surface properties, morphology, and mineralogy/crystallographic 
properties of deposit matrices (for select samples only). 

• Quantify accumulated mass of constituent elements (i.e., contaminant prevalence), 
expressed on a normalized basis as the mass of constituent per unit of pipe surface area, 
pipe length, and internal pipe volume. 

• Differentiate and compare “hydraulically-removable” accumulated material with the 
“hydraulically-inert” accumulated material, both in terms of elemental composition and 
accumulated mass. As used in this report these terms are operational and represent the 
two different samples types that were generated: (1) hydrant flush solids and (2) pipe 
specimen deposits/scale, respectively. 

• Characterize conditions that appear to influence contaminant accumulation, including 
finished water quality/chemistry, substrate composition, and pipe material. 

 
The field study was implemented over an 18-month period and involved the participation 

of 20 different drinking water utilities in the United States. The collective pool of utility 
participants offered good breadth of system and study conditions, including a diverse range of 
utility sizes, treatment applications, finished water qualities, and pipe materials, sizes, service 
ages, and physical conditions. A total of 72 “real-world” distribution system solid samples were 
collected by these participants. This sample set consisted of 26 sets of hydrant flush solids and 
46 pipe specimens. Of these 72 samples, a total of 58 contained adequate mass to support the 
project activities involving characterization of elemental composition. 

The selection of utilities and sample sites was guided by factors that may be considered 
“greater risk” for contaminant accumulation, thus underscoring the need to discount the results as 
being statistically representative of a true occurrence study. These factors include an emphasis on 
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groundwater systems, systems with measureable levels of certain trace inorganics (e.g., radium, 
uranium) and other inorganics (e.g., manganese) in the finished water, and sites suspected or 
known to have a moderate-to-substantial degree of scale and sediment accumulation (e.g., 
unlined iron pipe, highly-aged or corroded pipe, areas of chronic water discoloration, dead-end 
segments, etc.). 

It should be noted that the field investigation was focused strictly on the utility-owned 
portion of distribution systems. However, recent research (as summarized in the literature 
review) has shown that residential and institutional service lines and plumbing systems can also 
concentrate trace inorganic contaminants. 

 
Task 3 – Evaluation and Interpretation of Results Generated 
 

A large volume of primary data was generated during this study, including laboratory and 
field results pertaining to water quality, deposit composition and mineralogical properties, and 
accumulation inventories. Several approaches were used to provide for meaningful presentation 
and interpretation of these data. These approaches include: 

 
• Documented case studies for individual utility participants. 
• Statistical summaries and detailed evaluations of deposit composition and mineralogical 

trends. 
• Prioritization of trace elements using the concepts of Occurrence Bins and Conceptual 

Exceedance Factors. 
• Statistical summaries of deposit prevalence according to pipe material. 
• Development of estimating methods for contaminant prevalence (mass-based 

inventories). 
• Application of relatively simple correlations and statistical groupings to examine the 

influence of substrate composition and water quality conditions on trace element 
occurrence trends. 

• Evaluation of potential public health implications through comparisons with drinking 
water standards and health advisory levels. 

 
Based on the data obtained and findings generated in this study, a preliminary assessment 

of potential risk factors for accumulation and release is offered, along with guidance to drinking 
water utilities on monitoring, operational, and engineering strategies that can be implemented to 
assess and control the phenomena of inorganics accumulation and release. The results and 
findings have been presented in a manner as to provide value to a diverse audience of 
researchers, managers, engineers, operators, and regulators. 
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REPORT ORGANIZATION 
 

The organization of the remainder of this report is as follows: 
 

• Chapter 2 consists of the literature review on the accumulation and release of inorganic 
and radiological contaminants. 

• Chapter 3 consists of the field study design, which includes utility and site selection 
factors, participation approaches, and the sample generation and collection techniques 
employed for deposit and water samples. 

• Chapter 4 consists of the analytical protocol, which includes a description of the various 
activities and methods involved with sample processing, analysis, and characterization, 
field measurements, and quality control (QC) procedures and results. 

• Chapter 5 consists of information on the field study conditions, including characteristics 
of the utility participants and sample types, as well as tabulated results for distribution 
system water quality conditions and the composition of deposit samples with regard to 
the various trace and common matrix elements. This chapter also contains the individual 
utility case studies. 

• Chapter 6 consists of the various data analysis, evaluation, and interpretation activities 
associated with Task 3. 

• Chapter 7 provides a summary of major findings and conclusions, apparent trends and 
relationships, implications and relevance to the drinking water industry, public health 
considerations, and measures that utilities can implement to gauge vulnerability and 
control accumulation and release. This chapter also includes recommendations for future 
research activities on this topic. 
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CHAPTER 2 
LITERATURE REVIEW 

 
 
INTRODUCTION 
 

The amount of published literature specific to the accumulation and release of regulated 
inorganic and naturally-occurring radiological contaminants in drinking water distribution 
systems is relatively small. Most drinking water utilities have no data on the actual 
concentrations of these contaminants beyond system entry-points, with the exception of lead and 
copper results at customer taps based on sampling performed for the Lead and Copper Rule 
(LCR). These “findings” are due largely to the widespread lack of awareness of the non-
conservative behavior of trace inorganic and radiological contaminants within water distribution 
systems. This is reflected in the current regulatory framework as it pertains to monitoring and 
Maximum Contaminant Level (MCL) compliance for these contaminants. With the exception of 
lead (Pb), copper (Cu), and asbestos fibers, the development of drinking water standards and 
monitoring requirements for trace inorganic and radiological contaminants presumed that the fate 
and transport of these elements was physically and chemically conservative, i.e., the 
concentration entering the system was the same as that at customer taps. For this reason, 
monitoring requirements and drinking water standards are applied to system entry-points where 
their purpose is to ensure that any contaminants that may be present in a particular water source 
either occur at or are treated to levels determined to be suitable to provide protection against 
health risks that may occur due to chronic consumptive exposure, which is the basis for the 
derivation of most of the primary MCLs. The framework of the LCR shares the same flawed 
assumption, i.e., that lead and copper in treated water behave conservatively within the 
distribution system leading up to the service connection. The basis for LCR compliance 
monitoring and the nature of the sampling requirements (i.e., first-draw, one-liter) is to 
characterize the extent of lead and copper release resulting from corrosion of plumbing 
components. Therefore, even if analyzed for a broader range of compounds, these samples would 
provide little information on water quality conditions and changes that may occur in the broader 
distribution system network. Reiber and Dostal (2000) and Lytle et al. (2004) demonstrated that 
Pb and Cu, even when present at non-detect levels in water sources, are capable of accumulating 
to measureable levels on and within sediment and scale that may exist in the utility-owned 
portion of distribution systems. 

For as little water quality data currently exists for the regulated inorganic and radiological 
contaminants beyond water system entry-points, there is even less available information on their 
occurrence on or within the various solid matrices that typically exist on the surfaces of 
distribution system infrastructure. 

 
BACKGROUND 
 

The phenomenon of accumulation was “discovered” as a result of investigative 
monitoring performed in the early 1990s. The earliest published information on inorganics 
accumulation in the U.S. came about because of dramatic and widespread discoloration of tap 
water after a utility in Fremont, Nebraska installed treatment (chlorination and pH adjustment) at 
its wells. Working with homeowners, the utility collected representative samples of discolored 
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water from several locations throughout the system and had the water samples analyzed for 
primary and secondary inorganic parameters. Extremely high levels of iron (8 to 412 mg/L) and 
filterable lead (0.4 to 1.4 mg/L), arsenic (up to 5 mg/L), and copper (8 to 300 mg/L) were 
observed in the samples (Figure 2.1). Since iron and arsenic were present at extremely low 
concentrations (and copper and lead were non-detect) in the wells used for supply, Reiber and 
Dostal (2000) investigated their potential accumulation on the deposit surfaces of water mains 
and service lines. Pipe specimens of unlined cast iron and galvanized iron/steel were removed 
from the water system for scale analysis. Trace inorganic contaminants were detected in the 
scales at part-per-thousand levels (i.e., microgram of contaminant per milligram of scale, or 
μg/mg). Among these elements were arsenic (up to 1.3 μg/mg), copper (up to 7.6 μg/mg), and 
lead (up to 6.0 μg/mg). The researchers concluded that these contaminants had accumulated on 
corrosion scales and deposited material over time and were mobilized as a result of scale 
destabilization when wellhead treatment was implemented. 

 

 
(Photo: HDR, Inc.) 
Figure 2.1  Distribution system and entry-point water samples following the 
implementation of wellhead treatment in Fremont, Nebraska 

 
The earliest published information on accumulation of naturally-occurring radiological 

elements focused on drinking water utilities in Iowa (Valentine and Stearns, 1994; Field et al., 
1995). Researchers reported extremely variable and high (i.e., up to 2,676 pCi/L) concentrations 
of 222Rn in water samples collected from customer taps in several different systems. The 
researchers demonstrated increasing concentrations of 222Rn at increasing distances (water ages) 
from the system entry-points. In each case, the researchers identified the accumulation of 226Ra 
in pipe scale and concluded that its alpha-decay was responsible for elevated concentrations of 
222Rn in water. The observed 226Ra concentrations in pipe scale ranged from 13 to 270 pCi/g. 
Each of the utilities had low but measurable levels of 226Ra in their treated water. 
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Additional episodes of inorganic and radionuclide accumulation and release have since 
been identified and reported (Schock, 2005; Clement and Carlson, 2004; Scanlan, 2003; Scanlan, 
2002). In response, the drinking water industry began to undertake more controlled and focused 
investigations to identify the potential extent of the problem. These investigations have used a 
variety of approaches and techniques, including collection of distribution system solids, water 
main and service line extractions, collection of spent adsorbent media, resins, and concentrated 
backwash residuals for processes designed specifically to remove inorganic contaminants, and 
the performance of bench-scale studies involving kinetic and equilibrium isotherm testing and 
pipe loop studies using a variety of pipe and plumbing materials. These investigations have also 
made use of a number of advanced analytical techniques to improve understanding of the 
properties and nature of the chemical associations. It is worth noting that, because the timing of 
these investigations closely matched promulgation and implementation of the Arsenic Rule, 
many of these studies were initially focused on the fate and transport of arsenic. More recent 
research has focused on establishing composition with regard to numerous regulated trace 
inorganic elements, and in some cases even unregulated elements (e.g., Ni, V) and rare earth 
elements. 

The non-conservative behavior of trace inorganic and radiological contaminants in water 
distribution systems presents implications regarding the appropriateness and accuracy of existing 
entry-point monitoring schemes intended to ensure that drinking water standards are met. This 
raises legitimate concerns about the need to review and potentially revise the SDWA monitoring 
construct for these contaminants. It is also worth noting that, while emphasis is generally given 
to contaminant increases associated with release events, there is an often-overlooked benefit to 
accumulation – over the long-term, consumer exposure to certain inorganic and radiological 
contaminants may actually be reduced due to their “removal” from the bulk water. Just as the 
existing SDWA regulatory monitoring requirements fail to recognize contaminant “spikes” 
associated with release events, they too fail to recognize or account for the potential for 
contaminant reductions between entry-points and customer taps. 

 
INORGANIC AND RADIOLOGICAL CONTAMINANTS 
 

As part of the National Primary Drinking Water Regulations (NPDWRs), the USEPA has 
developed primary drinking water standards for 16 inorganic elements (provided in Table 2.1, 
excluding asbestos fibers) and five naturally-occurring radiological elements (provided in 
Table 2.2). With the exception of lead and copper, each of these elements are regulated with 
MCLs that were developed to protect against potential adverse health effects associated with 
chronic consumptive exposure to low concentrations of these elements. The primary MCLs for 
nitrite and nitrate were developed in consideration of potential adverse health effects associated 
with acute and sub-chronic exposure in the pediatric sub-population. Tables 2.1 and 2.2 describe 
the potential health effects associated with long-term consumptive exposure, as well as acute and 
sub-chronic Health Advisory Levels (USEPA, 1995), acute and sub-chronic doses reported in the 
literature, and potential acute and sub-chronic health effects resulting from shorter-term duration 
exposure to elevated concentrations of these elements. 

As part of the National Secondary Drinking Water Regulations (NSDWRs), the USEPA 
has developed secondary drinking water standards for 15 inorganic and physical parameters. 
These parameters are typically associated with aesthetic and cosmetic properties of water. 
However, several of the secondary inorganic elements, including iron, manganese, aluminum, 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 10 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

and zinc, are of high interest to the study of trace contaminant accumulation because of their 
relative prevalence in distribution system scales and deposits and their potential role as 
accumulation substrates or “sinks.” Table 2.3 summarizes inorganic parameters regulated under 
the NSDWRs that are of particular interest to this research. 

Though currently unregulated, three additional inorganic compounds of high interest to 
this research include phosphate, nickel, and vanadium. Regarding phosphate, the majority of 
source waters used for potable water supply contain less than 0.3 mg/L as PO4. However, many 
drinking water utilities purposefully apply phosphorus-based chemicals during treatment (e.g., 
polyphosphate, orthophosphate, or ortho/poly blends), resulting in finished water phosphate 
levels in the range of 0.5 to 3 mg/L as PO4 (Lytle and Snoeyink, 2002). Polyphosphate is often 
added to sequester divalent cations such as calcium, iron, and/or manganese, thereby helping 
prevent their precipitation and deposition in the distribution system. Orthophosphate is often 
added as a corrosion control agent to passivate the surface of lead- and copper-bearing materials 
typical of plumbing systems. Orthophosphate is also known to precipitate with other metals 
including aluminum (Snoeyink et al., 2003), calcium, and iron. These phosphate-based solids 
may serve as accumulation sinks. Phosphate has also been shown to influence the accumulation 
and release of other inorganic elements from various metal-oxide surfaces through competitive 
sorption effects (Davis et al., 2005; Schock, 2005). Nickel is of interest to this research because it 
has been regulated in the past, is currently being investigated for re-regulation, and has been 
found to produce adverse health effects associated with acute and sub-chronic exposure (Young, 
1995). The original MCL for nickel (0.1 mg/L) was remanded by the USEPA in 1995 due to lack 
of conclusive health effects research. Vanadium is of interest to this research because of its 
listing on the Contaminant Candidate List 3, which was published in the Federal Register in 
February 2008. Opresko (1991) has documented adverse toxicological effects associated with 
acute, sub-chronic, and chronic ingestion of varying levels of vanadium. Despite the fact that 
there is no federal health-based advisory level for vanadium, the California Department of Health 
Services (DHS), upon review of the USEPA Health Effects Assessment Summary Table and in 
consideration of other published health effects research, adopted a Notification Level of 50 μg/L 
for vanadium in drinking water. 
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Table 2.1 
Primary regulated inorganic parameters 

Compound Primary MCL 
(MCLG) (a) 

Potential chronic 
health effects (b) 

HAL 1-10 day (c) 
(HAL ≤ 7year) (d) 

Other reported 
acute doses 

Potential acute and sub-chronic 
health effects (e) 

Antimony (Sb) 0.006 mg/L 
(0.006 mg/L) 

Decreased longevity, altered 
blood levels of glucose and 
cholesterol.(f, g) 

0.01 mg/L 
(0.01 mg/L) 0.53 mg/kg (f) Nausea, vomiting, diarrhea, 

respiratory difficulties.(f, g) 

Arsenic (As) 0.010 mg/L 
(0.000 mg/L) 

Skin damage, circulatory 
distress. Increased risk of 
cancer.(h) 

None 20 ug/kg/d (h) Nausea, vomiting, epigastric and 
abdominal pain, diarrhea.(h) 

Barium (Ba) 2 mg/L 
(2 mg/L) Hypertension.(g, i) None 0.8 g 

(lethal) (i) 
Vomiting, diarrhea, muscular 
weakness, hypertension.(g, i) 

Beryllium (Be) 0.004 mg/L 
(0.004 mg/L) 

Damage to bones and lungs. 
Increased cancer risk. (g, j) 

30 mg/L 
(4 mg/L) None found None known. (g, j) 

Cadmium (Cd) 0.005 mg/L 
(0.005 mg/L) 

Kidney damage, renal 
dysfunction, anemia, 
hypertension.(g, k) 

0.04 mg/L 
(0.005 mg/L) 

20 mg/kg 
(lethal) (k) 

Nausea, vomiting, diarrhea, muscle 
cramps, liver damage, shock, renal 
failure. (g, k) 

Chromium (Cr) 0.1 mg/L 
(0.1 mg/L) 

Damage to liver, kidney 
circulation, and nerve tissue. 
Dermatitis.(g, l) 

1 mg/L 
(0.2 mg/L) 

71 mg/kg 
(lethal) (l) Skin irritation, ulceration. (g, l) 

Copper (Cu) 1.3 mg/L (m) 
(1.3 mg/L) 

Kidney, liver, and nervous 
system damage.(g, n) None 2.2 mg/L(n) Stomach and intestinal distress, liver 

and kidney damage, and anemia. (g, n) 

Cyanide (CN) 0.2 mg/L 
(0.2 mg/L) 

Weight loss, thyroid effects, and 
nerve damage.(g, o) 

0.2 mg/L 
(0.2 mg/L) 

50-100 mg as NaCN 
or KCN (o) 

Rapid breathing, tremors, 
other neurological effects. (g, o) 

(a) Maximum Contaminant Level and Maximum 
Contaminant Level Goal (USEPA, 2003). 

(b) Associated with long-term consumptive exposure 
to levels above the MCL. 

(c) Acute Health Advisory Level (USEPA, 1995). 
(d) Sub-Chronic Health Advisory Level (USEPA, 

1995). 

(e) Associated with short-term consumptive 
exposure to levels at or above reported acute/sub-
chronic doses. 

(f) Young, 1992. 
(g) USEPA, 1995. 
(h) Opresko, 1992a. 
(i) Francis and Forsyth, 1995. 

(j) Daugherty, 1992a. 
(k) Young, 1991. 
(l) Daugherty, 1992b. 
(m) Action Level under the Lead and Copper Rule. 
(n) Faust, 1992a. 
(o) Faust, 1994. 

(continued) 
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Table 2.1 (Continued) 

Compound Primary MCL 
(MCLG) (a) 

Potential chronic 
health effects (b) 

HAL 1-10 day (c) 
(HAL ≤ 7year) (d) 

Other reported 
acute doses 

Potential acute and sub-chronic 
health effects (e) 

Fluoride (F) 4.0 mg/L 
(4.0 mg/L) 

Bone disease. Mottled teeth in 
children.(f) None 150 mg/L(g) Nausea, vomiting, diarrhea, 

abdominal pain, paresthesias. (g) 

Lead (Pb) 0.015 mg/L (h) 
(0 mg/L) 

Nervous, cardiovascular, 
kidney, and reproductive 
damage. Impaired mental 
development in children.(i, j) 

None None found 

Nervous, cardiovascular, 
kidney, and reproductive damage. 
Impaired mental development in 
children. (i, j) 

Mercury (Hg) 0.002 mg/L 
(0.002 mg/L) 

Kidney, central nervous system, 
and gastrointestinal tract 
damage.(i, k) 

None 1-4 g 
(lethal) (k) 

Gastrointestinal pain, vomiting, 
diarrhea, renal failure, shock. (i, k) 

Nitrate (NO3-N) 10 mg/L 
(10 mg/L) 

Diuresis, increased starchy 
deposits, hemorrhaging of the 
spleen.(i) 

10 mg/L 
(10 mg/L) 

10 mg/L 
(10 mg/L) 

Anoxia and death, blue baby 
syndrome in infants.(i, l) 

Nitrite (NO2-N) 1 mg/L 
(1 mg/l) 

Diuresis, increased starchy 
deposits, hemorrhaging of the 
spleen. (i) 

1 mg/L 
(1 mg/L) 

1 mg/L 
(1 mg/L) 

Anoxia and death, blue baby 
syndrome in infants. (i, l) 

Selenium (Se) 0.05 mg/L 
(0.05 mg/L) 

Selenosis, hair loss, damage to 
kidney, liver, nervous and 
circulatory systems.(i, m) 

None 0.26 mg/kg/day(m) Selenosis, shallow breathing, 
diarrhea, pulmonary edema. (i, m) 

Thallium (Tl) 0.002 mg/L 
(0.0005 mg/L) 

Tiredness, weakness, 
nervousness, neurological and 
muscular symptoms.(i, n) 

0.007 mg/L 
(0.007 mg/L) 

3-20 mg/kg (lethal) 
(n) 

Gastroenteritis, nervous system 
damage, convulsions, coma, hair 
loss. (i, n) 

(a) Maximum Contaminant Level and Maximum 
Contaminant Level Goal (USEPA, 2003). 

(b) Associated with long-term consumptive exposure 
to levels above the MCL. 

(c) Acute Health Advisory Level (USEPA, 1995). 
(d) Sub-Chronic Health Advisory Level (USEPA, 

1995). 

(e) Associated with short-term consumptive 
exposure to levels at or above reported acute/sub-
chronic doses. 

(f) USEPA, 2003. 
(g) Gessner et al., 1994. 
(h) Action Level under the Lead and Copper Rule. 
(i) USEPA, 1995. 

(j) Davidson, 1994. 
(k) Young, Undated. 
(l) Francis, 1995. 
(m) Opresko, 1993. 
(n) Borges and Daugherty, 1994. 

©
2010 W

ater R
esearch F

oundation. A
LL R

IG
H

T
S

 R
E

S
E

R
V

E
D



 

C
hapter 2:  L

iterature R
eview

|  13

Table 2.2 
Regulated radiological parameters 

Compound Primary MCL 
(MCLG) (a) 

Potential chronic 
health effects (b) 

HAL 1-10 day (c) 
(HAL ≤ 7year) (d) 

Other reported 
acute doses 

Potential Acute and Sub-Chronic 
Health Effects (e) 

Alpha Emitters 15 pCi/L 
(0 pCi/L) Increased risk of cancer.(f) None None found Increased risk of cancer. (f) 

Beta and Photon 
Emitters 

4 mrem/yr 
(0 mrem/yr) Increased risk of cancer. (f) None None found Increased risk of cancer. (f) 

Radium 
(226Ra/228Ra) 

5 pCi/L 
(0 pCi/L) Increased risk of cancer. (f) None None found Increased risk of cancer. (f) 

Radon (Rn) None(g) Increased risk of cancer. (f) None None found Increased risk of cancer. (f) 

Uranium (U) 30 μg/L 
(0 μg/L) 

Increased risk of cancer, and 
kidney damage. (f) None None found Increased risk of cancer. (f) 

(a) Maximum Contaminant Level and Maximum 
Contaminant Level Goal (USEPA, 2003). 

(b) Associated with long-term consumptive exposure 
to levels above the MCL. 

(c) Acute Health Advisory Level (USEPA, 1995). 
(d) Sub-Chronic Health Advisory Level (USEPA, 

1995). 
(e) Associated with short-term consumptive 

exposure to levels at or above reported acute/sub-
chronic doses. 

(f) USEPA, 2003. 
(g) Not currently regulated. 
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Table 2.3 
Secondary regulated inorganic parameters (partial list) 

Compound Secondary 
MCL (a) 

Potential chronic 
health effects (b) 

HAL 1-10 day (c) 
(HAL ≤ 7year) (d) 

Other reported 
acute doses 

Potential Acute and Sub-Chronic 
Health Effects (e) 

Aluminum (Al) 0.05 to 0.2 mg/L None found.(f) None None found None found. (f) 

Iron (Fe) 0.30 mg/L None found. None None found None found. 

Manganese (Mn) 0.05 mg/L Neurological impairment.(g) 1 mg/L 
(0.3 mg/L)(g) None found Mental disturbances, lethargy, 

tremors, increased muscle tonus.(g) 

Silver (Ag) 0.10 mg/L Argyria.(h) None None found 
Gastrointestinal damage, vomiting, 
abdominal pain, diarrhea, shock, 
convulsions.(h) 

Zinc (Zn) 5 mg/L Anemia.(i) None 40 mg/kg 
(lethal)(i) 

Nausea, vomiting, diarrhea, 
abdominal cramps.(i) 

(a) Maximum Contaminant Level (USEPA, 2003). 
(b) Associated with long-term consumptive exposure 

to levels above the MCL. 
(c) Acute Health Advisory Level (USEPA, 1995). 

(d) Sub-Chronic Health Advisory Level (USEPA, 
1995). 

(e) Associated with short-term consumptive 
exposure to levels at or above reported acute/sub-
chronic doses. 

(f) Bast, 1993. 

(g) USEPA, 2004d. 
(h) Faust, 1992b. 
(i) Opresko, 1992b. 
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Regulated and select unregulated inorganic and radiological contaminants and elements 
are discussed below in the context of the following considerations: natural and anthropogenic 
sources; occurrence trends in ambient waters and public water system supplies (where available); 
and physiochemical properties that can influence fate and transport in aqueous environments 
(including in the distribution system). 
 
Aluminum 
 
Sources 

 
Naturally-occurring aluminum exists in various mineral deposits and clays, including 

bauxite and feldspar. These deposits may release aluminum to groundwater via erosion and 
dissolution. Aluminum-based salts (e.g., aluminum sulfate hydrate; polyaluminum 
chlorohydrate) are often used as chemical coagulants in drinking water treatment processes. 
Depending on treatment efficiency and pH, aluminum may concentrate in the distribution system 
due to post-precipitation of coagulant residual or filter breakthrough (Snoeyink et al., 2003). 
Aluminum can also enter distribution system water through leaching and dissolution of cement-
mortar linings, even when National Sanitation Foundation (NSF) approved materials and linings 
are applied according to standards established by the American Water Works Association 
(AWWA) (AWWA and EES, 2002b). 

 
Properties 
 

Oxidized aluminum exists in solution as free aluminum ion (Al3+) or as a hydrated 
complex. Depending on water quality conditions, aluminum may form chemical precipitates 
involving oxide (e.g., alumina), hydrous oxide (e.g., gibbsite), silicate (e.g., kaolin), or phosphate 
(e.g., variscite). Even when undersaturated with respect to a precipitated phase, aluminum may 
still be associated with various solid matrices. This is due to the net positive surface charge of 
soluble aluminum (within the typical pH range in drinking water distribution systems), which 
aids in its partitioning to metal oxide substrates, clay, and organic matter (Schock, 2005). 
 
Antimony 
 
Sources 

 
Naturally-occurring antimony exists in various mineral deposits including stibnite, 

cervantite, valentinite, livingstonite, jamisonite, and kermesite (USEPA, 1995). These deposits 
may release antimony to groundwater via erosion and dissolution. Antimony is also a common 
component of coal and petroleum. Anthropogenic sources of antimony include auto exhaust, 
industrial dust, fuel oil, processing of antinomy materials, copper and lead smelting and refining, 
and molding and incineration of certain products. Antimony in the atmosphere may enter water 
sources through wet or dry deposition (USEPA, 1995). Antimony may also leach from tin-
antimony solder if used within plumbing systems (USEPA, 2006). 
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Properties 
 

In the aqueous environment, antimony typically exists as a relatively soluble oxoacid. 
Antimonite exists under reducing conditions. Given its pKa (11.8), the dominant form in the pH 
range typical of the distribution system environment is the relatively insoluble compound 
Sb(OH)3. Antimonate exists under oxidizing conditions. Given its pKa (2.8), the dominant form 
in the pH range typical of the distribution system environment is the relatively soluble anionic 
compound Sb(OH)6

-. The negative surface charge of antimonate has been shown to enhance its 
sorption/co-precipitation with various metal oxides (ATSDR, 1992a). As with other oxoacids, its 
sorption profile is pH-dependant, with lower pH values generally enhancing adsorption (Stumm 
and Morgan, 1996). 

 
Arsenic 
 
Sources 
 

Naturally-occurring arsenic exists in over 200 different mineral deposits, the most 
common being arsenopyrite (FeAsS). These deposits may release arsenic to groundwater via 
erosion and dissolution. Arsenic is also naturally released to the atmosphere through volcanic 
activity, from where it may enter water sources through wet or dry deposition. Anthropogenic 
sources of arsenic include mining activity, combustion of fossil fuels, use of arsenical pesticides, 
herbicides and crop desiccants, and use as a wood preservative (USEPA, 2006). Arsenic may 
also enter the distribution system water through leaching from cementitious linings, even when 
NSF approved materials and linings are applied according to AWWA standards (AWWA and 
EES, 2002b). 

 
Occurrence 
 

Welch et al. (2000) report that naturally-occurring arsenic levels vary regionally due to a 
combination of climactic and geochemical controls, noting that the release of arsenic from iron 
oxide appears to be the most common cause of widespread arsenic levels exceeding 10 μg/L in 
groundwater. This release may occur due to reaction of iron oxide with organic carbon or under 
conditions of high alkalinity. Arsenic occurrence is often attributable to sulfide-bearing minerals, 
particularly in the upper Midwest, and high evaporation rates, particularly in the arid southwest. 
The authors noted that naturally-occurring arsenic generally increases moving from east to west 
across the United States. However, recent investigations in Michigan, Minnesota, South Dakota, 
Oklahoma, and Wisconsin suggest that high arsenic concentrations are more widespread in these 
areas than previously recognized.  

Focazio et al. (2000) performed a retrospective assessment of arsenic occurrence in 
groundwater for the purpose of developing occurrence estimates of arsenic in groundwater 
sources that could potentially be used for public drinking water supplies. The analysis used an 
association of groundwater arsenic data from the NWIS, which involved 18,850 sampling sites 
across the nation, with the public water supply database from the USEPA Safe Drinking Water 
Information System (SDWIS), to estimate the percentage of public water systems expected to 
exceed various target levels of arsenic at various scales (state, regional, and national). Figure 2.2 
illustrates the spatial distribution of arsenic sampling sites and the associated observations. This 
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analysis permitted the identification of areas where elevated arsenic levels are more likely to be 
found in drinking water sources. The study utilized physiographic regions illustrated in 
Figure 2.3, as originally defined by Fenneman (1931). The regions were ranked according to the 
95th percentile of arsenic concentrations in sources used for public drinking water: 1. 
Intermontane Plateau (0.04 mg/L); 2. Pacific Mountain System (0.02 mg/L); 3. Interior Plains 
(0.02 mg/L); 4. Rocky Mountain system (0.006 mg/L); 5. Appalachian Highlands (0.005 mg/L); 
and 6. Atlantic Coast Plain (0.002 mg/L). 

The first comprehensive survey on the occurrence of arsenic in public drinking water 
supplies was completed in 1984 as part of the National Inorganic and Radionuclide Survey 
(NIRS). In 1995, the National Arsenic Occurrence Survey (NAOS) was conducted using lower 
analytical detection limits than the NIRS to support the development of a new arsenic MCL. Frey 
and Edwards (1997) summarized these two surveys and concluded that, where national estimates 
could be compared, the results were similar. According to the NAOS, the geographical regions 
with the highest percentage of public water systems with sources containing arsenic above 0.005 
mg/L include the western region at 40% (comprised of California, Nevada, Arizona, Utah, Idaho, 
Washington, Oregon, Alaska, and Hawaii) and the North Central region at 30% (comprised of 
Montana, Wyoming, North Dakota, and South Dakota). 

Brandhuber and Graziano (2005) studied arsenic occurrence and co-occurrence in 
groundwater using the NWIS database and showed that, with increasing levels of arsenic, the 
levels of other inorganic constituents, most notably iron, manganese, chromium, fluoride, and 
selenium, also showed increasing trends. This presents implications with regard to potential 
accumulation mechanisms (e.g., co-precipitation), simultaneous accumulation of multiple 
contaminants, and competition effects. 

 
Properties 
 

Inorganic arsenic can exist in a variety of oxidation states. In the aqueous environment, 
the most common forms are the soluble oxoacids arsenite (H3AsO3) and arsenate (H2AsO4

-). 
Trivalent arsenite (pKa1 of 9.2) exists under reducing conditions and is highly soluble and mobile 
due to its neutral molecular charge in the pH range 6 to 9. Pentavalent arsenate (pKa2 of 7.0) 
exists under oxidizing conditions and has a negative molecular charge in the neutral pH range, 
thus enhancing its sorption/co-precipitation with various hydrous metal oxides, particularly those 
comprised of iron and manganese (Lytle et al., 2004; Hill, 2004; Britton et al., 2003; Smedley 
and Kinniburgh, 2002). As with other metal oxoacids, its sorption profile is pH-dependant, with 
lower pH values typically enhancing its adsorption (Stumm and Morgan, 1996). 
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(Source: Focazio et al., 2000) 
Figure 2.2  National distribution of arsenic in groundwater 
 

 

(Source: Fenneman, Nevin; Physiography of Western United States ; © 1931 The McGraw-Hill 
Companies, Inc.) 
Figure 2.3  Major physiographic provinces of the United States 
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Barium 
 
Sources 

 
Naturally-occurring barium exists in various mineral deposits including barite (BaSO4) 

and witherite (BaCO3). These deposits may release barium to groundwater via erosion and 
dissolution. Barium is also found in coal at concentrations up to 3,000 mg/kg, as well as in fuel 
oils (IPCS, 1990; ATSDR, 1992b). Anthropogenic sources of barium release include mining and 
drilling activities, copper smelting activities, and the manufacture of motor vehicle parts and 
accessories (USEPA, 1995). Barium may also enter the distribution system water through 
leaching from cement linings, even when NSF approved materials and linings are applied 
according to AWWA standards (AWWA and EES, 2002b). 

 
Occurrence 

 
Barite occurs largely in sedimentary formations along with fluorspar and metal sulfides, 

and is widely distributed in Alaska, Arkansas, California, Georgia, Kentucky, Missouri, Nevada, 
and Tennessee. Witherite is typically associated with lead sulfide, and is prevalent in Arkansas, 
California, Georgia, Kentucky, Missouri, and Nevada (Choudhury and Cary, 2001; USEPA, 
1995). There is limited data on the occurrence of barium in drinking water supplies. According 
to the USEPA (1995), many communities in Illinois, Kentucky, Pennsylvania, and New Mexico 
that utilize groundwater may contain naturally-occurring barium levels an order-of-magnitude 
above the MCL. 
 
Properties 
 

In the aqueous environment, barium typically exists in divalent form as free barium 
cation (Ba2+) or a hydrated complex. Under certain conditions, it may form mineral precipitates 
involving sulfate, carbonate, or chromate (USEPA, 1995). Even when undersaturated with 
respect to a precipitate phase, barium may still be associated with various solid matrices. This is 
due to the cationic nature of soluble barium species, which aids in partitioning to metal oxides, 
clay, and, organic matter (Schock, 2005; Smedley and Kinniburgh, 2002). As with most cationic 
trace metals, its sorption profile is typically enhanced at higher pH (Stumm and Morgan, 1996). 
 
Beryllium 
 
Sources 

 
Naturally-occurring beryllium exists in various ores including beryl (an aluminosilicate 

containing up to 4% beryllium), bertrandite, and phenakite (Bruce and Odin, 2001). The largest 
known naturally-occurring concentrations of beryllium are found in pegmatite bodies (USEPA, 
1995). These mineral deposits may release beryllium to groundwater via erosion and dissolution. 
Anthropogenic sources of beryllium include coal combustion, industrial, and municipal 
operations. Traces of beryllium may also leach out of tin-antimony solder if used within the 
distribution system (USEPA, 2006). 
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Properties 
 
In the neutral pH range, beryllium cations tends to form insoluble oxide precipitates, thus 

limiting the dissolved concentration of Be2+ to extremely trace concentrations (USEPA, 2006). 
 

Cadmium 
 
Sources 

 
Naturally-occurring cadmium exists in various mineral deposits, including sphalerite, 

greenockite, and octavite. These deposits may release cadmium to groundwater via erosion and 
dissolution, particularly in the presence of soft, acidic waters (USEPA, 1995). Anthropogenic 
sources of cadmium include smelting and refining of zinc, lead, and copper mineral ores 
(USEPA, 1995), waste incineration, wastes from electroplating operations, production of nickel-
cadmium batteries, and fossil fuel combustion (Kazantzis, 1987). Cadmium may also enter the 
water supply from the corrosion of galvanized pipes (USEPA, 1995) or through leaching from 
cement linings, even when NSF approved materials and linings are applied according to AWWA 
standards (AWWA and EES, 2002b).   

 
Properties 

 
In the aqueous environment, cadmium typically exists in divalent form as free cadmium 

cation (Cd2+) or one of its hydrated forms (e.g., hexahydrate). It may also be complexed by various 
ligands such as humic acids and carbonate. Cadmium may form mineral precipitates involving an 
oxide, hydroxide, carbonate, or phosphate. Even when undersaturated with respect to a precipitate 
phase, cadmium may still be associated with various solid matrices. This is due to the charged 
nature of the cadmium cation and its complexed forms, which aids in partitioning to metal oxide 
substrates, clay, and organic matter (Smedley and Kinniburgh, 2002). As with most cationic trace 
metals, its sorption profile is typically enhanced at higher pH (Stumm and Morgan, 1996). 

 
Chromium 
 
Sources 

 
Naturally-occurring chromium most commonly occurs in ores of chrome iron (chromite 

or FeCr2O4) and chromic oxide (Cr2O3), both of which are trivalent and relatively insoluble. 
Weathering and biological oxidation processes may convert trivalent chromium into hexavalent 
chromium, or chromate (CrO4

2-), which is more soluble and mobile in natural waters. 
Conversely, hexavalent chromium may be reduced to trivalent chromium by organic matter or 
reducing compounds such as ferrous iron (e.g., reductive co-precipitation). Anthropogenic 
sources of chromium include industrial waste streams (USEPA, 1995) and combustion of natural 
gas, oil, and coal. Chromium may also enter the distribution system water through leaching from 
cement linings, even when NSF approved materials and linings are applied according to AWWA 
standards (AWWA and EES, 2002b). There are also cases of chromium entering the distribution 
system during cross-connection incidents with cooling towers or building heating systems where 
chromium is used as a rust and corrosion inhibitor (USEPA, 2002a). 
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Occurrence 
 
Frey et al. (2004) conducted an occurrence survey of total and hexavalent chromium in 

341 drinking water supply sources across the nation (distributed as 67% groundwater and 33% 
surface water) and categorized the results by USEPA region boundaries and source water type. 
The findings are depicted in Figures 2.4 (total chromium) and 2.5 (hexavalent chromium). 
Chromium occurrence is greatest in Region 9 (which includes California) and Region 5. The 
investigation also concluded that chromium speciation trends differ in surface water and 
groundwater. 

 
Properties 

 
In the aqueous environment, chromium typically exists in either trivalent or hexavalent 

form. The trivalent form (Cr3+) exists under reducing conditions and is relatively insoluble and 
immobile due to its precipitation as Cr(OH)3. Hexavalent chromium (CrO4

2-) is a soluble metal 
oxoacid that generally exists under oxidizing conditions (Smedley and Kinniburgh, 2002). The 
hexavalent form has a negative surface charge in the neutral pH range, which enhances its 
sorption/co-precipitation to hydrous metal oxides. As with other oxoacids, the sorption profile of 
hexavalent chromium is highly pH-dependant, with lower pH values typically enhancing 
adsorption (Stumm and Morgan, 1996). 

 

 
(Source: Frey et al. © 2004 AwwaRF. Reprinted with permission.) 
Figure 2.4  National occurrence of total chromium in drinking water supply sources 
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(Source: Frey et al. © 2004 AwwaRF. Reprinted with permission.) 
Figure 2.5  National occurrence of hexavalent chromium in drinking water supply sources 
 
Copper 
 
Sources 
 

Naturally-occurring copper exists in its elemental state as well as in various mineral 
deposits involving sulfides, carbonates, hydroxides, and oxides. Common copper-containing 
mineral deposits include azurite, malachite, cuprite, chalcopyrite, bornite, covellite, chalcocite, 
and antlerite. These deposits may release copper to groundwater via erosion and dissolution. 
Anthropogenic sources of copper include smelting/refining activities and municipal incineration 
(USEPA, 1995). Copper and copper alloys are commonly used for residential and institutional 
piping and plumbing components and may enter the water supply from corrosion of these 
materials (USEPA, 2003). Additionally, incidents of cross-connection or backflow of acids, most 
often carbon dioxide from soft drink dispensers, have the potential to release elevated amounts of 
copper into water systems (USEPA, 2002a). 

 
Properties 

 
In the aqueous environment, copper typically exists as either monovalent cuprous (Cu+) or, 

more typically, divalent cupric (Cu2+) species. Both species may exist as soluble hydrated cations, 
as well as form precipitates involving oxide, hydroxide, carbonate, or phosphate. The solubility of 
both species is highly dependent on pH, with higher pH levels generally limiting solubility. In 
highly alkaline waters, copper solubility may be enhanced by carbonate ligation (Schock et al., 
1995). Even when undersaturated with respect to a precipitate phase, copper may still be associated 
with various solid matrices. This is due to the net positive charge of the soluble species, which aids 
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in partitioning to hydrous metal oxide substrates, clay, and organic matter (Schock 2005; Smedley 
and Kinniburgh, 2002). As with most cationic trace metals, its sorption profile is pH-dependant, 
with sorption typically enhanced at higher pH (Stumm and Morgan, 1996). 

 
Cyanide 
 
Sources 
 

Cyanide is a chemical compound composed of a cyanogen group in combination with an 
element or radical. Cyanide is released to the environment primarily through discharges to water 
from metal finishing industries, iron and steel mills, organic chemical industries, and heap leach 
mining (USEPA, 1995). Cyanide (and cyanogen chloride) may also be produced in wastewater 
discharges as result of chlorination, particularly at pH levels below 8.0 (USEPA, 1994). 

 
Properties 
 

In the aqueous environment, cyanide may be present in a number of highly soluble forms 
including hydrocyanic acid, cyanide, metal cyanides, or as organically-complexed compounds 
(USEPA, 2006). 
 
Fluoride 
 
Sources 
 

Fluoride is the anionic form of fluorine, an extremely reactive and corrosive gas. Fluorine 
forms fluoride deposits with almost all known elements. These deposits may release fluoride to 
groundwater via erosion and dissolution. Anthropogenic sources of fluoride include waste runoff 
from fertilizer or aluminum factories. Fluoride may also be purposefully added to finished water 
for dental health (USEPA, 2003).  
 
Properties 
 

Under typical water quality conditions in drinking water systems, fluoride typically exists 
as a soluble anion (F-). Fluoride anion may partition to metal oxide substrates, particularly those 
of aluminum and iron (Britton et al., 2003). Under conditions of high calcium hardness, fluoride 
may precipitate as calcium fluoride or fluoroapatite. 

 
Lead 
 
Sources 
 

Naturally-occurring lead occurs principally in minerals of carbonate (e.g., cerrusite), 
sulfate (e.g., anglesite), sulfide (e.g., galena), and oxide (e.g., plattnerite). These deposits may 
release lead to groundwater via erosion and dissolution. Anthropogenic sources of lead include 
atmospheric fallout, runoff, or wastewater from mining, ore processing, smelting, refining use, 
recycling, or disposal. Although lead may enter a water system through source water, most 
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incidences of lead contamination are due to the corrosion of lead-bearing plumbing materials, 
such as lead service lines, galvanized steel piping, lead/tin solder, and leaded brasses in end-use 
plumbing components and fittings (USEPA, 1995; Boyd et al., 2008). 

 
Properties 
 

In the aqueous environment, lead typically exists in elemental form or as an oxidized 
species, depending on its source and chemical conditions. Oxidized lead species may form 
mineral phases involving carbonate (e.g., cerrusite), hydroxycarbonate (e.g., hydrocerrusite), 
oxide (e.g., plattnerite), and phosphate. The solubility behavior of divalent lead is highly 
dependent on solution pH (with higher pH levels generally limiting solubility), as well as the 
concentration of dissolved inorganic carbon (DIC) and orthophosphate. Even when 
undersaturated with respect to a mineral phase, lead may still be associated with various solid 
matrices. This is due to the net positive charge of the soluble species, which aids in partitioning 
to hydrous metal oxide substrates, clay, and organic matter (Smedley and Kinniburgh, 2002; 
Stumm and Morgan, 1996). As is the case with most cationic trace metals, its sorption profile is 
pH-dependant, with adsorption typically enhanced at higher pH (Stumm and Morgan, 1996). 
 
Manganese 
 
Sources 
 

Manganese is an unregulated metallic element that occurs naturally in compounds found 
in soil, air, water and food. Anthropogenic sources of manganese include the production of 
manganese-iron alloys, smelting processes, and use as an ingredient in fertilizers, fungicides, 
livestock feed, and gasoline additives (USEPA, 2003). Manganese, in the form of permanganate 
(MnO4

-), is also used as a chemical in drinking water treatment facilities to provide oxidation of 
compounds such as iron, manganese, organic compounds, and sulfide. 

 
Properties 
 

In the aqueous environment, manganese typically exists in one of three forms, depending 
on oxidation-reduction potential. Manganous (Mn2+) and manganic (Mn4+) forms are commonly 
found in the natural environment and drinking water supplies. Permanganate (MnO4

-) is a hyper-
oxidized form of manganese (Mn7+) that is often used for pre-oxidation in water treatment. 
Manganous species are highly soluble and mobile, whereas manganic species readily precipitate 
as manganese oxide solids. These solids may deposit onto the surfaces of distribution system 
infrastructure and become enmeshed in the scale and sediment matrix (Friedman et al., 2003; 
Schock 2005). Manganese oxide solids have been shown to be effective “scavenging” agents for 
certain trace inorganics, including lead, arsenic, and radium (Dong et al., 2003; Ouvrard et al., 
2002; Valentine et al., 1990; Zasoski and Burau, 1988). 
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Mercury 
 
Sources 
 

Mercury is a liquid metal found in natural deposits as ores containing other elements. 
These deposits may release mercury to groundwater via erosion and dissolution. Waterborne 
mercury pollution tends to originate in sewage, metal refining operations, and chloralkali plants 
(USEPA, 1995). 

 
Properties 
 

In the aqueous environment, mercury may exist as either as inorganic or organic mercury. 
Inorganic mercury can precipitate as insoluble mercury sulfide. Bacteria are also capable of 
converting inorganic mercury to a more toxic organic form (methylmercury). 

 
Nickel 
 
Sources 
 

Nickel is an unregulated metallic element found abundantly in nature in various mineral 
ores of sulfides, arsenides, antimonides, oxides, and silicates. These mineral deposits may release 
nickel to groundwater via erosion and dissolution. Anthropogenic sources of nickel include 
smelting, refining, and steelworks operations (USEPA, 1995). Nickel is also present in various 
alloys used as plumbing components (Nielsen and Anderson, 2001). 

 
Properties 
 

In the aqueous environment, nickel typically exists in cationic form either as free nickel 
(Ni2+) or a hydrated form (e.g., nickel hexahydrate), both of which are highly soluble. At higher 
pH levels, it may form an oxide, hydroxide, or carbonate precipitate, depending on water 
chemistry (ATSDR, 2005a). Due to the positive charge of soluble nickel in the neutral pH range, 
it may partition to hydrous metal oxide substrates, clay, or organic material (Schock, 2005; 
Smedley and Kinniburgh, 2002;). As with most cationic trace metals, its sorption profile is pH-
dependant, with sorption typically enhanced at higher pH (Stumm and Morgan, 1996). 

 
Nitrite/Nitrate 
 
Sources 
 

Nitrogenous compounds (nitrite/nitrate, as well as their organic and inorganic precursors) 
can be released into the environment as a result of natural processes. However, the primary 
sources of nitrogenous compounds are anthropogenic and include agricultural runoff from 
fertilization or livestock wastes and contamination from septic systems and wastewater 
discharges (USEPA, 1995). Nitrite and nitrate can be formed within drinking water systems 
through the bacterially-mediated oxidation of organic nitrogen compounds and ammonia (i.e., 
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nitrification). Many utilities purposefully add ammonia as part of the disinfection process to 
produce chloramines. 

 
Properties 
 

In the aqueous environment, nitrite and nitrate typically exist as soluble and highly 
mobile anions. They are not known to physically associate with solid phases. 

 
Selenium 
 
Sources 
 

Selenium is a metalloid that typically occurs in sulfide ores, heavy metals, and mineral 
deposits such as eucairite, crooksite, and clausthalite. These deposits may release selenium to 
groundwater via erosion and dissolution. Anthropogenic sources of selenium include combustion 
of coal and petroleum fuels, and the smelting and refining of some metals (USEPA, 1995). 

 
Properties 
 

In the aqueous environment, selenium typically exists as the soluble oxoacids selenite 
(trivalent, H3SeO3) and selenate (pentavalent, H3SeO4). Selenite (pKa1 of 2.64, pKa2 of 8.36) 
exists under reducing conditions and has a negative net surface charge in the neutral pH range, 
thus enhancing its sorption/co-precipitation with hydrous metal oxides (Smedley and 
Kinniburgh, 2002). As with other metal oxoacids, it sorption profile is highly pH-dependant (Su 
and Suarez, 2000; Stumm and Morgan, 1996). Selenate (pKa2 of 1.97) exists under oxidizing 
conditions and is present as the anionic species SeO4

2- in the neutral pH range. Selenate has also 
been shown to adsorb onto hydrous metal oxide surfaces, though with much lesser affinity 
compared to selenite in the neutral pH range (Su and Suarez, 2000). 

 
Silver 
 
Sources 
 

Naturally-occurring silver occurs primarily as silver sulfide (Ag2S) or associated with 
other metal sulfides, especially those of lead, copper, iron, and gold. These compounds may 
release silver to groundwater via erosion and dissolution. Anthropogenic sources of silver 
include the processing of ores, steel refining, fossil fuel combustion, and municipal waste 
incineration. Silver may enter the water supply from intrusion of waste runoff or wet deposition 
(USEPA, 1995). 
 
Properties 
 

In the aqueous environment, silver typically exists in cationic form as free silver (Ag+), 
and to a lesser degree, as a complex ion involving chloride and sulfate. Both forms are highly 
soluble. Silver may form mineral precipitates involving oxides or phosphates, though not under 
the water quality conditions typically encountered in drinking water systems. Due to the positive 
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charge of the soluble forms, silver may also partition to various hydrous metal oxide substrates, 
clay, and/or organic matter. In particular, significant quantities of silver may be absorbed by 
manganese oxides (ATSDR, 1990a). 

 
Thallium 
 
Sources 
 

Thallium is widely distributed in nature and is a trace metal associated with ores of 
copper, lead, zinc, and sulfide. Thallium is found most commonly in the minerals crookesite, 
hutchinsonite, and lorandite. These deposits may release thallium to groundwater via erosion and 
dissolution. Anthropogenic sources of thallium include gaseous emissions from cement factories 
and coal burning power plants (which may enter water sources through wet or dry deposition), 
and through ore processing operations (USEPA, 1995). 

 
Properties 
 

In the aqueous environment, thallium typically exists in monovalent cationic form (Tl1+), 
also known as thallous species (USEPA, Undated). Thallous species have a high solubility and 
mobility; however, as with most cationic trace metals, they may adsorb onto the surfaces of 
metal oxides, sediments, and clays (ATSDR, 1992c). The sorption profile onto metal oxides is 
pH-dependant, with sorption capacity enhanced at higher pH (Stumm and Morgan, 1996). Under 
extreme oxidizing conditions (beyond those typically experienced in drinking water systems), 
trivalent thallic (Tl3+) forms may exist. Thallic species tend to form relatively insoluble oxides 
(e.g., Tl2O3). 

 
Vanadium 
 
Sources 
 

Naturally-occurring vanadium exists in over 50 different mineral ores. These deposits 
may release vanadium to groundwater via erosion and dissolution. Anthropogenic sources of 
vanadium include waste from metal refining, catalysis, and alloying operations. 

 
Properties 
 

In the aqueous environment, vanadium typically exists as the soluble oxoacids vanadite 
(tetravalent) and vanadate (pentavalent). Vanadite exists under moderate oxidizing conditions. 
The dominant species in the neutral pH range are VO2+ and VO(OH)+. Vanadate exists under 
oxidizing conditions. The dominant species in the neutral pH range are H2VO4

- and HVO4
2- 

(ATSDR, 1992d). These compounds may adsorb to hydrous metal oxides, particularly those of 
iron and manganese, as well as organic matter. Depending on substrate availability and solution 
pH, a substantial amount of vanadium may be solids-associated rather than soluble. Because of 
their differing surface charges, sorption profiles for vanadite and vanadate differ. 
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Zinc 
 
Sources 
 

Zinc is one of the most common elements in the crust of the earth and is commonly found 
in ores of sphalerite, smithsonite, and hemimorphite. These deposits may release zinc to 
groundwater via erosion and dissolution. Anthropogenic sources of zinc include mining, steel 
production, coal burning, and waste burning. Zinc may enter the water supply from intrusion of 
waste runoff or wet deposition. Although zinc can enter the distribution system from source 
water, its presence in concentrated amounts is more likely to be the result of corrosion (or 
dezincification) of plumbing materials such as brass and galvanized steel. Zinc may also be 
introduced into the distribution system through purposeful chemical addition, such as the 
application of zinc orthophosphate. 

 
Properties  
 

In the aqueous environment, zinc typically exists in divalent form as free zinc cation 
(Zn2+) or as hydrated complexes (e.g., Zn(OH)3). Zinc may also be complexed by various 
organic ligands. At higher pH levels, zinc may form an oxide, hydroxide, or carbonate 
precipitate, depending on water chemistry (ATSDR, 2005b). Due to the generally positive charge 
of the soluble form in the neutral pH range, zinc may also partition to various hydrous metal 
oxide substrates, clay, or organic matter (Schock, 2005; Smedley and Kinniburgh, 2002). As 
with most cationic trace metals its sorption profile is pH-dependant, with sorption typically 
enhanced at higher pH (Stumm and Morgan, 1996). 

 
Alpha Emitters 
 

There are many alpha-emitting radioactive elements, including americium-241, 
plutonium-236, uranium-238, thorium-232, radium-226, radon-222, and polonium-210 (USEPA, 
2004b). These elements may originate from both natural and anthropogenic sources.  

 
Beta and Photon Emitters 

 
There are many beta- and photon-emitting radioactive elements, including tritium, cobalt-

60, strontium-90, technetium-99, iodine-129 and -131, and cesium-137 (USEPA, 2004c). These 
elements may originate from both natural and anthropogenic sources. 

 
Radium 
 
Sources 
 

Naturally-occurring radium exists in four isotopes: 223Ra, 224Ra, 226Ra, and 228Ra 
(USEPA, 2004a; Focazio et al., 2001). The two most prevalent isotopes, 228Ra and 226Ra, are 
progeny of separate decay series. 228Ra, which is the second member of the 232Th decay series, 
has a half-life of 5.75 years and decays via beta particle emission. 226Ra, which is the fifth 
member of the 238U decay series, has a half-life of 1,622 years and decays to 222Rn via alpha 
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particle emission. 224Ra, which is the fifth member of the 232Th decay series, has a half-life of 
3.64 days, and decays to 220Rn via alpha particle emission. 223Ra is a member of the 235U decay 
series and rarely occurs in the environment at high activities. 228Ra and 226Ra are collectively 
referred to as combined radium. These isotopes are of the greatest interest in drinking water 
because of their relatively long half-lives. 

 
Occurrence 

 
Radium occurrence in groundwater depends largely on the presence, solubility, and 

mobility of the parent elements of the different radium isotopes (Focazio et al., 2001). In general, 
226Ra is more widely distributed than 228Ra. This is due in large part to the fact that 238U, the 
parent element of 226Ra, is more mobile (particularly in its hexavalent state) than 232Th, the 
parent element of 228Ra. 226Ra also has a longer half-life than 228Ra, which contributes to its 
broader occurrence (USEPA, 2006).  

Elevated concentrations of 226Ra are particularly widespread within the northern-central 
region of the United States, including Minnesota, Illinois, Wisconsin, Iowa, and Missouri (Kay, 
1999; Longtin, 1988; Gilkeson and Cowart, 1987; Zapecza and Szabo, 1987; Hess et al, 1985). 
This is attributed to deep geologic formations of Cambrian and Ordovician sandstones and 
dolomites and Cretaceous sandstones (Focazio et al., 2001). Elevated concentrations of 226Ra are 
also found in aquifers that straddle the Fall Line from Georgia to New Jersey (Albertson, 2003; 
Szabo and DePaul, 1998; Koch, 1988; Longtin, 1988; Zapecza and Szabo, 1987; King et al., 
1982). These aquifers are composed of unconsolidated sands that contain fragments of uranium-
bearing minerals and sands derived from the crystalline rocks of the Blue Ridge, Piedmont, and 
parts of the Coastal Plain physiographic provinces (Focazio et al., 2001). 

The occurrence of 228Ra is closely related to the presence of its parent compound 
thorium, which is prevalent in aquifers of arkosic sand and sandstone (Longtin, 1988). These 
materials are widespread in aquifers of the Coastal Plain, Piedmont, and Blue Ridge provinces 
that straddle the Fall Line from Georgia to New Jersey and Pennsylvania (Albertson, 2003). 
Historical groundwater data from this region confirms the presence of dissolved 228Ra in Coastal 
Plain and Paleozoic quartzite (metamorphosed arkosic sandstone) (Albertson, 2003; Szabo and 
dePaul, 1998; Senior and Vogel, 1995; King et al., 1982). Large areas of northern Illinois, Iowa, 
Minnesota, and Wisconsin have also been found to contain elevated levels of 228Ra as a result of 
the presence of sandstone aquifers with high total dissolved solids (Longtin, 1988; Gilkeson and 
Cowart, 1987). In contrast, aquifers mostly comprised of alluvial or glacial sand and gravel 
deposits have a lower potential for 228Ra occurrence. 

With regard to 224Ra, which is not generally monitored as often as other isotopes, Focazio 
et al. (2001) observed its occurrence and concentration to be closely correlated with that of 228Ra, 
its parent compound. This correlation has also been observed in other studies in different 
geologic regions of the United States (Parsa, 1998; Hess et al., 1985). Focazio et al. (2001) has 
suggested that it is appropriate to use 228Ra as an indicator of 224Ra activity. Szabo et al. (2000) 
have documented the widespread occurrence of 224Ra in the Kirkwood-Cohansey aquifer system 
in southern New Jersey. 

The occurrence of radium in groundwater of the United States was studied extensively in 
the 1980s to support development of the proposed Radionuclide Rule. The largest investigation 
was part of the NIRS, which involved sampling at 990 community water systems between July 
1984 and October 1986. Table 2.4 summarizes several key national occurrence findings for 226Ra 
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and 228Ra, as reported by Longtin (1988). Despite its contribution to alpha-particle activity, the 
isotope 224Ra was not surveyed in the NIRS. 

Longtin (1988) also reported state-specific population-weighted average activities for 
226Ra and 228Ra. The five states with the highest population-weighted average 226Ra activities 
were, in sequence: Illinois (5.3 pCi/L); Wisconsin (2.7 pCi/L); Minnesota (1.9 pCi/L); Missouri 
(1.3 pCi/L); and Georgia (1.3 pCi/L). The five states with the highest population-weighted 
average 228Ra activities were, in sequence: Illinois (4.2 pCi/L); Wisconsin (3.3 pCi/L); 
Minnesota (1.8 pCi/L); Delaware (1.6 pCi/L); and Wyoming (1.4 pCi/L). 

Focazio et al. (2001) conducted a reconnaissance survey of radionuclide levels in 94 
groundwater supply wells used for public drinking water in 27 states. The sampling sites are 
illustrated in Figure 2.6. The wells selected for the survey were concentrated in areas with known 
or suspected high concentrations of radium based on regional geologic conditions and previous 
observations. In the reconnaissance survey, the percentage of samples that exceeded 5 pCi/L for 
224Ra, 226Ra, and 228Ra was 15%, 10%, and 9%, respectively. The maximum observed levels and 
locations for these parameters were as follows: 224Ra at 73.6 pCi/L in the Coastal Plain aquifer of 
Maryland; 226Ra at 16.9 pCi/L in Iowa; and 228Ra at 72.3 pCi/L and the same well location as the 
maximum 224Ra observation. 

 
(Source: Focazio et al., 2001) 
Figure 2.6  Groundwater sample sites for radionuclide survey 
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Table 2.4 
Radium occurrence in groundwater used for public drinking supplies 

based on the National Inorganics and Radionuclides Survey 
Parameter Radium-226 

result 
Radium-228 

result 

Analytical Method Reporting Limit (MRL) 0.18 pCi/L 1.0 pCi/L 
Population-Weighted Average Activity 0.91 pCi/L 1.41 pCi/L 
Maximum Observed Activity 15.1 pCi/L 12.1 pCi/L 
Fraction of Samples Exceeding the MRL 40.2% 11.9% 
Fraction of Samples Exceeding 5 pCi/L 1.0% 0.8% 

(Source: Longtin. © 1988 AWWA. Reprinted with permission.) 
 
Properties 
 

In the aqueous environment, radium isotopes exist in cationic form (Ra2+). These isotopes 
have chemical properties similar to barium and calcium, as they are in the same chemical period. 
Radium solubility is typically governed by pH-controlled adsorption/desorption reactions with 
various solid matrices, as well as co-precipitation reactions with barium (ATSDR, 1990b; Aksoy 
et al., 2002). 

 
Radon 
 
Sources 

 
Radon is a naturally-occurring radioactive gas that has no color, odor, or taste. There are 

two isotopes of radon: 222Rn and 220Rn. 220Rn has historically been of little interest in drinking 
water applications because of its short half-life (55 seconds). As used in the literature, radon 
generally refers to 222Rn, which has a half-life of 3.8 days, is a progeny of 226Ra, and is part of 
the 238U decay series. 

 
Occurrence 

 
The occurrence of radon in groundwater is generally correlated with geologic occurrence 

of its parent compounds, including 238U and 226Ra. In general, high levels of radon are associated 
with granite igneous rocks, dark shale, sedimentary rocks that contain phosphates, metamorphic 
rocks derived from these rocks, and phosphate deposits and ores, as these rocks and their soils 
may contain as much as 100 mg/kg of uranium (USGS, Undated). According to Gunderson 
(1991), specific rock formations that have been identified as contributing to high radon levels in 
the United States include: uraniferous metamorphic rocks and granites, which are prevalent in 
the Rocky, Appalachian, and Sierra Nevada ranges; marine black shales, which are prevalent in 
the central region from Ohio to Colorado; glacial deposits derived from uranium-bearing rock, 
which are major components of glacial deposits in the northern Midwest; soils derived from 
carbonate, especially karstic terrain, which are high in uranium and radium; and uraniferous 
fluvial, deltaic, marine, and lacustrine deposits, which are generally located in the western 
United States. 
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The occurrence of 222Rn in groundwater resources of the United States was studied in the 
NIRS, which involved sampling at 990 community water system distribution system sites from 
July 1984 through October 1986. Table 2.5 summarizes several key national occurrence findings 
for 222Rn as reported by Longtin (1988). 

Longtin (1988) also reported state-specific population-weighted average 222Rn activities. 
The five states with the highest population-weighted average 222Rn activities were, in sequence: 
New Hampshire (2,673 pCi/L); North Carolina (2,278 pCi/L); Arizona (1,435 pCi/L); Maine 
(1,228 pCi/L); and Connecticut (1,209 pCi/L). 

Since radon is a gas, many of the efforts to characterize the occurrence of radon on a 
widespread scale have been based on the use of indoor air quality testing as a screening tool.  
The relationship between groundwater occurrence and air quality is dependent on the mobility of 
radon, which is a function of local geologic conditions, including fracture patterns, soil moisture 
content, porosity, and permeability (USGS, Undated). The lack of radon in indoor air does not 
necessarily signify the absence of radon in groundwater, nor does its presence in air indicate its 
occurrence in groundwater. Many areas of the United States that are underlain by soils derived 
from continental glacial deposits, such as those prevalent in the northern Midwest states, 
generate elevated indoor radon levels. According to Schumann (1993), Iowa, North Dakota, and 
Minnesota have some of the highest percentages of homes (at 71%, 63%, and 46% respectively) 
with elevated indoor radon levels in the State/USEPA Residential Radon Survey. The crushing 
and grinding of rocks by glaciers increases the mobility of uranium and radium in the resulting 
tills, allowing them to move readily through the soil profile. Some of the highest indoor radon 
levels in North and South Dakota are associated with deposits of glacial Lake Agassiz and other 
glaciolacustrine deposits (Schumann, 1993). 

As part of the Lawrence Berkeley National Laboratory High Radon Project, Price et al. 
(Undated) predicted the distribution of long-term, living-area radon concentrations for nearly all 
counties in the United States based on statistical and geologic factors.  The median concentration by 
county is depicted in Figure 2.7. The map shows the majority of radon air concerns reside in the 
northern Midwest, particularly Iowa and Minnesota, as well as along the eastern Appalachian region. 
These findings are consistent with previous findings by Gunderson (1991) and Schumann (1993). 

 
Table 2.5 

Summary of radon-222 occurrence in groundwater used for public drinking supplies 
based on the National Inorganics and Radionuclides Survey 

Parameter Result 

Analytical Method Reporting Limit (MRL) 100 pCi/L 

Population-Weighted Average Activity 249 pCi/L 

Maximum Observed Activity 25,700 pCi/L 

Fraction of Samples Exceeding the MRL 71.9% 

Fraction of Samples Exceeding 1,000 pCi/L 11.2% 

(Source: Longtin. © 1988 AWWA. Reprinted with permission.)  
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(Source: Price et al., Undated. Map courtesy of E.O. Lawrence Berkeley National Laboratory 
high radon project.) 
Figure 2.7  County-specific median long-term, living-area radon concentrations 

 

Properties 
 

Radon is a sparingly soluble gas which is highly mobile in the subsurface environment. 
Its solubility in water is affected by pressure and temperature, consistent with Henry’s Law 
predictions. 

 
Uranium 
 
Sources 

 
Uranium is a naturally-occurring radioactive metallic element that is commonly found in 

very small amounts in rocks, soil, water, plants, and animals (including humans). Naturally-
occurring uranium contains 99.27% 238U, 0.72% 235U, and 0.006% 234U (OEHHA, 2001). 

 
Occurrence 

 
Naturally-occurring uranium is derived from the erosion of uranium-bearing rocks and 

minerals. The following formations generally contain relatively high uranium content: granite, 
sedimentary rocks (e.g., shale), metamorphic rocks derived from these rocks, and phosphate 
mineral deposits (often referred to as uraniferous phosphates) (e.g., lignite, monazite sands) 
(USGS, Undated; Cothern and Lappenbusch, 1983). The concentration of naturally-occurring 
uranium in groundwater depends on the uranium content of the host deposit (OEHHA, 2001) and 
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the rate of leaching and dissolution, the latter of which is affected by pH, partial pressure of 
carbon dioxide, dissolved oxygen concentration, oxidation-reduction potential, presence of 
complexing agents, and the nature of contact between the uranium minerals and water (Hess et 
al., 1985). Uranium may also be released into the environment from various activities such as the 
use of phosphate fertilizers, mining, and combustion from coal and other fuels.  

From 1974 to 1980, the United States Department of Energy systematically evaluated the 
uranium resources of the United States for the National Uranium Resource Evaluation program. 
This program included aerial radiometric and magnetic surveys, hydro-geochemical and stream 
sediment surveys, geologic drilling in selected areas, geophysical logging of selected boreholes, 
and studies to identify and evaluate geologic environments favorable for uranium. Aerial 
gamma-ray data (derived from the upper 20 to 25 cm of rock and soil) was evaluated to assess 
occurrence trends. Uranium-bearing rocks and groundwater are prevalent in the southwestern 
United States, Sierra Nevada region, Rocky Mountain region, upper Appalachian region, and the 
Piedmont and Blue Ridge physiographic provinces of Georgia and South Carolina. 

The occurrence of uranium in groundwater resources of the United States was studied in 
the NIRS, which involved sampling at 990 community water systems between July 1984 and 
October 1986. Table 2.6 summarizes several uranium national occurrence findings as reported by 
Longtin (1988). 

Longtin (1988) reported state-specific population-weighted average uranium 
concentrations. The states with the highest population-weighted average uranium concentrations 
were, in sequence: New Mexico (8.0 μg/L); Colorado (6.8 μg/L); Oklahoma (4.0 μg/L); South 
Dakota (3.8 μg/L); and Arizona (3.7 μg/L). According to Cothern and Lappenbusch (1983), the 
highest population-weighted uranium averages occur geographically between the states of 
Montana and Texas, and California and Kansas. 

According to Albertson (2003) and Koch (1988), elevated concentrations of uranium 
have also been detected in drinking water supplies (both groundwater and surface water sources) 
in the Piedmont and Blue Ridge physiographic provinces of Georgia and South Carolina. The 
final Radionuclides Rule stated that approximately one-third of community water systems 
expected to be impacted by the uranium MCL of 30 μg/L are located in California. 

 
Table 2.6 

Summary of uranium occurrence in groundwater used for public drinking supplies 
based on the National Inorganics and Radionuclides Survey 

Parameter Result 

Analytical Method Reporting Limit (MRL) 0.08 μg/L 

Population-Weighted Average Activity 0.82 μg/L 

Maximum Observed Activity 88.2 μg/L 

Fraction of Samples Exceeding the MRL 72.2% 

Fraction of Samples Exceeding 10 μg/L 3.2% 

(Source: Longtin. © 1988 AWWA. Reprinted with permission.) 
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Properties 
 
In the aqueous environment, uranium typically exists in either tetravalent form (UO2) or 

hexavalent form (UO2
2+), i.e., uranyl. The former exists under anoxic or reducing conditions as a 

relatively insoluble and immobile precipitate. Uranyl exists under oxidizing conditions (typical 
of most distribution system environments) and is relatively soluble due to the formation of 
anionic hydroxyl- and carbonate-complexes (ATSDR, 1999). Uranium has been shown to 
migrate in groundwater as extremely small colloids and nanoparticles of varying compositions, 
including rare-earth element phosphates, iron oxyhydroxides, clays, and/or iron-coated clays 
(Wieland et al., 2004; Geckeis et al., 2003; Painter et al., 2002; De Putter et al., 2002). The 
extremely small size of these colloids is of potential concern in drinking water because they can 
readily pass through treatment processes. 

A number of investigations have examined the behavior of uranyl for in situ remediation 
and pump-and-treat engineered processes. These studies provide valuable insight into potential 
accumulation mechanisms in drinking water distribution systems. A recurring focus area has 
been on the interaction between phosphate and uranyl in solution and at mineral-water interfaces 
(e.g., zerovalent iron, goethite). Hydroxyapatite (Ca5(PO4)3(OH)), a relatively common 
phosphate-based mineral deposit formed in drinking water systems, has been shown to adsorb 
uranyl complexes onto its surface, with strong coordination to the phosphate groups (Fuller et al., 
2002). In solution with relatively high phosphate-to-carbonate ratios, the direct precipitation of 
uranium-phosphate minerals has been observed, resulting in formation of insoluble compounds 
such as autunite, meta-autunite, and phosphuranylite. Complexed uranyl also readily associates 
with iron oxyhydroxide surfaces, often competing with phosphate for sorption sites. 

 
CONTAMINANT INTRODUCTION 

 
The physical accumulation of regulated inorganic and radiological contaminants within 

the distribution system requires their introduction. The chemical accumulation of regulated 
inorganic (e.g., nitrite, nitrate) and radiological (e.g. 222Rn) contaminants within the distribution 
system requires the introduction of a precursor (e.g., ammonia, 226Ra). The introduction of these 
contaminants and precursors can occur through a variety of pathways and mechanisms. 

Perhaps the most obvious, and in many cases likely the most significant, pathway is their 
direct introduction in the water supply sources. Contaminants that originate in source water can 
exist in a variety of forms, depending on the contaminant, water chemistry, and geochemical 
conditions. These forms may include dissolved, colloidal, precipitated, and solids/turbidity-
associated (USEPA, 2006). For precipitated and solids-associated contaminants, a degree of 
removal may be achieved by physiochemical treatment processes (e.g., filtration). This is 
particularly relevant for surface water supplies that are filtered in order to comply with the 
Surface Water Treatment Rule. However, trace inorganic and radiological contaminants tend to 
be more prevalent in groundwater sources as a result of the dissolution of mineral deposits, and a 
vast majority of groundwater supplies are not physically treated or filtered. In these instances, 
soluble or solids-associated contaminants can enter the distribution system wholesale (Clement 
and Carlson, 2004). Furthermore, in the absence of specific chemical addition (e.g., oxidizing 
agent, coagulant) intended to precipitate or adsorb soluble contaminants, most physical treatment 
processes do not reliably remove dissolved contaminants (USEPA, 2006). 
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A select group of inorganic compounds may exist in the finished water supply due to 
their use as treatment chemicals. For example, iron- and aluminum-based coagulants are used in 
a variety of physiochemical treatment processes. Depending on water chemistry, hydraulic 
conditions, and the effectiveness of downstream physical treatment processes, residuals of these 
coagulants may occur. Other chemicals, such as phosphate, fluoride, and ammonia (in 
conjunction with chlorine), are added directly to the finished water supply. 

Many inorganics of interest to this area of research (including secondary and unregulated 
elements) are either common (e.g., iron, copper, lead, and zinc) or trace (e.g., cadmium, lead, and 
nickel) components of piping and plumbing materials, where they exist in elemental form. The 
occurrence of these elements on pipe surfaces and in the bulk water can be largely attributed to 
the corrosion of system components that are comprised of them. 

Another recognized pathway for the introduction of regulated contaminants is through the 
degradation of cementitious materials (AWWA and EES, 2002b). Cement-based materials used 
in water distribution systems (e.g., cement-mortar lining, concrete pipe, asbestos cement pipe) 
are comprised primarily of calcium silicates, calcium hydroxide, and aluminosilicates. Under 
aggressive water quality conditions, the cement binder may deteriorate and release these 
compounds to the bulk water. Cement-based materials may also contain lesser amounts of 
various regulated inorganic elements, including arsenic, barium, cadmium, and chromium (Leroy 
et al., 1996). In bench-scale studies using tap water from a public water system, Guo et al. (1998) 
demonstrated that these elements may leach from cement-mortar lining to concentrations 10 to 
20% of their respective MCLs. 

Other potential sources of inorganic and radiological contaminant introduction include 
cross-connections, physical breaches (e.g., main breaks), and intrusion during main installation, 
repair, and rehabilitation projects. 

 
CONTAMINANT SINKS 

 
Regulated inorganic and radiological elements may physically accumulate on the surface 

of or occluded within solid materials commonly found in drinking water distribution systems. 
These materials are referred to as sinks (or reservoirs), and include corrosion scales, chemical 
precipitates (chemical scales), biofilm, and sediment. These materials often exist in a 
heterogeneous and dynamic matrix that reflects the variety of factors influencing their formation 
and stability. 

Friedman et al. (2003) identified a series of control variables that directly impact the 
quantity, composition, and physiochemical nature (e.g., density, adherence) of distribution 
system deposits that can serve as accumulation sinks. These variables include bulk water quality 
conditions, hydraulic conditions, infrastructure features (e.g., pipe material, presence of lining), 
and maintenance practices (e.g., system cleaning methods and frequencies). 

 
Corrosion Scales  

 
Corrosion scales generally refer to oxidized metal precipitates that form on the surface of 

metallic piping due to electrochemical oxidation-reduction reactions between elemental metal 
and dissolved constituents, most notably hydrogen ion (H+), dissolved oxygen (DO), and 
chlorine residual. Corrosion results from a thermodynamic disequilibrium between the surface of 
the metal and water. This disequilibrium creates an electrical potential which drives the flow of 
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electrons from the metal (anode) to the constituent receiving the electron (cathode). In cases of 
galvanic and non-uniform corrosion, the flow of electric current between the anodic and cathodic 
areas on the metallic surfaces of a pipe can lead to the formation of areas with markedly different 
types of corrosion. Schock (1999), along with more recent reviews that involve virtually all 
metal materials in contact with drinking water (Snoeyink and Wagner, 1996; Benjamin et al., 
1996; Leroy et al., 1996) provide a very detailed and comprehensive background of the science 
of corrosion in drinking water.  

Corrosion scales are of particular interest to research on physical contaminant 
accumulation. Previous research has shown that many of the oxidized metal compounds typically 
found in distribution system corrosion scales can concentrate trace metals and radionuclides in 
aqueous environments, including in the natural environment (Schock and Holm, 2003), 
engineered physiochemical water treatment systems (Jackson and Valentine, 1995; Hill, 2004), 
sample preparation techniques (Schock, 2005), and in actual water systems, as evidenced by 
recent investigations of native distribution system solid materials (Lytle et al., 2004; Schock, 
2005; Schock et al., 2008). Corrosion scales are relatively ubiquitous in distribution systems and 
can magnify the surface area available for contaminant sorption. 

 
Scale Mineralogy 

 
The composition, mineralogy, and structural properties of corrosion scales play a 

significant role in the mechanism, selectivity, and extent of accumulation of regulated inorganic 
and radiological elements (Schock, 2005). Reiber et al. (1997a) note that a variety of metal 
surfaces, including those of steel, cast iron, ductile iron, galvanized steel, zinc, copper, lead, and 
several specialty alloys, are present in water distribution systems. The authors note that each of 
these metals will typically result in the formation of a corrosion scale unique to the metal type 
(Reiber et al., 1997a; Grayman et al., 2000). The corrosion scales consist largely of the oxidized 
metal, but will generally contain constituents such as calcium carbonate and other minerals. 

Schock (2005) provides a summary of past research pertaining to internal corrosion of 
various metal surfaces and the predominant mineralogical phases typically associated with 
specific metals. Corrosion scales associated with ductile and cast iron pipes are frequently 
composed of iron oxides, oxyhydroxides, hydroxycarbonates, carbonates, and hydroxysulfates. 
Common iron mineral phases include goethite (α-FeOOH), lepidocrocite (γ-FeOOH), 
ferrihydrite (Fe2O3⋅H2O), siderite (FeCO3), magnetite (Fe3O4), and an assortment of mixed 
ferrous and ferric carbonate/sulfate/chloride compounds comprising green rusts (Schock, 2005; 
Dodge et al., 2002). Benjamin et al. (1996) investigated the corrosion of iron and steel pipes and 
noted that low-alkalinity waters produced iron scales that were thick and loose, with a 
tuberculated crust that could be easily cracked to expose a soft, porous interior. In contrast, 
scales formed in high-alkalinity waters were uniformly thin, hard, and tightly bound to the metal 
surface. Figure 2.8 illustrates the profile of a typical iron-based corrosion scale, as provided by 
Benjamin et al. (1996). 
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(Source: Benjamin et al. © 1996 AwwaRF and AWWA. Reprinted with permission.) 
Figure 2.8  Profile of typical cast iron corrosion scale 

 
Scales associated with iron surfaces can be voluminous, frequently exceeding a depth of 

one centimeter. Delanoue et al. (1997) used a pipe rig to study scale formation in varying pipe 
materials and concluded that, over a three-year test period, the most significant amount of 
corrosion scale was produced in unlined iron piping. According to Reiber et al. (1997a), 
corrosion scale mass from iron piping can exceed several tons in a small distribution system and 
several kilotons in a fairly large distribution system.  

The corrosion of copper pipe and copper-alloyed materials can yield cuprous and cupric 
species, with the predominant form dependant on oxidation-reduction potential (ORP). These 
species are capable of forming corrosion scales that are typically comprised of cuprite (Cu2O), 
cupric oxide (tenorite, CuO), hydrous cupric oxide (Cu(OH)2), malachite (Cu2CO3(OH)2), and 
amorphous forms combined with phosphate. Copper scales tend to be relatively thin, typically 
less than 0.2 mm (USEPA, 2006). Copper precipitates may also exist as blue-green suspensions 
in the water column, often attributable to complexation reactions with DIC and NOM (Edwards 
and Sprague, 2001; Korshin et al. 1996; Ferguson et al., 1996; Edwards et al., 1996; Benjamin et 
al., 1990). 

The corrosion of lead service piping and certain lead-bearing alloys and solders has 
yielded cerrusite (lead carbonate, PbCO3) and hydrocerrusite (lead hydroxycarbonate, 
Pb3(CO3)2(OH)2) as the primary corrosion scales in several studies (Kirmeyer et al., 2000b; 
Schock et al. 1996). Recent work (Vazquez et al., 2006; Lytle and Schock, 2005) has shown that 
under oxidizing conditions associated with the maintenance of a moderate-to-high free chlorine 
residual, lead dioxide (PbO2) can comprise a significant amount of lead-based scale, particularly 
on the scale surface, thus influencing lead solubility and release behavior. Lead-phosphate 
precipitates may comprise passivation scales in cases where orthophosphate is added as a 
corrosion inhibitor.  

The corrosion of cementitious materials and cement-mortar linings can result in the 
formation of a variety of calcium and aluminum-based deposits on piping surfaces (Schock, 
2005; Snoeyink et al., 2003). 
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Water Quality Impacts 
 
Corrosion scale properties, including composition, mineralogy, structure, morphology, 

and solubility behavior, are dependent on water chemistry at the pipe-water interface. Key water 
quality parameters that may affect the corrosivity of water and scale properties include: pH, 
alkalinity, DIC, ORP, DO, disinfectant type and residual, hardness, chloride, sulfate, phosphate, 
electrical conductivity, and NOM (Vazquez et al., 2006; Lytle and Schock, 2005; Schock et al., 
1996; Korshin et al., 1996; Benjamin et al., 1996; Schock et al., 1995; Campbell and Turner, 
1983; Lane, 1993). Highly “aggressive” waters are typically associated with low pH, alkalinity, 
hardness, and buffer intensity, and high DO, chlorine residual, conductivity, chloride, and sulfate 
(Lane, 1993).   

Changes in pH and alkalinity relationships can have a significant affect on corrosivity, 
formation, and stability of iron, copper, and lead scales that are dominated by carbonate, 
hydroxide, and mixed hydroxycarbonate phases (Clement et al., 1998; Reiber et al., 1997a). 
These relationships are predictable, albeit complex. 

Oxidation-reduction potential, which is affected by disinfectant residual type and 
concentration, DO concentration, and pH, can impact the electrochemical processes that result in 
corrosion, and hence impact the thermodynamically-favored mineral forms of corrosion scales. 
Benjamin et al. (1990) found that siderite formation is enhanced when ferrous ion is not rapidly 
oxidized to ferric ion, leading the authors to conclude that waters with low ORP and high DIC 
favor siderite formation, thereby enhancing corrosion protection. Schock et al. (1995) reported 
experimental studies that document the influence of DO, free chlorine residual, and stagnation 
time on copper pipe corrosion rates and mineralogical forms. Davis et al. (2005) noted the effect 
of chlorine addition and concentration on the conversion of copper scale from cupric hydroxide 
to tenorite. Significant effects of chlorine on ORP and attendant changes in the nature of 
predominant lead-containing scales and their solubility have also been observed (Vazquez et al., 
2006; Lytle and Schock, 2005). Depletion of disinfectant residual can lead to the onset of 
reducing conditions at the water-scale interface, which can result in reductive dissolution of 
various types of scale. 

The presence of NOM in water has been reported to affect the nature of scale formation 
and metal solubility on a variety of metallic surfaces (Korshin et al., 2000; Hoch et al., 2000; 
Korshin et al., 1999; Korshin et al., 1996; Campbell and Turner, 1983). These studies found that 
the presence of organic matter tended to promote deposition of relatively thin, uniform scales 
rather than nodular and/or morphologically identifiable symmetric crystalline forms of carbonate 
and hydroxycarbonate. The role of NOM in the kinetics of scale/sediment accumulation, as well 
as in their mobilization, remains to be explored in more detail. 

 
Precipitates 

 
Precipitation is the process of producing a separable solid phase within a liquid phase due 

to oversaturation of a solubility product constant (Parker, 1984). Precipitates include a diverse 
range of regulated and unregulated inorganic compounds, capable of originating from a variety 
of sources. The tendency for chemical precipitation (or solubilization) to occur depends on water 
quality conditions, and in particular, pH, ORP, calcium, and the concentration of anions such as 
carbonate, phosphate, and sulfate. Corrosion scales also qualify as precipitates since they are 
formed from the precipitation of corrosion reaction byproducts (oxidized metal from the 
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piping).Other precipitates may be produced within distribution systems due to interaction 
between bulk water constituents and reactions at the surface of corrosion scales and pipe linings. 

Precipitates are of particular interest to research on physical contaminant accumulation. 
Common precipitates, such as those involving iron, manganese, aluminum, and phosphate, have 
been shown to have a high affinity for concentrating regulated inorganic and radiological 
elements (Schock, 2005). Other precipitates capable of being produced in water distribution 
systems directly involve regulated trace elements, e.g., BaSO4, CuO, PbO2, UO2, and Cr(OH)3. 

Perhaps the most recognized example of chemical precipitation is the formation of 
calcium carbonate (CaCO3), which often occurs in groundwater supplies with high hardness and 
DIC. Since excessive CaCO3 precipitation can result in the development of thick, adherent 
chemical scales, reduced hydraulic carrying capacity, and fouling of system components, many 
utilities that use these types of waters provide softening, ion exchange, sequestration or another 
form of source treatment to attempt to control calcium precipitation (Kirmeyer et al., 2000a; 
Lane, 1993). Conversely, when dealing with soft and/or low-alkaline water, many utilities add 
chemicals (e.g., lime, soda ash, caustic soda) to raise pH and produce a neutral-to-slightly-
positive calcium carbonate precipitation potential in the finished water. This can enhance the 
stability of cement-based piping and cement-mortar linings.  

Other common examples of precipitates that may be formed within distribution systems 
include oxides, oxyhydroxides, and hydroxides of iron, manganese, and aluminum. Reduced 
forms of iron and manganese ions occur naturally in many groundwater supplies. Following 
chlorination (or another oxidative process), these metal ions are converted (at varying rates, 
depending on the oxidation method and solution pH) to relatively insoluble hydrous ferric oxide 
and manganese oxide precipitates, respectively. Without an effective solids removal process 
downstream, these precipitates may enter the distribution system as carryover solids. Depending 
on hydraulic conditions, carryover solids may end up settling on the surface of distribution 
system piping and/or in storage reservoirs. Some chlorinated systems with naturally-occurring 
iron and/or manganese in their source(s) apply polyphosphates to sequester these elements prior 
to chlorination. Although sequestration efficacy is specific to the chemical used and the water 
quality conditions in which it is applied, generally-speaking, its effectiveness diminishes over 
time. This is due to hydrolysis reactions that cleave phosphate bonds, causing the compound to 
gradually revert to orthophosphate. This reversion releases iron and manganese into solution 
where they are subject to oxidative precipitation and subsequent deposition. Soluble iron- and 
aluminum-based salts are often used as coagulating agents as part of physiochemical treatment 
processes. Depending on water chemistry, hydraulic conditions, and effectiveness of downstream 
physical treatment processes, residuals of these coagulants may be present in the finished water. 
Snoeyink et al. (2003) documented the phenomenon of aluminum coagulant breakthrough and 
post-precipitation in the distribution system. The authors reported that aluminum-rich chemical 
scales composed of aluminum oxides, hydroxides, phosphates and silicates attributable to this 
phenomenon have been found on distribution system surfaces. 

Cementitious materials and linings may experience selective leaching of certain metals 
(e.g., aluminum, calcium, barium) under “aggressive” water chemistry or hydraulic conditions. 
These metals can precipitate with anions in solution, yielding a variety of compounds. Snoeyink 
et al. (2003) reported aluminum accumulation issues associated with their leaching from cement 
lining and subsequent precipitation with orthophosphate to form hydrated aluminum phosphate 
(variscite, AlPO4⋅2H2O). Similarly, the leaching of calcium and barium from cement-mortar 
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linings can result in the precipitation of calcite (CaCO3), witherite (BaCO3), and barite (BaSO4). 
In cases where phosphate is applied, various forms of apatite (e.g., hydroxide, fluoride) may 
precipitate.  
 
Biofilms 

 
Biofilms are defined as a complex mixture of microbes, organic, and inorganic material 

accumulated amidst a microbial-produced organic polymer matrix attached to the inner surface 
of the distribution system (USEPA, 2002b). Biofilms are present in many distribution systems 
and are typically colonized with bacteria that are present in the water sources. 

To date, much of the research on drinking water biofilms has been focused on assessing 
conditions which affect biofilm formation and stability, organic and nutrient composition, 
bacterial profiles, and biofilm control techniques. Biofilm formation and stability is dependent on 
a complex interaction of water quality, infrastructure, hydraulic, and operational factors 
(LeChevallier et al., 1996; LeChevallier, 1989; LeChevallier et al., 1987; Bachmann, Undated). 
Within the distribution system, areas of heavy tuberculation and low flow provide the most 
attractive sites for biofilm development. Storage reservoirs and standpipes are also attractive 
sites (Grayman et al., 2000). 

More recent research has shown that biofilms are capable of promoting both physical and 
chemical accumulation of inorganic and radiological elements (in addition to organics and 
nutrients) through processes such as sorption, bacterially-mediated formation and precipitation 
reactions, and microbiologically-induced corrosion. As a result, factors that may influence 
biofilm formation and stability can also impact accumulation and release of inorganic 
compounds in the distribution system.   

Several studies have documented the ability of biofilm in drinking water distribution 
systems to accumulate inorganic compounds, and particularly cations, via sorption (Percival et 
al., 1997; Flemming, 1995; Hanjangsit et al., 1994). Biofilm sorption sites may include cell 
walls, cellular membranes, cytoplasm, and extracellular polymeric substances (EPS), each of 
which have differing properties and sorption affinities. According to Schock (2005), certain 
biofilms in natural aquatic environments have been observed to influence the transport and fate 
of heavy metals. Nelson et al. (1995) provide an example in which both cells and EPS material 
attached to an iron substrate were responsible for immobilizing lead from water. 

Common examples of bacterially-mediated formation and precipitation reactions include 
the oxidation of reduced forms of iron and manganese to insoluble precipitates by chemotrophic 
iron- and manganese-oxidizing bacteria. These bacteria can accumulate large amounts of 
precipitate in relation to their biomass (AWWA, 2004). Sly et al. (1990) studied manganese 
deposition in drinking water distribution systems.  In one distribution system, manganese-
depositing biofilm significantly increased total manganese levels in the distribution system. For 
instance, during a one week period without the presence of a disinfectant residual, total 
manganese levels rose from approximately 0.02 mg/L to 0.08 mg/L (Sly et al., 1990). Sulfate-
reducing bacteria, which are capable of thriving in anaerobic biofilm layers, can mediate the 
conversion of sulfate to sulfide. Though not regulated, sulfide is a particularly offensive aesthetic 
compound because of its “rotten egg” odor, which can be detected by humans at part-per-trillion 
levels. Once released to the bulk water column, the fate of sulfide is dependent on ORP; it is 
readily converted to oxidized forms of sulfur in the presence of DO or a disinfectant residual.  
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Microbiologically-induced corrosion of copper provides an example of the ability of 
biofilm to contribute to corrosion and metals accumulation. Webster et al. (2000) observed high 
concentrations of copper corrosion by-products in biofilm grown on copper piping. Bremer et al. 
(2001) concluded that bacteria such as Sphingomonas spp. and Pseudomonas fluorescens can 
accumulate copper in their cell walls. 
 
Sediments 

 
Sediments represent a class of loosely deposited particulate matter typically comprised of 

turbidity, sand, silt, and organic material. The definition is often expanded to include mobilized 
and re-deposited scale and corrosion byproducts, as well as cell material and organic detritus 
released from biofilms. 

Sediments occur within water mains and storage facilities to some degree in all water 
systems (USEPA, 2006). The composition of sediments with regard to common matrix elements 
can vary substantially, depending on the source(s) contributing to their occurrence. For example, 
sediments that include mobilized corrosion by-products or chemical precipitates will have many, 
if not all, of the characteristics of the original scale. As a result of this compositional variability, 
the potential for and extent of trace contaminant accumulation on these deposits can also vary 
widely. 

Block et al. (1996) collected sediment samples from finished water storage facilities and 
water mains to characterize and compare their composition. The findings, which are provided in 
Table 2.7, illustrate the diverse makeup of sediments and dramatic variations that can occur at 
different locations within a system. 

Sediment quantities can also vary substantially between and within systems. DeRosa 
(1993) conducted a survey of distribution system deposits from 71 different supply zones in the 
United Kingdom. Field surveys showed that there was a large variation in the quantity of 
deposits, even in mains of similar size, material, and in close proximity. The author suggested 
that local features (e.g. hydraulics) of the water mains had a significant effect on sediment 
accumulation. An inorganic scan of deposits collected in hydrant nets showed evidence of 17 
different elements, including iron (13 to 45%), aluminum (2 to 45%), phosphorus (0.1 to 18%), 
calcium (0.5 to 17%), and manganese (0.2 to 6%). 

Carrière et al. (2002) and Friedman et al. (2003) concluded that the quantity, 
composition, and physiochemical properties of sediments are dependent on pipe material, water 
characteristics, routine hydraulics, and history/type of distribution system maintenance practices 
(e.g., flushing, pigging, etc.). Friedman et al. (2003) observed that deposits may become 
compacted, cohesive, and adherent over time, thus reducing their potential for mobilization 
under hydraulic disturbances. 
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Table 2.7 
Composition of sediment obtained from water main and storage facility  

Obtained from 
Storage Facility 

Obtained from 
Water Main 

Insoluble Compounds 18% Insoluble Compounds 3% 
Volatile Solids 19% Volatile Solids 14% 
Iron Oxide 19% Iron Oxide 62% 
Aluminum Hydroxide 15% Aluminum Hydroxide 0% 
Calcium Carbonate 10% Calcium Carbonate 9% 
Unknown 10% Unknown 8% 

(Source: Block et al. © 1996 AWWA. Reprinted with permission.) 
 
ACCUMULATION MECHANISMS 

 
Regulated and unregulated inorganic and radiological elements can accumulate within 

distribution system sinks, or in the bulk water itself, by a variety of physical, chemical, and 
biological mechanisms. These mechanisms are dependant on the specific contaminant, water 
quality conditions, mineralogy, composition, and properties of the sinks, and hydraulic 
conditions. Many of the mechanisms that influence contaminant accumulation are reversible 
under certain conditions, which can lead to contaminant release. 

 
Physical Mechanisms 

 
For precipitates, mobilized corrosion by-products, and solids-associated contaminants, 

physical accumulation may occur due to gravitational deposition under low-flow conditions 
(USEPA, 2006). These conditions are often associated with remote areas of the system, dead-end 
segments, and storage reservoirs. Lytle et al. (2004) demonstrated the ability of iron-arsenic co-
precipitates to settle onto piping by collecting bulk water samples at a series of taps of increasing 
distance from a treatment plant. The data showed a correlated and progressively decreasing trend 
in the concentrations of these parameters. 

Friedman et al (2003) described water mains that experience routine velocities greater 
than four feet per second (fps) as “self-cleaning” because the hydraulic shear created under these 
conditions is typically adequate to maintain loose materials in suspension. However, the authors 
noted that the ability of routine hydraulic forces to clean pipe surfaces can decrease significantly 
as the topography becomes increasingly rough and tuberculated. Pockets and crevices can protect 
sediment and biofilm from hydraulic shear. 

 
Chemical Mechanisms 
 
Precipitation 

 
Chemical precipitates (potentially comprised of unregulated and/or regulated inorganic 

elements) may form depending on water quality conditions, and in particular pH, ORP, calcium, 
and concentration of anions such as carbonate, sulfate, and phosphate. Chemical precipitates may 
deposit onto and coat the surfaces of piping, reservoirs, and plumbing systems. Chelating and 
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sequestering agents (e.g., polyphosphate, NOM, silica) can form complexes with various 
inorganic elements (e.g., iron, copper, lead), thus influencing their potential for precipitation and 
deposition within the distribution system. 

 
Sorption 

 
For soluble contaminants, accumulation on or within sinks may occur due to sorption and 

co-precipitation phenomena. Sorption is a general term used to describe related processes of 
absorption, adsorption, and chemisorption (Parker, 1984). Sorption involves the retention of a 
contaminant on (adsorption) or within (absorption) the surface of a pre-formed substrate (i.e., 
sink). The driving force for sorption may involve physical (e.g., van der Waals forces), 
electrostatic (e.g., coulombic forces), and/or chemical interactions (e.g., covalent bonding, 
surface complexation). Sorption phenomena may be reversible to some degree when water 
chemistry is perturbed. The term chemisorption is typically used to describe irreversible sorption 
conditions (Drever, 1997). 

Co-precipitation involves sorption/inclusion of a contaminant to an actively precipitating 
substrate, resulting in the formation of a mixed solid-phase. Common examples where 
contaminant co-precipitation may occur include iron- or aluminum-based coagulation-assisted 
treatment processes and oxidative treatment of naturally-occurring reduced iron and manganese. 
Lee (1975) observed that much greater incorporation of contaminants into hydrous ferric oxide 
occurs during co-precipitation as compared to sorption onto pre-formed solids, primarily due to 
the greater available surface area. 

Schock (2005) notes that the distinction between pure sorption and co-precipitation is 
blurred in corrosion situations because the production of solids by metallic oxidation take place 
at the same time that corrosion products interact with background constituents in the water. 

Under certain water quality conditions at the pipe-water interface, reductive co-
precipitation processes may occur between different inorganic compounds. These have the 
potential to change the mechanism of accumulation and the potential for remobilization of the 
contaminants. For example, ferrous iron (typically found in an under layer in iron corrosion 
scale) is capable of heterogeneously reducing relatively mobile compounds such as chromate and 
uranyl to their more insoluble, reduced counterparts, resulting in the formation of enmeshed solid 
phases involving ferric iron (O’Loughlin et al., 2003; White and Peterson, 1996). 

Schock and Holm (2003) pointed out that mineralogical characteristics of many corrosion 
and chemical scales have extremely close “natural” analogs. The sorption of metals, metalloids, 
and anions to oxide, hydroxide, oxyhydroxide, carbonate, and aluminosilicate surfaces is of 
interest to many disciplines, including soil science, geochemistry, and aquatic chemistry. 
Contaminant sorption onto substrates containing many of the same minerals found in distribution 
system scales is considered a major factor in trace metal partitioning and solubility control in 
natural systems (Schock, 2005). 

 
Formation 

 
There are some inorganic and radiological contaminants that do not physically 

accumulate within the distribution system, but may increase in concentration (i.e., chemically 
accumulate) from entry-point to customer taps due to their generation from precursors. Two 
well-recognized formation processes within drinking water distribution system include 
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nitrification and radioactive decay. Nitrification is the microbial-mediated process of sequential 
oxidation of ammonia to nitrite and nitrate. Nitrite and nitrate formation within the distribution 
system is addressed in detail by AWWA and EES (2002a). With regard to radioactive decay, if 
radioactive compounds accumulate within the distribution system, the subsequent decay of these 
contaminants may yield elevated concentrations of daughter products. The most notable example 
of this is the formation of 222Rn from 226Ra. 

 
Biological Mechanisms 
 

Biological and biochemical mechanisms of contaminant accumulation are associated with 
sorption onto biofilm and bacterially-mediated formation and precipitation reactions. 

 
FACTORS AFFECTING SORPTION 

 
Two factors with the most significant effect on contaminant accumulation via sorption 

and co-precipitation mechanisms are the mineralogical composition of the sink and the chemistry 
of the bulk water (USEPA, 2006). These parameters are not mutually exclusive, as water quality 
and chemistry are integral determinants of which precipitates will be thermodynamically-favored 
and hence stable in solution, as well as their physiochemical properties. 

 
Composition of Sinks 

 
Accumulation sinks may consist of corrosion scales, precipitates, biofilm, and sediments. 

These materials often exist in a heterogeneous and dynamic matrix that reflects the variety of 
factors influencing their formation and stability. Different scale and mineral compositions have 
widely-varying affinities for concentrating regulated trace inorganic and radiological elements 
(Schock, 2005). 

The most common compounds that comprise sinks within the distribution system include 
oxides, hydroxides, oxyhydroxides, carbonates, hydroxycarbonates, and silicates of oxidized 
forms of iron, manganese, lead, copper, and aluminum. Precipitates comprised of iron, 
manganese, and aluminum may exist throughout the system, including as layered coatings on 
corrosion scale in service line and plumbing systems (Schock et al., 2008). Lead and copper 
mineral phases that can serve as sinks generally only exist beyond the utility-owned portion of 
the distribution system. The presence of aluminum solids is generally limited to systems that use 
cement-based or cement-mortar lined pipes, apply an aluminum coagulant during treatment, 
and/or have high measureable levels of aluminum in their treated water. Phosphate-based 
chemical precipitates tend to occur in systems where phosphorus chemicals are used as a 
treatment additive. Calcium carbonate often exists in systems that have hard, highly alkaline 
water, and/or have cementitious piping and/or linings within their system. 

There have been a variety of focused investigations to determine the sorptive 
characteristics and behavior of specific mineralogical phases, and to a lesser extent, the 
heterogeneous mixtures that exist in actual water distribution systems. These investigations have 
used a variety of approaches including the collection and analysis of native distribution system 
solid materials from hydrant flushing and reservoir cleaning events, water main and service line  
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extractions, collection of spent adsorbent media and concentrated backwash residuals, and the 
performance of bench-scale studies involving batch isotherm testing and pipe loop studies using 
a variety of piping and plumbing materials. 

 
Iron Sinks 
 

Ferric precipitates, both those of a well-defined crystalline structure as well as amorphous 
forms, have been shown to have a moderate-to-high sorption affinity for a variety of regulated 
inorganic and radiological elements. The affinity of ferrous iron to adsorb contaminants is not as well 
understood, in large part due to fact that it is usually present as an under layer in corrosion scale. 

In a study of deposit composition of iron-rich solids obtained from hydrant flushing and 
pipe scale matrices from 15 different utilities located throughout the Midwest, Lytle et al. (2002) 
and Lytle et al. (2004) concluded that oxidized iron precipitates and iron corrosion scales have a 
high affinity for and ability to concentrate arsenate into and on the surface of these solids, even at 
treated water arsenic concentrations below the arsenic MCL of 0.010 mg/L. This finding is 
consistent with the well-recognized geochemical role that iron plays on arsenic mobility (Frau et 
al., 2008) and the use of iron-based coagulation processes and engineered ferric oxide and 
hydrous ferric oxide adsorbent media for arsenic removal from waters intended for potable use. 
Hydrant flush solid samples collected from one utility with moderate levels of iron (0.34 mg/L) 
and arsenic (0.013 mg/L) in its finished water contained, on average, 19.7 μg of As per mg of Fe. 
The primary mineral phases of these solids, as determined by X-ray diffraction, were ferrihydrite 
and goethite, with lesser fractions of calcite. The authors noted that the average As:Fe mass ratio 
of hydrant flush solids (7.4 μg/mg) was more than double that of pipe scales (3.4 μg/mg), an 
observation that was rationalized in part by the “dilution effect” of the comparatively large 
reservoir of corrosion scales relative to iron carryover solids. Other factors and conditions may 
have contributed to this variation as well, including a more heterogeneous mineralogy of the 
corrosion scales (relative to iron carryover solids), the aged nature of iron solids, differences in 
available surface area, and different mechanisms involved (i.e., sorption versus co-precipitation). 

McNeill and Edwards (1997) have shown that arsenate co-precipitation with hydrous 
ferric oxide follows a Langmuir isotherm for pH levels from 6.5 to 7.6 and under conditions of 
low silica content. Above pH 7.6, the approximate pH of zero-charge for Fe(OH)3 (Dzombak and 
Morel, 1990), repulsive electrostatic interactions and competition from hydroxyl ions affect the 
sorption profile. 

Following the discovery of extremely high levels of filterable iron, copper, lead, and 
arsenic in tap samples after a utility in Fremont, Nebraska implemented wellhead chlorination 
and pH adjustment, Reiber and Dostal (2000) obtained specimens of unlined cast and galvanized 
iron pipes from the distribution system for subsequent scale analysis. Primary inorganic elements 
were detected in the scale matrix at parts-per-thousand concentrations. Among these elements 
were arsenic (up to 1.3 μg/mg), copper (up to 7.6 μg/mg), and lead (up to 6.0 μg/mg). Although 
the mineralogy of the scale was not investigated, it was assumed to be composed primarily of 
ferrous and/or ferric substrates, although contribution from manganese oxides may have also 
been significant since manganese was present in the source water at 0.4 mg/L. It is particularly 
noteworthy that copper and lead, though non-detect in the source water, had accumulated in the 
iron pipe scales at levels that exceeded even that of arsenic, which was detected (albeit at only 
0.07 mg/L) in the treated water. This suggests that iron and/or manganese may have an 
extremely high affinity for these elements. 
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Scanlan (2003) performed hydrant flushing and sampling in a utility with moderate levels 
of iron and trace contaminants arsenic, lead, and antimony in one of its sources. Over the 
duration of a 10-minute flush, the concentration of these contaminants in the discharge stream 
increased significantly, i.e., antimony 7.6 to 27 μg/L; arsenic 21 to 151 μg/L; and lead 56 to 
1,370 μg/L. It was hypothesized that the contaminants had associated with source water iron that 
had been oxidized and subsequently deposited. This was corroborated several years later when 
solids from the system were obtained, extracted, and analyzed to assess elemental composition, 
and these contaminants were observed at moderate levels in the iron-rich material.  

Uranium species (particularly uranyl, which is prevalent in chlorinated systems) were 
found to strongly adsorb and co-precipitate with many different iron oxide and oxyhydroxide 
precipitates typical of corroding iron and steel pipe surfaces (Dodge et al., 2002; Duff et al., 
2002). Dodge et al. (2002) synthesized six different iron oxide compounds – ferrihydrite, 
goethite, lepidocrocite, maghemite, magnetite, and green rust – in the presence of uranyl. 
Uranium co-precipitated with the iron oxides at concentrations ranging from 4.8 μg of U per mg 
of Fe (for green rust) to 6.8 μg of U per mg of Fe (for lepidocrocite). 

Su and Suarez (2000) performed batch kinetic and equilibrium experiments to evaluate 
the sorption profiles and mechanisms of selenite (HSeO3

-) and selenate (SeO4
2-) onto freshly 

synthesized amorphous ferric hydroxide (am-Fe(OH)3) and goethite (α-FeOOH) solids. Testing 
conditions included initial selenium concentrations of 0.1 and 1.0 millimolar (mM), pH levels 
between 3 and 12, and ionic strengths between 0.01 to 1.0 M as sodium chloride (NaCl). Both 
selenite and selenate exhibited a pH-dependant sigmoid-shaped sorption envelope characteristic 
of oxoacids, with equilibrium conditions attained within 30 minutes. As expected, the position 
and shape of sorption profiles were unique to the form of selenium and its initial concentration, 
the form of the iron-oxide substrate, and the ionic strength of solution. For am-Fe(OH)3, the 
shape of the selenite sorption profile was relatively independent of both the ionic strength and 
initial selenite concentration (although molar sorption density was dependant on initial selenite 
concentration). Under these conditions, the sorption inflection point (i.e., the pH where adsorbed 
selenium represented 50% of the total selenium) was between 10 and 11, with over 90% sorption 
occurring at pH below 8.5. In contrast, the sorption profile for selenate onto am-Fe(OH)3 showed 
a considerably lower relative percentage of adsorbed selenium across the neutral pH range, as 
well as a strong dependency on the initial selenium concentration and ionic strength. For 0.1 mM 
initial selenate concentration, the inflection pH was near 6.0 (for 1.0 M NaCl) to 8.0 (for 0.01 M 
NaCl). For 1.0 mM initial selenate concentration, the profiles were shifted roughly one pH unit 
towards lower pH, presumably due to the change in substrate surface charge associated with 
greater sorption densities. For goethite, the selenite sorption profile for an initial concentration of 
0.1 mM was similar to that for am-Fe(OH)3, with the pH of inflection occurring near 9.5 
(independent of ionic strength). As was the case with am-Fe(OH)3, the adsorption of selenate 
onto goethite was considerably lower than that for selenite. The authors concluded that selenite 
behaves similarly to phosphate (capable of adsorption and competitive impacts), while selenate 
behaves similar to sulfate (less readily adsorbed and more mobile). 

It is worth noting that arsenate and selenite have similar physiochemical properties under 
neutral pH conditions, i.e., they each exist as oxoacids with an anionic surface charge. Similarly-
structured and charged metals, including chromate and antimonate, as well as other anionic 
inorganics such as silicate and phosphate, have also been shown to strongly adsorb onto hydrous 
ferric oxides and oxyhydroxides (Davis et al, 2001; Davis et al., 2002; Hill, 2004; Schock, 2005; 
Copeland et al., 2007; Frau et al., 2008). Depending on the substrate, pH, and water quality 
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conditions, these constituents may compete with each other in the establishment of adsorption 
equilibrium, as well as re-equilibration processes (e.g., desorption) when water quality 
conditions are changed. 

Valentine and Stearns (1994) demonstrated the affinity of 226Ra for preformed hydrous 
ferric oxides. The authors observed sorptive capacities ranging from 20 to 650 pCi per gram of iron 
in equilibrium with 5 pCi/L of 226Ra. The association (as defined by the distribution coefficient) 
was found to be highly-dependent on pH and calcium concentration, with lower pH and higher 
calcium levels providing competition and lowering the distribution coefficient for 226Ra. 

 
Manganese Sinks 

 
Manganese oxides and oxyhydroxides have been shown to be important in scavenging 

dissolved trace metals such as lead (Dong et al., 2003) and arsenate (Ouvrard et al., 2002) from 
natural waters. The scavenging properties of manganese oxides are so good that it forms the 
basis for the use of the precipitation of manganese dioxide as an analytical method to pre-
concentrate trace metals such as aluminum, cadmium, copper, nickel, lead, vanadium, zinc, and 
rare earth elements (Umashankar et al., 2002). 

Hydrous manganese oxides (HMOs) are extremely effective at adsorbing radium from 
drinking water. In bench-scale studies involving the addition of preformed HMOs to 226Ra-spiked 
water, sorption capacities ranged from 10 to 400 pCi per milligram of Mn in equilibrium with 5 
pCi/L of 226Ra. The association between radium and HMO was shown to follow a linear adsorption 
model, with the distribution coefficient dependent on pH and hardness (Valentine et al., 1990; 
Valentine and Stearns, 1994). The authors attribute the higher affinity of radium to HMO, relative 
to iron oxide sinks, to its higher surface area and its lower pH of net-zero surface charge.  

In batch experiments, Zasoski and Burau (1988) demonstrated the adsorptive affinity of 
pre-formed HMOs for cadmium, zinc, and calcium cations, and noted that competition between 
these cations exists. 

 
Aluminum Sinks 

 
Aluminum oxides and aluminosilicates are well represented in the literature as having the 

ability to adsorb and concentrate trace metals and radionuclides (Schock, 2005). This finding is 
consistent with the well-recognized use of alum coagulation processes and engineered alumina 
adsorbent media for removal of contaminants such as arsenic and fluoride from water. McNeill 
and Edwards (1997) have shown that arsenate co-precipitation with hydrous aluminum oxide 
follows a Langmuir isotherm model for pH levels up to 7.6 (under conditions of low silica 
content), with fitting parameters similar to that of hydrous ferric oxide (on a molar basis).  

The ability to assess sorption capacity of aluminum-based sinks (e.g., aluminum oxide, 
aluminum hydroxide, aluminum phosphate) as they exist in distribution systems is complicated 
by the fact that they typically represent a minor-to-moderate component of deposits (i.e., < 5 
wt%) and often co-occur with iron, manganese, copper, and lead, which also have high affinities 
for trace metals. To isolate the specific effects of aluminum, it would be necessary to obtain 
deposits that contain aluminum as the primary metal constituent and/or perform bench-scale tests 
involving the synthesis of aluminum precipitates in the presence of varying contaminants and 
water quality conditions. 
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Copper Sinks 
 
Davis et al. (2005) studied the interaction between copper and arsenic and noted that, 

although precipitation of cupric-arsenic solids is not likely under typical drinking water conditions, 
the sorption of arsenate onto pre-formed cupric hydroxide and cupric oxide solids is an important 
control on arsenic solubility in the pH range 7 to 9. The adsorption behavior closely followed a 
Langmuir isotherm model for arsenate concentrations of 0 to 200 mg/L, with the sorption capacity 
varying with pH (higher pH translated into a reduced capacity) and the age of the precipitated 
cupric solids (higher age translated into a reduced capacity). At soluble arsenate concentrations of 
10 mg/L, sorption densities ranged from less than 10 mg of As per gram of Cu for aged solids at 
pH 9.0 to nearly 240 mg of As per gram of Cu for freshly-precipitated solids at pH 7.0.   

Reiber et al. (1997b) performed similar experiments to evaluate the adsorption of 
arsenate onto pre-formed Cu(OH)2 solids. The sorption capacity was found to be 180 mg of As 
per gram of Cu(OH)2 at an arsenate concentration of 5 mg/L and pH 7. 

As part of their investigation into the causes of high levels of several trace metals in 
Fremont, Nebraska, Reiber and Dostal (2000) obtained specimens of copper service piping for 
scale analysis. Primary inorganic elements were detected in the scale matrix at parts-per-
thousand concentrations (i.e., μg of contaminant per mg of scale). Among these elements were 
arsenic (up to 2.1 μg/mg) and lead (up to 0.08 μg/mg). Although the mineralogy of the scale was 
not investigated, it was assumed to be composed primarily of cuprous or cupric solids. 

 
Lead Sinks 
 

Schock et al. (2008) collected scale samples from 91 pipe specimens of lead or lead-lined 
service lines from 26 different public water systems. All of the systems were in compliance with 
the NPDWRs pertaining to monitoring requirements and inorganic contaminant concentrations at 
system entry-points. The scale samples were processed and analyzed to determine elemental 
composition. As shown in Table 2.8, a diverse range of contaminants, including oxoacids (e.g., 
arsenic, chromium, vanadium) and trace metal cations (e.g., cadmium, barium, nickel) were 
observed. As reported in Schock (2005), other regulated contaminants were also observed, 
including antimony, beryllium, thallium, and uranium. 
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Table 2.8 
Summary of inorganic contaminant occurrence in scale from lead service lines 

Parameter Minimum 
(μg/g) 

Median 
(μg/g) 

Maximum 
(μg/g) 

Arsenic  (As) 10.6 49 426 
Cadmium (Cd) 2 6.4 308 
Chromium  (Cr) 3 40 1,290 
Mercury (Hg) 0.03 0.18 2 
Barium  (Ba) 1 105 2,850 
Bismuth  (Bi) 0.6 320 1,960 
Nickel  (Ni) 3 57 1,800 
Copper  (Cu) 19 967 42,600 
Sulfur  (S) 35 950 5,972 
Tin  (Sn) 5 345 9,440 
Zinc  (Zn) 10 612 36,900 
Vanadium (V) 12 302 22,000 
Aluminum (Al) 29 8,400 44,000 
Iron  (Fe) 0.6 19,000 578,000 
Manganese (Mn) 7 4,960 177,200 
Lead  (Pb) 25,600 544,600 915,000 

(Reprinted in part with permission from Schock et al. © 2008 American Chemical Society.) 
 

Phosphate-Based Sinks 
 
Phosphates can form chemical precipitates with a variety of oxidized metals, including 

lead, uranium, aluminum, iron, and calcium. Jackson and Valentine (1995) demonstrated that 
phosphate-based precipitates exhibit a higher affinity for soluble 226Ra relative to the precipitates 
that form in the same water without phosphate addition. The authors noted that the addition of 
orthophosphate to groundwater containing 1.0 mg/L of iron resulted in a 210% increase in the 
226Ra activity of solids formed compared to iron-bearing groundwater without orthophosphate 
addition. Similarly, the addition of orthophosphate to groundwater containing varying levels of 
calcium (0 to 160 mg/L) consistently resulted in solids with a very high 226Ra activity, i.e., 3,000 
to 8,000 pCi per gram in equilibrium with 50 pCi/L of 226Ra. In the absence of orthophosphate, 
this same water yielded calcium carbonate solids with very little incorporated 226Ra activity, i.e., 
80 to 141 pCi per g of solid. 

Phosphate-based minerals, particularly those involving apatite, have been demonstrated 
to have a high adsorptive affinity for uranyl and lead in both the subsurface environment and 
engineered treatment systems (Fuller et al., 2002; Arey et al., 1999; Gauglitz et al., 1992). 
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Water Chemistry 
 

Water chemistry (e.g., pH, ORP) and quality (e.g., concentration of trace contaminants 
and other constituents) play critical roles in determining whether or not certain contaminants will 
accumulate via sorption/co-precipitation processes and the selectivity and extent (i.e., capacity) 
of the association.  

 
Solution pH 

 
Solution pH can affect the kinetic rate, selectivity, and extent of sorption by influencing 

surface charge and electrostatic interactions between inorganic contaminants and sinks. Most 
soluble inorganic compounds (trace contaminants, as well as unregulated inorganic parameters) 
exist as free ions or ionic molecules (e.g., hydrated/complexed ions, oxoacids) whose net 
molecular charge is pH-dependent. Similarly, the surfaces of metal oxide sinks are also typically 
charged in relationship to pH. At low pH values (relative to the pH of zero net surface charge of 
the specific metal-oxide substrate, or pHzpc), an oxide surface is positively charged; anions are 
attracted and cations are repelled. At high pH values (relative to pHzpc), an oxide surface is 
negatively charged; cations are attracted and anions are repelled (Schock, 2005). The pHzpc is 
characteristic of the metal oxide, and to a lesser extent, the density and distribution of specific 
constituents adhered to its surface. For example, the pHzpc of iron oxide and hydrous iron oxide 
is typically in the range of 7.5 to 8.5, while aluminum- and manganese-based oxides typically 
have a lower pHzpc (Amy et al., 2005; Schock, 2005; Valentine et al., 1990). This provides an 
explanation as to why, under near-neutral pH conditions, negatively-charged compounds such as 
arsenate, hexavalent chromium, and uranyl are preferentially adsorbed to iron-based substrates 
(which have a slightly positive charge) relative to aluminum and manganese oxides (which have 
a slightly negative charge). Conversely, under neutral pH conditions, HMOs are more effective 
at concentrating cations such as 226Ra, cadmium, copper, nickel, zinc, and lead. 

By way of impacting rate and selectivity, pH-based electrostatic interactions also impact 
the overall sorption capacity of a sink for a particular contaminant or group of similar 
contaminants. For example, with all other factors being equal, the overall sorption capacity of a 
particular metal-oxide sink for oxoacids generally increases as pH is reduced (and vice-versa), up 
to a certain limit. This is due in part to the fact that, as pH is reduced, many potential competing 
constituents either decrease in concentration (e.g., hydroxyl ions) or undergo a change in surface 
charge (e.g., from negative to neutral) as a result of speciation chemistry. Both of these 
phenomena have the impact of reducing the sorption driving force for the competing constituent. 

Sorption profiles are often sigmoidally-shaped, with the steepest slope (i.e., biggest 
increase in adsorption capacity per unit pH change) occurring at the pHzpc (Schock, 2005). pH 
changes on the order of 0.5 to 1.0 units can have a significant effect on adsorption kinetics and 
capacity for a particular contaminant or group of similar contaminants (Copeland et al., 2007; 
Amy et al., 2005; Hill, 2004). 

 
Oxidation-Reduction Potential 

 
In addition to influencing mineralogy, stability, and physiochemical properties of 

chemical and corrosion scales, ORP can also have a significant effect on the chemical form and 
properties of regulated inorganic and radiological compounds. Many of the regulated 
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contaminants of interest can exist in different oxidation states, depending on ORP (i.e., 
antimony, arsenic, chromium, selenium, uranium, etc.). The properties of the contaminants that 
are relevant to the different accumulation mechanisms (e.g., solubility, mobility, surface charge), 
as well as contaminant toxicology, may vary depending on the oxidation state. 

 
Contaminant Concentrations 

 
Several research investigations have been performed to characterize the partitioning of 

trace contaminants between water and discrete precipitate/solid phases, including Fe2O3⋅H2O, 
Fe(OH)3, α-FeOOH, Al(OH)3, MnO2, Cu(OH)2, and CuO. These studies have shown that the 
equilibrium adsorption capacity, which is typically defined as the q-value and expressed as μg or 
mole of contaminant per gram or mole of substrate, generally follows an equilibrium isotherm 
model (e.g., linear, Langmuir, or Freundlich) within certain pH ranges (Amy et al., 2005; Davis 
et al., 2005; McNeill and Edwards, 1997; Valentine and Stearns, 1994). In each type of isotherm 
model, the q-value for a particular contaminant increases in a positive relationship with regard to 
the soluble concentration of that contaminant. Therefore, with other factors being equal, a higher 
concentration of a particular contaminant in the bulk water will result in a greater degree of 
concentration on the substrate/sink. 

That being said, potable water contains many different contaminants and constituents. 
Since there are a finite number of sorption sites on any given sink (with the number being related 
to the mineralogical structure and available surface area of the solid, expressed as m2/g), the 
competition of co-occurring contaminants and  background ions for surface sites is an important 
complicating factor that will affect the distribution of inorganic species on substrate surfaces. A 
higher concentration of competing constituents will reduce the capacity of the sink for a 
particular contaminant. Competition may exist between co-occurring regulated trace 
contaminants of a similar physico- and electrochemical nature (e.g., anionic oxoacids such as 
arsenate, chromate, selenite, vanadate, etc.; or cations such as radium, lead, barium, copper, 
cadmium, etc.), as well as between common ions/molecules in drinking water (e.g., anions such 
as hydroxide, phosphate, carbonate, silicate, sulfate, NOM, etc.; or cations such as hydrogen ion, 
calcium, aluminum, magnesium, etc.). As a result, the various fitting parameters used in the 
isotherm models for a particular contaminant-sink interaction will vary depending on the water 
quality with regard to potentially-competing constituents and pH.   

The sorption of orthophosphate, silicates, carbonate, and sulfate onto goethite and 
hydrous ferric oxide has been shown to be highly favored under the chemical conditions likely to 
exist in drinking waters, and evidence of competition with arsenate adsorption does exist (Frau et 
al., 2008; Chen et al., 2005; Kreller et al., 2003; Davis et al., 2001; Geelhoed et al., 1997; 
Manning and Goldberg, 1996a, 1996b; Lin and Benjamin, 1992). In studies of water quality 
competition effects on various iron oxide, iron oxyhydroxide, and iron-impregnated alumina 
substrates specifically engineered for removal of arsenate, inorganic anions that demonstrated 
significant competition effects includes silicate, phosphate, vanadate, and hexavalent chromium 
(Amy et al., 2005; Hill, 2004;). Studies have shown that silicates can form surface complexes 
with iron oxides, thereby competing directly with other contaminants for adsorption sites. 
Complexed silicates (which have a negative charge) can also render the metal oxide surface 
potential more negative and reduce accessibility to internal sorption sites (due to polymerization, 
which occurs above pH 7.5), both of which may reduce sorption capacity (Chen et al., 2005). 
The impact is most significant at pH above 7.5, silica levels above 50 mg/L as SiO2, and when 
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iron oxide solids have been “aged” in the presence of silica (Chen et al., 2005; Davis et al., 
2001). Organic ligands (e.g., NOM) can bind to metal oxide sinks where they too can compete 
with metal anions (Schock, 2005). 

While much of the study of contaminant competition has been focused on metal oxoacids 
(particularly arsenate) and other anions in drinking water, Valentine et al. (1990) and Valentine 
and Stearns (1994) have demonstrated that competition effects are also significant with cationic 
contaminants such as 226Ra. The authors determined that the distribution coefficient describing 
the linear isotherm model of 226Ra adsorption onto preformed HMOs and hydrous ferric oxides is 
affected by variations in pH and calcium concentration. The competition created by protons 
(under reduced pH conditions) and calcium ions (at higher hardness levels) caused a reduction in 
the distribution coefficient for 226Ra. Zasoski and Burau (1988) demonstrated that cadmium, 
zinc, and calcium also compete with each for sorption sites on pre-formed HMOs.  

 
RELEASE MECHANISMS 

 
Many of the mechanisms that can contribute to contaminant accumulation are reversible, 

allowing contaminants to be re-mobilized into the water. The release of accumulated 
contaminants in concentrated amounts could result in high concentrations at customers taps 
(Schock et al., 2005), a phenomenon which has been observed in a number of recent cases 
(Reiber and Giani, 2005; Clement and Carlson, 2004; Reiber and Dostal, 2000). Release can be 
particulate or soluble in nature, depending on the mechanism. 

 
Physical Mechanisms 

 
The various contaminant sinks (i.e., corrosion scales, chemical precipitates, biofilms, and 

sediments) are attached to distribution system internal surfaces with varying degrees of tenacity, 
as influenced by factors such as the origin of the sink, water chemistry, and hydraulic conditions. 
Physical and hydraulic disturbances may be capable of dislodging these sinks and entraining the 
solids in the bulk water. By their association on and within these sinks, accumulated inorganic 
and radiological elements would also be mobilized. 

Examples of hydraulic disturbances within the distribution system include: increases in 
flow rate and velocity (due to peak demands, fire fighting activities, main breaks, etc.); flow 
reversals; and hydraulic pressure transients (due to sudden changes in velocity, pump start/stop 
cycles; valve slams, etc.). Physical disturbances may result from valve exercising, earthwork, or 
construction adjacent to active system components. 

Sediments and chemical precipitates originating from the source water (or resulting from 
oxidative treatment processes), as well as mobilized corrosion by-products and certain types of 
chemical precipitates formed in the bulk finished water (e.g., precipitates resulting from leaching 
of compounds from cementitious materials), tend to settle out as loose deposits under low-flow 
conditions. These deposits are most susceptible to remobilization due to hydraulic disturbances. 
Over time, loose deposits may become cohesive, which can increase their physical stability. At 
the other extreme, corrosion scales tend to be relatively adherent and thus have an increased 
resistance to hydraulic shear. The nature of the scale is important. For example, tubercles and 
similar encrustations formed by pitting are likely to have portions that can be readily broken 
away, while other portions may remain solidly intact with the pipe surface. Using computation 
fluid dynamic (CFD) modeling, controlled pilot-scale studies, and real-world flushing studies, 
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Friedman et al. (2003) demonstrated that, for a variety of pipe specimens, the extent of deposit 
removal and the specific types of deposit materials removed were related to finished water 
quality, pipe material and the presence/absence of a lining, pipe surface topography, previous 
history of main cleaning activities, and routine hydraulic conditions. Loose deposits were 
generally removed at flushing velocities between 2 and 3 fps, whereas higher flushing velocities, 
on the order of 4 to 8 fps, were needed to remove portions of iron corrosion scale, biofilm, and 
manganese coatings. 

Biofilms can also be removed from pipe surfaces by the erosive action of flowing water, 
although resistance varies depending on flow velocity, biofilm depth, and pipe surface 
topography. McMath et al. (1997) conducted flow studies using biofilm and settled bacteria. The 
experiments consisted of a series of flow velocity increases (from 0.003 fps up to 0.03 fps) to 
determine the effect on the numbers and nature of particles in water. A sustained peak of 
clumped bacteria was seen for each flow change. A ten-fold increase in flow resulted in up to 
60% of the bacteria in the water phase being present in micro-colonies or clumps, indicating 
biofilm sloughing.  

 
Chemical Mechanisms 

 
Inorganic and radiological elements that have physically accumulated on/within sinks 

may be released into the bulk water by a variety of chemical mechanisms, including dissolution 
or destabilization of the sink and contaminant desorption. Just as water chemistry (e.g., pH, 
ORP) and quality (e.g., concentration of trace contaminants and various other constituents) are 
integral determinants of the mechanisms and manifestations of precipitation- and sorption-based 
accumulation phenomena (i.e., these parameters govern which sinks will be thermodynamically-
favored and the partitioning of trace contaminants between liquid and solid phases), these 
parameters can also influence chemical release when existing or equilibrium conditions are 
perturbed. Chemical release can occur both intermittently and potentially on a continuous basis, 
depending on system conditions and the prevailing release mechanisms. 

 
Dissolution 
 

Corrosion scales and precipitates that act as contaminant sinks, as well as trace 
contaminant precipitates, may be solubilized if water quality conditions change. Parameters such 
as pH, ORP, alkalinity, DIC, and phosphate generally govern the thermodynamically-stable form 
of corrosion scales. Other parameters (e.g., calcium, aluminum, sulfate) are also significant with 
regard to the stability of precipitates. Perturbations in these parameters (e.g., due to treatment 
changes, changes in source water quality, source usage changes, dynamic blending of dissimilar 
sources, etc.) have the potential to create disequilibria that can cause progressive dissolution of 
existing precipitates (with release of associated contaminants) and possible formation of new and 
different precipitates with different composition and properties. 

 
Destabilization 

 
Certain water chemistry changes have the potential to weaken or completely destabilize 

existing deposits and scales, leading to their physical release. Such events have the potential to 
contribute to significant and widespread increases in the concentration of solids-associated 
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contaminants at customer taps. Since many of the metal-oxide sinks contribute to discoloration 
of water when present at moderate levels, a degree of consumer protection may be afforded 
because of obvious aesthetic degradation of the water. However, Schock (2005) notes that 
“substantial” concentrations of trace inorganic and radiological elements can exist due to the 
release of small particles of contaminant-bearing scale at levels that are insufficient to cause 
significant turbidity. 

The addition of sequestering agents (e.g., polyphosphates, silicates) can solubilize certain 
minerals in chemical scales. They can also weaken the structure of scale, making it more 
susceptible to break-away by hydraulic disturbances (American Chemistry Council, 2004). Also, 
polyphosphates may increase aluminum leaching from cement-mortar lining by attacking and 
softening cement linings (Snoeyink et al., 2003). 

Predictive factors of chemical destabilization are not well understood. However, this 
phenomenon has been found to occur in cases where a utility made substantial treatment changes 
related to disinfection (e.g., implementation of chlorination, conversion from free chlorine to 
chloramines), pH adjustment (e.g. implementation of caustic soda addition to raise pH), and has 
switched between sources of vastly different quality (e.g., surface water and groundwater). 

 
Desorption 

 
A variety of bench-scale and pipe loop studies involving native and synthesized 

distribution system solids have confirmed that many adsorption reactions of significance to trace 
contaminant accumulation are equilibrium- or quasi-equilibrium based. Just as certain water 
quality conditions can promote or enhance adsorption of a particular contaminant or group of 
similar contaminants to a sink, other conditions (or changes in conditions from an initial 
equilibrium) can impair adsorption or cause desorption and release of previously adsorbed 
contaminants via competitive displacement and surface substitution or ligand-exchange 
reactions. This release can contribute to elevated soluble concentrations of regulated inorganic 
and radiological elements.  

The degree of re-partitioning of contaminants between a sink and the bulk water is a 
complex phenomenon, dependant primarily on the contaminants and sink involved, water 
chemistry and the degree of perturbation from initial equilibrium. Equilibrium isotherm models, 
where they exist, can be used to quantify the change in distribution coefficients and the 
theoretical change in equilibrium concentrations of contaminants in the water column. However, 
the actual extent of re-equilibration may depend on the mechanism of association (e.g., inner- 
versus outer-sphere complexation), mass transfer limitations, and the available mass or surface 
area for desorption. Schock (2005) notes that not all contaminant-sink interactions may be fully-
reversible; for example, co-precipitated, occluded, and/or buried contaminants may be more 
resistant to desorption and/or diffusion into bulk water. Furthermore, certain contaminant-sink 
interactions have been shown to be completely resistant to reversal (characterized as 
chemisorption) under typical conditions and chemical perturbations experienced in drinking 
water distribution systems. 

Copeland et al. (2007) demonstrated the potential for arsenic desorption from native 
distribution system solids by perturbing bulk water pH and orthophosphate concentration. Iron-
rich solids (17.8 to 34.8% iron by weight) were obtained from the distribution system of four 
utilities in the Midwestern U.S. The mineral phases of the solids were determined by X-ray 
diffraction and included goethite, lepidocrocite, calcite, quartz, and dolomite. Contaminant-

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 56 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

partitioning batch experiments were performed under a series of conditions intended to be 
representative potential real-world system operating conditions, i.e., pH levels of 7, 8, and 9 and 
orthophosphate concentrations of 0, 3, and 5 mg/L (i.e., 9 total test conditions per sample). For 
the tests involving pH perturbations and no orthophosphate addition, arsenic was incrementally 
released as pH was increased from 7 to 8 and again from 8 to 9. As expected, the amount of 
arsenic released from the solids into solution generally increased with increasing initial arsenic 
content of the solid. The maximum amount of arsenic released reached 195 μg/L, which 
corresponded to the solid with an initial concentration 6,400 μg of arsenic per gram of solid and 
a test pH of 9. For tests involving orthophosphate addition, the extent of arsenic release increased 
(for all three pH conditions) as the orthophosphate concentration increased. The extent of release 
was positively related to the initial arsenic content of the solid. The maximum amount of arsenic 
release was 110 μg/L, which corresponded to the solid with an initial arsenic concentration 
4,467 μg/g, solution pH of 9, and an orthophosphate concentration of 5 mg/L. There was 
inadequate amount of solid with 6,400 μg/g of arsenic to perform the orthophosphate addition 
tests. The researchers confirmed that desorption, and not dissolution of the solid phases, was the 
predominant release mechanism. The results indicate that arsenic adsorption onto iron-rich sinks 
is reversible under conditions such as pH perturbations and changes in the concentration of 
competing constituents (e.g., phosphate), and that the extent of desorption is related to the 
magnitude of the chemical perturbation and the initial solids arsenic concentration. 

Hill (2004) observed similar pH-influenced desorption effects from iron oxide and iron 
oxyhydroxide adsorbent media used for arsenic treatment (raw water containing 0.02 mg/L of 
arsenic). During a six-month pilot test, adsorbent media operated at ambient conditions (pH 7.7) 
and periodically backwashed with raw water (pH 7.7) showed slight arsenic removal during bed 
fluidization (i.e., adsorption occurred during reverse-flow mode). However, the same type of 
media, when operated at reduced pH conditions (pH 7.0) and periodically backwashed with raw 
water, showed elevated levels of soluble arsenic (as high as 0.07 mg/L) in the backwash stream. 
As backwashing was performed periodically over the six-month test, the arsenic concentration in 
the backwash stream progressively increased for the treatment columns operated at reduced pH 
conditions, which is consistent with the increased arsenic content of the media over time. 

Schock (2005) noted that “a decrease of one pH unit may cause the desorption of some 
metals, or cause significant dissolution of carbonate or oxyhydroxide minerals scales on lead, 
copper, iron or other pipe surfaces.”   

Munk and Faure (2004) developed a natural system analog to demonstrate how small pH 
fluctuations could impact metals mobilization from sediments composed primarily of iron and 
aluminum oxides and hydroxides. The researchers observed that pH fluctuations on the order of 
0.2 units considerably affected the release of previously adsorbed zinc, copper, nickel, 
molybdenum, and cadmium. 

Using kinetic batch experiments and geochemical models, Frau et al. (2008) explored the 
desorptive characteristics of arsenate from three different ferrihydrite-bearing natural samples: 
(1) a mine tailings sample (52,400 mg Fe per kg; 19,400 mg As per kg); (2) a streambed 
sediment sample (27,600 mg Fe per kg; 2,300 mg As per kg); and (3) a top soil sample (39,870 
mg Fe per kg; 900 mg As per kg). Each solid was immersed in pure water (as a control) and pure 
water spiked with varying amounts (0.01 M and 0.1 M) of the anions orthophosphate, carbonate, 
sulfate, nitrate, and chloride, at a pH range of 7.5 to 8.0. The soluble arsenic concentration was 
monitored over a 24-hour period in each batch solution. The results indicated conclusively that 
the highest arsenic mobility was obtained when the solids were exposed to orthophosphate- and 
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carbonate-rich solutions, which was attributed to competitive displacement and substitution. 
Sulfate was shown to provide moderate competition with arsenic, while nitrate and chloride 
solutions produced a desorption profile similar to that of pure water (indicating minimal 
competitive effect). The experimental data also show that the extent of arsenic mobilization was 
roughly proportional to the initial arsenic content associated with the ferrihydrite fraction of the 
sample. Pseudo-equilibrium conditions were attained after 24 hours. 

Using pipe rig experiments, Davis et al. (2005) studied the impact of orthophosphate 
addition on arsenic mobilization from solids formed in ductile iron, galvanized, and copper 
pipes. The pipes were equilibrated with a bulk water arsenic concentration of 0.010 mg/L. The 
introduction of 1 mg/L of phosphate followed by a three-hour stagnation period resulted in 
arsenic release that exceeded the control (i.e., no orthophosphate addition) by 1.6 to 15 times, 
yielding soluble arsenic levels as high as 1.5 mg/L. 

Su and Suarez (2000) demonstrated the hysteretic adsorption-desorption profile of 
selenite and selenate onto amorphous ferric hydroxide and goethite substrates. Selenite, in 
particular, was shown to exhibit chemisorption. 

 
POTENTIAL FACTORS AFFECTING CHEMICAL RELEASE  

 
Water chemistry changes capable of contributing to chemical release can occur as a result 

of natural factors as well as engineering and operational measures. 
 

Source Water Quality  
 
The quality of a particular source may experience periodic (e.g., seasonal) or frequent 

(e.g., diurnal) variations in water quality parameters that can impact adsorption/desorption 
phenomena and stability of precipitates. This is particularly applicable for surface water supplies, 
where frequent and relatively significant variations in pH, alkalinity, DO, NOM and temperature 
can occur (Davis et al., 2003). For example, during algae blooms and decay periods, significant 
pH and DO fluctuations can occur. 

 
Source Usage Patterns 

 
Many utilities rely on multiple sources of supply to meet system demands. Just as 

demand typically varies on seasonal and diurnal basis, so too may the operation of supply 
sources. Examples of source usage patterns that can influence bulk water quality in the system 
include addition of a new source; periodic source switching; seasonal use of certain sources (e.g., 
to meet peak demands); and variations in the supply rate of different sources, which can alter 
blend fraction.  

 
Treatment Changes 

 
The conversion of existing treatment and/or implementation of new treatment processes 

can alter finished water quality of a particular source. Examples of treatment changes that may 
contribute to contaminant release include pH adjustment practices, implementation or 
optimization of corrosion control treatment, and implementation or conversion of disinfection. 
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Many water utilities implement pH adjustment practices to enhance chemical treatment 
(e.g., coagulation, primary disinfection), control disinfection by-product (DBP) formation, and/or 
to reduce materials corrosion (e.g., lead and copper plumbing, cement-based materials). Since 
pH is such an integral determinant of mineralogical stability, particle surface charge, and 
adsorptive equilibrium conditions, the application of a new pH target can contribute to scale 
instability, mineral dissolution, and/or contaminant mobility within the system. Also, even with 
engineered treatment systems, it is not uncommon for finished water pH to vary during normal 
conditions, particularly if the water is poorly buffered (Schock and Holm, 2003). 

Orthophosphate and/or carbonate application is a common approach to improve corrosion 
resistance and scale stability of lead and copper components. The addition of orthophosphate 
and/or carbonate may contribute to mineral phase transformation and/or desorption of 
contaminants via competitive-displacement reactions. 

Changes in disinfection practices can have a dramatic impact on the stability of 
contaminants and sinks, primarily due to its influence on ORP and pH. Examples of disinfection 
changes that may present an issue include: initial implementation of disinfection; changing the 
disinfection method from free chlorine to chloramine, or vice-versa; increasing or decreasing 
disinfectant residual, which can occur due to intentional treatment/dose changes as well as 
dynamic trends in chlorine residual within the distribution system due to water age; and periodic 
switching from chloramine to free chlorine (which is often practiced to control seasonal 
nitrification). Regarding implementation of chloramination, the occurrence of ammonia can 
contribute to an increased potential for nitrification. Nitrification reactions consume DO and 
alkalinity, thereby reducing ORP and pH, respectively. The magnitude of the pH depression can 
be significant in poorly buffered waters (Schock, 2005). 
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CHAPTER 3 
FIELD STUDY DESIGN 

 
 
INTRODUCTION 
 

A field study design involving extensive utility participation was developed to pursue the 
specific objectives of this research. The purpose of this chapter is to describe elements and 
rationale of the experimental design that were used to guide utility participation and sample 
generation. The experimental design was developed as part of a Quality Assurance Project Plan 
(QAPP) prepared per USEPA QA/R-5 guidelines. 

The field study design consists of three basic elements: (1) solicitation and selection of 
utility participants; (2) development of participation approaches; and (3) development of 
methodologies for field monitoring and the collection, handling and delivery of field samples. 
Sample preservation, solids processing, and laboratory analytical activities performed by the 
research team are described in Chapter 4. 

The field study design was tailored to the goal of performing a broad occurrence-style 
study. The essence of this approach was to maximize the number of different utility participants 
and corresponding samples to gain a more comprehensive understanding of the accumulation 
patterns of inorganic and radiological elements, i.e., to identify which elements accumulate and 
at what range of levels. In selecting this approach, it was recognized and accepted that project 
resource constraints would prevent performance of a statistically-valid occurrence study and that 
such a broad approach would be less favorable for quantifying the impact of utility- and site-
specific factors such as water quality, hydraulic conditions, utility maintenance practices, and 
pipe material. It was decided that detailed surveys and case studies would be performed for each 
utility participant so that data and information relevant to system- and site-specific accumulation 
findings would be available to perform a limited amount of data interpretation and for future 
reference. 

 
UTILITY AND SITE SELECTION 

 
Guidelines were created to help select utility participants and identify preferred sample 

locations for each selected system. Firm criteria were not established as it was recognized that 
the willingness and ability of utilities to participate under the constraints of this study were likely 
to limit the pool of available participants. The process of soliciting and selecting utility 
participants was guided by the following considerations: 

 
1. Utility preferences, logistical issues/constraints, and sample availability (e.g., available 

resources; ability to incorporate study participation into a planned main replacement or a 
routine flushing program; pipe specimen availability from main break repairs, and/or 
“boneyard” storage areas, etc.) 

2. Capture a diverse range of system conditions, including differing source water types, 
treatment and post-treatment applications, finished water qualities, and pipe materials, 
sizes, ages (time in service), and conditions. These considerations were further qualified 
as follows: 
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 Emphasize systems/zones that are relatively “small and simple” to reduce the 
number of variables that could impact accumulation trends and hence allow for 
more reliable data interpretation. The phrase “small and simple” was primarily 
intended to reflect spatial and temporal uniformity of water quality. 

 Emphasize systems where there is moderate presence of trace elements 
(especially radium and/or uranium, and to a lesser extent trace metals) and other 
inorganic compounds that may serve as accumulation sinks (e.g., manganese, 
phosphate). Most of these elements are more prevalent in groundwater due to the 
erosion and dissolution of mineral ores. As a result, this consideration skewed the 
utility pool towards water systems that supply groundwater. 

 Emphasize areas that have a greater likelihood of deposit accumulation (e.g., 
areas of chronic water quality concerns related to solids deposition and/or 
discoloration; areas that have not been recently flushed, cleaned, or contain new 
piping; pipe specimens with significant accumulated scale, dead-end segments, 
etc.). The purpose of this consideration was to obtain samples with adequate 
deposit material for subsequent processing and analysis. 
 

These qualifications could be considered “high risk” for accumulation of trace elements. 
This underscores the need to discount the results as being statistically representative of a true 
occurrence study. 

 
PARTICIPATION APPROACHES 

 
During development of the field study design, it was recognized that a variety of different 

participation approaches could be applied, with each having various abilities to meet one or more 
or the specific project objectives outlined in Chapter 1. In general, each potential approach 
offered a distinct tradeoff between its relative ease of implementation and its ability to fulfill 
project objectives. Rather than require the use of a single approach, the field study design 
allowed utilities to select from five different participation approaches. This was done primarily to 
provide flexibility to encourage participation, as it was recognized that different utilities would 
have varying resources, interests, and constraints that would affect their ability to participate. 
The five approaches were presented to prospective participants in order of preference to support 
the specific project objectives. Each utility was urged to participate at the highest level possible, 
as well as at multiple levels to maximize the number of samples. A description of each of the 
five approaches is provided below. 

 
 Approach 1 – Unidirectional Flushing and Pipe Specimen Extraction. This approach 

involved the application of unidirectional flushing with solids capture on a selected water 
main, followed by physical extraction of a pipe specimen from the just-flushed main. 
Field monitoring and distribution system water sample collection were to be performed at 
the same site. 

 Approach 2 – Pipe Specimen Extraction. This approach involved physical extraction of 
a pipe specimen from the distribution system. The extraction could be planned, e.g., as 
part of a water main replacement program, or unplanned, e.g., from a water main break 
and replacement effort. Field monitoring and distribution system water sample collection 
were to be performed at the same site. 
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 Approach 3 – Boneyard Pipe Specimen. This approach involved collection of a well-
preserved pipe specimen from a utility storage area. Field monitoring and distribution 
system water sample collection were to be performed from the approximate system site 
where the pipe was originally located. 

 Approach 4 – Unidirectional Flushing. This approach involved the application of 
unidirectional flushing with solids capture on a selected water main. Field monitoring and 
distribution system water sample collection were to be performed at the same site. 

 Approach 5 – Conventional Flushing. This approach involved the application of high-
rate conventional hydrant flushing with solids capture. Field monitoring and distribution 
system water sample collection were to be performed at the same site. 
 
A utility protocol (Field Protocol, which is provided in Appendix A) was developed and 

provided to all utility participants in advance of the field activities. The protocol provides details 
of each participation approach and Standard Operating Procedures (SOPs) for sample collection, 
field analysis, and sample handling. These procedures were developed to help ensure 
standardization of sampling practices and generation of high-quality data amongst all utility 
participants. This protocol can be used by other utilities that would like to perform similar 
sampling activities for their system. 

 
SAMPLE GENERATION METHODS 
 
Solid Samples 

 
Two methods for obtaining native distribution system deposit material were accepted for 

use in this study: (1) hydrant flushing and (2) pipe specimen collection. The specific sampling 
techniques for each of these methods are described in the  Field Protocol. General considerations 
are presented below. 

 
Hydrant Flush Solids  

 
Hydrant flush solids were obtained by opening a fire hydrant at designated sample 

locations and capturing suspended solids from the discharge stream in a special net assembly. 
Flushing options included unidirectional flushing, or UDF (referred to as particle capture trials), 
as well as conventional flushing (referred to as alternative particle capture trials), with the 
difference being that the former allows for quantification of normalized mass. These methods 
were considered to yield hydraulically-removable accumulated material since without 
subsequent pipe extraction, there was no reliable method to estimate remaining mass within the 
water main. Collection of hydraulically-removable material is of interest because it allows for the 
characterization of potential contaminant exposure due to hydraulic disturbances. The following 
guidelines were applied for collection and handling of hydrant flush solids: 

 
 A net assembly should be used to capture suspended solids from the hydrant 

discharge stream (as illustrated in Figure 3.1). The assembly should consist of a 
coarse (308-micron) synthetic mesh net housed inside a fine (57-micron) synthetic 
mesh net housed inside of elastic pantyhose. For this investigation, the synthetic mesh 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 62 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

nets were obtained from Normesh Limited in the United Kingdom 
(www.normesh.co.uk) and provided to utilities. 

 In the application of UDF, the applied flushing velocity should be 8.0 ± 0.5 feet per 
second (fps) to ensure a consistent definition of hydraulically-removable material. 
The UDF flush must be continued until specific terminating criteria have been met. 

 In the application of conventional flushing, the hydrant discharge rate should be as 
high as possible without causing damage to the net assembly (or the immediate 
surroundings). 

 Once removed from the hydrant, the net assembly should be folded and placed as-is 
into a large plastic bag with seal. Special care should be taken to prevent loss of 
solids during this process. 

 

 
 

Figure 3.1  Use of special net assembly to collect discharge solids during hydrant flush 
trials 
 
Pipe Specimens 

 
Pipe specimens were obtained from “live” extractions, main breaks, and utility storage 

areas (i.e., “boneyard” pipe specimens, typically resulting from water main replacement 
activities). Pipe specimen samples were considered to represent total mass which, in comparison 
with flush solids, was operationally considered to represent hydraulically-inert accumulated 
material. Differentiation of hydraulically-removable and hydraulically-inert material was a 
desired goal of this investigation, though it was recognized that most utilities would not be able 
to participate at this level. Since the broader study objective was to assess total accumulation, the 
participation protocol emphasized maximizing the number of pipe specimen samples, including 
boneyard specimens. The following guidelines were applied to the collection and handling of 
pipe specimen samples: 

 
 Where possible, pipe specimens should be located along mid-span of a straight pipe 

segment, far from bends, tees, valves, or other fittings. This helps to prevent 
accumulation “anomalies” that may be associated with the unique hydraulic conditions 
experienced near these features. 
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 For boneyard samples, it is necessary that the internal surface have been protected from 
rain and weathering. Collection of a short specimen near mid-span of a pipe segment 
should help ensure this condition. 

 For boneyard samples, it is desirable, though not strictly required, that the general 
location of the distribution system from which the segment/specimen was collected can 
be identified (to support water quality monitoring and water sample collection). 

 If needed, the pipe segment should be cut by the utility in order to provide a one- to two-
foot pipe specimen. During this process, care should be taken to avoid loss of any 
accumulated material from within the specimen. Any large chunks/flakes of deposit that 
may be released during the extraction or cutting process should be set within the pipe 
specimen prior to wrapping it up. 

 In preparation for shipping, each pipe specimen should be securely sealed and wrapped to 
ensure containment of all solids during transit.  
 

Water Samples 
 
For each participating utility, information on distribution system water quality was sought 

to allow for examination of potential relationships between water quality and elemental 
composition of deposits. Water quality conditions were ascertained through “snapshot” 
monitoring and water sample collection under routine and representative system operating 
conditions. Sample-ready containers and coolers were provided to each utility for the collection 
and shipping of water samples. 

Distribution system monitoring and water sample collection was performed for each 
unique sample site. In cases where distribution system water quality was reported to be relatively 
uniform on both a spatial and temporal basis, a single sampling event was performed at a system 
tap and the results were considered representative of each solid sample for that system. In cases 
where the water quality was known to vary substantially on a spatial basis within a given system, 
separate water samples were collected for each site. In a few instances, a sample site was known 
to represent either a “dynamic” blend of multiple sources or was exposed to dissimilar water 
supplies over the course of the year. In these instances, historical water quality records for each 
source that served the area were obtained from the utility, and the annual supply-weighted 
average water quality conditions were determined and applied to the site. If the blend was either 
near constant (i.e., non-dynamic) or involved dynamic blending of sources of similar water 
quality, then distribution system sampling was performed. 

Utility staff performed field measurement of several general water quality parameters 
(e.g., pH, alkalinity, disinfectant residual, turbidity, etc.) at the same time and location as water 
sample collection. The measurement techniques and quality control procedures related to these 
measurements are included in the Field Protocol. The results of field testing were recorded on 
data collection forms, which were ultimately shipped along with the various samples. 
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CHAPTER 4 
PROCESSING AND ANALYTICAL METHODS 

 
 
INTRODUCTION 
 

A variety of samples of differing matrices were generated as part of this research study, 
including distribution system water samples, native distribution system deposit and scale samples, 
and solids extract preparations. The purpose of this chapter is to describe the various activities, 
methods, and materials involved with sample handling, processing, and analysis; field 
measurements performed by utility staff; and quality control (QC) procedures applied to meet data 
quality objectives. The activities described herein were guided by the aforementioned QAPP. 

 
SAMPLE COLLECTION 

 
Sample harvesting, collection, preservation, and shipping requirements were described in 

the Field Protocol, which was provided to each utility participant in advance of the field 
activities. Three different types of samples were provided: (1) pipe specimens, either obtained 
from a recent live extraction or from a utility storage area (i.e., “boneyard” specimens); (2) 
hydraulically-mobile deposit material collected during a recent hydrant flushing event; and (3) 
distribution system water samples. Where appropriate, the distribution system water samples 
were collected to correspond to each solid sample (i.e., at a site near the location where the solid 
sample was obtained). Pre-rinsed (with 1.0 M nitric acid), pre-cleaned, sample-ready containers 
were shipped to each utility in advance for collection of water samples. General water quality 
parameters (e.g., pH, temperature, alkalinity, disinfectant residual, and turbidity) were measured 
at the same time and location as water sample collection. The results of the field testing effort 
were recorded on data collection forms, which were ultimately shipped along with the various 
samples. The data collection forms doubled as chain-of-custody documentation. 

 
SAMPLE RECEIPT  

 
Distribution system water and solid samples provided by utility participants were shipped 

directly to the Environmental Engineering and Science Laboratory (EES) at the University of 
Iowa for subsequent processing, distribution, and analysis. Upon receipt, each sample was 
catalogued and assessed for integrity, conformance to applicable specifications (e.g., headspace-
free conditions for radon vials, pipe specimens capped, etc.), and to ensure applicable holding 
time limitations were not exceeded (for water samples only). All validated samples were 
subsequently labeled using a coding scheme that consisted of a unique utility identifier (intended 
to maintain anonymity) followed by a letter indicating the sample number from that utility. 
Paired solid and water samples were given the same sample identifier. For example, sample WA-
C represents sample “C” collected from utility “WA.” In some instances, a single water sample 
was considered representative of multiple solid samples. 

Following cataloging and validation, water samples were preserved and stored in 
accordance with Standard Methods for the Examination of Water and Wastewater, 20th Edition 
(Standard Methods). Duplicate water samples were obtained for radium and radon analysis. EES 
retained one set of each sample and distributed the duplicate set to the University of Iowa 
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Hygienic Laboratory (UHL). Water samples intended for radium analysis were acidified with 
concentrated nitric acid to a pH of 2. Water samples intended for radon analysis were analyzed 
within four days of the reported sampling date/time to reduce error associated with activity decay 
(since radon has a half-life of only 3.8 days). The measured radon activities were “corrected” to 
account for the actual holding time. A limited number of water samples intended for radon 
analysis were invalidated due to excessive holding time. In these cases, the utilities performed re-
sampling to obtain valid samples. 

Original (unpreserved) water samples designated for analysis of inorganic elements were 
shipped to the Department of Civil and Environmental Engineering (CEE) at the University of 
Washington. Upon their receipt, the samples were filtered through a 33-millimeter Millex®-HA 
syringe filter (Millipore Corporation, Bedford MA) with a 0.45-μm nominal pore size to remove 
particulate matter. This was performed to ensure that water quality results were reflective of the 
dissolved concentration of the various elements, as well as to prevent fouling of the analytical 
instrument. Ideally, filtration to separate out soluble metals should be performed on-site during 
sample collection. Logistical issues prevented this approach for this study. Since filtration was 
performed off-site several days after sample collection, it is possible that some fraction of 
soluble elements may have adhered to the walls of the sample container, in which case the 
measured/reported results would underestimate the true soluble concentration. The filtrate was 
acidified to reach a 1% nitric acid concentration and placed in 15 mL conical polypropylene test 
tubes. The samples were then spiked with internal standards (45Sc, 74Ge, and 103Rh) and analyzed 
immediately thereafter or stored at 4°C until the time of analysis.  

 
SOLID SAMPLE PROCESSING 

 
Pipe Specimens 

 
For each pipe specimen, a single “batch” of solid material was obtained (where adequate 

accumulated material was available) for subsequent processing and analysis. To obtain this 
sample, deposit material was manually removed from the inside of the specimen by chiseling and 
scraping. To avoid contamination, the pipe specimens were not cut or spliced. Deposit material 
was removed to the extent that the inside pipe wall (or lining, if present) was completely visible. 
This ensured that the complete depth of deposit was represented. Where possible and practical, 
accumulated deposit was removed from the entire inner pipe surface and combined with any 
loose material present. In some instances where it was difficult or impractical to remove deposit 
from the entire inner surface, instead it was removed from a smaller area that appeared 
representative of the majority of the accumulated material throughout the length of the pipe 
specimen and spanned the entire inner circumference of the pipe, thus ensuring that material was 
removed from both the top, bottom, and sides. In each case, the area of pipe from which deposit 
material was obtained was measured and recorded. Table 4.1 summarizes the typical range of 
areas from which deposit samples were obtained, categorized by pipe diameter. Only those pipe 
specimens with visible mass are included in the calculations of range and average area.  

Following its removal, the solid material was dried at 217°F (103°C) for 24 hours and 
then weighed to determine total mass (m, in grams). The surface-area normalized mass (mA, in 
grams per square foot, or g/sft) was calculated based on the inner pipe area from which the mass 
was removed. Length-normalized dry mass (mL, in grams per foot, or g/ft) and volume-
normalized dry mass (mV, in grams per cubic foot, or g/cft) were calculated for each sample as 
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mAπD and 4mAD-1, respectively, where D represents the inside pipe diameter (in feet). Volume-
normalized dry mass results were subsequently converted to units of grams per liter (g/L) to 
simplify subsequent calculations involving data interpretation. 

After drying and weighing, each sample of solid material crushed and pulverized using a 
mortar and pestle. The crushed material was subsequently passed through a Number 50 sieve 
(300-μm mesh) and homogenized prior to its analysis. Macro-photographs (provided in 
Appendix C) were taken of several of the deposit materials in various phases of the processing 
sequence (e.g., in the original pipe specimen, flakes of scale scraped from the inner pipe surface). 

 
Table 4.1 

Distribution of pipe area used for deposit removal 
Pipe Diameter 

(inches) 
Total No. of 

Pipe Samples 
No. Samples 
with Deposit 

Average Area 
(sft) 

Range of Areas
(sft) 

1.0 to 2.25 5 5 0.09 0.03 – 0.13 
3.75 to 4.0 14 13 0.89 0.12 – 2.62 
6.0 14 10 1.03 0.13 – 3.93 
7.75 to 24 11 7 0.60 0.22 – 1.00 

Unknown (broken  
pieces) 2 0 Not Applicable Not Applicable 

 
Hydrant Flush Solids 

 
For deposits collected from hydrant flush events, the net assembly consisting of twin 

hydrant nets and/or pantyhose was air-dried to facilitate removal and combination of the solids 
from each net. The collective deposit material was further dried at 217ºF (103ºC) for a period of 
24 hours and then weighed to determine the total mass (m, in grams). After drying and weighing, 
each sample of solid material crushed and pulverized using a mortar and pestle. The crushed 
material was subsequently passed through a Number 50 sieve (300-μm mesh) and homogenized 
prior to its analysis 

 
SOLIDS EXTRACTION ACTIVITIES 
 
Extraction Approaches 

 
There are no prescribed or standard methods for measurement of the contaminant content 

of distribution system solids. The approach used in this project involved initial extraction 
(digestion) to solubilize the deposit matrix and release the associated contaminants into an 
aqueous phase, followed by the application of Standard Methods and/or USEPA methods for 
analysis of dissolved substances. The inherent limitation to this approach is that the extent of 
contaminant release (and hence the determination of the actual content of the deposit sample) is 
dependent on the extraction method used (as well as the ability to correct for potential matrix 
interferences due to co-extracted compounds). A variety of different solids extraction approaches 
have been developed, with most tailored to certain mineral families. Distribution system deposits 
are typically comprised of a mixture of dissimilar solid compounds, with each having differing 
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affinities for dissolution under certain conditions. There are no known solid standard reference 
materials (SRMs) reflective of the matrix of distribution system corrosion scales and deposits 
(e.g., metal oxides) that can be used for direct comparison and/or to identify a preferred 
extraction approach. Furthermore, this study was not intended to be an exercise in the 
exploration or development of extraction methodologies for distribution system deposits. 

Given these complications and constraints, the approach taken in this study was to 
attempt to maximize solid dissolution and contaminant release without creating excessive 
analytical challenges due to matrix interferences and/or having to employ exotic (e.g., multi-
stage) digestion procedures. As a result, the elemental composition of deposit samples is 
operationally defined (i.e., it is specific to the extraction method used), leading to estimates that 
are likely somewhat less than the absolute maximums. However, from a practical standpoint, 
given the extreme conditions used to accomplish the extraction, the amount of contaminant 
extracted should well exceed that which could be chemically-released under conditions that 
could be encountered in actual water distribution systems.   

Through consultation with industry experts from the USEPA, USGS, and academia, and 
taking into account project resource and analytical constraints, the following two extraction 
methods were evaluated for their ability to solubilize deposit material and extract radium. The 
specific procedures involved with these methods are discussed below. 

 
• USEPA Method 3050B (Acid Digestion of Sediments, Sludges, and Soils) 
• Acid-Hydroxylamine Digestion (UIAHA Method) (Stearns, 1993) 

 
USEPA Method 3050B 

 
USEPA Method 3050B is a strong digestion technique capable of dissolving nearly all 

elements that could become environmentally available. This method was used to extract a pre-
weighed amount of crushed solid (typically about 1.0 gram) in a mixture of 10 mL of 
concentrated nitric acid, 8 mL of deionized water, and 10 mL of 30% hydrogen peroxide. During 
reagent addition, the sample was heated just below its boiling point for four hours. After a 
cooling period, the sample was filtered through a Whatman 934-AH glass microfiber filter. The 
container was subsequently rinsed with deionized water, and the sample was diluted with 1% 
nitric acid up to a final volume of 100 mL. The filter was subsequently dried and weighed to 
determine the mass of non-dissolvable material. 

 
Acid-Hydroxylamine Method 

 
The UIAHA approach (described in Stearns, 1993) was adopted from methodology used 

in soil analysis to dissolve reducible and acid-soluble metal oxides. This method was used to 
extract a pre-weighed amount of crushed solid (typically about 1.0 gram) in a mixture that 
included five grams of hydroxyl-amine hydrochloride (a strong reductant) dissolved in 100 mL 
of 0.1 N hydrochloric acid solution. After 24 hours, the mixture was filtered through a Whatman 
934-AH glass microfiber filter and rinsed with deionized water and 10 N hydrochloric acid rinse 
to the desired filtrate volume. The filter was subsequently dried and weighed to determine the 
mass of non-dissolvable material. 
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Method Comparison 
 
Sample CC-A was used to provide an initial comparative evaluation of these two 

extraction methods. When applied to sample CC-A, USEPA Method 3050B resulted in 
substantially higher mass-normalized levels of extracted 226Ra (as measured by USEPA Method 
900.1) compared to the application of the UIAHA method (i.e., 56.2 pCi/g versus 4.2 pCi/g, 
respectively). Another critical finding was that the dissolution rate of crushed material differed 
significantly between the two approaches. An average of 81.5% of extracted mass dissolved for 
USEPA Method 3050B compared to only 40% for the UIAHA method. The additional mass 
dissolved when using USEPA Method 3050B was thought to help explain the higher extracted 
226Ra levels, along with additional 226Ra desorption accompanying the exposure of additional 
internal surface area. Based on the use of standard additions and comparison to laboratory-
fortified deionized water blanks, matrix interferences were not found to be significant for either 
extraction method. As a result of achieving more complete extraction, USEPA Method 3050B 
was adopted as the primary extraction method for all subsequent activities. Upon the completion 
of extraction procedures for all deposit samples, it was concluded that USEPA Method 3050B, 
despite being developed for soils, sludges, and sediment material, is generally an effective 
extraction method for the dissolution of metal oxide deposit materials commonly found in 
distribution systems. This method routinely resulted in 60 to 90% dissolution of distribution 
system deposits without significant matrix interferences at masses required to observe 
measurable levels of trace elements in extract solution. USEPA Method 3050B is also commonly 
used by commercial laboratories for metals determination in solid matrices, so it provides a good 
point of reference. 

During the initial evaluation of the extraction methods, and throughout the analytical 
phase, extensive QC testing was performed to assess and address matrix interferences for these 
extraction methods. Furthermore, USEPA Method 3050B, once adopted as the primary 
extraction method, was applied to a commercially-available SRM to assess extraction efficiency 
and identify the possible presence of any systematic biases with regard to recovery of inorganic 
elements. These activities and results are described later in this chapter under Quality Control 
Procedures. 

Extracted sample aliquots were subsequently distributed to CEE (for analysis of 
inorganic elements and uranium) and to UHL (for limited comparative analysis of 226Ra). Mass-
permitting, several samples of (non-extracted) crushed solids were sent to USEPA for 
compositional determination of total carbon, inorganic carbon, and sulfur. 

 
Conversion and Reporting 

 
Following determination of the concentration of the various trace and matrix elements in 

the solids extract solutions (or diluted portions thereof), the concentration results were converted 
back to solids phase concentration results. In the instances where an aliquot of extract solution 
was diluted prior to analysis, the measured results were corrected to reflect the dilution ratio. The 
concentration results for the extract solution were multiplied by the total filtrate volume to 
determine the mass of various elements that were extracted and released. The results for 
“released” mass were normalized to the mass of crushed deposit material that was applied in the 
extraction procedure. To assist with this conversion process, a parameter defined as the extracted 
concentration was calculated as the mass of crushed deposit material applied in the procedure 
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divided by the final filtrate volume. This parameter was typically in the range of 1 to 2 grams per 
100 mL (i.e., 10 to 20 grams per liter). Determination of the solids concentration with regard to 
the various trace and matrix elements involved dividing the concentration results in the extract 
solution (units of μgi/L) by the extracted concentration (units of g/L). 

As a result of these conversion steps, the solids concentration results have been expressed 
in terms of micrograms of element i per gram of deposit applied in the extraction process (μgi/g). 
For reference, 1.0 μg/g is equivalent to one part-per-million in the solid phase. It should be noted 
that in some related studies, reporting units of mgi/kg have been used – this is equivalent to μgi/g. 
In cases where the deposit concentration results for an element exceed 1,000 μg/g, the results are 
also presented as weight percent (wt%). For reference, 10,000 μg/g is equivalent to 1.0 wt%, i.e., 
one part-per-hundred in the solid phase. Regarding radium isotopes, since extract solution 
concentrations were determined as pCi per liter, the resulting solids phase concentration results 
were expressed as pCi per gram of deposit extracted (pCi/g). 

Complete solubilization of deposit material was not possible for any of the samples. In 
each extraction trial, a portion of the crushed deposit matrix was refractory in nature and was 
subsequently recovered during filtration of the extract solution. The fraction of deposit material 
dissolved per USEPA Method 3050B was calculated per equation 4.1. 

 

 
The term Me represents the mass of crushed deposit applied in the extraction procedure. 

The term Mr represents the mass of material recovered during the filtration step. Considering the 
58 total samples with adequate mass for processing, the dissolved fractions ranged from 24 to 
96%, with an average ±standard deviation of 78% ±15%. It should be noted that if trace elements 
are contained within the refractory material, then the actual total solids concentration of trace 
elements, when expressed as microgram per gram of deposit extracted, would be greater than the 
values reported in this study. However, without the application of more sophisticated extraction 
techniques, the composition of the refractory material with regard to both common matrix and 
trace elements cannot be reliably quantified. This is likely not significant with regard to chemical 
release since the extraction conditions applied are considerably more aggressive than any 
condition encountered in an actual water distribution system. However, it may present 
implications with regard to physical or hydraulic releases where exposure to entire deposits is 
possible. Given the relatively high dissolution fractions achieved in this study, the ability of the 
extraction process to desorb contaminants from the exposed surfaces of the refractory portions of 
material, and the relative absence of matrix effects, the results presented in this report are 
believed to closely represent the true total concentrations of the majority of deposit samples with 
regard to trace elements. However, for samples with relatively low dissolution fractions, the 
deposit composition results should be qualified with regard to the above considerations. 

 
ANALYTICAL PARAMETERS AND METHODS  

 
This investigation involved an extensive amount of field and laboratory analysis by several 

parties, including utility participants. The Quality Assurance Project Plan and Field Protocol were 
developed to ensure that each party analyzed samples in a consistent and approved manner. 

Dissolved Fraction = 100 × Me–Mr

Me
[=] % (4.1)
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Water quality parameters and analytes were selected based on a variety of factors, 
including their occurrence in water sources and use in treatment applications; their potential for 
accumulation on distribution system surfaces; their general concern to the industry; their 
significance in governing the thermodynamically-stable forms of corrosion scale and chemical 
precipitates; their role in influencing the distribution of contaminants between water and 
deposits; and various analytical, resource, and cost constraints. During initial development of the 
analytical plan, a panel of experts representing private industry, academia, and governmental 
institutions assisted with the selection of analytical parameters. The selected parameters were 
categorized into the following three groups: 

 
• Group 1: Trace inorganic and radiological elements. This includes antimony (Sb), 

arsenic (As), barium (Ba), cadmium (Cd), chromium (Cr), lead (Pb), nickel (Ni), 
selenium (Se), thallium (Tl), uranium (U), vanadium (V), radium (Ra), and radon (Rn).  

• Group 2: Common matrix elements. This includes aluminum (Al), calcium (Ca), 
carbon (TC), inorganic carbon (TIC), iron (Fe), manganese (Mn), magnesium (Mg), 
organic carbon (TOC), phosphorus (P), silicon (Si), sulfur (S), and zinc (Zn). 

• Group 3: General water quality parameters. This includes pH, temperature, 
alkalinity, turbidity, and secondary disinfectant type and residual concentration. 
 
The elements categorized in Groups 1 and 2 are depicted in the periodic table provided as 

Figure 4.1. These elements were assessed in a laboratory setting (i.e., EES, CEE, UHL, and 
USEPA) for distribution system water samples and solids extract preparations. The parameters in 
Group 3 were measured on-site by utility staff for distribution system water samples. Table 4.2 
provides a summary of the analytical methods applied for each parameter and the corresponding 
method detection limits (MDLs). Determination of deposit composition with regard to TC, TIC, 
and S was assessed by the USEPA. The analytical methods employed for these parameters are 
addressed separately. 
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Figure 4.1  Distribution of Group1 and Group 2 elements  

 
Inorganic Parameters 

 
Inorganic elements in Groups 1 and 2 were analyzed at CEE by the method of inductively 

coupled plasma-mass spectroscopy (ICP-MS) per Standard Method 3125. The following 
isotopes were targeted for analysis: 27Al, 75As, 138Ba, 42Ca, 111Cd, 52Cr, 56Fe, 24Mg, 55Mn, 60Ni, 
31P, 208Pb, 123Sb, 82Se, 28Si, 205Tl, 238U, 51V, and 66Zn. Correcting equations were introduced for 
arsenic and selenium to account for specific ion interferences. For 75As, corrections for effects of 
77ArCl and 72Se were made. For 82Se, correction for effects of 83Kr was made. For 208Pb, 
corrections for the natural isotopic variability of lead isotopes (e.g., 206Pb, 207Pb) were made.  

Analyses were carried out with a PerkinElmer ELAN DRC-e ICP-MS instrument equipped 
with an AS 93 Plus auto-sampler (PerkinElmer Instruments, Shelton CT). Atomization was 
achieved using a MicroMist nebulizer with baffled cyclonic spray chamber (PerkinElmer 
Instruments, Shelton CT). Data processing and acquisition were carried out using ELAN 
instrument software (version 3.3). Table 4.3 summarizes the basic instrument settings that were 
used for all ICP-MS analyses. Excluding iron, all inorganic elements were analyzed using the 
standard mode (involving a dynamic bandpass tuning parameter of 0.25). Iron measurements were 
made in the Dynamic Reaction Cell mode to remove interfering ions. This mode involved use of 
ammonia as a reaction gas (0.5 mL/min) and a dynamic bandpass tuning parameter of 0.50.  

 
   

Group 1 Elements
Trace Inorganic and Radiological Elements

Group 2 Elements
Common Matrix Elements
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Table 4.2 
Summary of analytical methods 

Parameter Group 
Number 

Analytical 
Method 

Method Detection 
Limit 

Location of Analysis 
or Measurement 

Aluminum 2 SM 3125 (ICP-MS) 0.135 μg/L CEE Laboratory
Arsenic 1 SM 3125 (ICP-MS) 0.120 μg/L CEE Laboratory 
Barium 1 SM 3125 (ICP-MS) 0.024 μg/L CEE Laboratory 
Calcium 2 SM 3125 (ICP-MS) 3.390 μg/L CEE Laboratory 
Cadmium 1 SM 3125 (ICP-MS) 0.003 μg/L CEE Laboratory 
Chromium 1 SM 3125 (ICP-MS) 0.054 μg/L CEE Laboratory 
Iron 2 SM 3125 (ICP-MS) 0.165 μg/L CEE Laboratory 
Magnesium 2 SM 3125 (ICP-MS) 0.288 μg/L CEE Laboratory 
Manganese 2 SM 3125 (ICP-MS) 0.012 μg/L CEE Laboratory 
Nickel 1 SM 3125 (ICP-MS) 0.045 μg/L CEE Laboratory 
Phosphorus 2 SM 3125 (ICP-MS) 0.285 μg/L CEE Laboratory 
Lead 1 SM 3125 (ICP-MS) 0.003 μg/L CEE Laboratory 
Antimony 1 SM 3125 (ICP-MS) 0.006 μg/L CEE Laboratory 
Selenium 1 SM 3125 (ICP-MS) 0.009 μg/L CEE Laboratory 
Silica 2 SM 3125 (ICP-MS) 1.893 μg/L CEE Laboratory 
Thallium 1 SM 3125 (ICP-MS) 0.003 μg/L CEE Laboratory 
Uranium 1 SM 3125 (ICP-MS) 0.003 μg/L CEE Laboratory 
Vanadium 1 SM 3125 (ICP-MS) 0.078 μg/L CEE Laboratory 
Zinc 2 SM 3125 (ICP-MS) 0.060 μg/L CEE Laboratory 
Radon 1 SM 7500-Rn 10.0 pCi/L EES and UHL 
Radium-226 1 USEPA 900.1, 903.0 0.30 pCi/L EES and UHL 
Radium-228 1 USEPA 904.0 0.60 pCi/L UHL Laboratory 
pH 3 SM 4500-H+ B 0.01 pH units Field – Utility Specific
Temperature 3 SM 2550-B None ºC Field – Utility Specific
Alkalinity 3 SM 2320 1.00 mg/L Field, CEE Laboratory
Disinfectant 3 SM 4500-Cl G 0.01 mg/L Field – Utility Specific
Turbidity 3 SM 2130 0.02 NTU Field – Utility Specific

 
 

Table 4.3 
Basic settings employed in ICP-MS elemental analyses 

Parameter Value (Units) Parameter Value 

RF Power 1,400 W Detector Mode Dual 
Nebulizer Gas Flow 0.96 L/min Lens Auto 
Sample Flush Time 45 sec Sweeps per Reading 20 
Read Delay Time 15 sec Readings per Replicate 1 
Wash Time 50 sec Replicates 3 

 
Radium Isotopes 

 
Determination of the radium content of solid samples focused primarily on 226Ra and 

relied on the application of gross radium alpha screening methods. Project resource constraints 
prevented extensive analysis of 228Ra in the solid samples. However, 228Ra measurements were 
performed for distribution system water samples to provide an indication of its contribution to 
total radium. Since the different radium isotopes generally behave similarly with regard to 
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various chemical phenomena, apparent trends regarding 226Ra partitioning between the water and 
solid phases can be extrapolated to 228Ra. 

Analysis of 226Ra in distribution system water samples and solids extract preparations 
was performed by EES using USEPA Method 900.1 (USEPA 900.1). Analysis of 226Ra in water 
samples and select solids-extract preparations was performed by UHL using USEPA Method 
903.0 (USEPA 903.0). Each of these approaches is a screening method for radium alpha-emitters 
and as such, they may include alpha-emitters other than 226Ra (e.g., 223Ra, 224Ra). The two 
methods should correlate but not necessarily yield identical results. Parallel analyses by EES and 
UHL were done for comparative and quality control purposes since no SRMs for radium in a 
natural matrix could be found. Inter-laboratory comparisons are discussed in this chapter under 
Quality Control Procedures. 

For analysis of solids extract preparations, all measurements involved addition of a 
relatively small aliquot of extract sample solution (typically 50 mL) to one-liter of deionized 
water. This high level of dilution was provided to reduce total solids concentration below 400 
mg/L and render the samples more representative of drinking water, for which USEPA 900.1 and 
903.0 were intended. 

In USEPA 900.1, 226Ra is co-precipitated with barium sulfate, which is subsequently 
isolated and alpha-counted. Each sample was dosed with 20 mL concentrated hydrochloric acid 
and 1.0 mL barium sulfate before being brought to a boil. Following thirty minutes, the time of 
precipitation of barium sulfate was recorded and the sample was removed from the heat source. 
Following a one-hour cooling period, the sample was filtered through a Whatman 934-AH filter 
to recover the precipitated barium sulfate. The precipitate was dried and weighed to provide 
information on solids recovery and to calculate the equivalent 226Ra content from the alpha 
emissions. Counting of alpha particle emission was performed using a Ludlum Model 43-10 
alpha detector coupled with photomultiplier tubes and a ZnS alpha sensitive disc (Ludlum 
Measurements Inc., Sweetwater TX). The analysis used a 100-minute counting period. 
Calculations included corrections for recovery of barium sulfate and time of radon in-growth. 

In USEPA 903.0, soluble alpha-emitting radioisotopes of radium are co-precipitated with 
barium and lead sulfate, purified by re-precipitation from an EDTA solution, and alpha-counted. 
Citric acid is added to the sample to assure that complete interchange occurs before the first 
precipitation step. The final barium sulfate precipitate, which includes 223Ra, 224Ra, and 226Ra, is 
alpha-counted to determine the total disintegration rate of the radium isotopes.  

UHL performed analysis of 228Ra in water samples using USEPA Method 904.0 (USEPA 
904.0). This technique is devised so that beta activity from 228Ac, which is produced by decay of 
228Ra, can be determined and related to the 228Ra present in the sample. The radium in the sample 
is co-precipitated with barium and lead sulfate, and purified by re-precipitation from EDTA 
solution. After a 36-hour in-growth of 228Ac from 228Ra, the 228Ac is carried on yttrium oxalate, 
purified and beta counted. 

 
Radon 

 
Analysis of 222Rn in distribution system water samples was performed by EES and UHL 

(i.e., duplicate samples were obtained). Both laboratories used Standard Method 7500-Rn, which 
involves selective partitioning of 222Rn into a mineral oil scintillation cocktail that is immiscible 
with water. In this procedure, a headspace-free water sample was collected by utility staff in a 40 
mL glass vial capped with Teflon cap. At the laboratory, 15 mL of the water sample was 
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removed from the glass vial and replaced with 5 mL of mineral oil scintillation cocktail. The 
sample was then dark adapted, equilibrated for three hours, and counted for a period of 50 
minutes in a liquid scintillation counter using energy discrimination for alpha particles. The 
results are corrected for radon decay during holding/storage prior to analysis. 

 
Other Parameters 

 
Where adequate mass was available, crushed solids (non-extracted) were sent to the 

USEPA for an assessment of total carbon, inorganic carbon, and sulfur content. Total carbon and 
sulfur analysis were by combustion methods using a LECO model CS230 combustion furnace 
instrument (LECO Corporation, St. Joseph MI). Total inorganic carbon analysis involved 
perchloric acid evolution of carbon dioxide and coulometric titration per a refined method of 
ASTM D513. The concentration of total organic carbon was calculated as the difference between 
measurements of total carbon and total inorganic carbon. 

 
SURFACE IMAGING AND CHARACTERIZATION 

 
The morphology of selected solid samples (both crushed and uncrushed) was examined 

using scanning electron microscopy (SEM). In addition, the apparent surface composition of 
these samples was analyzed by means of energy-dispersive X-ray spectroscopy (EDX). 
SEM/EDX measurements were performed with a JEOL-7000F high-resolution SEM instrument 
(JEOL Corporation, Japan). Morphology was examined at varying degrees of magnification, 
typically 100X and 500X. EDX measurements were acquired in two modes; the first mode 
corresponded to either the entire surface of the sample, while the second mode corresponded to 
localized spots that were selected primarily on the basis of apparent morphological differences. 
In total, ten different deposit samples were examined using SEM/EDX. These include samples 
CC-A, CC-D, CH-A, J-B, J-E, J-J, PC-A, PC-B, RW-A, and RW-B. These samples were 
selected on the basis of their relatively high content of trace metals as observed during 
assessment of elemental composition by ICP-MS. 

Prior to SEM/EDX analysis, the requisite amount of the particular deposit sample was 
placed on 9.5-mm aluminum specimen mounts (Ted Pella Inc., Redding CA) using double-
coated 9-mm conductive carbon pads (Ted Pella Inc., Redding CA). The sample was sputter-
coated in a vacuum to deposit a thin surface conductive layer. An SPI sputter coater (Structure 
Probe Inc., West Chester PA) was employed for this purpose. Sputter-coating was carried out for 
40 seconds at 18 milliamp (mA) plasma current. The coating material for samples CC-A, CC-D, 
CH-A, J-B, and J-E was platinum. The coating material for samples RW-A, RW-B, PC-A, PC-B 
and J-J was an alloy of 60% gold and 40% palladium. The resolution of SEM measurements and 
ability to discern the presence of elements of interest by EDX was identical in both cases. 
Mounted samples were maintained in a dessicator until the time of analysis. 

 
X-RAY DIFFRACTION ANALYSIS 

 
Powdered X-ray diffraction (XRD) was applied to the same ten samples used in 

SEM/EDX in order to characterize the crystallographic structure and identify dominant 
mineralogical phases. Analysis of the first group of solid samples (consisting of CC-A, CC-D, 
CH-A, J-B, and J-E) were carried out using a Philips PW1830 X-ray diffractometer (Philips, 
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Netherlands) using Cu Kα radiation. Analysis of the second group of solid samples (consisting of 
RW-A, RW-B, PC-A, PC-B and J-J) were carried out using a Siemens D5000 X-ray 
diffractometer (Siemens Corporation, New York NY). In both cases, Ni-filtered Cu-Kα radiation 
(λ of 1.5406 Å) and conventional Bragg-Brentano (θ - 2θ) beam geometry were used for 
crystallographic analyses. Only (non-sieved) crushed samples were examined using the XRD 
method. The range of 2θ values was 10º to 80º with a 0.05º step size. The scanning speed was 2º 
per second. XRD patterns were identified using Jade+ software (version 6). Diffraction data were 
compared against reference patterns from the 1995 version of International Center for Diffraction 
Data (ICDD). 

 
QUALITY CONTROL PROCEDURES 

 
Each laboratory involved with analysis performed routine QC procedures in accordance 

with its certification requirements and the project-specific QAPP. These procedures included 
calibration, standardization, and maintenance of analytical instruments, evaluation of solids 
extraction methods, evaluation of analytical accuracy (including evaluation of matrix 
interferences, particularly in solids extract preparations, use of reference materials, and inter-
laboratory analyses on duplicate samples), and evaluation of reproducibility and analytical 
precision.  

 
Instrument Standardization 

 
The calibration and standardization of analytical equipment made use of internal 

standards, mono- and multi-element calibration standards developed from commercial standards, 
and certified reference materials. QC samples, including certified reference materials, laboratory-
fortified blanks, and laboratory-fortified samples (i.e., matrix spikes), were processed for every 
ten samples analyzed. A recovery range of 85 to 115% was considered acceptable. In cases when 
the recovery fell outside this range, the analysis was repeated and the instrument re-calibrated as 
necessary. 

Internal standards consisting of 45Sc, 74Ge, and 103Rh were added (at 10 μg/L each) to all 
blanks, calibration standards, water samples, and solids extract preparations intended for ICP-MS 
analysis. Primary standards IMS-021, IMS-032, and IMS-045 (Ultra Scientific, North Kingstown 
RI) were acquired for 45Sc, 74Ge, and 103Rh, respectively. Corrections were generated by the 
instrument software based on ion counts for these internal standards. 

Multi-element standard IMS-102 (lot no. G00269, job no. J00005681) was used to 
prepare calibration standards for Al, As, Ba, Ca, Cd, Cr, Fe, Mg, Mn, Ni, Pb, Se, Tl, U, V, and 
Zn, while mono-element standards ICP-014, ICP-015, and ICP-051 were used to prepare 
calibration standards for Si, P, and Sb, respectively. Each of these primary standards were 
acquired from Ultra Scientific and consisted of an aqueous solution with 5% nitric acid and 10 ± 
0.05 mg/L of the respective inorganic parameters. Multi-point calibration was performed using a 
series of solutions that included a blank (1% nitric acid) and several secondary standards (S1-S7) 
prepared by dilution of the primary standards. The analyte concentrations in the secondary 
standards covered the anticipated concentration range for each element in the actual samples. 
Table 4.4 summarizes the concentrations of the various analytes in each of the calibration 
standards. The linear correlation coefficients (R2 values) generated during ICP-MS calibration 
ranged from 0.999 to 1.000. 
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An aqueous Certified Reference Material (CRM) was obtained to assess ICP-MS 
instrument performance in a real-world sample comprised of a variety of metals. SLRS-4 River 
Water Reference Material for Trace Metals was acquired from the National Research Council of 
Canada (Ottawa, Canada). As certified by the manufacturer, the reported concentrations of target 
analytes were based on the results of determinations by at least two independent methods of 
analysis. A sample of CRM was filtered through a 0.45-micron acrylic copolymer filter, acidified 
with ultrapure nitric acid to pH 1.6, re-filtered through a 0.2-micron acrylic copolymer filter, 
bottled in pre-cleaned polyethylene containers, and gamma-irradiated to inhibit bacterial action. 
Table 4.5 summarizes the results of ICP-MS analysis on the CRM along with the certified 
results. The deviation was within ±10% for all parameters, indicating reasonable accuracy. 

Similar instrument calibration and standardization activities were performed by EES to 
ensure confidence in the measurement results for 226Ra and 222Rn. A commercially-available 
primary standard solution of 226Ra was obtained (Eckert and Zeigler Supply, Atlanta GA) for 
preparation of calibration standards and for use in standard addition (spiking) tests. 
Standardization procedures described in the appropriate analytical methodologies were followed. 
Standards were prepared by the addition of a known volume of the primary 226Ra standard to one 
liter of deionized water, followed by analysis per USEPA 900.1. Radon standardization was 
based on addition of an equivalent activity of 226Ra to the scintillation vial filled with the 
scintillation cocktail. The cocktail was allowed to age to provide in excess of 99% radon in-
growth and subsequently counted. Since 222Rn is a product of 226Ra alpha-decay, at secular 
equilibrium, the activity of 226Ra is equal to that of 222Rn. 

Finally, regarding the on-site measurement of general water quality parameters (i.e., 
Group 3 parameters), utility participants were required to follow analytical and QC requirements 
as described in the Field Protocol. 
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Table 4.4 
Summary of secondary standards prepared for ICP-MS calibration 

Parameter S1 
(μg/L) 

S2 
(μg/L) 

S3 
(μg/L) 

S4 
(μg/L) 

S5 
(μg/L) 

S6 
(μg/L) 

S7 
(μg/L) 

Aluminum 0 5 10 20 50 100
Arsenic 0 1 2 3 5 10 
Barium 0 1 2 3 5 10 20
Calcium 0 100 200 300 400 500 
Cadmium 0 1 2 3 4 5 
Chromium 0 1 2 3 4 5 
Iron 0 10 50 100 150 200 250
Magnesium 0 10 50 100 150 200 
Manganese 0 1 2 3 5 10 
Nickel 0 1 2 3 5 10 
Phosphorus 0 50 100 150 200 250 
Lead 0 1 2 3 4 5 
Antimony 0 1 2 3 4 5 
Selenium 0 1 2 3 5 10 
Silicon 0 50 100 150 200 250 
Thallium 0 1 2 3 4 5 
Uranium 0 1 2 3 4 5 
Vanadium 0 1 2 3 5 10 
Zinc 0 1 2 3 5 10 

 
 

Table 4.5 
Measurement summary for SLRS-4 Certified Reference Material (CRM) 

Parameter Reported CRM 
Concentration (μg/L) 

Reported CRM  
Std. Deviation (μg/L) 

ICP-MS Measured 
Concentration (μg/L) 

Observed 
Deviation 

Aluminum 54.0 ±4.0 56.2 4.1%
Arsenic 0.68 ±0.06 0.66 -3.1%
Barium 12.2 ±0.6 12.3 0.9%
Calcium 6,200 ±200 5,918 -4.6%
Cadmium 0.01 ±0.002 0.01 0.0%
Chromium 0.33 ±0.02 0.35 4.8%
Iron 103 ±5.0 102.4 -0.6%
Magnesium 1,600 ±100 1,657 3.6%
Manganese 3.37 ±0.18 3.36 -0.2%
Nickel 0.67 ±0.08 0.68 0.7%
Lead 0.09 ±0.007 0.08 -8.1%
Antimony 0.23 ±0.04 0.21 -9.6%
Uranium 0.05 ±0.003 0.05 0.0%
Vanadium 0.32 ±0.03 0.32 0.0%
Zinc 0.93 ±0.10 1.00 7.4%

 
Extraction Method Assessment 

 
Two extraction methods were initially considered: USEPA Method 3050B (Acid 

Digestion of Sediments, Sludges, and Soils) and the Acid-Hydroxylamine (UIAHA) method 
described by Stearns (1993). As previously discussed, sample CC-A was used to compare the 
two approaches on the basis of their ability to solubilize deposit material and release 226Ra. The 
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results of these initial activities, coupled with subsequent observations of a relative absence of 
matrix interferences, motivated the adoption of USEPA Method 3050B for this investigation. 

Since determination of the contaminant content of deposit samples is inherently related to 
the extraction efficiency, the application of USEPA Method 3050B to a commercially-available 
solid SRM was seen as an important analytical quality assurance procedure. However there are 
no known solid SRMs that are fundamentally characteristic of distribution system corrosion 
scales and deposits (e.g., metal oxides and carbonates). NIST 2782 (Industrial Sludge) was 
deemed to be the most suitable commercially-available SRM as it contained most of the common 
matrix and trace inorganic elements of interest to this research, and at concentrations that are 
reasonably similar to levels expected in deposit samples (thus helping to ensure a reasonable 
representation of potential analytical matrix effects).  

A sample of NIST 2782 was obtained and extracted via USEPA Method 3050B in 
triplicate. Each of the three extractions involved the application of roughly 1.005 grams of 
crushed SRM and a final filtrate volume of 110 mL, yielding an extraction concentration of 9.1 
g/L. In all three cases, the dry mass recovered on the filter was roughly 0.49 grams, resulting in a 
consistent dissolution fraction of 51%. This result is below the average dissolution fraction of 
78% observed for deposit samples in this research. This reaffirms the fundamentally different 
mineralogical composition of this SRM as compared to distribution system solids and highlights 
the problem with trying to make quantitative determinations of extraction efficiency and 
contaminant recovery in actual deposit samples based on the results from extraction of this SRM. 

A summary of results from the three SRM extractions/analyses is presented in Table 4.6, 
along with the reported SRM values and an assessment of the average recovery for each element. 
In general, the recovered values underestimated the actual SRM concentrations, in some cases by 
a significant margin. For example, the average recoveries for Si, Sb, V, Al, and Mg were below 
20%. This trend of poor-to-modest recoveries was anticipated based on the relatively poor 
dissolution fraction achieved. Though direct comparisons and quantitative extrapolations of the 
extraction efficiencies of this SRM to actual deposit samples cannot be made with confidence, it 
is likely that the recovered values in the deposit sample extractions are generally closer to their 
true values by virtue of the higher dissolution fractions achieved. An evaluation of radium 
recovery could not be made since NIST 2782 does not contain any isotope of this radionuclide. 

 
Matrix Interference Assessment 

 
An assessment of USEPA Method 3050B was made to evaluate the release of 226Ra in 

samples of differing extracted solids concentration to evaluate the presence of matrix effects and 
determine whether solids content caused an analytical bias when compared to standards made in 
deionized water. An additional purpose was to determine the instrument counting efficiencies 
that relate the actual count to a known concentration of 226Ra. The solid material used in this 
assessment (MP-4) was a distribution system deposit obtained from hydrant flushing and used in 
previous work by Stearns (1993). Three different masses were extracted (resulting in extraction 
concentrations ranging from 231 to 514 mg/L), along with a control consisting of deionized 
water. Each of the four samples were subject to multiple 226Ra spikes intended to increase the 
final 226Ra concentration by roughly 300% from the respective background measurement. For 
each sample, the measured 226Ra (as determined by USEPA 900.1) was plotted as a function of 
the 226Ra concentration spike added. The dose-response of each sample followed a linear model, 
with linear correlation coefficients (R2 values) ranging from 0.941 to 0.996. As summarized in 
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Table 4.7, the slope of the linear regression curve (which relates measured 226Ra to spiked 226Ra) 
was very similar for each of the extract samples and the deionized water sample and close to 1.0 
(note: a slope of 1.0 indicates 100% recovery). This finding indicated an absence of significant 
matrix effects and an absence of bias for differing amounts of extracted solid. The average 226Ra 
content of the MP-4 solid (66.4 pCi/g) closely matched the value of 65.9 pCi/g previously 
determined by Stearns (1993). The finding that matrix effects are not significant may be 
attributed to the unique chemistry between 226Ra and barium sulfate. 

Additional testing of matrix effects was performed using deposit samples obtained as part 
of this investigation. As summarized in Table 4.8, matrix spike testing was performed on the 
extract preparations from 14 different deposit samples to assess 226Ra recovery (using USEPA 
900.1 for analysis). The observed recoveries for these tests ranged from 70 to 131%, with an 
average of 105% (±14.6%). These results illustrate that matrix effects are not significant, 
particularly considering the observed analytical precision (7.9%) of USEPA 900.1. 

As a final evaluation of matrix effects on 226Ra recovery, crushed/homogenized deposit 
material was spiked with 226Ra prior to extraction via USEPA Method 3050B. This approach 
allowed the spiked 226Ra to be carried throughout the entire extraction and filtration process, 
thereby providing a more reliable indication of the fate of 226Ra. As summarized in Table 4.9, 
this test procedure was performed for four different crushed deposit samples to assess 226Ra 
recovery (USEPA 900.1 was used for 226Ra analysis). The recoveries for these tests ranged from 
81 to 100%, with an average of 93% (±8.9%). These results indicate an absence of significant 
processing and/or matrix effects. 

 
Table 4.6 

Measurement summary for NIST 2782 Standard Reference Material (SRM) 

Parameter Nominal SRM 
Conc. (μg/g) 

SRM Standard
Deviation (μg/g) 

USEPA 3050B 
Avg. Conc. 

USEPA 3050B  
Std. Dev. (μg/g) 

Average 
Recovery 

Aluminum 13,700 ±900 1,509 ±109 11.0%
Arsenic 166 ±20 145 ±4.5 87.3%
Barium 254 ±24 119 ±31 47.0%
Calcium 6,700 ±60 3,700 ±283 55.2%
Cadmium 4.17 ±0.09 1.8 ±0.2 43.2%
Chromium 109 ±6 67 ±8.6 61.4%
Iron 269,000 ±7,000 218,575 ±4,088 81.3%
Magnesiu 2,600 ±20 492 ±38 18.9%
Manganese 300 ±0 262 ±12.5 87.2%
Nickel 154.1 ±3.1 108 ±6.7 70.3%
Lead 574 ±11 464 ±22 80.7%
Phosphoru 5,000 ±60 4,162 ±383 83.2%
Antimony 2 ±0 0.2 ±0.01 10.8%
Selenium 0.44 ±0.11 0.5 ±0.06 111.7%
Silicon 203,000 ±0 182 ±81 0.09%
Uranium 8.3 ±0 2.7 ±0.2 32.1%
Vanadium 80 ±10 12.8 ±2.2 16.0%
Zinc 1,254 ±196 1,087 ±72 86.7%
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Table 4.7 
Assessment of USEPA Method 3050B using 

multiple-spike standard additions for extracted sample MP-4 
Sample 

Identifier 
Mass Extracted 

(mg/L) 
Sample 226Ra 

(pCi/g) 
Slope of Linear 
Approximation 

Correlation 
Coefficient (R2) 

MP-4(a) 231 63.9 1.07 0.992 
MP-4(b) 310 65.7 0.96 0.941 
MP-4(c) 514 69.7 0.93 0.962 
MP-4 Average 352 66.4 0.99 0.965 
Deionized Water 0 0 1.00 0.996 

 
 

Table 4.8 
Assessment of matrix interferences of USEPA Method 3050B 

using matrix spike testing for various extracted solids 
Sample 

Identifier 
226Ra in Sample 

(pCi/L) 
226Ra Spike 

(pCi/L) 
226Ra in Spiked 
Sample (pCi/L) 

226Ra Recovery 
(pCi/L) 

226Ra 
Recovery 

CC-A 25.9 4.7 29.2 3.3 70%
CC-C 5.5 4.7 10.9 5.4 115%
CC-D 4.9 4.7 10.7 5.8 123%
CL-A 3.7 3.6 7.7 4.0 111%
CL-B 8.8 7.1 18.1 9.3 131%
J-I 15.6 11.8 28.3 12.7 108%
J-J 33 11.8 44.6 11.6 98%
PC-A 2.6 2.4 5.0 2.4 100%
PC-B 3.0 11.8 15.6 12.6 107%
ST-A 37.3 11.8 49.4 12.1 103%
W-A 23.9 11.8 36.0 12.1 103%
W-B 24.7 11.8 38.0 13.3 113%
W-D 8.1 14.2 22.2 14.1 99%
W-E 15.3 9.5 23.9 8.6 91%

 
 

Table 4.9 
Assessment of matrix interferences of USEPA Method 3050B 

using pre-extraction matrix spike testing for various solids 
Sample 

Identifier 
226Ra in Sample 

(pCi/L) 
226Ra Spike 

(pCi/L) 
226Ra in Spiked 
Sample (pCi/L) 

226Ra Recovery 
(pCi/L) 

226Ra 
Recovery 

LB-B 0.4 7.3 7.0 6.6 90% 
IN-C 1.2 7.6 8.7 7.5 99% 
W-A 63.3 11.8 72.9 9.6 81% 
CL-A 8.6 11.8 20.4 11.8 100% 
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Matrix effects were also investigated for inorganic parameters analyzed by ICP-MS. Of 
the 58 different solids extract preparations, a total of ten (or 17%) were selected for assessment 
of inorganics recovery with matrix spike tests. Table 4.10 provides a breakdown of the 
concentrations of the various inorganic elements added to the ten select samples. As shown in 
Table 4.11, individual recoveries for the matrix spike tests ranged from 79 to 124%, with average 
recoveries ranging from 85.4 to 120.5%. Because the occurrence of positive or negative biases 
were systematic for several of the parameters, the ICP-MS results obtained for each of the solids 
extract preparations were corrected based on observed average recoveries. 

 
 

Table 4.10 
Concentrations of known additions for 

solids extracted by USEPA Method 3050B 

Parameter CA-A 
(μg/L) 

CA-B 
(μg/L) 

CL-F
(μg/L) 

CL-G
(μg/L) 

DN-A
(μg/L) 

DN-B
(μg/L) 

K-C 
(μg/L) 

NC-A 
(μg/L) 

RW-A
(μg/L) 

ST-C
(μg/L) 

Aluminum 10 10 100 100 10 10 10 100 100 5
Arsenic 5 5 5 5 5 5 5 5 10 5
Barium 10 5 10 5 5 5 5 5 10 5
Calcium 10 10 10 10 10 10 10 100 10 5
Cadmium 10 10 10 5 10 10 10 5 10 5
Chromium 10 10 10 5 10 10 10 5 10 5
Iron 10 10 10 10 50 10 50 20 10 50
Magnesium 50 50 50 50 50 50 50 50 50 50
Manganese 100 100 100 100 100 100 100 100 100 100
Nickel 5 5 5 5 5 5 5 5 5 5
Phosphorus 10 5 10 10 10 10 10 5 10 5
Lead 5 5 5 5 10 10 5 5 5 5
Antimony 5 5 5 5 5 5 5 5 10 5
Selenium 5 5 5 5 5 5 5 5 5 5
Silicon 50 50 100 100 100 50 100 20 50 50
Thallium 10 10 10 10 10 10 10 5 10 5
Uranium 5 5 5 5 5 5 5 5 5 5
Vanadium 5 5 10 10 5 5 5 5 10 5
Zinc 5 5 5 5 5 5 5 5 5 5
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Table 4.11 
Recoveries of known additions for 

solids extracted by USEPA Method 3050B 
Paramet

er 
CA-

A 
CA-

B 
CL-

F 
CL-
G 

DN-
A 

DN-
B K-C NC-

A 
RW-

A ST-C Average 

Aluminu 100% 111% 118% 116% 107% 116% 107% 109% 114% 106% 110.4 (±5.6%)
Arsenic 81% 86% 90% 93% 81% 89% 85% 95% 92% 99% 89.1% (±5.9%)
Barium 106% 115% 113% 120% 117% 117% 115% 111% 113% 105% 113.2 (±4.8%)
Calcium 106% 109% 87% 98% 92% 113% 94% 112% 111% 99% 102.1 (±9.3%)
Cadmium 100% 100% 100% 93% 88% 97% 97% 104% 93% 98% 97.0% (±4.6%)
Chromiu 117% 107% 120% 118% 113% 118% 113% 122% 112% 118% 115.8 (±4.5%)
Iron 115% 112% 121% 121% 113% 116% 111% 110% 121% 96% 113.6 (±7.5%)
Magnesiu 107% 112% 113% 109% 120% 116% 116% 116% 114% 112% 113.5 (±3.8%)
Mangane 104% 107% 115% 115% 112% 113% 111% 124% 116% 106% 112.3 (±5.8%)
Nickel 112% 118% 120% 111% 119% 104% 110% 111% 120% 115% 114.0 (±5.3%)
Phosphor 119% 119% 120% 121% 121% 121% 121% 124% 120% 119% 120.5 (±1.5%)
Lead 113% 118% 107% 96% 118% ND 115% 103% 97% 105% 108.0 (±8.5%)
Antimon 108% 108% 101% 96% 95% 103% 111% 120% 95% 108% 104.5 (±8.1%)
Selenium 102% 113% 118% 107% 79% 87% 98% 119% 106% 116% 104.5 (±13.4
Silicon 89% 85% 83% 83% 86% 81% 92% 84% 81% 89% 85.3% (±3.7%)
Thallium 113% 118% 109% 100% 90% 112% 115% 98% 102% 121% 107.8 (±9.9%)
Uranium 116% 120% 120% 104% 110% 120% 118% 99% 106% 120% 113.3 (±7.9%)
Vanadiu 114% 107% 111% 113% 105% 117% 115% 105% 108% 117% 111.2 (±4.7%)
Zinc 81% 87% 89% 84% 80% 88% 82% 104% 91% 99% 88.5% (±7.8%)

 
Reproducibility 

 
Testing was conducted to evaluate the reproducibility of the USEPA Method 3050B 

extraction process (in terms of percent solubilization and mass-normalized 226Ra recovery) and 
analytical precision of USEPA 900.1. Table 4.12 summarizes the results of separate tests 
performed using solid samples MP-4 and CC-A. The tests involving MP-4 were intended to assess 
the reproducibility of the extraction process. Four different masses were extracted and each extract 
sample was subsequently tested once using USEPA 900.1. The results include an average 
dissolution fraction of 94.6% (±1.7%) and 226Ra recovery of 62.5 pCi/g (± 8.5 pCi/g or ±13.6%). 
The tests involving CC-A were intended to assess analytical precision. In these tests, two separate 
extractions were performed. Each extract was split into multiple samples and the individual 
samples were each analyzed for 226Ra using USEPA 900.1. The results include an average 
dissolution fraction of 82.0% (± 0.6%) and 226Ra recovery of 57.0 pCi/g (± 4.5 pCi/g or ±7.9%). 
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Table 4.12 
Assessment of reproducibility of USEPA Method 3050B and 

226Ra measurement by USEPA 900.1 for various solids 
Sample 

Identifier 
Extracted 
Mass (g) 

Dissolved 
Fraction 

226Ra Content 
(pCi/g) 

MP-4(a) 1.024 96.2% 50.0 
MP-4(b) 1.135 93.5% 63.9 
MP-4(c) 1.501 95.9% 65.7 
MP-4(d) 2.651 92.8% 69.7 
MP-4 Average  94.6% 62.5 
    
CC-A(1a) 

1.02 81.5% 

56.2 
CC-A(1b) 48.5 
CC-A(1c) 59.6 
CC-A(1d) 60.6 
CC-A(2a) 

1.05 82.4% 
60.0 

CC-A(2b) 56.8 
CC-A Average  82.0% 57.0 

 
Inter-Laboratory Comparison 

 
Duplicate distribution system water samples were collected for parallel analysis of gross 

radium alpha (as a screening parameter for 226Ra) and 222Rn by EES and UHL. In addition, a 
select number of solids extract preparations were split between EES and UHL for parallel 
analysis of 226Ra. It should be noted that the analysis of 226Ra by EES and UHL involved 
different methods; EES used USEPA 900.1 while UHL used USEPA 903.0. The two methods 
should correlate but not necessarily yield identical results. Both laboratories used Standard 
Method 7500-Rn for analysis of 222Rn. 

Table 4.13 and Figure 4.2 provide a comparison of 226Ra results in distribution system 
water samples as reported by EES and UHL. Only those water samples where both laboratories 
reported a detectable result are included. The nominal deviation (EES results relative to UHL 
results) ranged from -0.13 to 1.1 pCi/L, with an average of 0.4 pCi/L (± 0.4 pCi/L). The percent 
deviation ranged from -6.3 to 33.3%, with an average of 14.7% (±12.8%). As noted above, the 
two methods were expected to yield somewhat different results. On average, the UHL results had 
a negative bias (indicated by the slope of 0.8 for the linear regression). This was expected since 
USEPA 903.1 involves an additional purification step in which alpha-emitters may be released 
from the precipitate. As a result of this finding, the EES results for 226Ra were used for data 
interpretation activities. 

Table 4.14 provides a comparison of 226Ra results in solids extract preparations as 
reported by EES and UHL. The average nominal deviation is 0.7 pCi/L (±1.5 pCi/L), while the 
average percent deviation is 1.9% (± 14.5%). These results indicate close agreement between the 
two methods when applied to solids extract preparations. 
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Figure 4.3 provides a graphical comparison of 222Rn results in distribution system water 
samples as reported by EES and UHL. Values reported below the MDL of 10.0 pCi/L are shown 
as zero. The nominal deviation (EES relative to UHL) ranged from -774 to 11 pCi/L, with an 
average of -83 pCi/L (± 164 pCi/L). The percent deviation ranged from -216 to 11%, with an 
average of -60% (± 48%).The data exhibit a strong linear correlation (R2 value of 0.97), which is 
indicative of good precision. However, the EES results show a strong negative bias as indicated 
by the slope of 0.67. This may be attributed to possible systematic loss of radon in water samples 
analyzed by EES. 

Table 4.13 
Inter-laboratory comparison of 226Ra for water samples 

Sample 
Identifier 

226Ra by UHL(a) 
(pCi/L) 

226Ra by EES(b) 
(pCi/L) 

226Ra Difference 
(pCi/L) 

226Ra Deviation 
(%) 

CC-A:F 0.60 0.69 0.09 13.0% 
ST-A 1.10 1.43 0.33 23.1% 
ST-B 1.70 2.14 0.44 20.6% 
ST-C 2.20 2.07 -0.13 -6.3% 
ST-D 2.20 2.78 0.58 20.9% 
CL-A:B 2.30 2.18 -0.12 -5.5% 
CL-C 2.30 2.57 0.27 10.5% 
CL-F 2.00 2.72 0.72 26.5% 
CL-G 2.20 2.30 0.10 4.3% 
NC-A 2.20 3.30 1.10 33.3% 
W-A:H 2.90 3.67 0.77 21.0% 

(a) Analysis by USEPA Method 903.0 
(b) Analysis by USEPA Method 900.1 

 
Table 4.14 

Inter-laboratory comparison of 226Ra for select extracted solids 
Sample 

Identifier 
226Ra by UHL(a) 

(pCi/L) 
226Ra by EES(b) 

(pCi/L) 
226Ra Difference 

(pCi/L) 
226Ra Deviation 

(%) 

CL-D 1.0 0.9 -0.1 -11.1% 
J-C 11.8 14.3 2.5 17.5% 
W-C 24.8 24.6 -0.2 -0.8% 

(a) Analysis by USEPA Method 903.0 
(b) Analysis by USEPA Method 900.1 
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Figure 4.2  Inter-laboratory comparison of 226Ra for water samples. EES measurements 
used USEPA Method 900.1. UHL measurements used USEPA Method 903.0. 
 
 

 
Figure 4.3  Inter-laboratory comparison of 222Rn for water samples based on use of 
Standard Method 7500-Rn. Results reported as non-detect were shown as zero. 
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CHAPTER 5 
UTILITY PARTICIPATION AND RESULTS 

 
 
INTRODUCTION 
 

A total of 72 “real-world” solid samples were collected from the distribution systems of 
20 different drinking water utility participants located throughout the contiguous United States. 
These 72 solid samples consisted of 26 sets of hydrant flush solids and 46 pipe specimens (of 
which 34 were “live” pipe extractions and the remaining 12 obtained from utility storage areas 
where they had been held following water main replacement events). Where adequate deposit 
mass was present, a representative portion was collected from each sample for subsequent 
processing, analysis, and characterization. Distribution system water samples and/or utility data 
from recent water quality monitoring reports were obtained to assist with interpretation of 
deposit composition results. 

As described in Chapter 3, five different utility participation approaches were developed 
and offered as part of the field study design. The distribution of samples between these five 
approaches was as follows: 

 
• Approach 1 – UDF and Pipe Specimen Extraction:  0 samples 
• Approach 2 – Pipe Specimen Extraction:   34 samples 
• Approach 3 – Boneyard Pipe Specimen:   12 samples 
• Approach 4 – Unidirectional Flushing:   0 samples 
• Approach 5 –  Conventional Flushing:   26 samples 

 
No samples were obtained for the approaches that involved UDF (Approaches 1 and 4). 

This was attributed to several constraints, including the more extensive planning and labor 
requirements relative to the other approaches, the lack of an organized UDF program amongst 
several participants, and the inability to integrate project sampling requirements and schedule 
with the planned flushing schedule of the utilities. The approaches involving UDF were intended 
to allow for area-normalized mass quantification and characterization of deposits that could be 
mobilized under well-defined hydraulic conditions. Each of the 26 sets of hydrant flush samples 
obtained involved the use of conventional flushing techniques. These samples still provided an 
opportunity to assess the elemental composition and physiochemical properties of hydraulically-
removable material; however, normalized mass (prevalence) estimates could not be determined. 
The inability to obtain UDF deposit samples was not considered a major limitation of the 
investigation since the broader objective of this research was to assess the total accumulation of 
trace inorganic elements. It was recognized that pipe specimens would allow for more accurate 
assessment of total accumulation, particularly in cases where there was a considerable mass of 
adherent scale not amenable to removal by flushing. For this reason, the utility participation 
protocol emphasized maximizing the number of pipe specimen samples and permitted the use of 
“boneyard” pipe specimens to increase the sample pool of pipe samples. 
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UTILITY AND SAMPLE OVERVIEW 
 
Consistent with the project objective to perform an occurrence-style investigation subject 

to project resource constraints, the collective pool of utility participants and samples offered 
good breadth of system and study conditions. These included a diverse range of system sizes, 
source water types, treatment and post-treatment applications, finished water quality conditions, 
and piping materials, sizes, service ages, and physical conditions. Table 5.1 provides a summary 
of the utility participants and certain characteristics of each as they existed at the time that 
samples were collected for this research study. As described in Chapter 4, unique identifiers were 
developed to maintain anonymity of the utility participants. Tables 5.2 and 5.3 provide general 
characteristics of the 46 pipe specimen samples and 26 hydrant flush samples, respectively. 

Despite the diversity of system conditions, neither the pool of utility participants nor the 
sites from which samples were collected should be construed as a statistically-valid random 
sample of system conditions. As part of the experimental design, selection of utility participants 
and sites were guided by certain criteria and preferences, many of which were focused on “at-
risk” areas. As such, observations of contaminant accumulation in the sample pool for this study 
likely represent a bias of the true population. 

The geographic distribution of utility participants is illustrated in Figure 5.1 (one utility 
has been excluded from this figure). The utility pool is concentrated in the upper Midwest, where 
soils and geologic formations derived from continental glacial deposits have left a footprint of 
radium and arsenic activity. Several utility participants were also located through the western, 
southwestern, and northeastern regions, where groundwater tends to be softer and less 
mineralized than in the Midwest. The regions not represented in this study include the southern 
and southeastern portions of the country. 

 

 
Figure 5.1  Geographic distribution of utility participants 
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Table 5.1 
Summary of utility participants  

Utility 
Identifier 

Service 
Population 

Water 
Sources(a) 

Primary Treatment and  
Post-Treatment Applications(b) 

Trace Elements 
in Finished Water(c) 

Potential “Sinks” 
in Finished Water(d) 

W 7,000 GW Electrodialysis reversal, chloramines, poly-PO4 Ni, 226Ra, 228Ra Fe, PO4, Al
CL 28,000 GW Fluoridation, PO4 blend, free chlorine As, 226Ra, 228Ra Fe, PO4
SA 60,000 GW, SW Free chlorine, Fe/Mn removal, pH adjustment, fluoride As, 228Ra, Sb, V Fe, Mn
CH 11,000 GW Free chlorine As Fe
RW 6,300 GW Free chlorine As, 226Ra, 228Ra, U, V Fe, PO4
IN 57,000 GW, SW Free chlorine, Fe/Mn/As removal, fluoride, ortho-PO4 As, Ba, 226Ra Fe, Mn, PO4
CC 1,900 GW Free chlorine, Fe/Mn removal, pH adjustment, fluoride, As, Ba, Pb, 226Ra, Se, Fe, Mn, PO4
DN 1,200,000 SW Conventional treatment, chloramines None None
CA 100,000 GW, SW Free chlorine, Fe/Mn removal 228Ra Fe, PO4
PC 8,000 GW, SW Free chlorine, Fe/Mn/As removal As, Cd, Pb, Sb, Se, Tl, Fe, Mn, Ca, Al
WDB 1,200 GW Free chlorine As, Cr, Pb, 226Ra, Mn
WA 6,000 GW Free chlorine, pH adjustment Ba, 226Ra Fe, Mn, Al
B > 100,000 SW, GW Conventional treatment, chloramines As, Ba, 226Ra, 228Ra, Fe, Al
G 5,000 GW Free chlorine, cation exchange, pH adjustment, fluoride As, Ba, 226Ra, 228Ra, V Al
AZ 245 GW Free chlorine As, Ba, Cr, 226Ra, Se, Fe, Mn, Ca
BC 28,000 GW Free chlorine As, Ba, Cr, Se, U Fe, Ca
J 145,000 GW PO4 blend, chloramines As, 226Ra, 228Ra, Se, U Fe, Mn, PO4
NC 200 GW Cation exchange, poly-PO4, fluoride, free chlorine As, Ba, 226Ra, 228Ra Fe, Mn, PO4
ST 15,000 GW Cation exchange, PO4 blend, pH adj., fluoride, free Ba, 226Ra, 228Ra Fe, Mn, PO4
K 8,000 GW Chloramines, HMO Filter Process, pH adjustment 226Ra Fe, Mn

(a) GW = groundwater; SW = surface water or spring water. 
(b) Applied to the primary source used by the utility during the period of sample collection. 
(c) Compounds reported/observed at ≥ 5% of their respective MCL, Action Level (lead), or California DHS Notification Level (vanadium) in at least one water sample. 
(d) Elements reported or observed at ≥ 10% of their respective secondary MCL. Phosphate included if average P ≥ 0.1 mg/L. Calcium included if average Ca ≥ 100 mg/L.  
 

©
2010 W

ater R
esearch F

oundation. A
LL R

IG
H

T
S

 R
E

S
E

R
V

E
D



 90 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

 

Table 5.2 
Summary of pipe specimen samples  

Sample 
Identifier 

Pipe 
Material 

Nominal 
Dia. (in) 

Service  
Age 
(yrs) 

Area-
Normalized 
Mass (g/sft) 

Length-
Normal. 

Mass (g/ft) 

Volume-
Normal. 

Mass (g/L) 
W-A Cast Iron 4 100+ 764 800 324
W-B Cast Iron 4 100+ 696 729 295
W-C Cast Iron 4 100+ 516 540 219
CL-A Cast Iron 10 NA(a) 486 1,272 82
CL-B Cast Iron 4 NA 282 295 120
CL-C Cast Iron 6 NA 90 141 25
CL-D Cast Iron 4 NA 546 572 231
CL-E Cast Iron 10 NA 618 1,618 105
SA-A PVC 7.75 NA Trace Trace Trace
SA-B Cement-Lined 12 NA 9 28 1
SA-C Cement-Lined 8 NA 9 19 2
CH-A Steel 3.75 30+ 237 233 107
RW-A Galvanized Iron 2 45+ 42 22 36
RW-B Galvanized Iron 1 30+ 104 27 176
IN-A Cement-Lined 12 NA Trace Trace Trace
IN-B Ductile Iron 8 NA 423 886 90
IN-C Ductile Iron 8 NA 460 963 97
IN-D Ductile Iron 2.25 NA 340 200 256
CC-A Cast Iron 4 NA 208 218 88
CC-B Cast Iron 4 NA 14 15 6
CC-C Cast Iron 6 NA 34 53 10
CC-D Cast Iron 6 NA 17 27 5
CC-E Cement-Lined 6 NA Trace Trace Trace
CC-F Cement-Lined 4 NA Trace Trace Trace
DN-A Cast Iron 3.75 117 526 516 238
DN-B Cast Iron 6.0 117 507 796 143
CA-A Steel 24 ~ 77 52 327 4
CA-B Cast Iron 4 ~ 94 688 720 292
PC-A Galvanized Iron 2 30+ 39 20 33
PC-B Galvanized Iron 2 30+ 44 23 37
WDB-A HDPE 4 8 103 108 44
WA-A Cast Iron 12 121 1,085 3,409 153
WA-B Cast Iron 6 78 611 960 173
WA-C Cast Iron 6 121 1,299 2,040 367
WA-D Cast Iron 6 121 994 1,561 281
B-A Ductile Iron 6 NA 360 565 102
B-B Ductile Iron 6 NA 253 397 71
B-C Cement-Lined 6 NA Trace Trace Trace
B-D Cast Iron 4 NA 705 738 299
AZ-A PVC 10 11 Trace Trace Trace
BC-A PVC 6 NA Trace Trace Trace
BC-B PVC 6 NA Trace Trace Trace
ST-A Cast Iron 6 NA 66 104 19
ST-B Cement-Lined NA NA Trace Trace Trace
K-A Cast Iron 4 NA 466 488 198
K-B Ductile Iron NA NA Trace Trace Trace

(a) NA = no data available. 
. 
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Table 5.3 
Summary of hydrant flush samples  

Sample 
Identifier 

Pipe 
Material 

Dry Mass 
(grams) 

 

W-D Cast Iron 4
W-E Cast Iron 17 
W-F Cast Iron 2 
W-G Cast Iron 1 
W-H Cast Iron 0.9
CL-F Cast Iron 6 
CL-G Cast Iron 0.7
SA-D Cement-Lined 8 
SA-E Cement-Lined 8 
G-A Cast Iron 0.8
G-B Cement-Lined Trace
J-A Cast Iron 106
J-B Cast Iron 72 

 

 Sample 
Identifier 

Pipe 
Material 

Dry Mass 
(grams) 

J-C Cast Iron 193
J-D Cast Iron 136
J-E Cast Iron 137
J-F Cast Iron 86
J-G Cast Iron 32
J-H Cast Iron 51
J-I Cast Iron 136
J-J Cast Iron 19
NC-A PVC 0.8
ST-C Cement-Lined 0.4
ST-D Cast Iron 24
K-C Cast Iron 17
K-D Cast Iron 8

 
System Sizes 
 

The service population of the various utility participants ranged from 200 to over 1.2 
million, with a median of 8,000. System sizes were categorized into three operationally-defined 
groups: small, medium, and large. The distribution of utility participants and samples amongst 
these three groups is provided in Table 5.4. The distribution of utility participants and samples 
was intentionally skewed towards smaller size utilities as it was recognized that these systems, 
by virtue of generally being more simple in nature (e.g., fewer sources of supply, more uniform 
spatial and temporal water quality conditions), would allow for more reliable interpretation of 
results, and specifically a comparison of distribution system water quality to deposit 
composition. 

Table 5.4 
Utility and sample distribution by system size 

System Size 
Category 

Population 
Served 

No. Participants 
(% of Total) 

No. Pipe Samples 
(% of Total) 

No. Flush Samples 
(% of Total) 

Small ≤ 9,999 10 (50%) 21 (46%) 10 (38%) 
Medium 10,000 – 99,999  6 (30%) 17 (37%) 6 (23%) 
Large ≥ 100,000 4 (20%) 8 (17%) 10 (38%) 

 
Source Water Types 

 
Samples were obtained from utilities that supply groundwater (from one or more wells or 

wellfields), surface water (including springs and groundwater under the influence), and in some 
cases, both of these source types. The distribution of utility participants and samples amongst the 
different source water types is provided in Table 5.5. In cases where a utility uses a conjunctive 
supply approach (i.e., groundwater and surface water), the utility determined the primary “water 
of influence” for each sample site. In some cases, this was a mixture of different water types. 
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Table 5.5 
Utility and sample distribution by source water type 

Source  
Water 

No. Participants 
(% of Total) 

No. Pipe Samples 
(% of Total) 

No. Flush Samples 
(% of Total) 

Groundwater 14 (70%) 29 (63%) 26 (100%) 
Surface Water 1 (5%) 3 (7%) 0 (0%) 
Mixed Supply 5 (25%) 14 (30%) 0 (0%) 

 
As shown in Table 5.5, the distribution of utility participants and samples was heavily-

skewed towards groundwater-supplied locations, which was the direct result of the following 
utility and site selection guidance criteria: 

 
• Emphasize systems and areas where there is known presence of certain trace inorganics 

and/or presence of secondary or unregulated inorganic elements that may serve as 
accumulation sinks (e.g., manganese). These elements tend to be more prevalent in 
groundwater due to erosion and dissolution of mineral ores and deposits. 

• Emphasize water systems and zones that are relatively small and simple. Of the 14 
systems that supplied only groundwater, 13 were either small or medium-sized as 
operationally defined in Table 5.4. 
 

Treatment Applications 
 
The various utility participants made use of a wide range of treatment and post-treatment 

approaches, as summarized in Table 5.6. Many of the utility participants relied upon multiple 
sources of supply. Often, these different sources served different entry-points and required 
unique treatment processes to address source-specific water quality concerns. In such cases, the 
treatment approaches shown in Table 5.6 are based on the treatment application for the source 
which hydraulically influences the area where most, if not all, of the samples were collected (i.e., 
the primary source). 

 
Table 5.6 

Utility distribution by treatment application for primary source 
Treatment 
Application 

No. Participants 
(% of Total) 

Post-Treatment 
Application 

No. Participants 
(% of Total) 

No Physical Treatment 8 (40%) Free Chlorine Residual 15 (75%) 
Conventional Treatment 2 (10%) Chloramine Residual 5 (25%) 
Direct Filtration (Fe/Mn) 5 (25%) Orthophosphate 5 (25%) 
Electrodialysis Reversal 1 (5%) Polyphosphate 5 (25%) 
Cation Exchange 3 (15%) pH Adjustment 6 (30%) 
HMO(a) Filter Process 1 (5%) Fluoridation 7 (35%) 

(a) HMO = hydrous manganese oxide. 
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Treated Water Quality 
 
Treated water quality conditions were ascertained through a combination of “snapshot” 

site-specific distribution system sampling (at locations where solid samples were obtained) and a 
review of utility-provided records of entry-point and system monitoring results. To promote 
representative sample results, utilities were instructed to perform water sampling activities under 
routine operating conditions. In instances where distribution system water quality conditions 
(with regard to inorganic elements and general water quality parameters) were determined or 
reported to be relatively uniform on both a spatial and temporal basis, a single sampling event 
was performed at a utility-selected distribution system location and the water quality results were 
considered representative of each solid sample for that system. Conversely, in cases where water 
quality conditions were known to vary throughout the system, separate water samples were 
collected for each site. In a few instances, a sample site was known to represent either a 
“dynamic” blend of multiple sources or was exposed to different waters over time (e.g., seasonal 
source usage). In these instances, historical water quality records for each source that served the 
area were obtained from the utility, and the annual supply-weighted average water quality 
conditions were determined and applied to the site. If the blend was either near constant (i.e., 
non-dynamic) or involved dynamic blending of sources of similar water quality, then distribution 
system sampling was performed. 

The complete compilation of distribution system water quality observations for each 
utility and sample site is provided in Table 5.7 for trace inorganic elements and Table 5.8 for 
general water quality parameters and other inorganic elements. It should be noted that these 
results reflect only the data obtained from either the water sampling performed specifically for 
this study or utility-provided water quality reports representing entry-point sampling. For some 
parameters, and in particular iron and manganese, a few utilities reported recent data (via their 
consumer confidence report or supplemental monitoring) that significantly deviated from the 
observations found during water sampling for this project. Where relevant, these are discussed in 
the individual case studies later in this chapter. 

All utility participants were in compliance with applicable inorganic and radiological 
primary drinking water regulations at the time of their participation. In many cases, this was due 
to purposeful treatment to remove certain contaminants. Information was collected from each 
utility regarding the year of implementation of the treatment processes, as it was recognized that 
contaminant accumulation may have occurred for many decades prior to treatment installation. 
Several utilities were identified as having low-to-moderate concentrations [i.e., ≥ 5% of their 
respective MCLs, Action Level (lead), or California DHS Notification Level (vanadium)] of 
select regulated trace metal and/or radiological elements in one or more of their treated water 
supplies. These include contaminants for which there is little published information on fate and 
transport in water distribution systems, e.g., Sb, Cd, Cr, Pb, Ra, Se, Tl, and U. Table 5.1 provides 
a summary of specific trace inorganic elements found to exceed this “5% threshold” for each of 
the utility participants. 

Inorganic compounds capable of depositing onto pipe surfaces and serving as 
accumulation sinks were present in the treated water of several groundwater-purveying utilities, 
and in some cases at concentrations above their respective secondary drinking water standards. 
In most instances, this was due to their natural occurrence in the source water. However, some 
utilities introduced these compounds as part of their treatment process, and a degree of residual 
breakthrough may be associated with these applications. Several utilities reported having iron 
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and/or manganese in their treated water at concentrations that contributed to periodic 
discoloration episodes and necessitated routine system flushing. Of the 20 utility participants, a 
total of 17 reported and/or were found to have iron present at concentrations above 0.06 mg/L 
(20% of the secondary MCL) in entry-point and/or distribution system water samples. Based on 
the limited data available for this study, the median iron concentration in the treated water at the 
sampling locations was 0.25 mg/L. A total of 11 utility participants, many from the same group 
as those with moderate iron occurrences, reported and/or were found to have manganese present 
at concentrations above 0.01 mg/L (20% of the secondary MCL) in entry-point and distribution 
system water samples. Based on the limited data available for this study, the median manganese 
concentration in treated water at sampling locations was 0.5 μg/L. Six utilities used dedicated 
Fe/Mn removal processes (e.g., greensand filtration, permanganate-enhanced direct filtration, 
HMO filtration process) at problem sources; however, each utility still had low-to-moderate 
residual concentrations of these metals in the treated water (Fe ≤ 0.01 to 0.3 mg/L; Mn ≤ 0.001 
to 0.01 mg/L). Five utilities used polyphosphate (either alone or as part of an ortho/poly blend) to 
sequester the soluble, reduced forms of these metals and/or to prevent excessive calcium 
precipitation. Five utilities used orthophosphate (either alone or in an ortho/poly blend) to help 
control corrosion and reduce scale solubility on piping and plumbing materials. Since phosphate 
can interact with surficial metals in distribution systems (e.g., Al, Fe, Ca, etc.), these systems 
were considered more likely to have phosphate-based accumulation sinks. 
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Table 5.7 
Distribution system water quality – trace inorganic and radiological elements 

Utility 
Identifier 

Associated 
Samples 

Data 
Source 

As 
(μg/L) 

Ba 
(mg/L) 

Cd 
(μg/L) 

Cr 
(μg/L) 

Ni 
(μg/L) 

Pb 
(μg/L) 

226Ra 
(pCi/L) 

228Ra 
(pCi/L) 

Rn 
(pCi/L) 

Sb 
(μg/L) 

Se 
(μg/L) 

Tl 
(μg/L) 

U 
(μg/L) 

V 
(μg/L) 

W A-H Sampl 0.19 0.02 <0.00 0.58 3.65 <0.00 3.7 6.0 21 <0.00 0.43 0.004 0.13 0.23
CL A, B Sampl 0.35 0.05 0.005 0.18 1.66 0.03 2.2 1.1 79 <0.00 0.33 <0.00 0.26 0.64
CL C Sampl 1.70 0.09 0.020 0.38 0.17 0.02 2.6 1.9 62 0.011 0.23 0.003 0.17 0.65
CL D, E Surve  NA(a) NA NA NA NA NA NA NA NA NA NA NA NA NA
CL F Sampl 1.40 0.08 0.005 0.58 0.28 0.04 2.7 2.0 79 0.035 0.34 0.004 0.19 0.72
CL G Sampl 0.53 0.06 0.005 0.18 1.88 0.03 2.3 1.6 62 0.010 0.79 <0.00 0.31 0.68
SA A Sampl 5.18 0.01 0.003 <0.05 0.36 0.02 <0.25 1.3 54 0.022 0.12 0.004 0.02 0.89
SA B, C Sampl 0.75 0.003 0.013 1.00 0.48 0.79 <0.25 1.0 113 0.028 0.23 0.003 0.04 1.35
SA D Sampl 4.95 0.005 0.008 0.49 0.37 73.0 <0.25 0.8 160 0.535 0.14 0.020 0.39 2.02
SA E Sampl 4.66 0.002 0.007 0.73 0.34 0.09 <0.25 1.4 70 0.025 <0.00 0.008 0.01 0.65
CH A Sampl 0.61 0.02 0.012 0.25 0.23 0.13 <0.25 <0.7 180 0.122 0.18 0.004 0.47 0.95
RW A, B Sampl 2.20 0.005 0.007 0.39 <0.05 0.01 <0.25 <0.9 655 0.049 0.35 0.020 0.08 3.42
IN A-D Sampl 1.45 0.11 0.023 1.05 1.09 0.03 0.32 <0.6 62 0.087 0.45 0.003 0.78 <0.08
CC A-F Sampl 0.50 0.07 0.004 0.57 0.36 0.06 0.69 0.7 4,238 0.012 0.64 0.003 1.25 <0.08
DN A-B Surve <1.0 0.04 <1.0 <2.0 <0.8 <1.0 <1.0 <1.0 <30 <0.5 <3.0 NA <0.30 <1.0
CA A-B Sampl 0.12 0.05 0.31 0.70 1.35 0.03 <0.25 1.3 244 0.015 0.83 <0.00 0.42 <0.08
PC A-B Sampl 4.24 0.07 0.306 1.11 0.91 0.06 0.45 <0.6 107 4.21 1.72 18.1 3.25 0.23
WDB A Surve 0.70 <0.5 <0.50 1.10 NA 25.0 0.37 NA 8,425 <0.5 <1.0 <0.5 110 NA
WA A-D Sampl <0.12 0.03 <0.00 0.64 0.19 0.08 0.39 <0.6 324 <0.00 0.24 0.007 0.01 0.12
B A, B, D Sampl 1.43 0.07 0.024 0.58 0.24 0.06 0.36 <0.6 27 0.065 0.81 0.013 0.90 0.69
B C Sampl 1.61 0.08 0.036 0.60 0.39 0.07 0.33 0.8 19 0.129 1.03 0.010 1.72 1.65
G A Sampl 0.70 0.57 <0.00 0.62 0.36 0.07 0.54 0.7 19 <0.00 0.23 0.003 0.01 0.88
G B Sampl 1.60 0.59 <0.00 0.77 0.07 0.03 0.61 0.8 29 <0.00 0.27 0.004 0.01 1.01
AZ A Sampl 0.89 0.03 0.019 4.53 4.38 0.17 0.28 <0.7 528 0.051 1.09 <0.00 8.30 1.21
BC A, B Sampl 3.60 0.05 0.023 4.24 1.45 0.78 <0.25 <0.7 112 0.072 8.32 <0.00 3.29 1.21
J A-D, G-J Surve 2.0 0.06 <2.0 0.54 0.12 0.02 7.4 2.1 NA NA 4.50 NA 0.12 0.08
J E, F Surve 2.0 0.07 < 2.0 1.00 1.20 0.02 10.9 3.1 NA NA 9.10 NA 0.24 0.08
NC A Sampl 1.10 0.03 <0.00 0.91 0.35 0.04 3.3 2.8 NA 0.010 0.19 0.003 0.01 0.85
ST A Sampl 0.35 0.06 0.005 3.31 0.68 0.05 1.4 1.1 170 0.015 0.63 <0.00 0.16 0.64
ST B Sampl 0.13 0.11 0.014 2.69 1.03 0.02 2.1 0.9 129 0.007 0.12 <0.00 0.15 0.62
ST C Sampl 0.06 0.10 <0.00 2.43 0.86 0.02 2.1 1.2 90 0.006 0.13 <0.00 0.14 0.44
ST D Sampl 0.20 0.10 0.004 0.36 1.49 0.03 2.8 1.1 183 0.107 0.20 0.009 0.21 0.91
K A-D Surve <10 0.03 <1.0 <10 <50 <1.0 3.7 1.0 <47 <2.0 <10 <1.0 NA NA

(a) NA = no data available. 
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Table 5.8 
Distribution system water quality – general water quality parameters and other inorganic elements  

Utility 
Identifier 

Associated 
Samples 

Data 
Source pH Temp 

(oC) 

Alkalinity 
(mg/L 

CaCO3)

Disinfectant   
Residual 
(mg/L)

Al 
(μg/L) 

Ca 
(mg/L) 

Fe 
(mg/L) 

Mg 
(mg/L) 

Mn 
(μg/L) 

Si 
(mg/L) 

S 
(mg/L) 

P 
(mg/L) 

Zn 
(μg/L) 

W A-H Sampl 7.7 24 147 0.60 Co 61 65 0.27 22 0.04 4 161 0.45 3.1
CL A, B Sampl 8.2 18 238 0.68 Fre 0.5 52 0.14 24 0.06 4 19 0.40 2.4
CL C Sampl 8.5 20 244 0.83 Fre 0.2 52 0.15 29 0.03 3 11 0.57 28.1
CL D, E Survey  NA(a) NA NA NA Fre NA NA NA NA NA NA NA NA NA
CL F Sampl 8.3 19 233 0.42 Fre 1.1 55 0.15 28 0.4 4 15 0.58 <0.06
CL G Sampl 7.9 19 235 0.68 Fre 0.7 60 0.18 25 0.1 4 33 0.51 11.1
SA A Sampl 8.1 19 65 0.02 Fre 5.1 19 0.05 4 <0.01 14 3 0.25 23.0
SA B, C Sampl 7.4 17 95 0.04 Fre 0.3 10 0.03 6 0.1 15 5 0.06 9.8
SA D Sampl 8.0 16 48 0.01 Fre 1.7 9 0.04 4 1.2 5 8 0.07 <0.06
SA E Sampl 8.1 18 68 0.07 Fre 1.0 10 0.06 3 0.3 15 2 0.3 <0.06
CH A Sampl 8.0 19 64 0.12 Fre 2.1 23 0.22 5 0.3 3 7 0.01 3.6
RW A, B Sampl 7.1 15 76 0.51 Fre 8.4 17 0.24 7 0.5 12 4 0.12 3.9
IN A-D Sampl 7.4 20 204 0.65 Fre 4.4 64 0.28 30 6.6 3 24 0.13 2.3
CC A-F Sampl 7.6 14 177 0.81 Fre <0.14 45 0.28 14 3.9 10 25 0.46 1.6
DN A-B Survey 7.8 12 49 1.35 Co 30 26 <0.05 NA <6.0 NA NA NA <5.0
CA A-B Sampl 7.3 18 135 1.90 Fre 0.1 44 0.27 15 0.2 9 30 0.37 127
PC A-B Sampl 7.6 2 136 0.3 Fre 59 106 12.1 28 0.02 5 69 0.04 97.3
WDB A Survey 7.6 NA NA NA Fre NA 19 <0.03 NA 50.0 NA NA NA 10.0
WA A-D Sampl 7.2 NA NA < 0.1 Fre 507 12 0.03 3 11.1 7 12 0.01 6.0
B A, B, D Sampl 8.1 23 119 2.14 Co 145 27 1.4 5 0.1 6 20 <0.00 1.0
B C Sampl 7.8 18 115 1.84 Co 134 29 2.0 9 0.8 6 27 0.09 22.3
G A Sampl 7.9 22 277 0.6 Fre 22 2 <0.00 1 0.2 3 2 0.01 <0.06
G B Sampl NA NA 276 NA Fre 3.1 2 <0.00 1 0.1 3 2 0.01 <0.06
AZ A Sampl 7.3 31 267 0.3 Fre <0.14 310 0.96 93 29.9 10 462 0.02 4.4
BC A, B Sampl 7.2 37 150 0.2 Fre <0.14 155 0.45 40 0.1 13 144 0.01 47.2
J A-D, G-J Survey 7.6 NA 289 NA Co NA 91 1.22 38 55.4 NA NA NA 18
J E, F Survey 7.6 NA 280 NA Co NA 59 0.21 20 7.8 4.1 NA NA <20
NC A Sampl 7.2 20 278 0.13 Fre <0.14 60 0.16 33 30.0 3 12 0.31 <0.06
ST A Sampl 7.4 28 265 0.71 Fre 0.6 26 0.07 16 <0.01 4 9 0.12 <0.06
ST B Sampl 7.4 24 236 0.97 Fre 0.4 52 0.15 35 <0.01 4 9 0.01 <0.06
ST C Sampl 7.5 21 232 1.04 Fre <0.14 43 0.11 34 <0.01 5 9 0.01 <0.06
ST D Sampl 7.4 26 261 0.58 Fre 0.5 50 0.14 33 1.9 4 9 0.06 <0.06
K A-D Survey 8.0 NA 268 3.50 Co NA 63 0.02 28 9.0 6.9 NA NA NA

(a) NA = no data available. 
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Piping Characteristics 
 
It was recognized that pipe material, age, and condition could play a significant role with 

regard to the extent of trace inorganic accumulation via their influence on the composition, 
mineralogy, prevalence, and stability of corrosion scale and accumulated deposit. Therefore, one 
criteria of the site selection process was to “capture a diverse range of pipe characteristics.” 
These characteristics include pipe material, size/diameter, age in service, amount of accumulated 
material, and physical condition. 

Regarding pipe material, samples were obtained from specimens or sites immediately 
comprised of unlined iron (cast and ductile), cement-mortar lined iron, galvanized iron/steel, 
steel, polyvinyl chloride (PVC), and high-density polyethylene (HDPE) plastic pipe. No samples 
were obtained from water mains composed of asbestos cement or concrete, or pipes with non-
cementitious linings. The distribution of samples by pipe material is provided in Table 5.9. For 
hydrant flush samples, pipe material refers to the type of pipe to which the hydrant lateral is 
directly connected. It should be recognized that deposit material characteristic of differing pipe 
materials (e.g., corrosion by-products) can be hydraulically transported from nearby pipes during 
the flushing process, as well as under routine hydraulic events. 

Regarding the amount of accumulated material, the primary goal was to select sites and 
samples where adequate deposit material could be obtained to perform processing and analytical 
activities. As a result, there was a strong preference to focus on areas that were suspected or 
known to have a moderate-to-substantial degree of scale and sediment accumulation (e.g., 
unlined iron pipe, highly-aged pipe, areas of chronic water discoloration, dead-end segments, 
etc.). This resulted in a preponderance of samples from unlined cast iron, which is generally of 
higher service age and more vulnerable to internal corrosion than other pipe material offerings. 
As shown in Table 5.2, most of the unlined cast iron specimens obtained were over 50 years old 
and contained significant quantities of accumulated mass. 

Regarding pipe size/diameter, emphasis was placed on obtaining pipe specimens with 
nominal inside diameters in the range 4 to 12 inches (neglecting diameter reduction effects due 
to deposit buildup). This range was selected since it is characteristic of most water distribution 
mains. For this study, pipe specimen samples ranged from one to 24 inches in diameter, with 36 
of the 46 (or 78%) pipe specimen samples being between 4 and 12 inches in diameter. 

 
Table 5.9 

Sample distribution by pipe material 
Pipe 

Material 
No. Pipe Samples 

(% of Total) 
No. Flush Samples 

(% of Total) 
Unlined Cast Iron 22 (48%) 21 (81%)
Unlined Ductile Iron 6 (13%) 0 (0%)
Cement-Lined Ductile Iron 7 (15%) 4 (15%) 
Galvanized Iron 4 (9%) 0 (0%) 
Steel 2 (4%) 0 (0%) 
Polyvinyl Chloride 4 (9%) 1 (4%) 
High-Density Polyethylene 1 (2%) 0 (0%) 
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DEPOSIT COMPOSITION 
 
Determination of the elemental composition of a representative sample mass was possible 

for 35 of 46 (76%) pipe specimen samples and 23 of 26 (88%) of flushed solid samples. Of the 
11 pipe specimens that contained inadequate (trace) or no accumulated mass for processing and 
analysis, six were cement-lined iron, four were PVC, and one was ductile iron. The absence of 
scale in cement-lined and PVC pipe specimens was attributed primarily to the “non-corrosive” 
nature of these pipe surfaces. Self-cleaning hydraulic conditions and/or utility flushing may have 
also helped prevent material accumulation via settling.  

The results of sample extraction and elemental analyses for each solid sample are 
provided in Tables 5.10 through 5.13. For presentation clarity, the results have been divided 
between pipe specimen samples and hydrant flush solids, and further divided between trace 
elements and common matrix elements. Both terms are operational definitions and are not 
intended to imply anything about the levels observed in this study. The indicated dissolution 
fractions are based on the application of USEPA Method 3050B. Details about the extraction 
procedure and the implications of incomplete dissolution as its affects the reported results were 
discussed in Chapter 4. 
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Table 5.10 
Elemental composition of pipe specimen solids – trace inorganic and radiological elements 

Sample 
Identifier 

Extracted 
Mass (g/L) 

Dissolved 
Fraction 

As 
(μg/g) 

Ba 
(μg/g) 

Cd 
(μg/g) 

Cr 
(μg/g) 

Ni 
(μg/g) 

Pb 
(μg/g) 

226Ra 
(pCi/g) 

228Ra 
(pCi/g) 

Sb 
(μg/g) 

Se 
(μg/g) 

Tl 
(μg/g) 

U 
(μg/g) 

V 
(μg/g) 

W-A 11.4 86% 10.9 38.0 0.06 6.78 4.60 2.07 73.0 NA(a) 0.15 0.05 0.04 0.42 4.34
W-B 10.1 86% 3.67 45.5 0.06 3.38 3.54 2.92 77.7 NA 0.07 0.43 0.04 0.44 3.24
W-C 17.5 82% 0.07 34.2 0.05 1.11 1.02 2.12 56.4 2.2 0.05 0.01 0.05 0.48 0.90
CL-A 20.6 82% 12.1 73.7 0.51 4.74 7.46 31.4 6.2 NA 0.12 0.09 0.25 0.19 19.0
CL-B 11.2 86% 12.5 105 0.31 1.95 3.38 6.22 16.0 NA 0.30 0.06 0.32 1.63 26.1
CL-C 10.6 82% 38.0 1,049 0.23 3.23 3.44 6.81 6.4 NA 0.13 0.18 0.16 0.18 14.1
CL-D 20.9 95% 1.01 59.6 0.35 1.41 4.20 8.29 11.3 NA 0.06 <0.00 0.15 0.75 8.09
CL-E 20.9 86% 22.0 106 0.50 1.57 10.5 28.0 11.3 NA 0.05 0.11 0.22 0.14 5.89
SA-A   NM(b) NM NM NM NM NM NM NM NM NM NM NM NM NM NM
SA-B 9.2 24% 1.65 31.2 0.09 1.45 19.4 7.45 1.2 NA 0.05 0.11 0.23 0.13 52.3
SA-C NM NM NM NM NM NM NM NM NM NM NM NM NM NM NM
CH-A 22.8 75% 46.8 234 0.10 12.5 39.1 29.4 0.7 NA 0.21 0.19 0.01 3.37 37.4
RW-A 10.3 84% 206.0 114 0.56 121 100 903 0.7 NA 0.72 0.05 0.05 0.71 451
RW-B 11.3 77% 71.7 74.4 2.41 36.3 67.3 285 2.0 NA 0.26 0.09 0.21 0.39 394
IN-A NM NM NM NM NM NM NM NM NM NM NM NM NM NM NM
IN-B 9.9 89% 437 354 0.23 1.52 7.63 4.38 3.0 NA 0.05 0.04 0.07 0.33 5.66
IN-C 10.3 91% 207 248 0.26 1.98 1.63 6.20 1.9 NA 0.19 0.03 0.06 2.20 9.78
IN-D 10.1 59% 68.5 123 0.81 11.8 16.1 5.00 3.1 NA 0.08 0.10 0.21 2.82 28.1
CC-A 14.3 77% 40.2 2,369 11.2 7.13 121 59.7 57.0 NA 0.25 8.41 0.33 5.08 196
CC-B 11.4 47% 234 1,714 3.42 29.1 92.5 10.2 39.8 NA 0.08 0.22 0.54 1.80 71.3
CC-C 10.0 84% 620 461 5.88 117 250 106 6.0 NA 0.13 1.10 061 10.7 36.4
CC-D 19.9 82% 140 403 2.51 78.5 296 17.2 5.6 NA 0.32 2.75 0.49 15.6 37.4
CC-E NM NM NM NM NM NM NM NM NM NM NM NM NM NM NM
CC-F NM NM NM NM NM NM NM NM NM NM NM NM NM NM NM
DN-A 19.4 87% 12.2 80.4 1.53 2.27 3.04 10.2 0.5 NA 0.11 0.71 0.01 10.8 8.36
DN-B 10.5 81% 10.4 105 1.64 5.00 3.63 12.1 1.1 NA 0.07 1.19 0.02 15.5 15.2
CA-A 10.7 67% 33.7 111 0.57 121 181 6.21 2.2 NA 0.75 0.04 0.06 0.70 40.3
CA-B 11.1 75% 2.53 87.7 2.30 6.40 4.64 7.35 3.1 NA 0.55 0.11 0.06 18.5 56.3
PC-A 10.1 91% 801 71.4 20.1 141 437 2,004 7.9 NA 4.29 0.70 78.4 19.4 34.4
PC-B 9.8 90% 939 59.6 19.4 138 406 1,603 9.9 NA 5.79 0.52 84.3 17.9 32.9
WDB-A 8.8 84% 46.9 446 34.1 0.82 330 25.1 364 NA 0.20 1.25 2.89 113 137

(continued) 
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Table 5.10 (Continued) 
Sample 

Identifier 
Extracted 
Mass (g/L) 

Dissolved 
Fraction 

As 
(μg/g) 

Ba 
(μg/g) 

Cd 
(μg/g) 

Cr 
(μg/g) 

Ni 
(μg/g) 

Pb 
(μg/g) 

226Ra 
(pCi/g) 

228Ra 
(pCi/g) 

Sb 
(μg/g) 

Se 
(μg/g) 

Tl 
(μg/g) 

U 
(μg/g) 

V 
(μg/g) 

WA-A 10.4 84% 4.68 99.7 0.26 12.6 2.78 53.3 0.8   NA(a) 0.05 1.09 0.07 0.35 9.28 

WA-B 10.0 82% 1.06 45.1 0.01 1.34 0.11 0.91 1.1 NA 0.02 0.53 0.00 0.03 0.32 

WA-C 10.0 79% 2.85 43.8 0.05 2.03 0.27 5.97 1.0 NA 0.14 0.52 0.00 0.04 0.64 

WA-D 10.4 82% 3.07 57.0 0.16 7.44 3.68 7.88 1.8 NA 0.03 1.09 0.01 0.17 6.20 

B-A 10.7 75% 43.3 39.9 0.95 10.8 10.8 5.31 1.6 NA 0.05 0.35 0.01 5.36 47.7 

B-B 21.0 85% 18.4 44.1 0.52 9.14 7.41 5.45 0.6 NA 0.05 0.19 0.03 6.35 44.3 

B-C    NM(b) NM NM NM NM NM NM NM NM NM NM NM NM NM NM 

B-D 10.7 89% 12.9 21.2 0.40 1.57 3.43 3.34 1.3 NA 0.22 1.75 0.01 15.9 27.2 

AZ-A NM NM NM NM NM NM NM NM NM NA NM NM NM NM NM 

BC-A NM NM NM NM NM NM NM NM NM NA NM NM NM NM NM 

BC-B NM NM NM NM NM NM NM NM NM NA NM NM NM NM NM 

ST-A 10.3 73% 127 652 0.36 19.8 37.1 50.2 62.3 NA 0.32 0.07 0.19 0.12 84.4 

ST-B NM NM NM NM NM NM NM NM NM NM NM NM NM NM NM 

K-A 11.1 95% 21.6 51.6 0.08 4.44 3.09 2.29 20.4 NA 0.09 0.28 0.08 1.07 11.8 

K-B NM NM NM NM NM NM NM NM NM NM NM NM NM NM NM 

(a) NA = not analyzed, no data available. 
(b) NM = inadequate mass for testing. 
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Table 5.11 
Elemental composition of pipe specimen solids – common matrix elements 

Sample 
Identifier 

Extracted 
Mass (g/L) 

Dissolved 
Fraction Pipe Material Al 

(μg/g) 
Ca 

(μg/g) 
Mg 

(μg/g) 
Fe 

(wt%) 
Mn 

(μg/g) 
 Si 

(μg/g) 
S 

(wt%) 
P 

(μg/g) 
Zn 

(μg/g) 
TC 

(wt%) 
TIC 

(wt%) 

W-A 11.4 86% Cast Iron 250 1,426 239 33.6 447 138 1.46 4,316 32.2 0.82 0.07
W-B 10.1 86% Cast Iron 354 6,747 577 37.8 976 28.1 1.66 5,940 45.0 1.84 0.39
W-C 17.5 82% Cast Iron 118 867 637 32.8 816 572 2.30 4,283 11.6 1.40 NA(a)

CL-A 20.6 82% Cast Iron 323 252,6 6,258 6.8 400 142 0.05 813 222 11.96 10.85
CL-B 11.2 86% Cast Iron 609 59,18 2,038 26.7 362 268 0.48 2,276 256 6.32 2.63
CL-C 10.6 82% Cast Iron 3,452 134,2 24,85 30.2 372 344 0.36 12,34 298 5.62 5.62
CL-D 20.9 95% Cast Iron 453 246,9 541 35.0 1,393 258 10.9 2,218 292 4.50 NA
CL-E 20.9 86% Cast Iron 439 66,32 4,578 14.0 580 92.7 0.10 829 485 2.00 NA
SA-A    NM(b) NM PVC NM NM NM NM NM NM NM NM NM NM NM
SA-B 9.2 24% Cement-Lined 374 11,02 319 0.1% 313 21.7 NA 121 317 NA NA
SA-C NM NM Cement-Lined NM NM NM NM NM NM NM NM NM NM NM
CH-A 22.8 75% Steel 1,035 5,864 638 42.1 1,319 134 0.40 310 86.4 3.50 NA
RW-A 10.3 84% Galvanized Iron 1,029 762 267 40.0 635 52.0 0.06 12,58 1,792 0.33 0.02
RW-B 11.3 77% Galvanized Iron 1,661 6,896 336 33.7 1,628 <0.22 NA 4,396 1,588 NA NA
IN-A NM NM Cement-Lined NM NM NM NM NM NM NM NM NM NM NM
IN-B 9.9 89% Ductile Iron 1,611 175 87.9 36.9 1,342 41.4 0.87 936 67.4 1.33 0.02
IN-C 10.3 91% Ductile Iron 1,493 0.33 86.8 30.8 691 314 1.20 566 26.2 1.40 NA
IN-D 10.1 59% Ductile Iron 20,256 26,14 14,65 13.4 654 121 0.18 1,033 518 1.33 0.92
CC-A 14.3 77% Cast Iron 3,327 5,359 1,630 23.5 46,69 130 0.30 2,282 923 1.20 NA
CC-B 11.4 47% Cast Iron 8,880 10,33 4,118 11.7 28,95 <0.22 0.10 2,931 755 5.40 NA
CC-C 10.0 84% Cast Iron 2,955 8,570 1,756 27.7 14,12 12.5 2.40 1,974 300 3.80 NA
CC-D 19.9 82% Cast Iron 2,997 11,90 1,960 25.2 21,65 375 3.10 2,119 728 5.10 NA
CC-E NM NM Cement-Lined NM NM NM NM NM NM NM NM NM NM NM
CC-F NM NM Cement-Lined NM NM NM NM NM NM NM NM NM NM NM
DN-A 19.4 87% Cast Iron 4,373 7,272 204 39.7 1,144 272 1.20 825 100 1.40 NA
DN-B 10.5 81% Cast Iron 4,965 18,95 318 31.3 514 7.35 1.31 740 73.58 1.34 0.01
CA-A 10.7 67% Steel 1,350 6,421 509 19.3 1,166 1.12 0.83 1,732 449 20.7 0.03
CA-B 11.1 75% Cast Iron 3,208 <0.33 444 20.6 139 71.8 1.13 895 286 0.86 0.00
PC-A 10.1 91% Galvanized Iron 524 9,746 293 30.9 2,597 <0.22 0.55 592 19,73 1.62 0.90
PC-B 9.8 90% Galvanized Iron 537 9,190 185 34.0 2,790 11.6 0.48 528 15,05 1.11 0.45
WDB-A 8.8 84% HDPE 641 28,56 2,435 5.5 232,4 1,327 NA 728 18,46 NA NA

(continued) 
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Table 5.11 (Continued) 
Sample 

Identifier 
Extracted 
Mass (g/L) 

Dissolved 
Fraction Pipe Material Al 

(μg/g) 
Ca 

(μg/g) 
Mg 

(μg/g) 
Fe 

(wt%) 
Mn 

(μg/g) 
 Si 

(μg/g) 
S 

(wt%) 
P 

(μg/g) 
Zn 

(μg/g) 
TC 

(wt%) 
TIC 

(wt%) 

WA-A 10.4 84% Cast Iron 631 16,33 145 46.5 3,714 116 0.52 1,358 49.4 0.44 0.00
WA-B 10.0 82% Cast Iron 175 11,74 57.0 45.6 129 143 2.89 437 25.6 0.42 0.00
WA-C 10.0 79% Cast Iron 105 8,968 49.4 46.8 386 185 2.72 534 25.5 0.52 0.00
WA-D 10.4 82% Cast Iron 182 12,07 59.5 44.3 2,292 22.3 0.38 570 46.3 0.56 0.01
B-A 10.7 75% Ductile Iron 990 196 243 37.7 928 <0.22 1.43 1,826 2,074 1.62 0.10
B-B 21.0 85% Ductile Iron 759 2,692 189 36.8 715 50.7 1.70 1,407 233 1.90 NA(a)

B-C   NM(b) NM Cement-Lined NM NM NM NM NM NM NM NM NM NM NM
B-D 10.7 89% Cast Iron 561 329 119 32.7 402 12.5 3.15 1,616 1,467 0.51 0.01
AZ-A NM NM PVC NM NM NM NM NM NM NM NM NM NM NM
BC-A NM NM PVC NM NM NM NM NM NM NM NM NM NM NM
BC-B NM NM PVC NM NM NM NM NM NM NM NM NM NM NM
ST-A 10.3 73% Cast Iron 462 23,16 1,603 29.3 3,925 10.3 0.14 7,464 148 5.81 0.95
ST-B NM NM Cement-Lined NM NM NM NM NM NM NM NM NM NM NM
K-A 11.1 95% Cast Iron 140 2,780 98.8 38.2 938 88.2 1.30 1,184 44.2 2.60 NA
K-B NM NM Ductile Iron NM NM NM NM NM NM NM NM NM NM NM

(a) NA = not analyzed, no data available. 
(b) NM = inadequate mass for testing. 
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Table 5.12 
Elemental composition of hydrant flush solids – trace inorganic and radiological elements 

Sample 
Identifier 

Extracted 
Mass (g/L) 

Dissolved 
Fraction 

As 
(μg/g) 

Ba 
(μg/g) 

Cd 
(μg/g) 

Cr 
(μg/g) 

Ni 
(μg/g) 

Pb 
(μg/g) 

226Ra 
(pCi/g) 

228Ra 
(pCi/g) 

Sb 
(μg/g) 

Se 
(μg/g) 

Tl 
(μg/g) 

U 
(μg/g) 

V 
(μg/g) 

W-D 9.4 82% 1.86 70.6 0.06 5.66 6.24 21.9 24.3 NA(a) 0.09 0.03 0.01 0.34 0.65
W-E 9.8 87% 0.65 12.8 0.03 0.61 1.18 0.84 44.7 NA 0.03 0.02 0.00 0.33 <0.00
W-F 10.7 90% 0.01 29.4 0.01 0.92 0.68 5.48 17.9 NA 0.04 0.04 0.01 0.37 0.04
W-G    NM(b) NM NM NM NM NM NM NM NM NM NM NM NM NM NM
W-H NM NM NM NM NM NM NM NM NM NM NM NM NM NM NM
CL-F 11.2 80% 22.6 226 0.50 34.2 65.8 7,203 35.6 NA 0.94 0.05 0.95 0.37 24.1
CL-G 9.3 72% 6.14 138 0.17 49.9 89.1 824 9.3 NA 1.97 0.17 0.03 1.43 2.61
SA-D 10.4 71% 55.4 166 0.17 16.8 20.6 105 1.7 NA 0.06 0.10 0.02 0.37 13.4
SA-E 20.9 40% 13.3 104 0.19 35.1 27.7 181 1.2 NA 0.02 0.11 0.04 0.26 19.4
G-A 11.3 55% 163 517 0.22 52.9 56.3 46.6 11.2 NA 0.67 0.19 0.05 0.07 41.6
G-B NM NM NM NM NM NM NM NM NM NM NM NM NM NM NM
J-A 11.4 87% 25.6 176 0.13 4.28 28.4 42.0 174 NA 0.14 0.12 0.10 1.37 2.28
J-B 18.0 95% 19.9 337 0.39 6.44 484 407 1,061 NA 0.34 0.18 0.20 1.23 4.41
J-C 20.2 61% 0.66 34.9 0.12 9.03 16.9 45.8 28.0 7.8 0.13 0.01 0.15 2.52 <0.00
J-D 20.5 94% 0.67 28.9 0.09 0.53 17.5 2.25 23.6 NA 0.09 0.01 0.10 2.50 <0.00
J-E 21.3 77% 3.88 385 0.18 197 136 41.2 16.9 NA 0.83 0.04 0.05 1.12 22.2
J-F 21.1 61% 4.00 109 0.09 11.1 13.9 62.1 136 NA 0.16 0.02 0.17 0.84 5.08
J-G 19.6 94% 1.72 132 0.08 3.87 8.46 6.08 150 NA 0.18 0.02 0.06 1.87 2.05
J-H 10.1 60% 31.1 11.5 0.13 60.3 74.4 161 4.0 NA 0.80 0.04 0.01 0.25 20.7
J-I 10.2 82% 13.1 50.3 0.18 19.7 21.2 26.9 47.9 NA 0.13 0.06 0.17 0.81 7.00
J-J 10.5 86% 30.9 77.7 0.48 65.2 107 5,142 100 NA 1.02 0.06 0.12 1.25 13.9
NC-A 10.5 43% 8.92 113 0.62 21.3 32.1 155 8.8 NA 0.81 0.11 0.04 0.11 5.84
ST-C 8.7 77% 29.5 152 0.68 251 271 1,032 7.3 NA 6.51 0.01 0.02 0.14 18.6
ST-D 10.4 76% 4.00 75.8 0.35 8.11 12.4 350 5.2 NA 0.60 0.05 0.13 1.39 10.8
K-C 19.8 64% 0.52 57.5 0.07 5.92 6.18 10.6 41.0 NA 0.17 <0.00 0.04 1.49 3.67
K-D 19.8 96% 0.08 53.3 0.07 2.19 5.04 2.58 38.2 NA 0.08 <0.00 0.01 1.78 0.17

(a) NA = not analyzed, no data available. 
(b) NM = inadequate mass for testing. 
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Table 5.13 
Elemental composition of hydrant flush solids – common matrix elements 

Sample 
Identifier 

Extracted 
Mass (g/L) 

Dissolved 
Fraction Pipe Material Al 

(μg/g) 
Ca 

(μg/g) 
Mg 

(μg/g) 
Fe 

(wt%) 
Mn 

(μg/g) 
 Si 

(μg/g) 
S 

(wt%) 
P 

(μg/g) 
Zn 

(μg/g) 
TC 

(wt%) 
TIC 

(wt%) 

W-D 9.4 82% Cast Iron 127 <0.33 519 39.3 240 <0.22 NA(a) 2,984 326 NA NA
W-E 9.8 87% Cast Iron 39.7 1,077 361 34.6 177 14.7 0.15 2,264 3.18 0.19 0.02
W-F 10.7 90% Cast Iron 171 6,543 313 38.6 99.6 19.7 NA 2,364 5.28 NA NA
W-G    NM(b) NM Cast Iron NM NM NM NM NM NM NM NM NM NM NM
W-H NM NM Cast Iron NM NM NM NM NM NM NM NM NM NM NM
CL-F 11.2 80% Cast Iron 607 88,178 2,660 15.8 1,192 <0.22 0.26 2,918 633 7.23 3.90
CL-G 9.3 72% Cast Iron 396 31,003 8562 17.1 614 2.63 NA 949 508 NA NA
SA-D 10.4 71% Cement-Lined 1545 4,339 1,653 21.9 1,461 <0.22 0.19 1,603 2,145 2.06 0.08
SA-E 20.9 40% Cement-Lined 10,27 7,464 3,509 11.8 3,509 <0.22 0.17 606 5,761 2.59 0.14
G-A 11.3 55% Cast Iron 635 5,333 1,771 8.50 488 42.6 NA 2,947 110 NA NA
G-B NM NM Cement-Lined NM NM NM NM NM NM NM NM NM NM NM
J-A 11.4 87% Cast Iron 148 459 674 36.2 1,235 <0.22 1.17 5,711 71.1 2.13 0.15
J-B 18.0 95% Cast Iron 865 37,980 3,214 28.4 30,11 19.0 4.06 3,256 364 4.07 2.20
J-C 20.2 61% Cast Iron 44.6 15,816 548 38.6 387 596 2.71 1,181 64.5 1.09 0.25
J-D 20.5 94% Cast Iron 32.5 7,355 458 38.5 390 370 1.50 1,045 5.48 0.87 0.24
J-E 21.3 77% Cast Iron 1,659 87,256 23,25 14.6 760 473 2.23 405 97.0 6.11 2.97
J-F 21.1 61% Cast Iron 1,066 39,277 14,50 13.9 322 248 1.09 4,106 12.7 3.18 2.35
J-G 19.6 94% Cast Iron 104 4,857 794 38.2 443 379 0.47 4,123 39.2 0.89 0.28
J-H 10.1 60% Cast Iron 1,266 6835 738 26.2 1,459 224 0.25 495 18.8 0.74 0.31
J-I 10.2 82% Cast Iron 446 92,111 37,93 17.7 613 162 1.57 2,693 48.5 6.35 5.25
J-J 10.5 86% Cast Iron 119 1,124 751 33.5 1,091 <0.22 1.90 3,761 379 3.42 0.22
NC-A 10.5 43% PVC 951 14,752 5,246 5.10 210 167 NA 456 1,056 NA NA
ST-C 8.7 77% Cement-Lined 555 6,687 793 23.1 2,949 785 NA 98.3 178 NA NA
ST-D 10.4 76% Cast Iron 710 7,907 730 32.9 845 126 2.79 827 827 2.35 0.76
K-C 19.8 64% Cast Iron 203 219,73 2,843 25.6 825 401 0.20 303 74.9 7.85 5.66
K-D 19.8 96% Cast Iron 1,066 1,004 592 43.9 396 262 NA 664 292 NA NA

(a) NA = not analyzed, no data available. 
(b) NM = inadequate mass for testing. 
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UTILITY CASE STUDIES 
 
Case studies have been developed for each of the 20 utility participants. The case studies 

are intended to provide relevant background information on each utility and provide a more 
focused discussion of analytical findings. Background information includes a description of the 
system and characterization of its water supply sources, treatment applications, distribution 
system water quality conditions, sample site conditions, distribution system piping, operations 
and maintenance (O&M) practices relevant to cleaning distribution system piping, and other 
utility-provided information. In each case, trace element accumulation observations are explored 
by examining potential influencing parameters (e.g., pipe material, deposit composition with 
regard to common matrix elements, treated water quality, etc.) and through comparisons with 
other utilities and the entire dataset generated in this study. In certain samples of unique interest 
(e.g., when trace elements were present at high levels relative to other samples), advanced 
analytical techniques (e.g., SEM/EDX, XRD) were performed to explore mineralogical, 
morphological, and surface properties of deposit samples. Detailed results of SEM/EDX and 
XRD analyses are provided in Appendix B. 

Macroscopic photographs were taken of several of the deposit materials in various phases 
of the processing sequence (e.g., in the original specimen, flakes of scale scraped from the inner 
pipe surface, materials removed from hydrant nets, etc.). These photographs are provided in 
Appendix C. 

 
Utility ‘W’ 
 
Overview 

 
Utility W operates a small water system (approximate service population of 7,000) that 

relies on groundwater from three production wells. The wells draw from the same aquifer and 
reportedly have similar source water quality conditions, including moderate levels of naturally-
occurring 226Ra, 228Ra, and reduced iron. The wells are combined and centrally treated prior to 
distribution; therefore, distribution system water quality conditions are relatively uniform. 
Centralized treatment consists of electrodialysis reversal (EDR), which has been in operation for 
20 years and has reportedly provided removal of combined radium to an average concentration 
of 4 pCi/L; chloramination (residual of 0.6 mg/L as measured in the distribution system); and the 
addition of tri-polyphosphate (TPP) for iron sequestration (dose reported as 0.45 mg/L as P). 
Since the completion of sample collection for this project, the secondary disinfectant has been 
converted to free chlorine. 

The treated water has a typical pH range of 7.6 to 7.8, alkalinity of 150 mg/L as CaCO3, 
and total hardness of 250 mg/L as CaCO3. As expected, both iron and phosphorus were present 
in the distribution system water sample collected for this project. With regard to regulated trace 
metals and radionuclides, most were observed in the treated water at concentrations that are at 
least two orders-of-magnitude below their respective MCLs (based on the sampling performed 
for this study). The exceptions include arsenic (0.19 μg/L), barium (0.02 mg/L), and combined 
radium (9.7 pCi/L). Though not currently regulated, nickel was also present (3.7 μg/L). 

Regarding system piping, most of the water mains are old unlined cast iron (reportedly 
installed over 100 years ago). There are newer portions of asbestos cement and PVC pipe. 
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Regarding distribution system O&M practices, the utility performs spot flushing as needed to 
address water discoloration episodes. 

 
Participation 
 

Utility W provided eight samples for this study, including three pipe specimens obtained 
from a utility storage area (Approach 3; samples W-A through W-C) and five sets of hydrant 
flush solids (Approach 5; samples W-D through W-H) collected from different locations in the 
system. Samples W-G and W-H contained an insufficient amount of material for further 
processing. Each sample was obtained from piping comprised of 100+ year old unlined cast iron. 
The exact location and date of removal of the three boneyard pipe specimens could not be 
identified; however, their removal from the system reportedly occurred within the two years 
prior to this investigation. Since distribution system water quality is relatively uniform and was 
unchanged for many years prior to this project, recent treated water quality results are considered 
representative of water conditions that the pipe specimens were acclimated to during their most 
recent 20 years in service (i.e., since EDR treatment was implemented). 

 
Deposit Composition 

 
Elemental composition of pipe specimen and hydrant flush solids with regard to common 

matrix elements was generally similar. For each deposit sample, iron was the predominant 
inorganic element (pipe specimen average 34.7 wt%; hydrant flush solids average 37.5 wt%). 
This similarity was anticipated since all of the samples were obtained from unlined cast iron pipe 
and distribution system water quality is relatively uniform. Sulfur was present in the pipe 
specimen scale samples at an average of 1.8 wt%. This could be due to presence of sulfide and/or 
sulfate-based precipitates embedded in corrosion scale. Phosphorus was relatively concentrated 
in all deposit samples, presumably due to the application of TPP and its gradual hydrolysis to 
orthophosphate. Of note is that the average phosphorus content of the pipe scale (0.5 wt%) was 
double that of the hydrant flush solids (0.25 wt%). 

Trace inorganic elements were present in each of the six deposit samples, albeit at levels 
that were relatively low when compared to other utility samples. Average levels of these 
elements were similar between the pipe scale and hydrant flush solids. Radium was observed in 
deposit samples at moderately high levels relative to other utility samples, i.e., four of the six 
samples contained 226Ra above the 80th percentile of the entire dataset. The average 226Ra content 
measured in the pipe scale (69 pCi/g) was more than twice that observed in the hydrant flush 
solids (29 pCi/g). This could be due to the higher phosphorus content of the pipe scales. 

 
Additional Findings 

 
The distribution system water sample collected as part of this project had a combined 

radium content of 9.7 pCi/L, which is well above the reported typical entry-point concentration 
of 4.0 pCi/L. Speciation between the soluble and filterable (i.e., solids-associated) fraction was 
not performed. If soluble, this may be indicative of progressive radium release from deposits 
(possibly associated with EDR implementation). This could be a significant finding regarding 
contaminant release kinetics and the total quantity of radium within the system, since the sources 
and treatment conditions have been unchanged for 20 years. If filterable, this may be indicative 
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of radium-bearing deposit material being entrained in the water sample. Additional system 
monitoring and speciation (soluble versus filterable fraction) is needed to make this 
determination. 

 
Utility ‘CL’ 
 
Overview 

 
Utility CL operates a medium-sized water system (approximate service population of 

28,000) that relies on groundwater from six production wells. Source water quality conditions 
vary somewhat between the wells. Combined radium is present in each source, at concentrations 
ranging from 1.9 to 5.0 pCi/L (as reported by the utility). Naturally-occurring iron also exists, at 
concentrations ranging from non-detect to 0.49 mg/L. The wells are treated at four different 
entry-points. Treatment consists of fluoridation (dose 1.0 mg/L as F); addition of a 70:30 
poly/ortho phosphate blend (dose 1.0 mg/L as PO4) for sequestration of iron and corrosion 
control, and chlorination (residual 0.3 to 1.0 mg/L as free chlorine). Phosphate addition was 
initiated 25 years ago; however, until early 2007, it consisted of a 50:50 zinc-based blend. 

Distribution system water quality conditions are somewhat variable owing to differences 
in source water conditions and well production patterns. The pH measured in distribution system 
water samples collected for this study varied from 7.7 to 8.8. Alkalinity and total hardness (both 
averaging 240 mg/L as CaCO3) were more consistent amongst the sampling sites. As expected, 
combined radium (3.3 to 4.7 pCi/L), iron (0.14 to 0.18 mg/L), and phosphorus (0.4 to 0.6 mg/L) 
were observed in distribution system water samples. With regard to regulated trace metals and 
radionuclides, most were observed in the treated water at concentrations that are at least two 
orders-of-magnitude below their respective MCLs (based on sampling performed for this study). 
The exceptions include arsenic (up to 1.7 μg/L), barium (up to 0.09 mg/L), combined radium (up 
to 4.7 pCi/L), and uranium (up to 0.31 μg/L). Though not currently regulated, nickel was also 
present (up to 1.9 μg/L). 

Regarding water system piping, the water mains include very old unlined cast iron (75%) 
and newer portions of ductile iron (24%) and PVC (1%). 

 
Participation 
 

Utility CL provided seven samples for this investigation, including five pipe specimens 
(Approach 2; samples CL-A through CL-E) and two sets of hydrant flush solids (Approach 5; 
samples CL-F and CL-G). The sample sites were scattered throughout the system. Each sample 
was obtained from piping comprised of unlined cast iron. All of the samples contained adequate 
mass for processing and analysis. 

 
Deposit Composition 
 

The elemental composition of pipe specimen and hydrant flush solids with regard to 
common matrix elements was distinctly different. Although each sample was composed 
primarily of iron, the iron content in the pipe scale varied substantially (6.8 to 35 wt%) and was, 
on average, higher than that of hydrant flush solids (22.5 wt% versus 16.5 wt%, respectively). 
The deposit samples also contained relatively large amounts of calcium and inorganic carbon, 
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presumably due to the hard and DIC-rich water. The calcium content of pipe scale varied 
substantially (5.9 to 25.3 wt%) and was, on average, higher than that of the hydrant flush solids 
(15 wt% versus 6.0 wt%). The inorganic carbon content of the pipe scale samples (average 6.4 
wt%) was also higher than that of the hydrant flush solids (3.9 wt%). Phosphorus was relatively 
concentrated in all deposit samples, presumably due to the application of a phosphate blend. Of 
note is that the average phosphorus content of the pipe scale (0.37 wt%) was roughly double that 
of the hydrant flush solids (0.19 wt%). 

Trace inorganic elements were measured in each of the deposit samples, albeit at levels 
that were relatively low compared to samples from other utilities. For several of these elements, 
the content in the hydrant flush solids was considerably higher than that of the pipe scales. For 
example, the average composition of the flush solids with regard to antimony, chromium, lead, 
and nickel was more than an order-of-magnitude greater than their corresponding average in the 
pipe scale. The average composition of the flush solids with regard to thallium, zinc, 226Ra, and 
uranium was roughly double that of their corresponding average in the pipe scale. While most 
trace elements were present at low levels compared to other utility samples, the antimony and 
lead content in both hydrant flush samples were relatively high (i.e., above 90th percentile) in 
comparison to other utility samples. The lead content of sample CL-F (7,200 μg/g, or 0.72 wt%) 
was the highest result for any trace inorganic element in this study. These occurred despite the 
extremely low concentrations of these elements in the treated water. The antimony and lead 
content in the pipe scale samples were close to the median levels observed in this study. 

 
Utility ‘SA’ 
 
Overview 

 
Utility SA operates a medium-sized water system (approximate service population of 

60,000) that relies primarily on groundwater supplied from several production wells, and to a 
lesser extent, treated surface water purchased from a regional water supply system. The system is 
broadly divided into two separate areas. Each area consists of multiple pressure zones. Water 
quality conditions vary between the different areas, and to a lesser extent, between the different 
zones in each area. Groundwater treatment generally consists of low-level chlorination (less than 
0.1 mg/L as free chlorine) and fluoridation. For some well supplies, caustic soda addition for pH 
adjustment and/or pressure filtration for iron and manganese removal are applied. The utility has 
reported iron and manganese deposition issues within portions of its system, primarily due to the 
use of an unfiltered well with elevated concentrations of these metals. This well was not in use 
during the water sampling activities for this study, which may explain why observed manganese 
levels were relatively low. 

The pH measured in distribution system water samples collected for this study varied 
from 7.3 to 8.1, while alkalinity measurements varied from 48 to 95 mg/L as CaCO3. Phosphorus 
was observed at concentrations ranging from 0.06 to 0.3 mg/L. Iron (0.03 to 0.06 mg/L) and 
manganese (0.1 to 1.2 μg/L) were observed at extremely low concentrations in water samples 
collected for this study. However, in its 2007 Consumer Confidence Report, the utility reported 
that the levels of these elements in the treated water are routinely higher (i.e., 0.5 mg/L for Fe 
and 50 μg/L for Mn). Regarding regulated trace inorganic elements, the utility reported that some 
wells have measurable levels of arsenic, with recent entry-point measurements as high as 9 μg/L. 
Arsenic was observed in water samples collected for this project at concentrations ranging from 
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0.7 to 5.2 μg/L. For other regulated trace metals and radionuclides, most were observed in the 
treated water at concentrations that are at least two orders-of-magnitude below their respective 
MCLs (based on the sampling performed for this study). The exceptions include antimony (up to 
0.5 μg/L), chromium (up to 1.0 μg/L), 228Ra (up to 1.4 pCi/L), uranium (up to 0.4 μg/L), and lead 
(up to 0.8 μg/L, excluding an apparent outlier). 226Ra was not detected in any of the water 
samples (MDL of 0.3 pCi/L). 

Regarding system piping, the water mains are comprised primarily of cement-lined 
ductile iron and PVC. Regarding distribution system O&M practices, the utility performs routine 
dead-end flushing to remove iron and manganese deposits in several portions of the system. 

 
Participation 

 
Utility SA provided five samples for this investigation, including three pipe specimens 

(Approach 2; samples SA-A through SA-C) and two sets of hydrant flush solids (Approach 5; 
samples SA-D and SA-E). The sample sites were scattered throughout the system and inclusive 
of both of the system areas. The hydrant flush solids were obtained from newer cement-lined 
pipes in dead-end cul-de-sacs in portions of the system that reportedly experience deposition of 
iron and manganese precipitates. 

 
Deposit Composition 

 
Sample SA-A was a PVC pipe specimen (from a water main break) that contained a trace 

amount of mass which was present as a thin layer of dust on the inner surface. There was 
insufficient mass for processing and analysis. The other two pipe specimens (SA-B, SA-C), both 
cement-lined ductile iron, had a thin, smooth, highly cohesive, brown-colored solid layer atop 
the cement mortar. At the time of collection, it was unclear if this layer was deposit material or a 
factory-applied seal-coat that may have been stained due to manganese exposure. The extraction 
and analytical process suggest the latter. For sample SA-B, only 24% of the matrix dissolved per 
USEPA Method 3050B. This was the lowest dissolution fraction of all samples by a significant 
margin and considerably below the study-wide average of 78%. Of the common matrix elements 
that were assessed, calcium was the predominant element in this sample, although it was only 
observed at 1.1 wt%. 

The elemental composition of the two hydrant flush samples with regard to common 
matrix elements was distinctly different from each other. This is likely due to the fact that the 
samples were collected from the two separate areas of the system and were exposed to different 
waters. Sample SA-D contained primarily iron (22 wt%), with lesser amounts of organic carbon 
(2.0 wt%), calcium (0.4 wt%), phosphorus (0.16 wt%), and manganese (0.15 wt%). Sample SA-
E also contained primarily iron (11.8 wt%), though much less than sample SA-D. Sample SA-E 
contained lesser amounts of organic carbon (2.4 wt%), aluminum (1.0 wt%), and calcium (0.7 
wt%). Of note is that the dissolution fraction of sample SA-E was only 40%, indicating a 
significant amount of refractory material. 

Trace inorganic elements were present in both of the hydrant flush samples at similar 
levels. For most elements, the observed concentrations were comparable to other utility samples. 
However, moderately high concentrations of chromium (35 μg/g), lead (181 μg/g), and zinc 
(0.58 wt%) were observed. 
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Additional Findings 
 

The distribution system water sample collected at site SA-D contained lead at 0.07 mg/L. 
According to historical utility monitoring, none of its sources have measurable levels of lead. 
Since moderately high levels of lead were observed in the flushed deposits, this observation may 
be the result of lead-bearing deposit material being entrained in the water sample. Alternatively, 
there may be an “inner” source of lead in the blowoff assembly or related connections associated 
with this sample location. Additional investigation is needed to determine the source of the lead. 

 
Utility ‘CH’ 
 
Overview 
 

Utility CH operates a medium-sized water system (service population of about 11,000) 
that relies on groundwater supplied from four separate wells. The four wells draw from the same 
aquifer and have similar source water quality. The wells are combined and centrally treated with 
chlorine (residual 0.2 to 0.6 mg/L as free chlorine); therefore, distribution system water quality 
conditions are relatively uniform. 

Treated water has a typical pH of 8.0, alkalinity of 64 mg/L as CaCO3, and total hardness 
of 78 mg/L as CaCO3. Iron (0.2 mg/L) was present in the distribution system water sample. With 
regard to regulated trace metals and radionuclides, most were observed in the treated water at 
concentrations that are at least two orders-of-magnitude below their respective MCLs (based on 
the sampling performed for this study). The exceptions include antimony (0.12 μg/L), arsenic 
(0.6 μg/L), barium (0.02 mg/L), and uranium (0.5 μg/L). 

Regarding piping, the water system was originally constructed primarily with steel mains. 
However, most of the original piping has been replaced with cement-lined ductile iron. 

 
Participation 

 
Utility CH provided one pipe specimen (Approach 2; sample CH-A) for this study. The 

pipe specimen was comprised of steel and reportedly had been in service for over 30 years. 
 

Deposit Composition 
 

The pipe scale matrix was primarily composed of iron (42.1 wt%). The scale contained 
lesser amounts of carbon (3.5 wt%), calcium (0.58 wt%) and manganese (0.13 wt%). Trace 
inorganic elements were present in the pipe scale at levels comparable to other utility samples. 
The exceptions were barium (234 μg/g) and uranium (3.4 μg/g), both of which were observed at 
the 83rd percentile of the entire data set. 

 
Deposit Characterization 

 
Surface characterization activities (i.e., SEM/EDX) were performed for sample CH-A. 

The results are provided in Appendix B. Regarding XRD analysis, the following mineralogical 
phases were identified: goethite (α-FeOOH), magnetite (Fe3O4), and quartz (SiO2).  
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Utility ‘RW’ 
 
Overview 

 
Utility RW operates a small water system (service population of about 6,300) that relies on 

groundwater from two wellfields and peaking supply from a seasonal well. Each source is treated 
with gas chlorine prior to distribution. Recent utility-provided monitoring results indicate that the 
wellfields contain measurable concentrations of combined radium (up to 1.2 pCi/L) and uranium 
(up to 0.13 μg/L). As a result of similar source water quality conditions and treatment applications, 
distribution system water quality conditions are relatively uniform on a spatial basis. 

The treated water has a typical pH of about 7.1, alkalinity of about 75 mg/L as CaCO3, 
and hardness of 70 mg/L as CaCO3. Iron (0.24 mg/L) and phosphorus (0.12 mg/L) were present 
in the distribution system water sample collected for this project, presumably originating from 
the source water. With regard to regulated trace metals and radionuclides, most of these elements 
were observed in the treated water at concentrations that are at least two orders-of-magnitude 
below their respective MCLs (based on the sampling performed for this study). The exception is 
arsenic (2.2 μg/L). Though not currently regulated, vanadium was also observed (3.4 μg/L). 

Regarding system piping, the water mains are predominantly cast and ductile iron piping, 
with some galvanized steel. Regarding distribution system O&M practices, UDF of the entire 
system was performed in the mid-1990s. Dead-end mains are systematically flushed annually in 
late spring. 

 
Participation 

 
Utility RW provided two pipe specimens (Approach 2; samples RW-A and RW-B) for 

this investigation. Both pipe specimens are small-diameter galvanized steel. Specimen RW-A 
had reportedly been in service for about 43 years. Specimen RW-B had reportedly been in 
service somewhere between 29 and 54 years. Prior to their extraction, both pipe specimens were 
located downstream of larger cast iron water mains and both were reported to be hydraulically-
influenced by the same wellfield (and hence exposed to similar water quality conditions). 

 
Deposit Composition 

 
Composition of the two samples with regard to common matrix elements was generally 

similar. This is likely because the pipe specimens are of the same material, similar age, and were 
closely located in the system. Sample RW-A was primarily composed of iron (40 wt%) as 
expected, but also contained a significant amount of phosphorus (1.3 wt%). Of note is that this 
was the highest phosphorus content of any deposit sample collected in this study, which was 
unexpected since phosphate is not applied and source water contains a relatively low 
concentration of phosphorus. Sample RW-B was primarily composed of iron (33.7 wt%), with 
lesser quantities of calcium (0.69 wt%), phosphorus (0.44 wt%), and manganese (0.16 wt%). 

Trace inorganic elements were present in scale from each specimen. Several trace 
elements were present at moderately high levels compared to other utility samples. For example, 
despite their extremely low concentrations in the treated water, relatively high levels (i.e., above 
90th percentile) of chromium (121 μg/g) and lead (903 μg/g) were observed in the scale from  
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sample RW-A. The source of these metals may be impurities in the galvanized piping. For 
sample RW-B, the pipe sample was reportedly coupled into a brass or bronze adapter, which 
may have been a source of lead. The arsenic content of sample RW-A (206 μg/g) was also in the 
90th percentile, although this finding may be explained by the presence of arsenic in the treated 
water at a moderate level (2.2 μg/L) and the relatively low pH of the water (7.1), which is 
favorable for arsenic adsorption. The vanadium content of samples RW-A (451 μg/g) and RW-B 
(394 μg/g) were the two highest vanadium observations of all deposit samples in this study. The 
vanadium concentration measured in distribution system water (3.4 μg/L) was also the highest 
observed in the study. This supports previously-published findings on the strong affinity between 
vanadium and metal-oxide substrates (especially those involving iron). 

 
Deposit Characterization 
 

Surface characterization activities (i.e., SEM/EDX) were performed for samples RW-A 
and RW-B. Results of these activities are provided in Appendix B. XRD analysis indicated that 
magnetite (Fe3O4) was the predominant mineralogical phase in both of these samples.  

 
Utility ‘IN’ 
 
Overview 

 
Utility IN operates a medium-sized water system (service population of about 57,000) 

that relies on a conjunctive use of groundwater and surface water. At the time of its participation 
in this study, the water system relied on the blending of separately-treated sources prior to 
distribution from a single entry-point. Since completion of sampling for this project, the utility 
has brought online a new groundwater source with an iron and manganese filtration facility. The 
original system entry-point consists of a blend of groundwater and surface water. Groundwater is 
extracted from multiple, scattered wells (some of which have arsenic as high as 1 mg/L due to 
industrial pollution). The various well supplies are blended (reducing the arsenic concentration to 
about 0.2 mg/L) and treated with chlorine, ferric chloride coagulation, and a Tricon™ Microfloc 
system for removal of iron, manganese, and arsenic. The treatment system was installed in 1992; 
however, the utility used a pressurized filter for removal of these contaminants from 1975 to 
1992. Filtered water is sent to a clearwell for blending, post-treatment, and high-service 
pumping. Surface water extracted from a local creek is treated using a conventional approach, 
with ferric chloride coagulation and a polymer aid. Granular activated carbon (GAC) contacting 
is applied downstream of the filters for removal of organics and pesticides. The surface supply is 
chlorinated and conveyed to the aforementioned clearwell for disinfection and blending. Prior to 
distribution, the blended water is fluoridated and treated with orthophosphate for corrosion 
control. Under routine operations, both the groundwater and surface water sources are operated 
in conjunction. As a result, distribution system water quality conditions are relatively uniform, 
both spatially and temporally. 

Treated water has a typical pH of 7.4, alkalinity of 200 mg/L as CaCO3, and hardness of 
280 mg/L as CaCO3. Low but measureable levels of iron (0.03 mg/L), manganese (0.01 mg/L), 
and phosphorus (0.13 mg/L) were present in the distribution system water sample collected for 
this study. With regard to regulated trace metals and radionuclides, several of these contaminants 
were measured in the finished water at low-to-moderate concentrations (based on the sampling 
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performed for this study). These include antimony (0.09 μg/L), arsenic (1.5 μg/L), chromium 
(1.0 μg/L), barium (0.1 mg/L), 226Ra (0.3 pCi/L), and uranium (0.78 μg/L). Though not currently 
regulated, nickel was also present (1.1 μg/L). 

Regarding system piping, the water mains include unlined cast and ductile iron, cement-
lined ductile iron, galvanized steel, and PVC. Regarding O&M practices, the utility performs 
conventional spot flushing each fall to mitigate discoloration episodes. 

 
Participation 

 
Utility IN provided four pipe specimen samples for this study; one specimen was 

obtained from a recent main replacement (Approach 2; sample IN-A) and the remaining three 
were obtained from a utility storage area (Approach 3; samples IN-B through IN-D). The exact 
location and date of removal of the boneyard pipe specimens could not be identified; however, 
their extraction reportedly occurred within the past few years. Since distribution system water 
quality is relatively uniform and was unchanged for many years prior to this project, recent 
treated water quality data is considered representative of water conditions that these pipe 
specimens were acclimated to during their recent years in service. 

 
Deposit Composition 

 
Prior to its extraction in June 2007 sample IN-A was located near the entry-point and had 

reportedly been in service for many years. Despite these accumulation risk factors, the internal 
surface of the pipe contained only a trace amount of accumulated material (insufficient for 
processing and analysis). This lack of deposit accumulation may be due to the presence of a 
cement-mortar lining, which prevented the development of corrosion scale, and/or exposure to 
hydraulic conditions that prevented solids deposition. The three boneyard pipe specimens were 
composed of unlined ductile iron and contained relatively significant amounts of scale. 

The composition of the pipe scale with regard to common matrix elements was generally 
similar for samples IN-B and IN-C, while sample IN-D had a distinctly different composition. 
Samples IN-B and IN-C were primarily composed of iron (average 33.8 wt%), with lesser 
amounts of sulfur (1.0 wt%), aluminum (0.16 wt%), and manganese (0.1 wt%). In contrast, 
sample IN-D contained less iron (13.4 wt%) with greater amounts of calcium (2.6 wt%), 
aluminum (2.0 wt%), and magnesium (1.5 wt%). During the extraction process, samples IN-B 
and IN-C experienced roughly 90% dissolution, whereas sample IN-D experienced only 59% 
dissolution. Taken together, these findings indicate significant mineralogical differences between 
these sample groups. 

Trace inorganic elements were present in each of the scale samples, albeit generally at 
low-to-moderate levels when compared to other utility samples. As expected based on the 
differences in substrate composition, the occurrence of trace elements in the scale matrices was 
distinctly different between samples IN-B and IN-C as compared to sample IN-D. Relative to 
sample IN-D, samples IN-B and IN-C contained higher levels (by roughly 200 to 300%) of 
arsenic and barium, but contained lower levels (generally by about 10 to 40%) of cadmium, 
chromium, nickel, selenium, thallium, vanadium, and zinc. The arsenic content for samples IN-B 
(440 μg/g) and IN-C (207 μg/g) were amongst the highest arsenic observations in the study (i.e., 
above 90th percentile). 
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Utility ‘CC’ 
 
Overview 

 
Utility CC operates a small water system (service population of about 1,900) that relies 

on groundwater from six active and standby production wells. Naturally-occurring iron and 
manganese are present in each well; however, the levels of these secondary parameters vary 
temporally at each source as well as between the different sources. Since 1989, source water iron 
observations have ranged from 0.1 to 9.3 mg/L while manganese observations have ranged from 
0.04 to 2.1 mg/L. Other water quality parameters also vary between the wells, including pH (6.5 
to 8.6) and alkalinity (114 to 300 mg/L as CaCO3). The wells are treated at four different entry-
points. Wells 1 and 2 are combined and treated at Water Treatment Plant (WTP) #3. Wells 14 
and 15 are combined at treated at WTP #2. Each of these treatment facilities consists of chlorine 
and permanganate addition for initial oxidation, greensand filtration for iron and manganese 
removal, fluoridation, and the use of caustic soda and orthophosphate (dose reported as 0.8 mg/L 
as PO4) for corrosion control. Well 3 is treated individually with chlorine and permanganate 
addition for pre-oxidation, greensand filtration for iron and manganese removal, fluoridation, and 
the use of lime for corrosion control. Well 9 is treated individually with chlorine, fluoride, and 
caustic soda and orthophosphate for corrosion control. The iron and manganese filtration systems 
were installed and brought online in the early 1990s. The current corrosion control processes (pH 
adjustment and orthophosphate addition) were installed and brought online in late 1997. 

As a result of different source water conditions and treatment applications, distribution 
system water quality conditions vary somewhat. The treated water has a typical pH range of 7.3 
to 7.8 and an alkalinity of 180 to 230 mg/L as CaCO3 (as reported by the utility). The water was 
is relatively hard, i.e., 170 mg/L as CaCO3 based on sampling for this study. The distribution 
system water sample contained measurable levels of iron (0.28 mg/L) and manganese (3.9 μg/L), 
which were attributed to treatment breakthrough, as well as phosphorus (0.46 mg/L), which was 
attributed to application of orthophosphate. Regarding regulated trace metals and radionuclides, 
several of these contaminants were observed in the treated water at moderate levels (based on the 
sampling performed for this study). These include arsenic (0.5 μg/L), barium (0.07 mg/L), 226Ra 
(0.6 pCi/L), 228Ra (0.7 pCi/L), selenium (0.6 μg/L), and uranium (1.25 μg/L). According to the 
utility’s 2005 Consumer Confidence Report, trace inorganics such as arsenic (4.0 μg/L), barium 
(0.07 mg/L), lead (1.0 μg/L), combined radium (0.9 pCi/L), and selenium (1.5 μg/L) were 
detected in the treated water at system entry-points. 

Regarding system piping, the water mains include old unlined cast iron and newer 
cement-lined ductile iron. 

 
Participation 

 
Utility CC provided six boneyard pipe specimens (Approach 3; samples CC-A through 

CC-F) for this study. Samples CC-A through CC-D are unlined cast iron, while samples CC-E 
and CC-F are cement-lined ductile iron. The pipe specimens were removed from various 
locations in the system during the summer of 2006. The exact location of the boneyard pipes 
could not be identified. 
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Deposit Composition 
 
The cement-lined pipe samples (CC-E and CC-F) contained only a trace amount of mass 

(insufficient for processing and analysis). In contrast, the unlined cast iron pipe specimens (CC-
A through CC-D) contained considerable scale. The composition of the pipe scale with regard to 
the most concentrated of the matrix elements, i.e., Fe, Mn, and S, differed between the samples. 
Samples CC-A, CC-C, and CC-D contained between 23.5 and 27.7 wt% iron, whereas sample 
CC-B (which experienced a low dissolution fraction of 47%) contained only 11.7 wt% iron. 
Sample CC-A contained 4.7 wt% manganese – the second highest manganese observation in this 
study. Samples CC-B and CC-D contained between 2.2 and 2.9 wt% manganese (both above the 
90th percentile). Sample CC-C contained 1.4 wt% manganese. All four scale samples generally 
contained similar and relatively concentrated amounts of calcium (average 0.9 wt%) and 
phosphorus (average 0.23 wt%). 

Trace inorganic and radiological elements were present in each of the samples at 
moderately high levels in comparison to other utility samples. Contaminant occurrence trends 
were distinctly different between the samples, which is likely the result of the differences in 
composition with regard to matrix elements, as well as spatial water quality trends. In 
comparison to other utility samples, high levels (i.e., above 90% percentile) of arsenic (620 
μg/g), cadmium (11.2 μg/g), chromium (117 μg/g), nickel (296 μg/g), thallium (0.5 μg/g), 
vanadium (196 μg/g), and uranium (up to 15.6 μg/g) were observed. The barium content of 
sample CC-A (2,370 μg/g) and the selenium content of sample CC-D (2.8 μg/g) were the highest 
results for these respective elements for all samples in this study. Moderately high levels of lead 
were also observed in samples CC-A (60 μg/g) and CC-C (106 μg/g). 

 
Deposit Characterization 
 

Surface characterization activities (i.e., SEM/EDX) were performed for samples CC-A 
and CC-D. Results are provided in Appendix B. Regarding XRD analysis, the following 
mineralogical phases were identified: magnetite (sample CC-A only), siderite (sample CC-D 
only), and quartz (both samples). 

 
Additional Findings 

 
Radon was measured at 4,200 pCi/L in the distribution system water sample collected for 

this project. This result is significantly higher than historical levels observed at system entry-
points (796 to 2,610 pCi/L, as reported by the utility). Since 226Ra (the parent compound of 
222Rn) was observed in the scale samples at concentrations ranging from 5.6 pCi/g to 57 pCi/g, it 
is suspected that alpha-decay of accumulated 226Ra is the cause of radon accumulation in the 
distribution system. 

 
Utility ’DN’ 
 
Overview 

 
Utility DN operates an extremely large water system (service population of about 

1,200,000) that relies on three different sources of surface water. Each of the surface supplies is 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 116 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

 

treated with a conventional treatment process. Prior to distribution, treated water is purposefully 
ammoniated to produce chloramines (residual 1.2 to 1.5 mg/L as combined chlorine). The three 
sources are used at varying supply rates depending on the season. As a result of using different 
sources and achieving dynamic in-system blending, water quality within the distribution system 
can vary. Based on a review of utility-provided entry-point water quality data, the primary 
differences between the water qualities of the three sources are alkalinity (23 to 59 mg/L as 
CaCO3) and hardness (34 to 104 mg/L as CaCO3). The treated water of each source has a typical 
pH range of 7.7 to 7.8, and all three sources contain low (typically non-detect) levels of most 
regulated trace metals and radiological elements. The reporting limits were higher than the 
MDLs used in this study, thus limiting the extent of water quality-based data interpretation. 

Regarding O&M practices, the utility reportedly performs routine UDF roughly once per 
year to remove loose deposits. 

 
Participation 

 
Utility DN provided two pipe specimens (Approach 2; samples DN-A and DN-B) for this 

study. Both of the pipe specimens are composed of unlined cast iron and were located adjacent to 
each other prior to their extraction. They were in service for 117 years prior to their removal in 2007. 

 
Deposit Composition 
 

The composition of scale samples from the pipe specimens with regard to common 
matrix elements were very similar, which was expected based on the pipe material and similar 
locations in the system. Iron was the predominant inorganic element, at 31.3 and 39.7 wt%, 
respectively. Lesser amounts of sulfur (average 1.2 wt%), calcium (average 1.3 wt%), and 
aluminum (average 0.47 wt%) were present. 

Trace inorganic elements were present in each of the scale samples, albeit generally at 
low-to-moderate levels when compared to other utility samples. The two samples contained 
similar concentrations of most trace elements. Relatively high concentrations (i.e., above 90th 
percentile) of selenium (up to 1.2 μg/g) and uranium (up to 15.5 μg/g) were observed. 

 
Utility ‘CA’ 
 
Overview 

 
Utility CA operates a large water system (service population of about 100,000) that relies 

on a conjunctive use of groundwater and surface water. The system has 32 different sources that 
serve 20 different entry-points. Groundwater of varying quality is supplied by numerous wells. 
Treatment processes vary by entry-point and include chlorination for oxidation and disinfection, 
ozonation for control of taste and odor, iron and manganese filtration, and GAC contacting for 
sulfide removal. The utility also operates two surface water treatment facilities. 

Owing to the diversity of sources and treatment processes, distribution system water 
quality varies substantially throughout system. The pipe samples provided for this project were 
collected from an area that reportedly experiences similar water quality conditions throughout 
the year and is well-represented by the distribution system water sample collected for this 
investigation. The water sample had a pH of 7.3, alkalinity of 135 mg/L as CaCO3, hardness of 
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172 mg/L as CaCO3, and free chlorine residual of 1.9 mg/L. Both phosphorus (0.37 mg/L) and 
iron (0.27 mg/L) were measured in the sample. Primary-regulated trace metals and radionuclides 
are generally present in the treated water, with several elements present at low-to-moderate 
levels (based on sampling performed for this study). These include arsenic (0.1 μg/L), barium 
(0.05 mg/L), cadmium (0.3 μg/L), 228Ra (1.3 pCi/L), selenium (0.8 μg/L), and uranium 
(0.4 μg/L). Though not currently regulated, nickel was also present (1.4 μg/L). 

 
Participation 

 
Utility CA provided two pipe specimens (Approach 2; samples CA-A and CA-B) for this 

study. Sample CA-A is comprised of steel and was reportedly installed around 1930. Sample 
CA-B is comprised of unlined cast iron and was reportedly installed around 1913.  

 
Deposit Composition 

 
The composition of scale samples from the pipe specimens with regard to common 

inorganic elements was very similar. Iron was the predominant inorganic component (average 20 
wt%), while lesser amounts of sulfur (average 1.0 wt%) and phosphorus (average 0.13 wt%) 
were also present. Of note is that sample CA-A contained roughly 20.7 wt% organic carbon, 
while sample CA-B contained only 0.86 wt%. 

Trace inorganic elements were present in each of the samples, and several elements were 
observed at high levels compared to other utility samples (i.e., above 90th percentile). These 
include chromium (up to 121 μg/g), nickel (up to 181 μg/g), vanadium (up to 56 μg/g), and 
uranium (up to 18.5 μg/g). The levels of antimony (up to 0.75 μg/g) and cadmium (up to 
2.3 μg/g) were both above the 80th percentile. There were some distinct differences in 
contaminant content between the two samples. For example, the composition with regard to 
arsenic, chromium, and nickel was more than an order-of-magnitude greater in sample CA-A 
than in sample CA-B, whereas the composition with regard to cadmium and uranium was more 
than an order-of-magnitude greater in sample CA-B than in sample CA-A. 

 
Utility ‘PC’ 
 
Overview 
 

Utility PC operates a small water system (service population of about 8,000) that relies 
on several sources of supply: two tunnels from abandoned silver mines (both classified as 
groundwater); an unfiltered spring supply; three groundwater wells; and water purchased from a 
neighboring utility. The spring is generally operated as the primary source due to its high quality. 
One mine tunnel source (MS1) has high concentrations of several trace metals (as reported by 
the utility), including arsenic (0.06 to 0.08 mg/L), antimony (0.006 to 0.008 mg/L), and thallium 
(0.004 to 0.005 mg/L), as well as manganese (values not given). This source is treated with 
chlorine, ferric chloride coagulation, and a filtration system designed for iron and arsenic 
removal. A degree of manganese and thallium removal is also achieved in this process. The 
filtration system was installed in 1993 and upgraded in 2006. Measurable but MCL-compliant 
levels of arsenic (0.005 mg/L) and thallium (0.002 mg/L) are present in the treated water. The 
filtrate is blended with spring water prior to distribution to reduce antimony below its MCL. The 
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second mine tunnel source (MS2) has moderate but MCL-compliant levels of trace metals, 
including arsenic (0.002 mg/L), antimony (0.0006 mg/L), selenium (0.001 mg/L), and thallium 
(0.0005 mg/L). This source is chlorinated prior to distribution. The typical pH range at each 
entry-point is 7.5 to 7.7 and the alkalinity is roughly 130 mg/L as CaCO3. 

With regard to primary-regulated trace metals and radionuclides, several elements were 
measured at relatively high levels in the distribution system water sampling performed for this 
study (note: the spring and MS1 sources were in operation during the time of sample collection). 
These include antimony (4.2 μg/L), arsenic (4.2 μg/L), barium (0.07 mg/L), cadmium (0.3 μg/L), 
chromium (1.1 μg/L), selenium (1.7 μg/L), and uranium (3.3 μg/L). Thallium was measured at 
0.018 mg/L, near an order-of-magnitude above its MCL and well above the maximum levels 
observed at the entry-points. It is believed this is an analytical anomaly or due to collection of 
deposit-associated thallium in the water sample. 

The utility performs quarterly distribution system monitoring of certain regulated and 
unregulated inorganic parameters. There have been occasional episodes of elevated contaminant 
concentrations measured in samples collected from the utility-owned portion of the distribution 
system (i.e., hydrants, reservoirs). These have been alleviated with high-velocity unidirectional 
flushing, which suggests that their occurrence at elevated levels in the water is primarily due to 
solids-association and not due to release in soluble form. In December 2007, sampling at several 
system locations registered extremely high values of iron (up to 4.67 mg/L) and manganese (up to 
2.16 mg/L), as well as arsenic (up to 0.09 mg/L), antimony (up to 0.0055 mg/L), lead (up to 0.06 
mg/L), and thallium (up to 0.32 mg/L). A recent analysis of deposits collected from the distribution 
system revealed appreciable levels of trace metals in the deposit matrices, including arsenic (up to 
752 μg/g), thallium (up to 40 μg/g), lead (up to 134 μg/g), and antimony (up to 67 μg/g). 

Regarding system piping, the water mains include unlined ductile iron and PVC, with 
most mains being at least 30 years old. 

 
Participation 

 
Utility PC provided two pipe specimens (Approach 2; samples PC-A and PC-B) for this 

study. The two specimens are both small-diameter galvanized steel and were located adjacent to 
each other in the system prior to their extraction. The pipes reportedly had been in service for 
over 30 years.  

 
Deposit Composition 

 
The composition of scale samples from the pipe specimens with regard to common 

matrix elements were very similar, which was expected based on the pipe material and similar 
locations in the system. Iron was the predominant inorganic element (average 32.4 wt%), while 
lesser amounts of calcium (average 0.9 wt%), inorganic carbon (average 0.68 wt%), sulfur 
(average 0.5 wt%), and manganese (average 0.27 wt%, which is above the 85th percentile for 
manganese occurrence) were present. 

Trace inorganic elements were present in each of the samples at very similar and 
generally high levels. Of the 12 trace inorganic elements assessed in this study, 10 were present 
in the deposit matrices at levels that exceeded the 90th percentile of the collective dataset for this 
study and two were observed at the highest level of all samples (i.e., arsenic and thallium, both 
of which are present at moderately-high levels in the treated water). These 10 elements included 
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antimony (4.3 and 5.8 μg/g), arsenic (801 and 939 μg/g), cadmium (19 and 20 μg/g), chromium 
(138 and 141 μg/g), lead (1,600 and 2,00 μg/g), nickel (406 and 437 μg/g), vanadium (33 and 
34 μg/g), thallium (78 and 84 μg/g), zinc (1.5 to 2.0 wt%, likely due to its source as a 
galvanizing agent in the piping), and uranium (18 and 19 μg/g). With the exception of lead, these 
observations are generally consistent with previous deposit composition analyses performed by 
the utility. The relatively high deposit occurrence levels for most of these trace elements can be 
attributed to their moderately high concentrations in the treated water. Also, the high 
concentration of co-occurring manganese is suspected to enhance trace metal adsorption. 
Impurities in the galvanized piping may be a source of several of these elements in corrosion 
scale (e.g., lead, chromium, nickel).  

A finding of particular interest and concern was the extraordinarily high thallium content 
observed in the pipe samples (average 82 μg/g). This is more than two orders-of-magnitude 
greater than the average thallium content in all other deposit samples obtained in this study (i.e., 
0.2 μg/g). This may be due to the fact that the thallium concentration in the treated water of this 
utility (MS1 source, reported as 0.002 mg/L) is between two- and three-orders of magnitude 
greater than all other utility water samples. Although the presence of thallium at concentrations 
near its MCL in public water supplies is unusual, it does suggest its potential for accumulation to 
significantly higher levels under such circumstances. Figure 5.2 illustrates the correlation 
between thallium and manganese in distribution system water samples based on recent 
monitoring by the utility. The strong correlation supports the hypothesis that thallium is 
associated with manganese substrates. 

 

 
Figure 5.2  Relationship between thallium and manganese in water samples from utility PC 

 
Of additional concern was the particularly high lead content observed in the pipe scale, 

particularly given the low concentration of lead in the treated water. The high lead concentration 
observed in the scale (average 0.18 wt%) is consistent with the observations of elevated lead 
levels (0.06 mg/L) in distribution system water during recent disturbance and flushing episodes. 
The strong correlation of lead with manganese concentrations in distribution system water 
samples (in recent monitoring by the utility) supports the hypothesis that lead is associated with 
manganese oxide substrates. 
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Deposit Characterization 
 

Surface characterization activities (i.e., SEM/EDX) were performed for samples PC-A 
and PC-B. Results are provided in Appendix B. Regarding XRD analysis, the following 
mineralogical phases were identified: goethite (both samples), siderite (both samples), and 
magnetite (sample PC-A only). 

 
Utility ‘WDB’ 
 
Overview 

 
Utility WDB operates a small water system (approximate service population of 1,200) 

that has used a variety of sources over the past decade. The utility used treated surface water as 
its sole source of supply prior to 1999. In 1999, the utility took receivership of a temporary 
production well and switched its supply from surface water to this groundwater source. This well 
was untreated and served the system through a long transmission pipeline composed of HDPE. 
In 2006, the utility abandoned the temporary well and developed three new wells which serve a 
common entry-point. 

Since the pipe samples collected for this project were extracted from the transmission 
pipeline used to convey water from the temporary production well to the distribution system, this 
case study is focused on the water quality of this source. Since the supply is no longer active, 
historical monitoring data were provided by the utility in lieu of water sampling. The temporary 
groundwater supply reportedly had a typical pH of 7.6 and moderate levels of naturally-
occurring manganese (0.04 to 0.07 mg/L; average 0.05 mg/L). With regard to trace inorganic 
elements, the water supply contained extremely high concentrations of naturally-occurring 
uranium (0.1 to 0.16 mg/L; average 0.11 mg/L) and lead (0.013 to 0.05 mg/L; average 
0.025 mg/L). Other trace elements were also present, but at lower levels, including arsenic (0.7 
μg/L), chromium (1.1 μg/L), and combined radium (0.37 pCi/L).  

 
Participation 

 
Utility WDB provided two pipe specimens (Approach 2) for this investigation. The two 

specimens were physically cut from consecutive portions of the abandoned HDPE transmission 
pipeline that supplied water from the temporary well. Since the two samples were duplicates, 
only one sample (WDB-A) was processed. 

 
Deposit Composition 

 
The pipe specimen contained a thick layer of cohesive deposit. Owing to the non-

corrosive nature of HDPE pipe, the material was assumed to have developed from the build-up 
of source water solids, and in particular, various oxides and oxyhydroxides of manganese. This 
was confirmed during sample extraction and analysis, which revealed that manganese was the 
primary matrix element at 23.2 wt%. Lesser amounts of iron (5.5 wt%) and calcium (2.9 wt%) 
were also present. 

Several trace inorganic elements were measured in the deposit matrix at relatively high 
concentrations (i.e., above 90th percentile), including barium (446 μg/g), cadmium (34 μg/g), 
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nickel (330 μg/g), selenium (1.3 μg/g), thallium (2.9 μg/g), vanadium (137 μg/g), uranium 
(113 μg/g), and 226Ra (364 pCi/g). The elevated presence of most of these elements is explained 
by their presence in the water supply, the unusually high manganese content of the deposit, and 
the unique affinity of manganese oxides to adsorb and concentrate a wide range of trace metals. 
The observed uranium level was the highest in this study, and is presumably due to the unusually 
high uranium content of the water supply (0.11 mg/L, which is nearly four times the current 
uranium MCL). Given the relatively low 226Ra concentration in the water supply (0.37 pCi/L), its 
occurrence in the deposit at 364 pCi/g is believed to be the product of radioactive decay of 
accumulated uranium. Radium-226 is a progeny of the 238U decay series. 

 
Utility ‘WA’ 
 
Overview 

 
Utility WA operates a small water system (approximate service population of 6,000) that 

relies on groundwater from five production wells. The wells are combined and centrally treated 
at two distinct locations prior to distribution. The distributed water contains moderate-to-high 
levels of manganese (0.008 to 0.21 mg/L, as reported by the utility). Centralized treatment 
consists of chlorine addition for secondary disinfection (residual 0.1 mg/L as free chlorine) and 
potassium hydroxide (KOH) addition for pH adjustment and corrosion control. The KOH feed 
systems were installed and brought online in 2004, resulting in an increase in pH from 6.0 to 7.3. 
Shortly thereafter, the utility began to experience water discoloration at customer taps, which 
was attributed to mobilization of manganese deposits. Extensive system flushing was required to 
remedy this phenomenon.   

The treated water has a typical pH range of 7.2 to 7.4. Alkalinity and hardness data were 
not reported. Both iron (0.03 mg/L) and manganese (0.01 mg/L) were measured in the water 
sample obtained for this study. With regard to regulated trace inorganics and radionuclides, most 
of the elements are present in the treated water at concentrations that are at least two orders-of-
magnitude below their respective MCLs (based on the sampling performed for this study). The 
exceptions include Ba (0.03 mg/L) and 226Ra (0.39 pCi/L). 

 
Participation 

 
Several main replacement projects were completed in the spring of 2007 and a series of 

pipe segments removed from the system were set aside for this study. From these pipe segments, 
the utility provided four separate pipe specimens (Approach 2; samples WA-A through WA-D). 
All four pipe samples are composed of unlined cast iron and contain thick, adherent scale. Three 
of the specimens were from pipe segments installed in 1886 (i.e., 121 years in service), while the 
fourth was from a segment installed in 1929 (i.e., 78 years in service). 
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Deposit Composition 
 
The elemental composition of the pipe scale matrices of the four samples was generally 

similar. The matrices were primarily composed of iron (44.3 to 46.8 wt%), with lesser amounts 
of calcium (0.9 to 1.6 wt%) and manganese (0.01 to 0.3 wt%). The variations in calcium and 
manganese levels were presumed to represent the effects of flushing and system hydraulic 
patterns on their mobilization and distribution. 

Trace inorganic elements were present in each of the scale samples, albeit generally at low-
to-moderate levels compared to other utility samples. The occurrence of these elements were 
generally similar between the samples, although sample WA-A contained distinctly higher levels 
of barium, cadmium, chromium, lead, vanadium, and uranium. This may be due to the observation 
that sample WA-A contained the highest manganese content (0.3 wt%) of the four samples. 

 
Utility ‘B’ 
 
Overview 

 
Utility B operates a large water system (service population in excess of 100,000) that uses 

groundwater from several production wells (47% of annual supply) and purchased treated surface 
water (53% of annual supply). The well supplies are combined and chloraminated prior to 
distribution. The system is broadly divided into two separate areas; one area receives 100% surface 
water while the other area receives a seasonally-variable blend of surface water and groundwater. 
As a result, water quality conditions vary between the areas. Historical distribution system 
monitoring results were provided by the utility and were segregated into the two areas. The area 
receiving 100% surface water has a typical pH range of 6.4 to 9.1 (average 7.8) and an alkalinity of 
79 to 116 mg/L as CaCO3. The area receiving a variable blend of surface water and groundwater 
has a typical pH range of 7.4 to 8.7 (average 8.1) and an alkalinity of 99 to 156 mg/L as CaCO3. 
Chloramination is used for secondary disinfection in both areas, with residual levels maintained 
between 1.6 to 2.7 mg/L as combined chlorine. Iron is typically non-detect (reporting limit of 0.1 
mg/L) in system water samples collected by the utility; however, iron was measured at 1.4 to 2.0 
mg/L in water samples collected for this project. Aluminum was also measured at 0.14 mg/L.  

Regulated trace metals and radiological elements are generally present in the treated water, 
with several elements present at low-to-moderate levels (based on sampling performed for this 
study). These include antimony (0.07 to 0.13 μg/L), arsenic (1.4 to 1.6 μg/L), barium (0.08 mg/L), 
selenium (1.0 μg/L), 226Ra (0.35 pCi/L), vanadium (0.7 to 1.7 μg/L), and uranium (0.9 to 1.7 μg/L). 

Regarding O&M practices, the utility performs unidirectional flushing of the distribution 
system on a rotating basis. Emergency spot flushing is done as needed.  Routine flushing of 
dead-end pipes is performed to prevent stagnation of water. 

 
Participation 

 
Utility B provided four pipe specimens (Approach 2; samples B-A through B-D) for this 

study. Sample B-A (unlined ductile iron), B-B (unlined ductile iron), and B-D (unlined cast iron) 
were all obtained from the area that receives a variable blend of surface water and groundwater. 
Sample B-C (cement-lined ductile iron) was obtained from the area that receives 100% surface 
water year-round. 
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Deposit Composition 
 
Sample B-C contained a trace amount of mass (insufficient for processing and analysis), 

likely due to the presence of a cement-mortar lining. In contrast, the other three pipe specimens 
(all unlined iron) contained appreciable accumulated scale. The elemental composition of the 
pipe scale from these three samples with regard to common matrix elements was generally 
similar. This is likely due to the fact that the pipe specimens are of similar material and were 
located in the same general area of the system. The scale matrices were primarily composed of 
iron (32.7 to 37.7 wt%), with lesser amounts of sulfur (1.4 to 3.2 wt%), organic carbon (0.5 to 
1.9 wt%), and phosphorus (0.14 to 0.18 wt%). 

Trace inorganic elements were present in each of the scale samples, albeit generally at 
low-to-moderate levels when compared to other utility samples. The levels of these elements 
were similar between the samples, likely due to the similarities in substrate composition and their 
exposure to the same water quality. In comparison to other utility samples, moderately high 
levels (i.e., above 80% percentile) of uranium (5.4 to 16 μg/g), cadmium (0.95 μg/g), and 
selenium (1.8 μg/g) were observed. Uranium and selenium were observed in treated water at 
relatively moderate levels, which may explain their presence in the scale matrix. 

 
Utility ‘G’ 
 
Overview 

 
Utility G operates a small water system (approximate service population of 5,000) that 

relies on groundwater from two production wells. The wells, which have similar capacities and 
are used equally on an annual basis, are combined for centralized treatment prior to distribution; 
therefore, distribution system water quality conditions are relatively uniform. Centralized 
treatment consists of chlorine addition (residual 0.6 to 1.1 as free chlorine), cation exchange for 
radium removal (brought online in 2002), caustic soda addition for pH adjustment, and 
fluoridation (dose 1.2 mg/L). 

The treated water has a typical pH range of 7.8 to 8.0 and an alkalinity of 275 mg/L as 
CaCO3. With regard to regulated trace inorganics and radionuclides, most are present in the 
treated water at levels that, although measurable, are at least two orders-of-magnitude below 
their respective MCLs (based on the sampling performed for this study). The exceptions include 
arsenic (0.7 to 1.6 μg/L), barium (0.6 mg/L), vanadium (0.9 μg/L), 226Ra (0.5 pCi/L), and 228Ra 
(0.8 pCi/L). 

Regarding system piping, the water mains include old unlined cast iron (20%) and newer 
cement-lined ductile iron (80%). Regarding distribution system O&M practices, the utility 
flushes the entire system twice per year using conventional flushing methods. 

 
Participation 

 
Utility G provided two sets of hydrant flush solids (Approach 5; samples G-A and G-B) 

for this project. Sample G-A was obtained from a main composed of unlined cast iron, while 
sample G-B was obtained from a main composed of cement-lined ductile iron. 
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Deposit Composition 
 
Sample G-B contained a trace amount of mass (insufficient for processing and analysis). 

With regard to sample G-A, iron was the predominant inorganic element in the matrix, although 
it was present at a relatively low 8.5 wt%. Lesser amounts of calcium (0.5 wt%) and phosphorus 
(0.3 wt%) were also present. Of note is that the flushed material contained a considerable amount 
of refractory solids as indicated by the low dissolution fraction of 55%. 

Trace metals and radionuclides were present in deposit sample G-A, albeit at levels that 
were generally low when compared to other utility samples. Moderately high levels (i.e., above 
80% percentile) of barium (517 μg/g), chromium (53 μg/g), and vanadium (42 μg/g) were 
observed. These elements were present in treated water at low-to-moderate concentrations, 
which may explain their moderate occurrence levels in the deposit matrix. 

 
Utility ‘AZ’ 
 
Overview 

 
Utility AZ operates an extremely small water system (approximate service population of 

245) that relies on groundwater from a single production well. The well is treated with chlorine 
(residual 0.3 to 0.5 mg/L as free chlorine) prior to distribution. 

The treated water has a typical pH of 7.3 and an alkalinity of 267 mg/L as CaCO3. The 
water is extremely mineral-rich, with high concentrations of calcium (775 mg/L as CaCO3), 
sulfate (460 mg/L as S), and silica (10 mg/L as Si). Iron (0.96 mg/L) and manganese (0.03 mg/L) 
were also present in the treated water sample. Regulated trace metals and radionuclides are 
generally present in the treated water, with several elements present at moderate concentrations 
(based on the sampling performed for this study). These include arsenic (0.9 μg/L), barium (0.03 
mg/L), lead (0.17 μg/L), chromium (4.5 μg/L), selenium (1.1 μg/L), and uranium (8.3 μg/L). 
Though not currently regulated, nickel was also present (4.4 μg/L). 

Regarding system piping, the water mains are predominantly asbestos cement and PVC. 
Regarding O&M practices, the utility performs flushing of the system every two weeks to 
remove iron and manganese deposits and calcium scale. 

 
Participation 

 
Utility AZ provided one pipe specimen (Approach 2; sample AZ-A) for this project. The 

specimen was comprised of C-900 PVC and reportedly had been in service for 11 years prior to 
its extraction in May 2007. 

 
Deposit Composition 

 
Sample AZ-A was a PVC pipe specimen that contained a trace amount of mass which 

was present as a thin layer of dust on the inner surface. There was insufficient mass for 
processing and analysis. The lack of accumulation was attributed to the non-corrosive nature of 
the pipe material and frequent flushing by the utility to remove settled deposits. 
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Utility ‘BC’ 
 
Overview 

 
Utility BC operates a medium-sized water system (approximate service population of 

28,000) that relies on groundwater from six production wells. Each well is treated with chlorine 
(residual 0.2 to 0.6 mg/L as free chlorine) prior to distribution at individual entry-points. 

The treated water has a typical pH range of 7.1 to 7.3, alkalinity of 150 mg/L as CaCO3, 
and total hardness of 550 mg/L as CaCO3. The water is extremely mineral-rich, with high 
concentrations of calcium, magnesium, sulfate, and silica. Iron (0.45 mg/L) was present in the 
distribution system water sample. Regulated trace inorganics and radionuclides were generally 
present in the treated water, with several elements present at moderate levels (based on sampling 
performed for this study). These include antimony (0.07 μg/L), arsenic (3.6 μg/L), barium (0.05 
mg/L), chromium (4.2 μg/L), lead (0.8 μg/L), selenium (8.3 μg/L), and uranium (3.3 μg/L). 
Though not currently regulated, nickel was also present (1.4 μg/L). 

Regarding system piping, the water mains are predominantly asbestos cement, PVC, and 
ductile iron. Regarding O&M practices, the utility performs flushing of areas of the system as 
needed to remove iron deposits and sediment. 

 
Participation 

 
Utility BC provided two pipe specimens (Approach 2; samples BC-A and BC-B) for this 

project. Both specimens were comprised of Class 160 PVC. 
 

Deposit Composition 
 
Both pipe specimen samples contained a trace amount of mass which was present as a 

thin layer of dust on the inner surface. In each case, there was insufficient mass for processing 
and analysis. The lack of accumulation was attributed to the non-corrosive nature of the pipe 
material and flushing performed by the utility. 

 
Utility ‘J’ 
 
Overview 

 
Utility J operates a large water system (approximate service population of 145,000) that 

relies on groundwater from 25 production wells. The wells generally fall into two groups: those 
screened in a deep aquifer (20 wells serving 18 separate entry-points; 60% of annual supply) and 
those screened in a shallow aquifer (five wells each with its own entry-point; 40% of annual 
supply). Source water quality conditions of the deep and shallow wells vary substantially with 
regard to several parameters, as reported by the utility. Radium and uranium are present in the deep 
well supplies at high levels (average combined radium 14.0 pCi/L; average uranium 2.4 μg/L), 
while neither radionuclide was detected in the shallow well supplies. Iron and manganese are 
present in both the deep and shallow well supplies. The levels of these secondary parameters are 
extremely high in the shallow wells (average iron 2.2 mg/L; average manganese 0.1 mg/L), while 
they are more moderate in the deep wells (average iron 0.21 mg/L; average manganese 0.008 
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mg/L). Arsenic is also present in the shallow wells at a moderate concentration (6 μg/L). All wells 
have a high mineral content (TDS of 340 mg/L for the deep wells; 650 mg/L for the shallow wells) 
and total hardness (230 mg/L as CaCO3 for the deep wells; 520 mg/L as CaCO3 for the shallow 
wells). At the time of sample collection for this project, treatment at each entry-point involved 
addition of a phosphate blend (implemented in 2001) for iron, manganese, and calcium 
sequestration and corrosion control, followed by chloramination. Since sampling for this project 
was completed, HMO treatment plants were installed for radium removal from the deep wells. 
These treatment plants also provide partial removal of iron and manganese from these wells. 

Distribution system water quality conditions vary spatially and temporally because of the 
use of the different wells and dynamic blending in the system. As reported by the utility, the 
treated water has a typical pH of 7.6 and an alkalinity of 290 mg/L as CaCO3. With regard to 
regulated trace metals, at the time of sample collection for this project, most were present in the 
treated water at levels that are at least two orders-of-magnitude below their respective MCLs. 
The exceptions include arsenic (6.0 μg/L for the shallow wells), barium (0.06 to 0.07 mg/L), 
combined radium (14.0 pCi/L for the deep wells), selenium (4.5 to 9.1 μg/L), and uranium (1.2 
to 2.4 μg/L). 

 
Participation 

 
Utility J provided ten sets of hydrant flush solids (Approach 5; samples J-A through J-J) 

for this project. The flush solids were captured from areas scattered throughout the system, 
though the immediate piping for each sample was unlined cast iron. According to the utility, 
samples J-E, J-F, and J-G were associated with an area of the system that primarily influenced by 
water from the deep wells, while the remaining samples were obtained from locations that 
receive a dynamic mixture of water from deep and shallow wells (i.e., mixed water sites). The 
deposit masses collected for the various samples ranged from 19 to 193 grams, all sufficient for 
processing and analysis. 

 
Deposit Composition 

 
The elemental composition of the hydrant flush solids with regard to common inorganic 

elements was highly variable, which was attributed primarily to the dynamic and spatially-variant 
nature of distribution system water quality. The most dramatic difference was evident when 
comparing samples J-E, J-F, and J-G (the samples from the area influenced by water from the deep 
wells) to the remaining samples (which are reportedly influenced by varying blends of deep and 
shallow well water). Compared to the other samples, the deposit material for samples J-E, J-F, and 
J-G contained relatively low levels of iron (average 22.2 wt%) and manganese (average 0.05 wt%), 
and relatively high levels of calcium (average 4.5 wt%). By comparison, the average content of 
these elements in the seven other samples were 31.2 wt% Fe, 0.5 wt% Mn, and 2.3 wt% Ca. The 
higher concentration of iron and manganese in the samples collected from locations of mixed water 
may be due to the elevated levels of these elements in the shallow wells, and their progressive 
oxidation to insoluble solids which may settle on pipe surfaces. Given the relatively high 
manganese occurrence levels, it appears as though the sequesterant is only marginally effective. 
The phosphorus content varied widely amongst the ten samples (0.04 to 0.6 wt%); however, the 
average content for the two sample “groups” were very similar (0.26 wt%). 
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Trace metals and radionuclides were present in each set of flushed solids. The 
contaminant content of the solids varied substantially, which was expected based on treated 
water quality variations and differences in substrate composition,. For most trace elements, the 
observed variability was more than an order-of-magnitude. In comparison to other utility 
samples, several contaminants were present at moderately high levels (i.e., above 80th percentile) 
in select samples. Of the ten samples from utility J, five had the highest 226Ra levels observed in 
the entire study, ranging from 100 to 1,061 pCi/g. Two of these samples were associated with 
areas of the system receiving water from the deep wells. Each of these samples contained 
relatively high levels of co-occurring manganese (e.g., 3.0 wt% in sample J-B, which had the 
highest 226Ra at 1,061 pCi/g) and/or phosphorus (0.3 to 0.6 wt%). Both of these elements have 
been shown to be 226Ra-attracting substrates when present as mineral substrates. Other trace 
elements were also observed at moderately high levels in comparison to other utility samples 
(i.e., above 80th percentile). These include antimony (up to 1.0 μg/g), barium (up to 385 μg/g), 
chromium (up to 197 μg/g), lead (up to 5,140 μg/g), nickel (up to 484 μg/g, which was the 
highest level observed in the study), and uranium (up to 2.5 μg/g). The presence of these 
contaminants in the treated water at low-to-moderate concentrations (particularly in the deep 
wells) may explain their presence on the solids. 

A comparison of the presence of trace contaminants and common inorganic substrates 
revealed some apparent trends and associations. These include 226Ra prevalence in samples rich 
in manganese and/or phosphorus, arsenic prevalence in samples rich in iron, barium prevalence 
in samples rich in manganese and/or calcium, lead and nickel prevalence in samples rich in 
manganese, and uranium prevalence in samples rich in iron.  

 
Deposit Characterization 

 
Surface characterization activities (i.e., SEM/EDX) were performed for samples J-B, J-E, 

and J-J. Results are provided in Appendix B. Regarding XRD analysis, the following 
mineralogical phases were identified: goethite (samples J-B and J-J), magnetite (sample J-J), 
siderite (sample J-B), maghemite (sample J-J), calcite (all samples), dolomite (sample J-E), and 
quartz (sample J-E and J-J). 

 
Utility ‘NC’ 
 
Overview 

 
Utility NC operates an extremely small water system (approximate service population of 

200) that relies on groundwater from a single production well. The groundwater contains 
naturally-occurring iron (0.23 mg/L), manganese (0.016 mg/L), and radium (data not available), 
as reported by the utility. Prior to distribution, the well is treated with cation exchange for radium 
removal (which results in an average of 1.7 pCi/L of 226Ra and 2.2 pCi/L of 228Ra); 
polyphosphate (for the sequestration of iron and manganese); fluoridation (dose 1.4 mg/L); and 
chlorination (residual 0.1 to 1.1 mg/L as free chlorine). 

The treated water has a typical pH range of 7.1 to 7.3, alkalinity of 278 mg/L as CaCO3, 
and total hardness of 286 mg/L as CaCO3. As expected, iron (0.16 mg/L), manganese (0.03 
mg/L), and combined radium (6.1 pCi/L) were present in the water sample collected for this 
study. With regard to primary-regulated trace metals and radionuclides, most are present in the 
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treated water at levels that are at least two orders-of-magnitude below their respective MCLs 
(based on distribution system sampling performed for this project). The exceptions are arsenic 
(1.1 μg/L) and barium (0.03 mg/L). 

Regarding system piping, the water mains are PVC. Regarding O&M practices, the utility 
performs routine conventional flushing, with entire system covered annually. 

 
Participation 

 
Utility NC provided one set of hydrant flush solids (Approach 5; sample NC-A) for this 

study. The sample was obtained from a PVC water main. 
 

Deposit Composition 
 
Only 43% of the deposit matrix was dissolvable per USEPA Method 3050B, which is 

well below the study-wide average dissolution rate of 78%. Iron was the predominant matrix 
element at 5.1 wt%. Lesser amounts of calcium (1.5 wt%) and magnesium (0.5 wt%) were also 
observed. 

Trace metals and radionuclides were present in the deposit matrix. In comparison to other 
utility samples, some elements were present at moderately high levels (i.e., above 80th 
percentile). These include antimony (0.8 μg/g), cadmium (0.6 μg/g), and lead (155 μg/g). These 
occurred despite the extremely low concentrations of each of these elements in the treated water. 

 
Utility ‘ST’ 
 
Overview 

 
Utility ST operates a medium-sized water system (service population of about 15,000) 

that relies on groundwater from seven production wells. Wells 1 through 4 are screened in the 
same aquifer and are combined and co-treated at the East Plant prior to distribution. The 
treatment scheme at the East Plant consists of: cation exchange (installed in 2003; designed for 
radium removal, but also achieves some removal of iron); addition of a phosphate blend for 
residual iron sequestration and corrosion control (dose 0.8 mg/L as P); caustic soda for pH 
adjustment; fluoridation (dose 1.0 mg/L as F), and chlorination (residual 0.6 to 1.1 mg/L as free 
chlorine). The treated water from this plant has a typical pH of 7.4 and an alkalinity of 240 mg/L 
as CaCO3. According to utility-provided monitoring records, the finished water from the East 
Plant has measurable iron (0.1 mg/L), phosphorus, 226Ra (1.9 pCi/L), and 228Ra (1.8 pCi/L). 
Wells 6 through 8 are screened in a different aquifer than wells 1 through 4. These three wells 
are combined and co-treated at the West Plant prior to distribution. The treatment scheme at the 
West Plant consists of: chlorine and permanganate addition for pre-oxidation, greensand 
filtration for iron and manganese removal (installed in 1969), aeration, and fluoridation (dose 1.0 
mg/L as F). The treated water from this plant has a typical pH of 7.4 and an alkalinity of 260 
mg/L as CaCO3. According to utility-provided monitoring records, the finished water from the 
West Plant has measurable iron (0.06 mg/L), manganese (0.02 mg/L), arsenic (0.001 mg/L), and 
barium (0.04 mg/L).  

As a result of different finished water qualities from the entry-points and dynamic 
blending, distribution system water quality conditions vary somewhat, particularly with regard to 
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inorganic elements. As expected, iron (0.07 to 0.15 mg/L) and manganese (up to 0.002 mg/L) 
were present in distribution system water samples collected for this project. With regard to 
regulated trace inorganics and radionuclides, most are present in the treated water at levels that 
are at least two orders-of-magnitude below their respective MCLs (based on the sampling 
performed for this study). The exceptions include antimony (up to 0.11 μg/L), arsenic (up to 0.35 
μg/L), barium (up to 0.1 mg/L), chromium (up to 3.3 μg/L), 226Ra (up to 2.2 pCi/L), and 228Ra 
(up to 1.2 pCi/L), and selenium (up to 0.6 μg/L). Though not currently regulated, nickel was also 
present (up to 1.5 μg/L). 

Regarding system piping, the water mains include both unlined cast iron and cement-
lined ductile iron. Regarding O&M practices, the utility performs routine conventional flushing, 
with entire system covered annually. 

 
Participation 
 

Utility ST provided four samples for this study, including two pipe specimens extracted 
from the system in July 2007 (Approach 2; samples ST-A and ST-B) and two sets of hydrant 
flush solids (Approach 5; samples ST-C and ST-D). One type of each sample was obtained from 
piping comprised of unlined cast iron and cement-lined ductile iron. The samples were obtained 
from sites scattered throughout the system. The site of sample ST-A is reportedly influenced 
most by water from the East Plant, while the sites of samples ST-B through ST-D are influenced 
most by water from the West Plant. 
 
Deposit Composition 

 
Samples ST-B and ST-C were obtained from piping comprised of cement-lined ductile 

iron. The pipe specimen (sample ST-B) contained a trace amount of mass (insufficient for 
processing and analysis), whereas the flush solids (samples ST-C) contained just enough mass 
(0.4 grams) for processing and analysis. In contrast, the samples associated with unlined cast iron 
pipes contained appreciable solids. 

The elemental composition of the pipe scale (from sample ST-A) and hydrant flush solids 
with regard to common inorganic matrix elements was generally similar. The samples were 
primarily composed of iron (pipe scale 29.3 wt%; average flush solids 32.5 wt%). Because of its 
influence by the East Plant (where phosphate is applied), sample ST-A contained considerably 
more phosphorus (0.7 wt%) than samples ST-C and ST-D (average 0.04 wt%). Manganese was 
also present in the three samples (0.08 to 0.4 wt%). 

Trace metals and radionuclides were present in each of the samples. For several elements the 
contaminant concentration varied substantially, i.e., by more than an order-of-magnitude. In 
comparison to other utility samples, several contaminants were present at moderately high levels 
(i.e., above 80th percentile) in select samples. These include antimony (up to 6.5 μg/g, which was the 
highest level observed in this study), arsenic (up to 127 μg/g), barium (up to 652 μg/g), chromium 
(up to 251 μg/g, which was the highest level observed in this study), lead (up to 1,032 μg/g), nickel 
(up to 271 μg/g), and vanadium (up to 84 μg/g). The presence of several of these contaminants in the 
treated water at moderate concentrations may explain their presence on the solids. 

There were no clear contaminant occurrence distinctions between the unlined cast iron 
samples (ST-A and ST-D) and the cement-lined ductile iron samples (ST-C). However, a 
focused comparison of the occurrence of trace contaminants and common matrix elements 
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revealed some apparent associations. 226Ra was far more concentrated in sample ST-A (62.3 
pCi/g) than the other two samples (average 6.3 pCi/g). This sample also contained the highest 
concentration of manganese (0.4 wt%) and phosphorus (0.7 wt%). The high observations of 
barium and nickel were associated with the manganese-rich samples ST-A and ST-C. Sample 
ST-D, which had very little manganese or phosphorus, generally had the lowest levels of trace 
contaminants. 

 
Utility ‘K’ 
 
Overview 

 
Utility K operates a small water system (approximate service population of 8,000) that 

relies on groundwater from three production wells. The wells draw from the same aquifer and 
have similar source water quality, including moderate levels of naturally-occurring 226Ra, iron, 
and ammonia. The wells are combined and centrally treated; therefore, distribution system water 
quality conditions are relatively uniform. Treatment consists of hypochlorite addition (which 
combines with natural ammonia to yield combined chlorine, with a typical residual of 3.5 mg/L), 
caustic soda addition for pH adjustment, and addition of permanganate and manganese sulfate to 
facilitate radium removal via the HMO filtration process (implemented in 1994). Iron is also 
removed via this process. Prior to 1994, the utility used rapid sand filtration for iron removal. 

Historical treated water quality data (since 1994, when the last major treatment change 
was implemented) were provided by the utility. The treated water has a typical pH of 8.0, 
alkalinity of 270 mg/L as CaCO3, and total hardness of 270 mg/L as CaCO3. Residuals of iron 
(0.02 mg/L) and manganese (0.009 mg/L) are present due to treatment breakthrough. With 
regard to regulated trace metals and radionuclides, moderate levels of 226Ra (2.4 to 3.7 pCi/L), 
228Ra (1.0 pCi/L), and barium (0.03 mg/L) are present. All other regulated trace metals and 
uranium were reported as non-detect. The laboratory reporting limits, though below the 
respective contaminant MCLs, were considerably higher than those used by most other utilities 
and the MDLs for the analytical methods used by the project team. 

Regarding system piping, the water mains include unlined cast iron, unlined and cement-
lined ductile iron, asbestos cement, and PVC. Regarding O&M practices, the utility performs 
system-wide conventional flushing twice per year to remove loose deposits. The utility reports 
that the discharge water observed during flushing events is generally clear, indicating minimal 
deposit accumulation. 

 
Participation 

 
Utility K provided four samples for this project, consisting of two pipe specimens 

recently extracted from the system (Approach 2; samples K-A and K-B) and two sets of hydrant 
flush solids (Approach 5; samples K-C and K-D). The sample sites, though scattered throughout 
the system, all involved unlined iron piping (either cast or ductile). 
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Deposit Composition 
 

Sample K-B, a pipe specimen obtained from a larger segment of unlined ductile iron 
pipe, contained a trace amount of mass (insufficient for processing and analysis). All other 
samples (which were associated with unlined cast iron piping) contained appreciable solids. 

The elemental composition of the pipe scale and hydrant flush solids with regard to 
common inorganic elements was distinctly different. Although each sample was primarily 
composed of iron, the iron content of the flush solids varied (25.6 wt% in sample K-C to 
43.9 wt% in sample K-D), while that of the pipe scale from sample K-A was 38 wt%. The 
variation for the hydrant flush solids may be due to differences in the refractory nature of the 
solids; only 64% of sample K-C dissolved during extraction as compared to 96% of sample K-D. 
Sample K-C also contained a considerable amount of calcium (22.0 wt%) relative to the other 
samples (average 0.2 wt%). Manganese was present in each of the samples, though at generally 
low levels (0.04 to 0.09 wt%). 

Trace metals and radionuclides were present in each of the three samples, albeit at levels 
that were relatively low when compared to other utility samples. With the exception of 226Ra, the 
average levels of these elements were similar between the pipe scale and flush solids. The 226Ra 
content of the pipe scale (20 pCi/g) was distinctly lower than that of the hydrant flush solids 
(average 40 pCi/g). The reason for this difference is not clear. 
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CHAPTER 6 
ACCUMULATION TRENDS 

 
 
INTRODUCTION 
 

The deposit composition and water quality results developed during this investigation 
were collectively assessed to determine trace element occurrence and prevalence trends. The 
emphasis of this effort was to gain a more comprehensive understanding of accumulation 
patterns of inorganic and radiological elements, i.e., to identify which elements accumulate and 
at what concentrations. This is seen as a valuable step in prioritizing the trace elements for future 
research of a more focused nature. A secondary goal was to explore trace element occurrence 
trends in the context of water quality and chemistry conditions, pipe material, and the 
concentration of common matrix elements, to elucidate potential relationships. 

 
DATA ANALYSIS APPROACH 
 

Given the numerous variables and complex relationships that influence the accumulation 
of trace inorganic and radiological elements, several different analytical and presentation 
approaches were used to interpret the dataset. Analytical activities were generally focused on two 
areas: (1) elemental composition (i.e., occurrence) of distribution system deposits with regard to 
trace and common matrix elements; and (2) mass inventory (i.e., prevalence) of deposit material 
and trace elements. Interpretation activities focused on exploration and examination of potential 
influencing factors on trace element occurrence trends. 

 
Deposit Composition Analysis 
 

With regard to elemental composition of distribution system deposit samples, a statistical 
summary of the entire dataset was performed for each trace and common matrix element. Data 
presentation involved development of logarithmic-based frequency and cumulative occurrence 
profiles. This approach was taken since the observed concentration ranges of each element 
considered as part of this study were spread over several orders-of-magnitude. Since the deposit 
composition results were not normally distributed, the results at certain key percentiles (e.g., 
median) are emphasized over average values and standard deviations. Each of the elements were 
designated into operationally-defined occurrence bins (based on observed median concentration 
levels) to enable comparison and prioritization of the relative occurrence of the various elements 
in distribution system deposits. 

In addition to examining the entire dataset, deposit composition results were segregated 
between the two sample types obtained in this investigation, i.e., pipe specimens and hydrant 
flush solids. As a result of potential differences in their origin and stability, it was recognized 
that these two sample types, even when obtained from close proximity within the same system, 
may differ considerably in several features that affect the extent of trace element accumulation. 
Amongst these features are composition and mineralogy with regard to common matrix 
elements, particle size, morphology, and available surface area for sorption. Characterization and 
differentiation of these two sample types is considered an important area of research since they 
may differ with regard to their susceptibility for hydraulic mobilization and potential for physical 
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release. However, for this study, only five of the 20 utility participants were able to provide both 
pipe specimen and hydrant flush samples. Since “paired” pipe specimen and hydrant flush 
samples were generally not available in this study, it was considered indefensible and potentially 
misleading to draw conclusions from a direct comparison of the cumulative datasets for these 
sample types. This would involve comparing results of hydrant flush samples from some utilities 
with pipe specimens from other utilities, thereby introducing numerous confounding variables. 
Such a direct comparison would be more defensible under two conditions: (1) the number of 
samples obtained for each sample type were much larger, i.e., on the order of the amount needed 
for a statistically-defensible occurrence investigation; and/or (2) there was a greater degree of 
“pairing” of pipe specimen and hydrant flush samples for each participating utility, thereby 
helping to ensure more balanced representation of these sample types from different systems and 
different conditions. Given the limitations of the samples obtained in this investigation, 
occurrence data for pipe specimen and hydrant flush solids were segregated primarily to present 
the cumulative occurrence profiles for each sample type based on the deposit samples made 
available for this investigation. In some cases, an explanation for apparent differences between 
these two sample types is offered based on a general review of sample conditions. 

 
Interpretation of Occurrence 

 
Data interpretation activities were focused on trace elements with the highest occurrence 

levels (based on their occurrence bin designation). It was recognized that numerous factors can 
influence trace element accumulation, including water quality, matrix composition, etc. Given 
the large number of and complex interaction between these factors, it was not considered 
practical to perform detailed statistical correlations of occurrence trends with the small and 
diverse sample pool obtained during this investigation. Rather, relatively simple correlations 
were explored with regard to water quality conditions and the composition of common matrix 
elements that may act as substrates. These activities were intended to help identify the relative 
influence of these factors on accumulation trends. The utility case studies provided in Chapter 5 
include an assessment of both utility- and sample-specific accumulation observations. 

 
OCCURRENCE TRENDS 

 
A principle objective of this investigation was to characterize the elemental composition 

of distribution system deposits, expressed on a mass basis. While the study is primarily 
concerned with the occurrence of trace inorganic and radiological contaminants (i.e., trace 
elements), the occurrence of several secondary and unregulated elements (i.e., common matrix 
elements) is also considered because of their potential role as accumulation substrates. 

 
Occurrence Bins 

 
Table 6.1 provides a statistical summary of solids composition results for all deposit 

samples where there was sufficient mass for processing and analysis (n=58). With regard to the 
determination of elemental sulfur and carbon content, only 48 and 36 samples respectively were 
sent to the USEPA for analysis. The results have been segregated between trace elements and 
common matrix elements. For most elements, the reporting units are micrograms of element per 
gram of deposit (μg/g). Radium activity is presented as picocurie per gram of deposit (pCi/g). In 
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cases where the median result for a given element exceeds 10,000 μg/g, the results are presented 
as wt%. For reference, 10,000 μg/g is equivalent to 1.0 wt%. 

The elements assessed as part of this research were found to occur in distribution system 
deposits at widely varying levels. The collective occurrence dataset encompasses a concentration 
range that spans nearly nine orders-of-magnitude, i.e., < 0.0009 μg/g (for selenium) to 46.8 wt% 
(for iron). The occurrence distribution of each individual element also spreads several orders-of-
magnitude (3.8, on average). For these reasons, frequency and cumulative occurrence profiles 
have been plotted using a base-10 logarithmic (log10) scale. 

Figure 6.1 presents the occurrence distribution for each of the trace and common matrix 
elements considered in this study. This figure uses a log10 scale and a “box-and-whisker” 
graphics to help illustrate key statistical parameters, i.e., minimum, 10th percentile, 50th 
percentile (i.e., median), 90th percentile, and maximum. For most of the elements, the median 
results are centrally positioned between the 10th and 90th percentile results. As discussed later, 
the frequency occurrence profiles for many elements appear to exhibit log-normal behavior 
centered around the median value. The trace elements with the widest spread in their occurrence 
distribution on a log10 scale were arsenic and vanadium (both at 4.9). The trace element with the 
widest spread in its occurrence distribution on a nominal basis was lead (at 7,200 μg/g). The 
trace element with the smallest spread in its occurrence distribution, both on a log10 scale and a 
nominal basis, was antimony (at 2.5 and 6.5 μg/g, respectively). 

The concept of using occurrence bins was applied to enable a comparison of the relative 
occurrence of the various elements in distribution system deposits. The occurrence bins are 
operationally-defined categories that reflect order-of-magnitude occurrence groupings. Bin 
designation is intended to prioritize elements based on their tendency to accumulate. Four 
separate occurrence bins were created, with their numerical boundaries defined as shown in the 
figure on the following page. The various bin titles – Minimal, Minor, Moderate, and Major – 
and the associated numerical boundaries are not intended to be interpreted as representative of 
potential health risks. 
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Table 6.1 
Statistical summary of elemental occurrence in deposit samples 

Trace 
Element 

No. of 
Samples 

Average 
Result 

Standard 
Deviation 

Minimum 
Result 

10th 
Percentile 

Median 
Result 

90th 
Percentile 

Maximum 
Result 

As (μg/g) 58 81 185 0.01 0.67 13 206 940
Ba (μg/g) 58 219 398 11.5 33 94 450 2,400 
Cd (μg/g) 58 2.0 5.8 0.005 0.06 0.26 2.8 34 
Cr (μg/g) 58 31 52 0.53 1.4 7.3 118 251 
Ni (μg/g) 58 69 117 0.11 2.4 15 260 484 
Pb (μg/g) 58 366 1,190 0.84 2.5 20 850 7,200 
226Ra (pCi/g) 58 49 147 0.50 1.1 9.1 84 1,060 
Rn (pCi/L) 29 560 1,700 19 26 90 550 8,400 
Sb (μg/g) 58 0.55 1.2 0.02 0.05 0.14 0.86 6.5 
Se (μg/g) 58 0.45 1.2 <0.0009 0.01 0.10 1.1 8.4 
Tl (μg/g) 58 3.0 15 0.002 0.01 0.06 0.51 84 
U (μg/g) 58 5.1 15 0.03 0.14 1.0 16 113 
V (μg/g) 58 38 81 <0.007 0.54 14 61 451 

Common 
Element 

No. of 
Samples 

Average 
Result 

Standard 
Deviation 

Minimum 
Result 

10th 
Percentile 

Median 
Result 

90th 
Percentile 

Maximum 
Result 

Al (μg/g) 58 1,630 3,150 32 120 620 3,400 20,300
Ca (μg/g) 58 29,300 56,500 <0.33 420 7,700 87,500 252,700 
Fe (wt %) 58 28.5% 11.8 0.10 11.8 31.7 40.6 46.8 
Mg (μg/g) 58 3,190 6,860 49 110 640 6,950 37,900 
Mn (μg/g) 58 7,320 31,200 100 290 790 7,000 232,500 
S (wt %) 48 1.4 1.7 0.05 0.15 1.1 2.8 10.9 
Si (μg/g) 58 167 234 <0.22 <0.22 90 390 1,330 
P (μg/g) 58 2,250 2,520 100 450 1,400 4,300 12,600 
Zn (μg/g) 58 1,370 3,980 3.2 24 230 1,900 19,700 
TIC (μg/g) 36 13,300 23,200 0.01 50 2,500 45,800 108,500 
TOC (μg/g) 36 19,000 34,100 0.01 4,140 9,800 32,600 206,700 

 

 
 
Each element was assigned to an occurrence bin based on its median concentration in the 

deposit samples, as reported in Table 6.1 with the boundary conditions shown below the table. 
The occurrence bin designations and boundaries were superimposed on Figure 6.1 to depict 
relative positions of the various elements and to illustrate the potential for elements to occur in 
other bins. Occurrence bin designation was as follows: 

 
• Minimal Bin, sorted from lowest concentration to highest: Tl, Se, Sb, Cd, U. 
• Minor Bin, sorted from lowest concentration to highest: Cr, 226Ra, As, V, Ni, Pb, Si, Ba. 
• Moderate Bin, sorted from lowest concentration to highest: Zn, Al, Mg, Mn, P, TIC,  

Ca, TOC. 
• Major Bin, sorted from lowest concentration to highest: S, Fe. 

MINIMAL MINOR MODERATE MAJOR

Solids Content, in μg/g (a)

Solids Content, in wt %
log [Solids Content, in μg/g (a)]

< 1.0 1.0  to 100 100 to 10,000 10,000 to 1,000,000
< 1.0×10-4 1.0×10-4 to 0.01 0.01 to 1.0 1.0 to 100

< 0.0 0.0 to 2.0 2.0 to 4.0 4.0 to 6.0
(a) pCi/g for radium-226
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Of note is that all trace elements were designated to either the Minimal or the Minor Bin 
and, with the exception of silicon, all common matrix elements were designated to either the 
Moderate or the Major Bin. For thallium, selenium, antimony, and cadmium, all of which “fell” 
decidedly within the Minimal Bin, a select number of observations (generally less than 10%) fell 
in the boundaries of the Minor Bin. The median uranium observation occurred right at the 
boundary of the Minimal and Minor Bins. For chromium, radium, arsenic, vanadium, nickel, and 
lead, all of which “fell” decidedly within the Minor Bin, a select number of observations fell in 
the boundaries of the Minimal and Moderate Bins. The median barium observation occurred 
right at the boundary of the Minor and Moderate Bins. 

Radon (specifically 222Rn) was also assessed as part of this investigation. However, since 
it is a gas, its occurrence is generally associated with the bulk water phase and not with deposit 
samples. Therefore, it was not designated to a specific occurrence bin, but rather was assessed as 
a stand-alone trace element. 

The following sections provide a more detailed summary of occurrence trends for each of 
the trace and common matrix elements. The elements are segregated based on their occurrence 
bin designation and presented in order of decreasing occurrence. Frequency occurrence profiles 
have been developed (with x-axis log10 scale increments of 0.5) to illustrate the distribution of 
sample results. The boundaries of the occurrence bins have been superimposed on the frequency 
occurrence profiles to illustrate the probability for elements to occur in bins other than their 
designated bin. 
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Figure 6.1  Occurrence distribution of trace and common matrix elements in deposit samples
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“Major Bin” Elements 
 
Iron 
 

Iron was the most concentrated element found in deposit samples and was classified in 
the Major Bin. At 31.7 wt%, the median Fe concentration was roughly 30 times greater than that 
of the second most concentrated element. The 10th and 90th percentile Fe concentrations were 
11.7 wt% and 40.6 wt%, respectively. The predominance of Fe in distribution system deposits 
was anticipated based on the pipe materials involved; 33 of the 35 pipe specimens that contained 
enough mass for processing were composed of unlined iron or steel, and 19 of 23 hydrant flush 
samples that contained enough mass were obtained from pipe comprised of unlined iron. Pipe 
corrosion products likely represent most of the observed iron. The XRD patterns indicate the 
presence of several iron mineral phases that are commonly found in corrosion scale, including 
goethite (α-FeOOH), magnetite (Fe3O4), maghemite (Fe2O3), and siderite (FeCO3). In addition, 
for 17 of the 20 utility participants, the iron concentrations observed in water samples were 
greater than 0.06 mg/L (20% of the secondary MCL). Therefore, the formation and deposition of 
iron precipitates (e.g., Fe(OH)3, Fe2O3·H2O) originating from source waters and/or treatment 
breakthrough may also contribute to its occurrence, particularly in hydrant flush samples.  

The frequency occurrence profile for Fe is provided as Figure 6.2. Of the 58 samples, a 
total of 53 (or 91%) contained at least 10 wt% Fe, and a total of 43 (or 74%) contained at least 20 
wt% Fe. Of the 15 samples with ≤ 20 wt% Fe, most contained a substantial amount of refractory 
material as indicated by their relatively low dissolution fraction during the extraction process 
(i.e., average of 62.5% for this subset, as compared to an average of 82.9% for all other samples). 
Therefore, the Fe content of the dissolvable portion of these deposit samples is much greater and, 
in most cases, above 20 wt%. For the few samples in this subset where the dissolution fraction 
during extraction was comparable to the average of the overall sample set, most were heavily-
concentrated with other common matrix elements such as manganese, calcium, and/or inorganic 
carbon, which had the effect of lowering the relative Fe concentration. Figure 6.3 illustrates the 
cumulative iron occurrence profiles for all deposit samples and the different sample types. The 
profiles for pipe specimens and hydrant flush solids are relatively similar. The median iron 
concentrations for pipe specimens and hydrant flush solids are 32.7 wt% and 28.4 wt%, 
respectively (15% difference). 
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Figure 6.2  Frequency occurrence profile for iron in deposit samples 

 

 
Figure 6.3  Cumulative occurrence profile for iron in deposit samples 

 
Sulfur 

 
Sulfur was the second most concentrated element found in deposit samples, with a 

median concentration of 11,100 μg/g (1.1 wt%). The 10th and 90th percentile S concentrations 
were 0.15 wt% and 2.8 wt%, respectively. Sulfur occurrence in deposits is suspected to be due 
primarily to the presence of the compound iron-sulfide (FeS), a common under-layer component 
of iron corrosion scale. The XRD pattern for several samples (e.g., J-E, PC-A, RW-B) confirmed 
the presence of FeS. The formation and deposition of sulfate-based minerals (e.g., gypsum, 
barite), as well as iron hydroxysulfates compounds, may also contribute to the occurrence of 
sulfur in deposits, particularly in cases where the water is heavily mineralized. 
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The frequency occurrence profile for sulfur is provided as Figure 6.4. The profile does 
not appear to exhibit log-normal behavior. Of the 48 samples for which sulfur analysis was 
performed, a total of 25 (or 52%) contained S ≥ 1.0 wt%, thus placing sulfur in the Major Bin. 
The remaining 48% of sample observations fell within the boundaries of the Moderate Bin. 
Figure 6.5 illustrates the cumulative sulfur occurrence profiles for all deposit samples and the 
different sample types. The profiles for pipe specimens and hydrant flush solids are very similar. 
The median S concentrations for pipe specimens and hydrant flush solids are 1.0 wt% and 1.1 
wt%, respectively (10% difference). 

 

 
Figure 6.4  Frequency occurrence profile for sulfur in deposit samples 

 
 

 
Figure 6.5  Cumulative occurrence profile for sulfur in deposit samples 
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“Moderate Bin” Elements 
 
Organic Carbon 

 
Organic carbon was the third most concentrated element found in deposit samples, with a 

median concentration of 9,800 μg/g (0.98 wt%). The 10th and 90th percentile TOC concentrations 
were 4,100 μg/g (0.4 wt%) and 3.3 wt%, respectively. The occurrence of organic carbon in 
deposits is suspected to be due to a combination of biological growth (biofilm) and 
adsorbed/complexed natural organic matter. 

The frequency occurrence profile for organic carbon is provided as Figure 6.6. The 
profile does not appear to exhibit log-normal behavior, although with only 36 observations the 
sample pool is relatively small. Of the 36 samples for which TOC content was determined, a 
total of 18 (or 50%) contained TOC ≥ 1.0 wt%, while the other 18 contained TOC < 1.0 wt%. 
Therefore, organic carbon occurred squarely at the division between the Moderate and Major 
Bins. Figure 6.7 illustrates the cumulative organic carbon occurrence profiles for all deposit 
samples and the different sample types. The profiles for pipe specimens and hydrant flush solids 
are somewhat dissimilar, with the results for hydrant flush solids being higher across the entire 
range. The median TOC concentrations for pipe specimens and hydrant flush solids are 0.7 wt% 
and 1.7 wt%, respectively (143% difference). The observed dissimilarity between these two 
sample types could be due to a variety of factors. For example, biofilm may be more prevalent 
near the deposit-water interface where nutrients are more readily available (as opposed to deeper 
within the scale). Since hydrant flush solids presumably consist primarily of surficial deposit 
material, it is reasonable that these samples may contain a greater mass fraction of biological 
growth. Also, ten of the 35 pipe specimens (or 29%) for which there was adequate mass were 
boneyard samples removed from utility storage areas where they had been stored for several 
months. For these samples, their prolonged exposure to air instead of water may have lead to 
degradation and decay of biological material, thus reducing the organic carbon concentration of 
the accumulated deposits. 

 

 
Figure 6.6  Frequency occurrence profile for organic carbon in deposit samples 
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Figure 6.7  Cumulative occurrence profile for organic carbon in deposit samples 
 
Calcium 

 
Calcium was the fourth most concentrated element found in deposit samples, with a 

median concentration of 7,700 μg/g (0.8 wt%). The 10th and 90th percentile Ca concentrations 
were 420 μg/g and 8.8 wt%, respectively. Calcium occurrence in deposits is suspected to be due 
to the formation and deposition of minerals such as calcite (CaCO3), dolomite (CaMg(CO3)2), 
and hydroxyapatite (Ca5(PO4)3OH). These minerals were each identified in XRD analyses. 
Hydroxyapatite was only observed in samples from utilities that purposefully applied phosphate 
as part of their treatment process. Calcite was observed in several samples that were generally 
associated with “hard” waters. Soluble calcium (Ca2+ and complexed forms) has also been shown 
to associate with various metal-oxide substrates due to surface adsorption. This may explain 
calcium occurrence in cases where the water is undersaturated with respect to calcium-based 
mineral phases.  

The frequency occurrence profile for Ca is provided as Figure 6.8. The profile exhibits 
some degree of log-normal behavior centered around the median value. Of the 58 samples, a 
total of 31 (or 53%) contained 100 μg/g ≤ Ca ≤ 1.0 wt%, thus placing Ca in the Moderate Bin. A 
total of 24 sample observations (or 41%) fell within the boundaries of the Major Bin. For the 
remaining three sample observations (or 5%), calcium was non-detect (i.e., Ca < 0.33 μg/g). The 
calcium occurrence range spanned six orders-of-magnitude, which was likely due to the 
extremely wide variation of calcium concentration in the treated water supplies of the various 
utility participants (i.e., 2 to 310 mg/L). Half of the samples were collected from locations where 
the calcium level would be considered hard water, i.e., greater than 150 mg/L as CaCO3. Figure 
6.9 illustrates the cumulative calcium occurrence profiles for all deposit samples and the 
different sample types. The profiles for pipe specimens and hydrant flush solids are relatively 
similar. The median Ca concentrations for pipe specimens and hydrant flush solids are 0.9 wt% 
and 0.74 wt%, respectively (22% difference).  
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Figure 6.8  Frequency occurrence profile for calcium in deposit samples 

 
 

 
Figure 6.9  Cumulative occurrence profile for calcium in deposit samples 

 
Inorganic Carbon 

 
Inorganic carbon was the fifth most concentrated element found in deposit samples, with 

a median concentration of 2,500 μg/g. The 10th and 90th percentile TIC concentrations were 
50 μg/g and 4.6 wt%, respectively. The occurrence of inorganic carbon in deposits is suspected 
to be due to the presence of the mineral siderite (FeCO3), a common under-layer component of 
iron corrosion scale; formation and deposition of minerals such as calcium carbonate (CaCO3) 
and dolomite (CaMg(CO3)2) in hard, alkaline waters; and surface adsorption/co-precipitation 
reactions involving bicarbonate/carbonate species. Each of the aforementioned mineral phases 
was identified in XRD patterns for several samples. 
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The frequency occurrence profile for inorganic carbon is provided as Figure 6.10. The 
profile does not appear to exhibit log-normal behavior, although with only 36 observations the 
sample pool is relatively small. Of the 36 samples for which TIC content was determined, a total 
of 23 (or 64%) contained 100 μg/g ≤ TIC ≤ 1.0 wt%, thus placing inorganic carbon in the 
Moderate Bin. A total of nine sample observations (or 25%) fell within the boundaries of the 
Major Bin. Figure 6.11 illustrates the cumulative TIC occurrence profiles for all deposit samples 
and the different sample types. The profiles for pipe specimens and hydrant flush solids are 
highly dissimilar, with results for hydrant flush solids being higher across the entire range. The 
median TIC concentrations for pipe specimens and hydrant flush solids are 500 μg/g and 3,000 
μg/g, respectively (500% difference). The observed dissimilarity could be due to differences in 
the concentration of dissolved inorganic carbon (DIC) and/or hardness in the treated waters 
associated with these sample types, which in turn could affect the formation of carbonate-bearing 
minerals (e.g., calcite, dolomite) and density of surface adsorption coverage. The median DIC 
concentrations of distribution system water associated with hydrant flush solids and pipe 
specimens (considering only samples where adequate mass was available for processing) are 69 
and 37 mg/L, respectively. The median hardness of water associated with hydrant flush solids 
and pipe specimens (considering only samples where adequate mass was available) are 277 and 
165 mg/L as CaCO3, respectively. Since the levels of DIC and hardness are considerably higher 
for sites where the hydrant flush samples were obtained, there is a greater tendency for 
carbonate-bearing mineral phases to form. This argument is further supported by examining the 
data for utility J, which provided 10 of the 23 (or 43%) hydrant flush samples with adequate 
mass. The samples from this utility were exposed to extremely hard water (384 mg/L as CaCO3), 
exhibited some of the highest TIC levels of the entire dataset, and showed evidence of both 
calcite and dolomite in XRD analysis. 

 

 
Figure 6.10  Frequency occurrence profile for inorganic carbon in deposit samples 
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Figure 6.11  Cumulative occurrence profile for inorganic carbon in deposit samples 
 
Phosphorus 

 
Phosphorus was the sixth most concentrated element found in deposit samples, with a 

median concentration of 1,400 μg/g. The 10th and 90th percentile phosphorus concentrations were 
450 μg/g and 4,300 μg/g (0.43 wt%), respectively. Phosphorus occurrence in deposits may be due 
to formation of phosphate-based precipitates such as apatite (Ca5(PO4)3X), adsorption/co-
precipitation of orthophosphate onto deposit surfaces, and phosphorus uptake/accumulation in 
cellular material and biofilm. Regarding mineral phases, hydroxyapatite was observed in XRD 
patterns for some deposit samples. The accumulation of phosphorus requires its presence in the 
treated water. The total phosphorus concentration in water samples collected for this study ranged 
from non-detect (MDL of 0.001 mg/L) to 0.6 mg/L, with a median value of 0.1 mg/L. Seven of the 
20 utility participants reported purposefully adding phosphate (either ortho, poly, or an ortho/poly 
blend) in their treatment process. Several other utility participants have moderate levels of 
phosphorus (of unknown speciation) originating in one or more of their sources of supply. 

The frequency occurrence profile for P is provided as Figure 6.12. The profile exhibits 
some degree of log-normal behavior centered around the median value. Of the 58 samples, a 
total of 55 (or 95%) contained 100 μg/g ≤ P ≤ 1.0 wt%, thus placing P squarely within the 
Moderate Bin. Figure 6.13 illustrates the cumulative phosphorus occurrence profiles for all 
deposit samples and the different sample types. The profiles for pipe specimens and hydrant 
flush solids are relatively similar. The median phosphorus concentrations for pipe specimens and 
hydrant flush solids are 1,360 μg/g and 1,600 μg/g, respectively (18% difference).  
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Figure 6.12  Frequency occurrence profile for phosphorus in deposit samples 

 
 

 
Figure 6.13  Cumulative occurrence profile for phosphorus in deposit samples 

 
Manganese 

 
Manganese was the seventh most concentrated element found in deposit samples, with a 

median concentration of 790 μg/g. The 10th and 90th percentile Mn concentrations were 290 μg/g 
and 7,000 μg/g (0.7 wt%), respectively. Given the oxidizing environment that is characteristic of 
water distribution systems, manganese occurrence in deposits is suspected to be due to the 
formation and deposition of manganese oxide and oxyhydroxide solids. Since there are typically 
no “inner” sources of Mn within distribution systems, its accumulation in deposits requires its 
presence in treated water. The Mn concentration in water samples collected for this investigation 
ranged from non-detect (with an MDL of 0.0001 mg/L) to 0.06 mg/L. Eleven of the 20 utility 
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participants reported and/or were found to have manganese present at concentrations above 0.01 
mg/L (20% of the secondary MCL). 

The frequency occurrence profile for Mn is provided as Figure 6.14. The profile exhibits 
some degree of log-normal behavior centered around the median value. Of the 58 samples, a 
total of 51 (or 88%) contained 100 μg/g ≤ Mn ≤ 1.0 wt%, thus placing Mn squarely within the 
Moderate Bin. A total of six sample observations (or 10%) fell within the boundaries of the 
Major Bin. Each of these six samples were obtained from utilities where manganese levels in 
water were very high, i.e., above 0.04 mg/L, based on sampling and/or utility-provided survey 
data. In the most extreme case (sample WDB-A), a specimen of HDPE pipe that had been 
exposed to water with a manganese level of roughly 0.05 mg/L for a period of nearly eight years 
had developed a thick, friable layer comprised of 23.2 wt% manganese. Figure 6.15 illustrates 
the cumulative manganese occurrence profiles for all deposit samples and the different sample 
types. The profiles for pipe specimens and hydrant flush solids are somewhat dissimilar, with the 
results for pipe specimens being higher across the entire range. The median Mn concentrations 
for pipe specimens and hydrant flush solids are 940 μg/g and 610 μg/g, respectively (54% 
difference). 

 

 
Figure 6.14  Frequency occurrence profile for manganese in deposit samples 
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Figure 6.15  Cumulative occurrence profile for manganese in deposit samples 
 
Magnesium 

 
Magnesium was the eighth most concentrated element found in deposit samples, with a 

median concentration of 640 μg/g. The 10th and 90th percentile Mg concentrations were 110 μg/g 
and 6,950 μg/g (0.7 wt%), respectively. Magnesium occurrence in deposits is suspected to be due 
to formation and deposition of minerals such as dolomite (CaMg(CO3)2), which was identified in 
XRD analysis for several samples, as well as surface adsorption/co-precipitation reactions 
involving soluble magnesium (Mg2+ and complexed forms). 

The frequency occurrence profile for Mg is provided as Figure 6.16. The profile exhibits 
some degree of log-normal behavior centered around the median value. Of the 58 samples, a 
total of 47 (or 81%) contained 100 μg/g ≤ Mg ≤ 1.0 wt%, thus placing Mg within the Moderate 
Bin. A total of five sample observations (or 9%) fell within the boundaries of the Major Bin, 
while the remaining six sample observations (or 10%) fell within the boundaries of the Minor 
Bin. Figure 6.17 illustrates the cumulative magnesium occurrence profiles for all deposit samples 
and the different sample types. The profiles for pipe specimens and hydrant flush solids are 
dissimilar, with the results for hydrant flush solids being higher across the entire range. The 
median Mg concentrations for pipe specimens and hydrant flush solids are 340 μg/g and 800 
μg/g, respectively (135% difference). The observed dissimilarity could be due to differences in 
the concentration of magnesium in the waters associated with these sample types. The median 
magnesium levels in water associated with hydrant flush solids and pipe specimens (considering 
only samples where adequate mass was available) are 28 mg/L and 15 mg/L, respectively. 
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Figure 6.16  Frequency occurrence profile for magnesium in deposit samples 

 
 

 
Figure 6.17  Cumulative occurrence profile for magnesium in deposit samples 
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to the formation and deposition of minerals such as alumina (Al2O3) and gibbsite (Al(OH)3), as 
well as the precipitation of amorphous aluminum hydroxide. Surface adsorption/co-precipitation 
reactions involving soluble aluminum species (free Al3+ and various complexed forms) may also 
account for its occurrence. Sources of aluminum may include the treated water, either due to 
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natural occurrence in source water and/or application and residuals breakthrough of aluminum-
based coagulants, as well as the leaching of aluminosilicates from cement-mortar lining. 

The frequency occurrence profile for Al is provided as Figure 6.18. The profile exhibits 
log-normal behavior centered around the median value. Of the 58 samples, a total of 53 (or 91%) 
contained 100 μg/g ≤ Al ≤ 1.0 wt%, thus placing Al squarely within the Moderate Bin. Figure 
6.19 illustrates the cumulative aluminum occurrence profiles for all deposit samples and the 
different sample types. The profiles for pipe specimens and hydrant flush solids are somewhat 
dissimilar, with the results for pipe specimens being higher across the entire range. The median 
aluminum concentrations for pipe specimens and hydrant flush solids are 640 μg/g and 555 μg/g, 
respectively (15% difference). 

 
Figure 6.18  Frequency occurrence profile for aluminum in deposit samples 

 
 

 
Figure 6.19  Cumulative occurrence profile for aluminum in deposit samples 
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Zinc 
 

Zinc was the tenth most concentrated element found in deposit samples, with a median 
concentration of 230 μg/g. The 10th and 90th percentile zinc concentrations were 24 μg/g and 
1,900 μg/g, respectively. Zinc occurrence in deposits is suspected to be due to surface adsorption 
and co-precipitation reactions involving soluble Zn species (e.g., free Zn2+ and various 
complexed forms). Sources of zinc may include the treated water, either due to natural 
occurrence in source water and/or the application of zinc orthophosphate, as well as “inner” 
sources such as its use as a galvanizing agent and allied element in certain pipe materials. 
Internal corrosion of galvanized steel piping is a likely source of zinc in scale. Brass components 
and other zinc-allied metals are not typically used in the utility-owned portion of water 
distribution systems (and hence should not impact the zinc occurrence trends for this study). 
However, these materials may represent an “inner” source of zinc in institutional and residential 
plumbing systems. 

The frequency occurrence profile for zinc is provided as Figure 6.20. The profile exhibits 
log-normal behavior centered around the median value. Of the 58 samples, a total of 32 (or 55%) 
contained 100 μg/g ≤ Zn ≤ 1.0 wt%, thus placing zinc within the Moderate Bin. A total of 23 
sample observations (or 40%) fell within the boundaries of the Minor Bin, while the remaining 
three samples observations fell within the boundaries of the Major Bin. Of these three samples 
that constitute the highest 5% of the entire dataset (Zn concentration ≥ 1.0 wt%), two involved 
corrosion scale from galvanized pipe specimens (PC-A, PC-B) and the third (sample WDB-A) 
involved manganese-rich deposit that had been exposed to moderate concentrations of soluble 
zinc (0.01 mg/L). Because of its negative surface charge in the neutral pH range, manganese has 
been shown to be an extremely effective sink for cationic compounds such as zinc. Figure 6.21 
illustrates the cumulative Zn occurrence profiles for all deposit samples and the different sample 
types. The profiles for pipe specimens and hydrant flush solids are somewhat dissimilar, with the 
results for pipe specimens being higher across the entire range. The median zinc concentrations 
for pipe specimens and hydrant flush solids are 290 μg/g and 110 μg/g, respectively (164% 
difference). 

 
Figure 6.20  Frequency occurrence profile for zinc in deposit samples 
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Figure 6.21  Cumulative occurrence profile for zinc in deposit samples 
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Barium was the most concentrated trace element found in deposit samples, with a median 

concentration of 94 μg/g. The 10th and 90th percentile Ba concentrations were 33 μg/g and 450 
μg/g, respectively. Barium occurrence in deposits is suspected to be due primarily to surface 
adsorption and co-precipitation reactions involving soluble Ba species (e.g., free Ba2+ and 
complexed forms). In heavily mineralized waters, the formation and deposition of minerals such 
as barite (BaSO4) and/or witherite (BaCO3) may occur. Sources of barium may include the 
treated water (due to its natural occurrence in source water), as well as “inner” sources such as 
barium leaching from cement-mortar lining. 

As shown in Figure 6.1, the occurrence distribution for barium is relatively unique amongst 
the various trace elements. While the other elements classified in the Minor Bin occur at very 
similar concentrations (i.e., median levels on a log10 scale are between 0.9 and 1.3), the profile for 
barium is shifted towards higher concentrations, with a median level on a log10 scale of nearly 2. 
The frequency occurrence profile for barium is provided as Figure 6.22. The profile exhibits some 
degree of log-normal behavior, though the results have a distinct negative skew. Of the 58 samples, 
a total of 30 (or 52%) contained 1 μg/g ≤ Ba ≤ 100 μg/g, thus placing Ba within the Minor Bin by a 
slim margin. The remaining 28 sample observations (or 48%) fell within the boundaries of the 
Moderate Bin. Figure 6.23 illustrates the cumulative barium occurrence profiles for all deposit 
samples and the different sample types. The profiles for pipe specimens and hydrant flush solids 
are relatively similar. The median barium concentrations for pipe specimens and hydrant flush 
solids are 88 μg/g and 104 μg/g, respectively (18% difference). Apparent and potential influencing 
factors for barium accumulation are discussed later in this chapter. 
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Figure 6.22  Frequency occurrence profile for barium in deposit samples 

 

 
Figure 6.23  Cumulative occurrence profile for barium in deposit samples 
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Silicon was the only element operationally defined as a common matrix element to be 

classified in the Minor Bin. The median concentration of silicon in deposit samples was 90 μg/g. 
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μg/g, respectively. Silicon occurrence in deposits is suspected to be due to the presence of 
calcium and aluminum silicates, clays, and sand. The mineral quartz (SiO2) was identified in the 
XRD analysis of several samples. Silica species have also been shown to adsorb onto the 
surfaces of iron oxides. 

Silicates likely represent a major portion of the refractory material in deposit samples. 
The dissolution of silicate material typically requires the use of exotic multi-stage extraction 
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approaches (e.g., use of hydrofluoric acid). As discussed in the QC Procedures in Chapter 4, the 
extraction efficacy of USEPA Method 3050B, when applied to NIST 2782 (Industrial Sludge), 
resulted in the recovery of only 0.09% of the certified Si content. A comparison of solids extract 
results with EDX data for several crushed deposit samples provides support of the refractory 
nature of silica as it exists in distribution system deposits. For the ten deposit samples assessed 
by SEM/EDX, the average silicon concentration of the crushed particle surface as determined by 
EDX was 45,200 μg/g (4.5 wt%). For these same samples, the average Si concentration in solids 
extract preparations as determined by ICP-MS was 120 μg/g, a recovery of only 0.27%. Based 
on these findings, the silicon results presented in this report are suspected to significantly and 
systematically underestimate the true range of Si concentrations. Based on the median silicon 
result from EDX analysis (3.4 wt%), silicon would actually fall in the Major Bin. 

The frequency occurrence profile for silicon is provided as Figure 6.24. The profile does 
not appear to exhibit log-normal behavior. Of the 58 samples, a total of 20 (or 34%) fell within 
the boundaries of the Minor Bin (i.e., 1 μg/g ≤ Si ≤ 100 μg/g). Of the remaining 38 sample 
observations, a total of 20 (or 48%) fell within the boundaries of the Moderate Bin while ten (or 
17%) were non-detect (i.e., Si < 0.22 μg/g). Figure 6.25 illustrates the cumulative silicon 
occurrence profiles for all deposit samples and the two different sample types. The profiles for 
pipe specimens and hydrant flush solids are relatively similar. The median Si concentrations of 
pipe specimens and hydrant flush solids are 88 μg/g and 126 μg/g, respectively (43% difference). 

 

 
Figure 6.24  Frequency occurrence profile for silicon in deposit samples 
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Figure 6.25  Cumulative occurrence profile for silicon in deposit samples 

 
Lead 

 
Lead was the second most concentrated trace element found in deposit samples, with a 

median concentration of 20 μg/g. The 10th and 90th percentile Pb concentrations were 2.5 μg/g 
and 850 μg/g, respectively. Since the naturally-occurring levels of lead in sources used for 
potable supply are typically so low as to preclude mineral precipitation, lead occurrence in 
deposits formed within the utility-owned portion of distribution systems is suspected to be due 
primarily to surface adsorption and co-precipitation reactions involving soluble lead species 
(e.g., free Pb2+ and various complexed forms). Formation of lead minerals may contribute to its 
occurrence in some cases, particularly under highly oxidizing conditions and/or where phosphate 
is applied (e.g., Pb9(PO4)6). Lead impurities present in galvanized iron piping and old lead-
bearing joints (e.g., leadite) may represent an “inner” source of lead. 

The frequency occurrence profile for lead is provided as Figure 6.26. The profile exhibits 
some degree of log-normal behavior, though the results have a distinct negative skew. Of the 58 
samples, a total of 41 (or 71%) contained 1 μg/g ≤ Pb ≤ 100 μg/g, thus placing lead within the 
Minor Bin. A total of 15 sample observations (or 26%) fell within the boundaries of the 
Moderate Bin. The two highest observed concentrations of all 12 trace elements belonged to 
lead, i.e., 7,200 μg/g in sample CL-F and 5,100 μg/g in sample J-J. Also of note is that the 
variability of lead concentrations between different samples, and in many cases samples 
collected from separate sites from the same utility, was more prominent than that of any other 
trace element. For utility CL, the lead levels varied between 6 and 7,200 μg/g, while for utility J, 
the lead levels varied between 2 and 5,100 μg/g. Figure 6.27 illustrates the cumulative lead 
occurrence profiles for all deposit samples and the different sample types. The profiles for pipe 
specimens and hydrant flush solids are highly dissimilar, with the results for hydrant flush solids 
being higher across the entire range. The median lead concentrations for pipe specimens and 
hydrant flush solids are 8 μg/g and 47 μg/g, respectively (488% difference). Apparent and 
potential influencing factors for lead accumulation are discussed later in this chapter. 
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Figure 6.26  Frequency occurrence profile for lead in deposit samples 

 

 
Figure 6.27  Cumulative occurrence profile for lead in deposit samples 
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Nickel was the third most concentrated trace element found in deposit samples, with a 
median concentration of 15 μg/g. The 10th and 90th percentile nickel concentrations were 2.4 
μg/g and 260 μg/g, respectively. The occurrence profile for nickel is very similar to that of lead. 
Since the naturally-occurring levels of nickel in sources used for potable water supply are 
typically so low as to preclude mineral precipitation, nickel occurrence in deposits is suspected 
to be due primarily to surface adsorption and co-precipitation reactions involving soluble nickel 
species (e.g., free Ni2+ and various complexed forms). Nickel impurities in galvanized iron 
piping may represent an “inner” source of nickel. 
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The frequency occurrence profile for Ni is provided as Figure 6.28. The profile exhibits 
some degree of log-normal behavior, though the results have a distinct negative skew. Of the 58 
samples, a total of 43 (or 74%) contained 1 μg/g ≤ Ni ≤ 100 μg/g, thus placing nickel within the 
Minor Bin. A total of 12 sample observations (or 21%) fell within the boundaries of the 
Moderate Bin. Figure 6.29 illustrates the cumulative nickel occurrence profiles for all deposit 
samples and the different sample types. The profiles for pipe specimens and hydrant flush solids 
are dissimilar, with the results for hydrant flush solids being higher across most of the range. The 
median nickel concentrations for pipe specimens and hydrant flush solids are 7.5 μg/g and 21 
μg/g, respectively (180% difference). Apparent and potential influencing factors for nickel 
accumulation are discussed later in this chapter. 

 

 
Figure 6.28  Frequency occurrence profile for nickel in deposit samples 

 

 
Figure 6.29  Cumulative occurrence profile for nickel in deposit samples 
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Vanadium 
 
Vanadium was the fourth most concentrated trace element found in deposit samples, with 

a median concentration of 14 μg/g. The 10th and 90th percentile vanadium concentrations were 
0.5 μg/g and 61 μg/g, respectively. Vanadium occurrence in deposits is suspected to be due to 
surface adsorption/co-precipitation reactions involving the soluble oxoacid vanadate (HVO4

2-), 
which has an anionic character in the pH range typical of distribution system environments. The 
adsorptive affinity of iron and manganese oxides for vanadium is relatively well-established. 

The frequency occurrence profile for vanadium is provided as Figure 6.30. The profile 
exhibits some degree of log-normal behavior centered around the median value. Of the 58 
samples, a total of 45 (or 78%) contained 1 μg/g ≤ V ≤ 100 μg/g, thus placing vanadium within 
the Minor Bin. A total of nine sample observations (or 15%) fell within the boundaries of the 
Minimal Bin, while the remaining four sample observations (or 7%) fell within the boundaries of 
the Moderate Bin. Figure 6.31 illustrates the cumulative vanadium occurrence profiles for all 
deposit samples and the different sample types. The profiles for pipe specimens and hydrant 
flush solids are highly dissimilar, with the results for pipe specimens being higher across the 
entire range. The median vanadium concentrations for pipe specimens and hydrant flush solids 
are 27 μg/g and 5 μg/g, respectively (430% difference). Apparent and potential influencing 
factors for vanadium accumulation are discussed later in this chapter. 

 

 
Figure 6.30  Frequency occurrence profile for vanadium in deposit samples 
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Figure 6.31  Cumulative occurrence profile for vanadium in deposit samples 
 

Arsenic 
 
Arsenic was the fifth most concentrated trace element found in deposit samples, with a 

median concentration of 13 μg/g. The 10th and 90th percentile As concentrations were 0.7 μg/g 
and 206 μg/g, respectively. The occurrence profile for arsenic is very similar to that of vanadium. 
Arsenic occurrence in deposits is suspected to be due primarily to surface adsorption and co-
precipitation reactions involving the soluble oxoacid arsenate (H2AsO4

-), which, like vanadate, 
has an anionic character in the pH range typical of distribution system environments. The ability 
of iron solids to immobilize and concentrate arsenic from water has been well-established. The 
adsorption of arsenic, and in particular arsenate, onto the surfaces of zero-valent and oxidized 
forms of iron is a common method for its removal from water.  

The frequency occurrence profile for arsenic is provided as Figure 6.32. The profile 
exhibits log-normal behavior centered around the median value. Of the 58 samples, a total of 41 (or 
71%) contain 1 μg/g ≤ As ≤ 100 μg/g, thus placing arsenic within the Minor Bin. Of the remaining 
17 samples, a total of ten (or 17%) fell within the boundaries of the Moderate Bin while seven (or 
12%) fell within the boundaries of the Minimal Bin. Figure 6.33 illustrates the cumulative arsenic 
occurrence profiles for all deposit samples and the different sample types. The profiles for pipe 
specimens and hydrant flush solids are very dissimilar, with the results for pipe specimens being 
higher across the entire range. The median arsenic concentrations for pipe specimens and hydrant 
flush solids are 22 μg/g and 6 μg/g, respectively (267% difference). Apparent and potential 
influencing factors for arsenic accumulation are discussed later in this chapter. 
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Figure 6.32  Frequency occurrence profile for arsenic in deposit samples 

 

 
Figure 6.33  Cumulative occurrence profile for arsenic in deposit samples 
 
Radium 

 
Radium-226 was the sixth most concentrated trace element found in deposit samples, 

with a median concentration of 9.1 pCi/g. The 10th and 90th percentile 226Ra concentrations were 
1.1 pCi/g and 84 pCi/g, respectively. Radium occurrence in deposits is suspected to be due 
primarily to surface adsorption and co-precipitation reactions involving soluble radium, which 
has a cationic character. The adsorption of radium isotopes onto hydrous iron and manganese 
oxides is well-established. Radium removal by adsorption/co-precipitation to HMOs is a 
common method for its removal from water. A limited amount of research has shown that 
phosphate-based precipitates involving iron and calcium also have a high affinity for adsorbing 
radium (Jackson and Valentine, 1995). 

0%

10%

20%

30%

40%

50%

60%

< 0.1 0.1-0.32 0.32-1 1-3.2 3.2-10 10-32 32-100 100-
320

320-
1,000

1,000-
3,200

> 3,200

Pe
rc

en
ta

ge
 o

f S
am

pl
es

Arsenic Concentration Range (μg/g)

MINIMAL BIN MINOR BIN MODERATE BIN

0%

20%

40%

60%

80%

100%

0.01 0.1 1 10 100 1000

Sa
m

pl
e P

er
ce

nt
ile

Arsenic Concentration (μg/g)

All Solid Samples Pipe Specimens Hydrant Flush Solids

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 162 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

As discussed in Chapter 4, the determination radium content was focused primarily on 
226Ra since project resource constraints prevented extensive analysis of 228Ra in deposit samples. 
However, analysis of 228Ra was performed for water samples to indicate its contribution to 
combined radium. Since different radium isotopes generally behave similarly with regard to 
chemical phenomena, the observed trends regarding 226Ra partitioning between water and deposit 
samples can be extrapolated to 228Ra. At 1.1 pCi/L, the median observed concentration of 228Ra 
in distribution system water samples (considering only water samples corresponding to deposit 
samples where adequate mass was available) was roughly 50% of the median 226Ra level (2.2 
pCi/L, as determined by EES). Based on the presumption that these two isotopes behave 
similarly with regard to surface adsorption, the median occurrence of combined radium in 
deposits is estimated at 14 pCi/g (i.e., 9.1 pCi/g as 226Ra and 4.9 pCi/g as 228Ra). Combined 
radium may occupy a higher position in the occurrence series relative to 226Ra alone; however, it 
would most likely remain classified in the Minor Bin. 

The frequency occurrence profile for 226Ra is provided as Figure 6.34. The profile does not 
appear to exhibit log-normal behavior. Rather, the data are spread relatively equally over two orders-
of-magnitude. Of the 58 samples, a total of 47 (or 81%) contained 1 μg/g ≤ 226Ra ≤ 100 μg/g, thus 
placing 226Ra within the Minor Bin. A total of six sample observations (or 10%) fell within the 
boundaries of the Moderate Bin, while the remaining five sample observations (or 9%) fell within the 
boundaries of the Minimal Bin. Figure 6.35 illustrates the cumulative 226Ra occurrence profiles for all 
deposit samples and the different sample types. The profiles for pipe specimens and hydrant flush 
solids are highly dissimilar, with the results for hydrant flush solids being higher across the entire 
range. The median 226Ra concentrations for pipe specimens and hydrant flush solids are 3.1 μg/g and 
24 μg/g, respectively (675% difference). The observed dissimilarity could be due to differences in the 
concentration of 226Ra in the waters associated with these sample types. The median 226Ra levels (as 
determined by EES) in water associated with hydrant flush solids and pipe specimens (considering 
only samples where adequate mass was available) are 3.7 pCi/L and 0.39 pCi/L, respectively, i.e., 
more than a ten-fold difference. Apparent and potential influencing factors for radium accumulation 
are discussed later in this chapter. 

 

 
Figure 6.34  Frequency occurrence profile for radium-226 in deposit samples 
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Figure 6.35  Cumulative occurrence profile for radium-226 in deposit samples 

 
Chromium 

 
Chromium was the seventh most concentrated trace element found in deposit samples, 

with a median concentration of 7.3 μg/g. The 10th and 90th percentile Cr concentrations were 
1.4 μg/g and 118 μg/g, respectively. The occurrence profile for chromium is very similar to that 
of radium. Given the oxidizing environment that is characteristic of distribution systems, 
chromium accumulation in deposits is suspected to be due primarily to surface adsorption and 
co-precipitation reactions involving the soluble oxoacid chromate (HCrO4

-), which, like vanadate 
and arsenate, has an anionic character in the near-neutral pH range. The adsorption of chromate 
onto iron oxide and oxyhydroxide surfaces is a common method for its removal from water. 
Chromium accumulation may also occur due to reduction to trivalent chromium by NOM or 
reductive co-precipitation with ferrous iron (from an underlayer in iron corrosion scale). 
Potential “inner” sources of chromium may include impurities in galvanized iron piping and/or 
cement-mortar lining. 

The frequency occurrence profile for chromium is provided as Figure 6.36. The profile 
exhibits some degree of log-normal behavior centered around the median. Of the 58 samples, a 
total of 47 (or 81%) contained 1 μg/g ≤ Cr ≤ 100 μg/g, thus placing chromium within the Minor 
Bin. A total of seven sample observations (or 12%) fell within the boundaries of the Moderate 
Bin, while the remaining four sample observations (or 7%) fell within the boundaries of the 
Minimal Bin. Figure 6.37 illustrates the cumulative chromium occurrence profiles for all deposit 
samples and the different sample types. The profiles for pipe specimens and hydrant flush solids 
are dissimilar, with the results for hydrant flush solids being higher across most of the range. The 
median chromium concentrations for pipe specimens and hydrant flush solids are 6.4 μg/g and 
11 μg/g, respectively (72% difference). Apparent and potential influencing factors for chromium 
accumulation are discussed later in this chapter. 
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Figure 6.36  Frequency occurrence profile for chromium in deposit samples 

 

 
Figure 6.37  Cumulative occurrence profile for chromium in deposit samples 
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systems, uranium occurrence in deposits is suspected to be due primarily to surface adsorption 
and co-precipitation reactions involving hexavalent uranium. The adsorptive affinity of hydrous 
iron oxides and calcium phosphate minerals (e.g., apatite) for uranyl is well-established (Dodge 
et al., 2002; Duff et al., 2002; Fuller et al., 2002; Arey et al., 1999; Gauglitz et al., 1992). The 
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formation of uranyl-phosphate crystalline phases is a potential accumulation mechanism in water 
with high phosphate and uranium concentrations. Uranium accumulation may also occur due to 
its reduction to U(IV), which readily precipitates as UO2, or due to reductive co-precipitation 
with ferrous iron (from an underlayer in iron corrosion scale) when oxidizing conditions are lost 
at the deposit-water interface. 

As shown in Figure 6.1, the occurrence distribution for uranium is relatively unique 
amongst the various trace elements. With the exception of barium, the other trace elements are 
clustered into two “groups” based on their similar median occurrence levels. The median 
occurrence of uranium is centrally positioned between these two “groups.” The frequency 
occurrence profile for uranium is provided as Figure 6.38. The profile exhibits some degree of 
log-normal behavior centered around the median. Uranium occurred squarely at the division of 
the Minimal and Minor Bins; i.e., of the 58 samples with adequate mass for processing, half 
contain U < 1 μg/g and half contain U ≥ 1 μg/g. Figure 6.39 illustrates the cumulative uranium 
occurrence profiles for all deposit samples and the different sample types. The profiles for pipe 
specimens and hydrant flush solids are similar below the median level, while the results for pipe 
specimens are higher above the 50th percentile. The median U concentrations for pipe specimens 
and hydrant flush solids are 1.1 μg/g and 0.84 μg/g, respectively (30% difference). Apparent and 
potential influencing factors for uranium accumulation are discussed later in this chapter. 

 

 
Figure 6.38  Frequency occurrence profile for uranium in deposit samples 
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Figure 6.39  Cumulative occurrence profile for uranium in deposit samples 

 
Cadmium 

 
Cadmium was the ninth most (fourth least) concentrated trace element found in deposit 

samples, with a median concentration of 0.26 μg/g. The 10th and 90th percentile Cd concentrations 
were 0.06 μg/g and 2.8 μg/g, respectively. Cadmium occurrence in deposits is suspected to be due 
primarily to surface adsorption and co-precipitation reactions involving soluble cadmium species 
(e.g., free Cd2+ and various complexed forms). Potential “inner” sources of cadmium may include 
impurities in galvanized iron piping and/or cement-mortar lining. 

The frequency occurrence profile for Cd is provided as Figure 6.40. The profile exhibits 
some degree of log-normal behavior, though the results have a distinct negative skew. Of the 58 
samples, a total of 47 (or 81%) contained Cd ≤ 1 μg/g, thus classifying cadmium in the Minimal 
Bin. Figure 6.41 illustrates the cumulative cadmium occurrence profiles for all deposit samples 
and the different sample types. The profiles for pipe specimens and hydrant flush solids are 
dissimilar, with the results for pipe specimens being higher across most of the range. The median 
Cd concentrations for pipe specimens and hydrant flush solids are 0.5 μg/g and 0.17 μg/g, 
respectively (194% difference).  

The six samples that constitute the highest 10% of the entire dataset (Cd content ≥ 3 μg/g) 
were examined in more detail. The cadmium concentration in the water to which these samples 
were exposed varied widely, ranging from one of the lowest observations in this study (0.004 μg/L, 
for utility CC) to the highest observation (0.3 μg/L, for utility PC). The common factor between 
these deposits is the high level of co-occurring manganese (0.3 to 23.2 wt%, encompassing the 86th 
to 100th percentile Mn occurrence levels). Manganese has been shown to be an extremely effective 
substrate for adsorbing cationic species such as cadmium. 
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Figure 6.40  Frequency occurrence profile for cadmium in deposit samples 

 

 
Figure 6.41  Cumulative occurrence profile for cadmium in deposit samples 
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Antimony was the tenth most (third least) concentrated trace element found in deposit 

samples, with a median concentration of 0.14 μg/g. The 10th and 90th percentile Sb 
concentrations were 0.05 μg/g and 0.86 μg/g, respectively. Antimony occurrence in deposits is 
suspected to be due primarily to surface adsorption and co-precipitation reactions involving the 
soluble oxoacid antimonate, which, like arsenate, chromate, and vanadate, has an anionic 
character in the pH range typical of distribution system environments. 

The frequency occurrence profile for Sb is provided as Figure 6.42. The profile exhibits 
some degree of log-normal behavior centered around the median value. Of the 58 samples, a total 
of 53 (or 91%) contained Sb ≤ 1 μg/g, thus placing antimony squarely within the Minimal Bin. 
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Figure 6.43 illustrates the cumulative antimony occurrence profiles for all deposit samples and the 
different sample types. The profiles for pipe specimens and hydrant flush solids are dissimilar, with 
the results for hydrant flush solids being higher across most of the range. The median Sb 
concentrations for pipe specimens and hydrant flush solids are 0.13 μg/g and 0.17 μg/g, 
respectively (31% difference). 

The six samples that constitute the highest 10% of the entire dataset (Sb content ≥ 0.9 μg/g) 
were examined in more detail. There were no obvious commonalities that could explain the high 
Sb findings in these samples. The Sb concentration in the waters to which these samples were 
exposed varied widely, from the lowest observation in this study (0.006 μg/L, for utility ST, which 
interestingly had the highest Sb observation at 6.5 μg/g) to the highest observation (4.2 μg/L, for 
utility PC). The composition of these samples with regard to common matrix elements like iron 
and manganese also varied considerably. 

 
Figure 6.42  Frequency occurrence profile for antimony in deposit samples 
 

 
Figure 6.43  Cumulative occurrence profile for antimony in deposit samples 
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Selenium 
 
Selenium was the eleventh most (second least) concentrated trace element found in 

deposit samples, with a median concentration of 0.10 μg/g. The 10th and 90th percentile Se 
concentrations were 0.01 μg/g and 1.1 μg/g, respectively. Selenium occurrence in deposits is 
suspected to be due primarily to surface adsorption and co-precipitation reactions involving the 
soluble oxoacids selenite and selenate, which, like arsenate, chromate, and vanadate, have an 
anionic character in the pH range typical of distribution system environments. 

The frequency occurrence profile for Se is provided as Figure 6.44. The profile exhibits 
some degree of log-normal behavior, though the results have a distinct positive skew. Of the 58 
samples, a total of 50 (or 86%) contained Se ≤ 1 μg/g, thus placing selenium squarely within the 
Minimal Bin. Figure 6.45 illustrates the cumulative selenium occurrence profiles for all deposit 
samples and the different sample types. The profiles for pipe specimens and hydrant flush solids 
are very dissimilar, with the results for pipe specimens being higher across the entire range. The 
median selenium concentrations for pipe specimens and hydrant flush solids are 0.19 μg/g and 
0.04 μg/g, respectively (375% difference). Since the median Se concentration in the water 
samples associated with these two sample types are identical (i.e., 0.43 μg/L), the observed 
dissimilarity is likely due to differences in deposit composition/mineralogy with regard to 
common matrix elements and/or pH associated with these sample types. 

The six samples that constitute the highest 10% of the entire dataset (Se content ≥ 1.1 
μg/g) were examined in more detail. Four of the six samples were collected from utilities LB and 
CC. The selenium concentrations in the treated water of these utilities were amongst the highest 
observed in the study, i.e., 0.8 and 0.6 μg/L, respectively. The selenium levels in treated water 
associated with the other two samples, WDB-A and DN-B, were reported by each utility as being 
non-detect, although the reporting limits were relatively high at 1.0 and 3.0 μg/L, respectively. 
Four of these six samples had high concentrations of co-occurring manganese, which may be a 
risk factor for Se accumulation. 

 
Figure 6.44  Frequency occurrence profile for selenium in deposit samples 
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Figure 6.45  Cumulative occurrence profile for selenium in deposit samples 

 
Thallium 

 
Thallium was the least concentrated trace element found in deposit samples, with a 

median concentration of 0.06 μg/g. The 10th and 90th percentile thallium concentrations were 
0.009 μg/g and 0.51 μg/g, respectively. Thallium occurrence in deposits is suspected to be due 
primarily to surface adsorption and co-precipitation reactions involving soluble thallous species 
(e.g., free Tl+ and various complexed forms). 

The frequency occurrence profile for Tl is provided as Figure 6.46. The profile exhibits 
some degree of log-normal behavior centered around the median value. Of the 58 samples, a 
total of 55 (or 95%) contained Tl ≤ 1 μg/g, thus placing thallium squarely within the Minimal 
Bin. Figure 6.47 illustrates the cumulative thallium occurrence profiles for all deposit samples 
and the different sample types. The profiles for pipe specimens and hydrant flush solids are 
somewhat dissimilar, with the results for pipe specimens being higher across the entire range. 
The median Tl concentrations for pipe specimens and hydrant flush solids are 0.07 μg/g and 
0.046 μg/g, respectively (60% difference). 

The two samples with the highest thallium concentration consisted of galvanized iron 
pipe scale obtained from utility PC. These samples share common risk factors for thallium 
accumulation, including exposure to treated water with a high level of thallium (0.0005 to 0.002 
mg/L, as reported by the utility) and relatively high levels of co-occurring manganese (0.26 to 
0.28 wt%). The thallium concentrations in the treated water for all other samples and utilities 
was at least an order-of-magnitude lower than for utility PC. Given the cationic nature of soluble 
thallium, manganese solids would be expected to have a strong adsorptive affinity for this 
contaminant. 
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Figure 6.46  Frequency occurrence profile for thallium in deposit samples 

 

 
Figure 6.47  Cumulative occurrence profile for thallium in deposit samples 

 
Other Elements 
 
Radon 

 
Radon (specifically 222Rn) was also assessed as part of this investigation. However, since 

it is a gas, its occurrence is generally associated with the bulk water phase and not with deposit 
samples. Therefore, it was not designated to a specific occurrence bin, but rather was assessed as 
a stand-alone trace element. The median radon concentration in water samples (and utility-
provided water quality data, where sampling could not be performed) was 90 pCi/L. The 10th and 
90th percentile radon concentrations were 26 pCi/L and 550 pCi/L, respectively. Radon 
occurrence in treated water can be attributed to three sources: (1) migrant radon in the source 
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water (i.e., radon that has migrated in the subsurface without being accompanied by its parent 
element 226Ra); (2) alpha-decay of 226Ra in the treated water; and (3) alpha-decay of 226Ra that 
has accumulated within distribution system deposits, followed by radon diffusion into the bulk 
water. The last of these mechanisms is the basis for the accumulation of radon within distribution 
systems, i.e., radon levels in distribution system water samples that exceed levels at system 
entry-points. Since entry-point radon samples were not collected for this study (and most utilities 
indicated that they did not have radon data at system entry-points since it is not a current 
regulatory monitoring requirement), an assessment of the degree of its accumulation in specific 
systems could not be made. 

The frequency occurrence profile for radon is provided as Figure 6.48. The profile does 
not exhibit a distinct pattern, though with only 29 water samples and utility survey results the 
sample pool is relatively small. Of the 29 results, a total of 23 (or 79%) contain Rn ≤ 100 pCi/L. 
Four sample observations (or 14%) contain 100 < Rn ≤ 1,000 pCi/L, while the remaining two 
samples contain radon > 1,000 pCi/L. Figure 6.49 illustrates the cumulative radon occurrence 
profiles for all water samples. 

 

 
Figure 6.48  Frequency occurrence profile for radon in water samples 
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Figure 6.49  Cumulative occurrence profile for radon in water samples 

 
EXPLORATION OF OCCURRENCE TRENDS 

 
A secondary goal of this investigation was to explore trace element occurrence trends in 

the context of certain factors known or suspected to influence accumulation by various 
mechanisms. These interpretation activities are focused on the trace elements with the highest 
occurrence levels, which include Ba, Pb, Ni, V, As, 226Ra, Cr, and U. Radon was also included in 
this assessment. 

 
Influencing Factors 

 
A drinking water distribution system is a complex network in which a variety of physical, 

chemical, and biological factors are occurring that have the potential to impact the fate and 
transport of trace metals and radionuclides. These factors are unique to each water system and 
include spatial and temporal components within a particular system. Factors that are suspected to 
be amongst the more significant determinants of the behavior of trace metals and radionuclides 
in drinking water distribution systems are summarized below. 

 
• The specific elements involved, including their aqueous concentrations, oxidation states, 

and physiochemical properties (e.g., free, complexed, sequestered, or co-precipitated; net 
surface charge, etc.). 

• Treated water quality and chemistry (e.g., pH; alkalinity; DIC; ORP; concentration of 
elements and compounds that may affect, enhance, and/or interfere with precipitation and 
adsorption/co-precipitation processes, etc.). 

• The mineralogy, composition, and properties (e.g., morphology, surface area, porosity) of 
the various compounds that comprise the deposit matrix and serve as accumulation 
“sinks.” 

• The specific mechanism of accumulation. 
 
These factors are not entirely mutually exclusive. For example, water quality and 

chemistry are integral determinants of the properties of trace elements that affect their solubility 
and mobility (e.g., oxidation/valence state, surface charge), as well as the thermodynamic 
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stability, properties, and prevalence of solids that serve as accumulation sinks. For a given 
sample, these factors can generally be quantified with some degree of confidence. 

A particular challenge in attempting to correlate elemental composition of deposit 
samples with water quality conditions pertains to the complex pathway by which various solid 
matrices (e.g., sediment, scale, biofilm) evolve and trace inorganic elements accumulate. The 
formation of deposits in water distribution systems and the partitioning of trace elements 
between the bulk water phase and these deposits are ongoing and dynamic processes. Many of 
the deposit samples assessed as part of this study presumably developed over a period of several 
decades, during which time the solids were subject to a variety of chemical, physical and 
hydraulic conditions and changes capable of impacting associated trace element occurrence. 
These changes may include addition of new and dissimilar sources of supply, implementation or 
conversion of treatment or post-treatment processes, changing hydraulic and/or blending 
patterns, and even utility maintenance practices (e.g., pipe replacement, flushing). Several of the 
utilities that participated in this study reported having made substantial changes in source water 
usage and/or treatment practices within the five years prior to participation in this study. These 
changes include the implementation of treatment for specific contaminants (e.g., As, Ra, Fe, 
Mn), application of pH adjustment for corrosion control, application of phosphate for 
sequestration and/or corrosion control, and conversion of the secondary disinfectant. Most 
utilities also reported practicing periodic flushing. 

The composition and characteristics of deposit material at any given point in time can be 
attributed to its unique history as influenced by site-specific conditions. While the uppermost 
layers or outermost surface of a deposit may reflect pseudo-equilibrium conditions with the 
current water quality (as it pertains to stability of matrix elements, chemical precipitates, and 
partitioning of trace elements), some of the accumulation history may be “preserved” in an 
underlayer. As an example, a change in water quality conditions (perhaps brought about by a 
change in treatment practices) may promote the progressive release (e.g., desorption, dissolution) 
of certain trace inorganics at or near the deposit-water interface, but have less impact on 
elements that accumulated several years earlier and became embedded or buried deeper within 
the scale. As a result, when the entire depth or extent of the deposit layer is removed, crushed, 
and homogenized (as was the case with scale samples for this study), the composition of the 
aggregate material may not correlate well with current water quality conditions. This 
phenomenon is likely to be most applicable for solids that exist as thick cohesive layers, such as 
corrosion scales on cast iron pipes. Practically speaking, there is no way to account for this path-
dependent nature of occurrence trends, particularly considering the inherently dynamic chemical 
and hydraulic nature of distribution systems. A related issue is defining whether a given deposit 
(or at least its surface) is even at chemical equilibrium with regard to chemical phenomena at the 
time of its collection. Little is known about the kinetics of partitioning process in the distribution 
system environment. In some cases, adsorption of trace elements has been shown to be virtually 
irreversible under certain water quality changes, which altogether eliminates the validity of 
attempting to make liquid-solid equilibrium-based comparisons. 

 
Interpretation Approach  

 
Given these caveats, and considering the large number of and complex relationship 

between the influencing factors, it is not practical to perform detailed statistical correlations of 
occurrence trends with the small and diverse sample size associated with this study. Instead, the 
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approach taken to investigate potential relationships and controlling factors on trace element 
accumulation involved the application of relatively simple correlations and statistical groupings 
with regard to the following factors: 

 
• Current water quality conditions, based on the “snapshot” field monitoring and 

sampling performed for this investigation (or the use of utility-provided survey data from 
recent water quality monitoring reports). Emphasis was placed on the dissolved 
concentration of the specific trace element under consideration, with secondary 
consideration given to pH. 

• Substrate composition of the deposit sample. Emphasis was placed on the occurrence of 
Fe, Mn, Ca, and P, which were amongst the most commonly-occurring matrix elements. 
Compounds comprised of these elements have been shown to have varying adsorptive 
affinities for trace inorganic elements.  
 
Regarding the assessment involving current water quality conditions, the general purpose 

was to determine the nature and strength of the relationship between the concentration of a 
particular trace element in deposit samples and the waters to which they were each exposed. For 
most trace elements, it is anticipated that adsorption/co-precipitation represents the most 
common accumulation mechanism. As discussed in Chapter 2, the adsorption equilibrium for 
specific trace elements (often expressed as qi) has generally been found to follow some type of 
isotherm model. The implications of this are that, with all other factors being equal, the value of 
qi typically increases in a positive (but necessarily linear) manner with regard to the dissolved 
concentration of the trace element in water. The competition created by co-occurring constituents 
is an important factor that can affect the equilibrium distribution and hence the value of qi. 
Similarly, the pH can impact qi because of its influence on surface charge and electrostatic 
interactions, as well as competition by H+ and OH- ions. 

While it is anticipated that adsorption/co-precipitation is the probable mechanism of 
accumulation in most cases, it is recognized that under certain water quality conditions (e.g., 
high pH, phosphate, mineral content, etc.) mineral or amorphous precipitate formation involving 
certain trace elements may occur. Examples include chromite, barite, witherite, pyromorphite, 
and autunite. In the ten samples for which XRD analysis was performed in this study, no mineral 
phases comprised of trace inorganic were identified, although their possible presence may 
require more sophisticated and sensitive analytical methods. In general, the precipitation of trace 
elements would be favored under conditions where the trace element occurred at a relatively high 
concentration in the water. As such, a simple correlation of trace element occurrence in the 
deposit versus its dissolved concentration in water may, to some extent, “capture” the effect of 
this mechanism. Perhaps the more challenging accumulation mechanism to account for involves 
“inner” sources of specific elements, e.g., the leaching of trace metals from cement-mortar 
linings, the corrosion of trace metal impurities in galvanized iron pipe, etc. These can contribute 
to trace element occurrence in scale with little relationship to the soluble concentration of these 
elements in the bulk water. 

Regarding the assessment involving deposit composition, this is intended to reflect the 
consideration that deposits are heterogeneous, i.e., they are typically comprised of a mixture of 
dissimilar compounds (e.g., iron corrosion solids, manganese oxides, calcium solids, phosphate-
based solids), and that the different compounds have varying abilities to serve as accumulation 
substrates. While the XRD analyses performed as part of this investigation revealed several of 
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the compounds present in select samples, these analyses were only performed for a small set of 
samples and in those cases, the relative amounts of the various minerals are unknown. Therefore, 
for this assessment, the elemental composition (i.e., μg/g or wt%) of common matrix elements, 
and specifically Fe, Mn, P, and Ca, was considered rather than specific mineral substrates. This 
is an important consideration (and limitation) since different mineral phases involving the same 
element can have considerably different adsorptive affinities for a particular trace element. 

Of the common matrix elements that were considered for this assessment, P and Ca 
present distinct limitations with regard to determination of the nature of their potential 
influencing role. This is because these elements can “participate” in a variety of accumulation 
mechanisms that can exert differing and often opposing impacts on accumulation of trace 
inorganic elements. For example, phosphate can react with other common elements (e.g., Ca, Fe) 
to yield phosphate-based minerals in the distribution system (e.g., apatite). As described in 
Chapter 2, phosphate-based minerals have been found to have an enhanced affinity to adsorb/co-
precipitate a variety of trace elements including Cd, 226Ra, Pb, and U. Under certain water 
quality conditions, phosphate has also been shown to precipitate directly with trace inorganics 
such as Pb and U, thus contributing to their accumulation. Given these considerations, a higher 
occurrence of phosphorus in solids may suggest an increased likelihood for accumulation of 
certain trace elements. However, it is well-established that phosphate can also act as a sorbate 
and co-precipitate with various metal oxides in concentrated amounts. In this capacity phosphate 
provides direct competition with certain trace elements like arsenate, vanadate, chromate, and 
uranyl, thus limiting the extent of their adsorption. Therefore, in this regard, a higher occurrence 
of phosphorus in deposits may suggest a decreased likelihood of certain trace elements. Adding 
to the complexity is that, if deposit composition/mineralogy and/or water quality conditions are 
particularly conducive to the adsorption of anionic species, then phosphate and certain trace 
metals may both be present at relatively elevated levels. In this case, a correlation of these 
variables may reveal this co-occurrence scenario and give a false sense of causation. Since the 
different “types” of accumulated phosphorus can influence trace element accumulation trends in 
different and opposing manners, an attempt to directly correlate the occurrence of a particular 
trace contaminant with phosphorus content could easily result in no apparent trend. In order to 
properly assess the influence of phosphorus, it is essential to have an understanding of its 
speciation and association mechanism in specific samples. This requires the application of 
analytical methods and techniques that were beyond the scope of this investigation. The above 
arguments also apply to calcium, which can exist as solids with relatively low adsorptive affinity 
(e.g., calcite), solids with a relatively high adsorptive affinity (e.g., hydroxyapatite), and as a 
competitive cationic sorbate. 

Furthermore, when attempting to use specific elements instead of mineral substrates for 
interpretation, it is important to note that the wt% of a particular element can vary substantially 
depending on what mineral(s) it constitutes. For example, consider iron, which is typically the 
most common inorganic element in distribution system deposits. Table 6.2 summarizes mass 
conversion factors (i.e., ratio of wt% as mineral to wt% as Fe) for several iron solids often found 
in distribution systems. The indicated variability in the conversion factors can translate into 
substantial differences in compound occurrence. For example, a content of 25 wt% as Fe 
translates into 60 wt% as Fe3O4 versus 77 wt% as FeCO3. 
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Table 6.2 
Mass conversion factors for various iron precipitates 

Mineral 
Name 

Chemical 
Formula 

Conversion 
(wt%:wt% Fe) 

 Mineral 
Name 

Chemical 
Formula 

Conversion 
(wt%:wt% Fe) 

Goethite α-FeOOH 1.59 Pyrrhotite FeS 1.57
Lepidocrocite γ-FeOOH 1.59  Troilite FeS 1.57 
Siderite FeCO3 2.07  Vivianite Fe3(PO4)2·8H2O 2.99 
Maghemite Fe2O3 1.42  Schreibersite Fe3P 1.18 
Magnetite Fe3O4 1.38  Ferric Hydroxide Fe(OH)3 1.91 

 
To facilitate an assessment of the impact of deposit matrix composition on occurrence 

trends, for each trace element under consideration, two approaches were taken. In the first 
approach, the six samples that constitute the highest 10% of the data set were examined to identify 
any commonalities that may explain the elevated occurrence observations. In the second approach, 
the entire sample set for the particular element was divided into three separate groups. These 
groups consisted of the lowest third (i.e., 0 to 33rd percentile), middle third (i.e., 34th to 67th 
percentile), and highest third (i.e., 68th to 100th percentile) of samples based on the median 
occurrence level of the particular trace element. This segregation allowed for a broad comparison 
of matrix composition trends for these three groups. This broad aggregation approach was 
considered most appropriate given the numerous factors that could influence and create scatter 
between the individual samples. This resulted in roughly 19 samples for each of the three groups, 
which was deemed reasonable to attempt to identify “macroscopic” trends. 

As noted previously, it is anticipated that adsorption/co-precipitation is the probable 
mechanism of trace element accumulation in most cases. However, under certain conditions 
mineral precipitation involving trace elements may occur. The ability of certain trace inorganic 
elements to accumulate by both adsorption and mineral precipitation highlights the value in 
using spectroscopic techniques to elucidate their speciation, oxidation state, and accumulation 
mechanism. 

 
Interpretation Findings 

 
This section provides the results of the data interpretation activities for the trace elements 

classified in the Minor Bin, including uranium. The results are discussed in the context of observed 
trends, patterns from XRD and SEM/EDX analyses, and findings from the literature review. 

 
Barium 

 
A simple correlation of barium occurrence in deposit samples versus barium concentration in 

the associated water samples is provided as Figure 6.50 (note: the axes have been defined to enhance 
visualization of the majority of the data; certain extreme data points are not shown). In general, the 
relationship between these two variables is positive, as expected. However, the correlation is very 
poor (R2 value of 0.04 based on a linear regression), in large part due to a few extreme data points. 
The large variability in the data suggests that other water quality parameters (e.g., pH, calcium level), 
barium mineral precipitation, and/or matrix composition effects may play significant roles in its 
accumulation. Although specific barium mineral phases were not identified in XRD analyses, given 
the heavily-mineralized nature of the water supplied by several utility participants, the possible 
presence of compounds such as barite and witherite should not be ruled out. 
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Figure 6.50  Relationship between barium concentration in deposit and water samples 

 
The six samples that constitute the highest 10% of the entire dataset (Ba content ≥ 450 μg/g) 

were examined in more detail. The median barium level in the waters to which these samples were 
exposed (0.07 mg/L) was nearly 30% higher than the median for the overall sample set (0.054 
mg/L). While this may have contributed to higher barium levels, by itself it is unlikely to explain 
the nearly ten-fold difference in median barium occurrence between this subset (851 μg/g) and the 
overall sample set (94 μg/g). While there was no single factor that could explain the high Ba 
concentrations in these six samples, there were some apparent commonalities, as summarized in 
Table 6.3. With the exception of sample G-A, the remaining samples had extremely high (i.e., 
above 90th percentile) levels of co-occurring manganese and/or phosphorus (note: three of the four 
utilities associated with these samples purposefully applied phosphate during treatment). 
Manganese has been shown to be an extremely effective substrate for adsorbing cationic species 
similar to barium (Zasoski and Burau, 1988). The mechanism of phosphorus influence is not clear, 
although phosphate-based precipitates of iron and calcium have been shown to have a high 
sorptive affinity for other cations such as radium isotopes. With regard to sample G-A, its presence 
in this subset is likely related to the finding that the barium concentration in the water to which this 
sample was exposed was the highest of any sample in this study (0.57 mg/L). 

 
Table 6.3 

Characteristics of deposit samples with highest barium concentrations 
Sample 

Identifier 
Sample 
Type 

Pipe 
Material 

Ba Solid 
(μg/g) 

Ba Water 
(mg/L) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

CC‐A  Pipe Specimen  Cast Iron  2,400 0.07 46,700 =98th %ile  2,300  =68th %ile
CC‐B  Pipe Specimen  Cast Iron  1,700  0.07  28,900  =95th %ile  2,900  =75th %ile 
CL‐C  Pipe Specimen  Cast Iron  1,050  0.09  372  =16th %ile  12,300  =98th %ile 
ST‐A  Pipe Specimen  Cast Iron  650  0.06  3,900  =89th %ile  7,500  =96th %ile 
G‐A  Hydrant Flush  Cast Iron  520  0.57  500  =33th %ile  2,900  =77th %ile 
CC‐C  Pipe Specimen  Cast Iron  460  0.07  14,100  =91th %ile  2,000  =60th %ile 
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A broader assessment of barium occurrence as it relates to water quality and common 
matrix elements is provided in Table 6.4. These results further suggest that barium concentration 
in water and the co-occurrence of manganese play critical roles in barium accumulation. 
Additional research is needed to determine the influence of phosphate and calcium solids on 
barium accumulation. XRD analysis was performed for several of the samples in the “high” 
barium group, and calcite and/or hydroxyapatite were found in most of these cases. This suggests 
that surface adsorption to these solids may be a mechanism of barium accumulation. With regard 
to iron, the observed variation in Fe co-occurrence levels is believed to reflect mineralogical 
differences (e.g., Fe3O4, α-FeOOH, FeCO3, etc.), though additional research is needed to confirm 
this. Finally, it is worth noting that 47% of the samples in the “high” barium group are hydrant 
flush solids, while only 37% of the samples in the “low” and “mid” barium groups combined are 
hydrant flush solids. Since hydrant flush solids are generally surficial and more readily mobilized 
than scale, this presents exposure implications with regard to release events. 

 
Table 6.4 

Assessment of barium occurrence trends (median values) 
Barium 

Occurrence Group 
Ba Solid 
(μg/g) 

Ba Water 
(mg/L) 

Solution 
pH 

Fe Solid 
(wt%) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

Ca Solid 
(wt%)  

Low: 0‐33rd %ile  44  0.03  7.7  37.7  610  1,180  0.67 

Mid: 34th‐67th %ile  100  0.05  7.6  30.9  640  1,040  0.97 

High: 68th‐100th %ile  354  0.07  7.6  27.7  1,340  2,120  0.86 

 
Lead 

 
A simple correlation of lead occurrence in deposit samples versus lead concentration in 

the associated water samples is provided as Figure 6.51 (note: the axes have been defined to 
enhance visualization of the majority of the data; certain extreme data points are not shown). 
Lead concentrations were extremely low in most of the water samples, i.e., at 0.15 μg/L, the 
observed 90th percentile lead concentration is two orders-of-magnitude below the lead Action 
Level. Despite consistently low lead levels in water, its occurrence in deposits is scattered and 
frequently relatively high. The large degree of variability suggests that other water quality 
parameters (e.g., pH, ORP, DIC, NOM, phosphate), possible “inner” sources of lead, and/or 
matrix composition effects may play significant roles in the accumulation of lead. Although 
specific lead mineral phases were not identified in XRD analyses, the possible presence of lead 
minerals should not be ruled out. 
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Figure 6.51  Relationship between lead concentration in deposit and water samples 

 
The six samples that constitute the highest 10% of the entire dataset (Pb content ≥ 900 μg/g) 

were examined in more detail. The median lead concentration in the waters to which these samples 
were exposed (0.05 μg/L) was more than 50% higher than the median for the overall sample set 
(0.032 μg/L). While this may have contributed to higher lead levels, by itself it is unlikely to 
explain the 90-fold difference in median lead occurrence between this subset (1,800 μg/g) and the 
overall sample set (20 μg/g). Although there was no single factor that could explain the high lead 
levels in these six samples, there were some commonalities, as summarized in Table 6.5. All six 
samples had extremely high (i.e., above 80th percentile) levels of co-occurring manganese and/or 
phosphorus (note: three of the five utilities associated with this sample subset purposefully applied 
phosphate as an ortho/poly blend as part of their treatment process). Manganese compounds have 
been shown to be extremely effective substrates for adsorbing lead in natural waters (Dong et al., 
2003). Regarding phosphorus, its potential influence may involve formation of lead-phosphate 
solids and/or other metal-phosphate precipitates that have a high adsorptive affinity for lead. It is 
well documented that phosphate minerals such as apatite strongly adsorb lead (Gauglitz et al., 
1992). More sophisticated analytical techniques are needed to confirm lead and phosphorus 
speciation and the association mechanisms. Of note is that the three pipe specimens in this subset 
were galvanized iron. It is suspected that lead impurities in the zinc coating may have been an 
“inner” source of lead in these cases. A correlation of lead versus zinc content in the scale obtained 
from the four galvanized iron pipe specimens obtained in this study was performed. The 
correlation coefficient (R2 value) of the linear regression was 0.9, which supports the hypothesis 
that the pipe material may be a source of lead. 
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Table 6.5 
Characteristics of deposit samples with highest lead concentrations 

Sample 
Identifier 

Sample 
Type 

Pipe 
Material 

Pb Solid 
(μg/g) 

Pb Water 
(mg/L) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

CL-F Hydrant Flush Cast Iron 7,200 0.04 1,200 =73rd %ile 2,900 =80th %ile
J-J Hydrant Flush Cast Iron 5,100 0.20 1,100 =66th %ile 3,800 =87th %ile 
PC-A Pipe Specimen Galvanized Iron 2,000 0.06 2,600 =87th %ile 600 =26th %ile 
PC-B Pipe Specimen Galvanized Iron 1,600 0.06 2,800 =88th %ile 500 =17th %ile 
ST-C Hydrant Flush Cement-Lined 1,000 0.02 2,900 =88th %ile 100 =2nd %ile 
RW-A Pipe Specimen Galvanized Iron 900 0.01 600 =40th %ile 12,600 =100th %ile 

 
A broader assessment of lead occurrence as it relates to water quality and common matrix 

elements is provided in Table 6.6. These results further suggest that manganese co-occurrence 
plays a critical role in lead accumulation. With regard to phosphorus, the co-occurrence results 
are highly variable and since its speciation in the solids is unknown, it is not clear what influence 
it has on lead occurrence trends. With regard to iron, the observed variation in co-occurrence 
levels is believed to reflect mineralogical differences (e.g., Fe3O4, α-FeOOH, FeCO3, etc.), 
though additional research is needed to confirm. Of note is that all four galvanized iron pipe 
specimens obtained in this study fell in the “high” lead group. Finally, it is worth noting that 
58% of the samples in the “high” lead group are hydrant flush solids, while only 31% of the 
samples in the “low” and “mid” lead groups combined are hydrant flush solids. Since hydrant 
flush solids are generally surficial and more readily mobilized than scale, this presents exposure 
implications with regard to release events. 

 
Table 6.6 

Assessment of lead occurrence trends (median values) 
Lead 

Occurrence Group 
Pb Solid 
(μg/g) 

Pb Water 
(μg/L) 

Solution 
pH 

Fe Solid 
(wt%) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

Ca Solid 
(wt%)  

Low: 0-33rd %ile 4.4 0.027 7.7 36.9 450 1,600 0.28 
Mid: 34th-67th %ile 22 0.024 7.6 25.6 760 900 1.6 
High: 68th-100th %ile 290 0.039 7.6 28.4 1,460 1,600 0.86 

 
Nickel 

 
A simple correlation of nickel occurrence in deposit samples versus nickel concentration 

in the associated water samples is provided as Figure 6.52 (note: the axes have been defined to 
enhance visualization of the majority of the data; certain extreme data points are not shown). 
Despite the consistently low nickel concentrations in water samples, nickel occurrence in 
deposits is scattered and frequently relatively high. The large degree of variability suggests that 
other water quality parameters (e.g., pH, calcium), possible “inner” sources of nickel, and/or 
matrix composition effects may play significant roles in the accumulation of nickel. 
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Figure 6.52  Relationship between nickel concentration in deposit and water samples 

 
The six samples that constitute the highest 10% of the entire dataset (Ni content ≥ 250 μg/g) 

were examined in more detail. The median nickel concentration in the waters to which these samples 
were exposed (0.9 μg/L) was 150% higher than the median for the overall sample set (0.36 μg/L). 
While this may have contributed to higher nickel levels, by itself it is unlikely to explain the 25-
fold difference in median nickel occurrence between this subset (370 μg/g) and the overall sample 
set (15 μg/g). A common factor between these six samples was an extremely high level of 
accumulated manganese, i.e., Mn co-occurrence levels were between 2,600 μg/g and 23.2 wt% 
(encompassing the 86th to 100th percentile Mn levels). Manganese compounds have previously 
been shown to be effective substrates for adsorbing nickel (Umashankar et al., 2002). 

A broader assessment of nickel occurrence as it relates to water quality and common 
matrix elements is provided in Table 6.7. These results further suggest that the concentration of 
dissolved nickel in water and manganese co-occurrence play critical roles in nickel 
accumulation. The results suggest that phosphorus may enhance nickel accumulation; however, 
additional research is needed to confirm this and identify the possible accumulation mechanisms. 
XRD analysis was performed for several of the samples in the “high” nickel group and 
hydroxyapatite was observed in select samples. With regard to iron, the observed variation in co-
occurrence levels is believed to reflect mineralogical differences (e.g., Fe3O4, α-FeOOH, FeCO3, 
etc.), though additional research is needed to confirm this. It is worth noting that all four 
galvanized iron pipe specimens obtained in this study fell in the “high” nickel group. Nickel 
impurities in the zinc coating may have been an “inner” source of nickel in these cases. 
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Table 6.7 
Assessment of nickel occurrence trends (median values) 

Nickel 
Occurrence Group 

Ni Solid 
(μg/g) 

Ni Water 
(μg/L) 

Solution 
pH 

Fe Solid 
(wt%) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

Ca Solid 
(wt%)  

Low: 0-33rd %ile 3.4 0.22 7.7 35.0 450 1,360 0.68 
Mid: 34th-67th %ile 14 0.34 7.6 29.3 610 1,180 0.79 
High: 68th-100th %ile 121 0.36 7.6 26.2 1,630 1,970 0.86 

 

Vanadium 
 
A simple correlation of vanadium occurrence in deposit samples versus vanadium 

concentration in the associated water samples is provided as Figure 6.53. In general, the 
relationship between these variables is positive as expected. The correlation is fairly strong (R2 
value of 0.6 based on a linear regression). This suggests that vanadium concentration in water 
plays a significant role in its accumulation, which is reasonable given that adsorption/co-
precipitation is likely the primary mechanism of its accumulation. The observed variability 
suggests that other water quality parameters (e.g., pH, DIC, phosphate) and/or matrix 
composition effects may also play a role in the accumulation of vanadium. 

 

 
Figure 6.53  Relationship between vanadium concentration in deposit and water samples 

 
The six samples that constitute the highest 10% of the entire dataset (V content ≥ 70 μg/g) 

were examined in more detail. The two samples with the highest vanadium concentration consisted 
of galvanized iron pipe scale obtained from utility RW. These samples share common risk 
factors for vanadium accumulation, including: a moderate vanadium concentration in water to 
which they were exposed (3.4 μg/L, which was the highest vanadium result of any water sample 
in this study); a predominance of iron in the deposit matrices (33.7 to 40.0 wt%); and a relatively 
low pH (7.1, which was the lowest observed in this study). Reduced pH conditions are generally 
favorable for adsorption of anionic compounds such as vanadate. The remaining four samples in 
this subset had distinctly different conditions than the first two samples. These samples had 
relatively low vanadium levels in the waters to which they were exposed (median of 0.08 μg/L), 
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low concentrations of co-occurring iron (median 17.6 wt%), and somewhat higher pH conditions 
(median 7.6). A common factor amongst these four samples was an extremely high level of 
accumulated manganese, i.e., Mn co-occurrence levels were between 3,900 μg/g and 23.2 wt% 
(encompassing the 93rd to 100th percentile Mn levels). Manganese compounds are extremely 
effective substrates for adsorbing vanadium (Umashankar et al., 2002). 

A broader assessment of vanadium occurrence as it relates to water quality and common 
matrix elements is provided in Table 6.8. These results further suggest that the concentration of 
dissolved vanadium in water and the co-occurrence of manganese play critical roles in vanadium 
accumulation. With regard to iron, the observed variation in co-occurrence levels is believed to 
reflect mineralogical differences (e.g., Fe3O4, α-FeOOH, FeCO3, etc.), though additional 
research is needed to confirm. Finally, it is worth noting that only one sample in the “high” 
vanadium group was a hydrant flush sample. 

 
Table 6.8 

Assessment of vanadium occurrence trends (median values) 
Vanadium 

Occurrence Group 
V Solid 
(μg/g) 

V Water 
(μg/L) 

Solution 
pH 

Fe Solid 
(wt%) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

Ca Solid 
(wt%)  

Low: 0-33rd %ile 2.0 0.12 7.6 36.9 400 2,260 0.67 
Mid: 34th-67th %ile 13 0.54 7.6 30.8 940 830 1.2 
High: 68th-100th %ile 42 0.43 7.6 27.7 1,320 1,830 0.69 

 

Arsenic 
 
A simple correlation of arsenic occurrence in deposit samples versus arsenic 

concentration in the associated water samples is provided as Figure 6.54.  In general, the 
relationship between these variables is positive as expected. However, the correlation is 
relatively poor (R2 value of 0.3 based on a linear regression), in large part due to a few extreme 
data points. Since adsorption/co-precipitation is the primary mechanism of arsenic accumulation, 
the arsenic level in water is expected to play a significant role. The observed variability suggests 
that other water quality parameters (e.g., pH, DIC, phosphate) and/or matrix composition effects 
may also play significant roles in the accumulation of arsenic. 

Of note is that the two samples with the highest arsenic levels in the associated water 
samples (4.6 and 5.0 μg/L) had relatively low arsenic occurrence in deposits. These samples 
were both hydrant flush solids obtained from utility SA. The pH of the water associated with 
these samples was around 8, which was amongst the highest pH observed in this study and is 
well above the upper-limit pH of 7.6 considered favorable for arsenic adsorption to iron. This 
may account for the low arsenic occurrence associated with these samples. 
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Figure 6.54  Relationship between arsenic concentration in deposit and water samples 

 
The six samples that constitute the highest 10% of the entire dataset (As content ≥ 200 μg/g) 

were examined in more detail. These samples were collected from utilities and sites where arsenic 
concentrations in treated water were amongst highest observed in this study, i.e., utilities PC, IN, 
and CC. These samples share additional risk factors for arsenic accumulation, including a 
predominance of iron in the deposits (28 to 40 wt%) and relatively low pH levels (7.4 to 7.6). 
Lower pH conditions are beneficial for adsorption of anionic compounds such as arsenate. Of 
note is that these samples have relatively high levels of co-occurring manganese (median 
2,700 μg/g, which is the 87th percentile for Mn). Manganese has been shown to be an extremely 
effective substrate for adsorbing arsenic in natural waters (Ouvrard et al., 2002). 

A broader assessment of arsenic occurrence as it relates to water quality and common 
matrix elements is provided in Table 6.9. These results further suggest that the arsenic 
concentration in water, pH, and the co-occurrence of manganese play critical roles in arsenic 
accumulation. With regard to iron, the observed variation in Fe co-occurrence levels is believed 
to reflect mineralogical differences (e.g., Fe3O4, α-FeOOH, FeCO3, etc.), though additional 
research is needed to confirm this. Finally, it is worth noting that only two samples in the “high” 
arsenic group were hydrant flush samples. 

 
Table 6.9 

Assessment of arsenic occurrence trends (median values) 
Arsenic 

Occurrence Group 
As Solid 
(μg/g) 

As Water 
(μg/L) 

Solution 
pH 

Fe Solid 
(wt%) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

Ca Solid 
(wt%)  

Low: 0-33rd %ile 1.7 0.2 7.6 38.2 400 1,180 0.79 
Mid: 34th-67th %ile 13 1.3 7.8 28.4 600 1,180 0.75 
High: 68th-100th %ile 127 1.7 7.6 29.3 1,460 1,830 0.69 
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Radium 
 
A simple correlation of 226Ra occurrence in deposit samples versus 226Ra concentration in 

associated water samples is provided as Figure 6.55 (note: the axes have been defined to enhance 
visualization of the majority of the data; certain extreme data points are not shown). In general, 
the relationship between these variables is positive as expected. However, the correlation is 
relatively poor (R2 value of 0.1 based on a linear regression), in large part due to a few extreme 
data points. Since adsorption/co-precipitation to solid phases is the primary mechanism of 
radium accumulation, the radium level in water is expected to play a significant role. The 
observed variability suggests that other water quality parameters (e.g., pH, phosphate, calcium) 
and/or matrix composition effects also play significant roles in the accumulation of radium. 

 

 
Figure 6.55  Relationship between radium-226 concentration in deposit and water samples 

 
The six samples that constituted the highest 10% of the entire dataset, all of which fell 

within the Moderate Bin (226Ra ≥ 100 pCi/g), were examined in more detail. Table 6.10 provides 
a summary of key features and commonalities of these samples. Five of the samples were 
hydrant flush solids collected from utility J, which had the highest reported 226Ra concentration 
in water samples (7.4 to 10.9 pCi/L) of all the utilities involved in this study. With regard to the 
remaining sample (WDB-A), it is suspected that the radioactive decay of extremely high levels 
of co-occurring uranium (measured at 113 μg/g) contributed to the elevated occurrence of 226Ra. 
All six samples had extremely high (i.e., above 80th percentile) levels of co-occurring manganese 
and/or phosphorus (note: utility J purposefully applies phosphate during treatment). Substrate 
compounds comprised of these matrix elements have been shown to have a high adsorptive 
affinity for radium (Jackson and Valentine, 1995; Valentine and Stearns, 1994; Valentine et al., 
1990). The extremely high 226Ra result for sample J-B is suspected to be due to the combined 
effects of a high relative 226Ra concentration in solution, high relative manganese content, and 
high relative phosphorus content. XRD analysis confirmed that (at least some of the) phosphorus 
in this deposit was present as a phosphate substrate as opposed to strictly surface-adsorbed 
phosphates. 
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Table 6.10 
Characteristics of deposit samples with highest radium-226 concentrations 

Sample 
Identifier 

Sample 
Type 

Pipe 
Material 

226Ra Solid 
(pCi/g) 

226Ra Water 
(pCi/L) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

J-B Hydrant Flush Cast Iron 1,060 7.4 30,100 =98th %ile 3,300 =85th %ile
WDB-A Pipe Specimen HDPE 360 0.4 232,000 =100th %ile 730 =29th %ile 
J-A Hydrant Flush Cast Iron 170 7.4 1,200 =75th %ile 5,700 =95th %ile 
J-G Hydrant Flush Cast Iron 150 10.9 443 =30th %ile 4,100 =89th %ile 
J-F Hydrant Flush Cast Iron 135 10.9 320 =16th %ile 4,100 =89th %ile 
J-J Hydrant Flush Cast Iron 100 7.4 1,100 =65th %ile 3,800 =86th  %ile 

 
A broader assessment of 226Ra occurrence as it relates to water quality and common 

matrix elements is provided in Table 6.11. These results further suggest that 226Ra concentration 
in water and the co-occurrence of manganese and phosphorus play critical roles in 226Ra 
accumulation. Elevated pH conditions are also known to enhance radium adsorption, and this 
trend is somewhat evident. With regard to iron, the observed variation in Fe co-occurrence levels 
is believed to reflect mineralogical differences (e.g., Fe3O4, α-FeOOH, FeCO3, etc.), though 
additional research is needed to confirm this. It is worth noting that 63% of the samples in the 
“high” radium group are hydrant flush solids, while only 29% of the samples in the “low” and 
“mid” radium groups combined are hydrant flush solids. However, the majority of the hydrant 
flush solids in the “high” radium group came from utility J, which has risk factors for radium 
accumulation (high levels of radium in water, co-occurrence of manganese, application of 
phosphate). 

Since the partitioning of radium has been shown to follow a linear adsorption isotherm 
under certain conditions, the project team investigated 226Ra occurrence trends assuming a linear 
model of the form qRa = Σ (qjKd,j[Ra]), where Kd,j represents the substrate-specific distribution 
coefficient and [Ra] represents the dissolved concentration of radium in water. Plots of qRa/[Ra] 
(i.e., normalized 226Ra concentration) versus qj were developed for j = Fe, Mn, P, and Ca. The 
correlations for Mn and P are illustrated in Figures 6.56 and 6.57, respectively (note: the axes of 
each graph have been defined to enhance visualization of the majority of the data; certain 
extreme data points are not shown). These plots further support the conclusion that radium 
occurrence is strongly related to the concentration of these elements in the deposit matrix 
(presumably as solid phases). As noted in Figure 6.57, a few of the apparent “outliers” may be 
explained by their extremely high levels of co-occurring manganese. 

 
Table 6.11 

Assessment of radium-226 occurrence trends (median values) 
Radium-226 

Occurrence Group 
226Ra Solid 

(pCi/g) 
226Ra Water

(pCi/L) 
Solution 

pH 
Fe Solid 
(wt%) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

Ca Solid 
(wt%)  

Low: 0-33rd %ile 1.3 0.3 7.4 36.8 720 940 0.64 
Mid: 34th-67th %ile 9.3 2.3 7.6 27.7 760 950 0.97 
High: 68th-100th %ile 57 3.7 7.6 32.8 830 2,990 0.67 
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Figure 6.56  Relationship between normalized radium-226 concentration and manganese 
concentration in deposit samples 

 

 
Figure 6.57  Relationship between normalized radium-226 concentration and phosphorus 
concentration in deposit samples 
 
Chromium 

 
A simple correlation of chromium occurrence in deposit samples versus chromium 

concentration in the associated water samples is provided as Figure 6.58. In general, the 
relationship between these variables is positive as expected. However, the correlation is poor (R2 
value of 0.3 based on a linear regression), in large part due to a few extreme data points. The 
observed variability suggests that other water quality parameters (e.g., pH, ORP, DIC, phosphate), 
possible “inner” sources of chromium, and/or matrix composition effects may also play significant 
roles in the accumulation of chromium. Although chromium mineral phases were not identified in 
XRD analyses, the possible presence of these solids (e.g., chromite) should not be ruled out. 
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Figure 6.58  Relationship between chromium concentration in deposit and water samples 

 
In general, the deposit samples with the highest chromium concentrations were collected 

from utilities where chromium levels in the treated water were highest, i.e., utilities ST, PC, and 
CC. The six samples that constitute the highest 10% of the entire dataset (Cr content ≥ 120 μg/g) 
were examined in more detail. These samples share common risk factors for chromium 
accumulation, including moderate levels of chromium in the waters to which they were exposed 
(0.4 to 2.4 μg/L) and relatively low pH conditions (7.1 to 7.6). Reduced pH conditions are 
favorable for adsorption of anionic compounds such as chromate onto iron oxide substrates. 

A broader assessment of chromium occurrence as it relates to water quality and common 
matrix elements is provided in Table 6.12. These results further suggest the significance of pH 
(with lower pH values enhancing adsorption of chromate) and the co-occurrence of manganese 
in chromium accumulation. With regard to iron, the observed variation in Fe co-occurrence 
levels is believed to reflect mineralogical differences (e.g., Fe3O4, α-FeOOH, FeCO3, etc.), 
though additional research is needed to confirm. Finally, it is worth noting that 53% of the 
samples in the “high” chromium group are hydrant flush solids, while only 34% of the samples 
in the “low” and “mid” chromium groups combined are hydrant flush solids. Since hydrant flush 
solids are generally surficial and more readily mobilized than scale, this presents exposure 
implications associated with regard to release events. Also of note is that all four galvanized iron 
pipe specimens obtained in this study fell in the “high” chromium group. It is suspected that 
chromium impurities in the zinc coating may have been an “inner” source of chromium in these 
cases, though this remains to be confirmed. 
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Table 6.12 
Assessment of chromium occurrence trends (median values) 

Chromium 
Occurrence Group 

Cr Solid 
(μg/g) 

Cr Water 
(μg/L) 

Solution 
pH 

Fe Solid 
(wt%) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

Ca Solid 
(wt%)  

Low: 0-33rd %ile 1.6 0.58 7.8 36.2 440 1,600 0.67 
Mid: 34th-67th %ile 7.4 0.54 7.7 32.9 830 1,200 0.79 
High: 68th-100th %ile 60 0.58 7.6 25.2 1,200 2,000 0.92 

 
Uranium 

 
A simple correlation of uranium occurrence in deposit samples versus uranium 

concentration in the associated water samples is provided as Figure 6.59 (note: the axes of the 
graph have been set to enhance visualization of the majority of the data; the data point for sample 
WDB-A is not shown). In general, the relationship between these variables is positive as 
expected. The correlation is strong (R2 value of 0.9 based on a linear regression), although this is 
heavily affected by one extreme sample (WDB-A). The R2 value drops to 0.5 when this data 
point is excluded from consideration. The strong correlation suggests that uranium concentration 
in water plays a significant role in its accumulation, which is reasonable given that 
adsorption/co-precipitation of uranyl is likely the primary mechanism of its accumulation in most 
instances. The observed variability suggests that other water quality parameters (e.g., pH, DIC, 
phosphate) and/or matrix composition effects may also play significant roles in the accumulation 
of uranium. Although specific uranium mineral phases were not identified in XRD analyses, the 
possible presence of uranyl-phosphate compounds such as autunite, or U(IV) solids, should not 
be ruled out. 

 

 
Figure 6.59  Relationship between uranium concentration in deposit and water samples 

 
In general, the deposit samples with the highest uranium concentrations were collected 

from utilities where uranium levels in the treated water were highest, i.e., utilities WDB, PC, CC, 
and LB. In the most extreme case (sample WDB-A), an HDPE pipe specimen that had been 
exposed to water with a uranium level of 0.11 mg/L for a period of eight years (prior to 
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promulgation of the uranium MCL) had accumulated a thick layer of manganese-rich deposit 
that contained 113 μg/g of uranium. This result was nearly six times greater than the next highest 
uranium result. For all other samples in this study, the uranium concentration in the associated 
water sample was below the current MCL of 0.030 mg/L. 

The six samples that constitute the highest 10% of the entire dataset (U content ≥ 15.6 μg/g) 
were examined in more detail. These samples share common risk factors for uranium accumulation, 
including moderate-to-high uranium concentrations in the waters to which they were exposed 
(i.e., 0.4 to 110 μg/L, which were amongst the highest uranium levels in water samples observed 
in this study), and a predominance of iron and/or manganese in the scale matrices. 

A broader assessment of uranium occurrence as it relates to water quality and common 
matrix elements is provided in Table 6.13. These results further suggest that the concentration of 
uranium in water and the co-occurrence of manganese play critical roles in uranium 
accumulation. The results also suggest that phosphorus may enhance accumulation. If the 
phosphorus is present as a phosphate mineral, this would be consistent with previous findings 
that have shown that hydroxyapatite and similar phosphate-based minerals have a strong affinity 
to adsorb uranyl. However, phosphate can also interfere with uranyl adsorption onto metal 
oxyhydroxides through competitive sorption effects. More sophisticated analytical techniques are 
needed to determine the speciation of uranium and phosphorus in deposit samples. Finally, it is 
worth noting that only 16% of the samples in the “high” uranium group are hydrant flush solids. 

 
Table 6.13 

Assessment of uranium occurrence trends (median values) 
Uranium 

Occurrence Group 
U Solid 
(μg/g) 

U Water 
(μg/L) 

Solution 
pH 

Fe Solid 
(wt%) 

Mn Solid 
(μg/g) 

P Solid 
(μg/g) 

Ca Solid 
(wt%)  

Low: 0-33rd %ile 0.2 0.13 7.7 30.2 580 940 0.90 
Mid: 34th-67th %ile 1.1 0.12 7.6 32.9 830 2,700 0.69 
High: 68th-100th %ile 6.4 0.90 7.6 31.3 930 1,050 0.74 

 
Radon 

 
Since radon is a daughter product of 226Ra decay, a simple correlation of radon 

concentration in water samples versus 226Ra occurrence in deposit samples was developed and 
provided as Figure 6.60 (note: only maximum values for each utility have been depicted; the 
axes of the graph have been set to enhance visualization of the majority of the data; certain 
extreme data points are not shown). There is no apparent correlation between these variables. 
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Figure 6.60  Relationship between radon concentration in water samples and radium-226 
concentration in deposit samples 

 
Assessment of radon accumulation is complicated by kinetic factors associated with 

decay of migrant radon and in-growth of radon from accumulated 226Ra. Regarding the latter 
factor, at secular equilibrium the activity of radon is equal to the activity of its parent element 
226Ra. Since 226Ra has a long half-life (1,622 years), its activities in water and associated with 
accumulated deposits can be assumed constant. The activity of 226Ra associated with its 
accumulation in deposits is qRa·mV, where qRa represents 226Ra occurrence in the deposit (pCi/g) 
and mV represents the pipe volume-normalized deposit mass (g/L). At low water age sites, radon 
levels would be influenced primarily by bulk water 226Ra and migrant radon levels. At high water 
age sites, radon levels would be influenced primarily by bulk water 226Ra and decay effects of 
deposit-associated 226Ra. A major limitation of this model is the inherently dynamic spatial and 
temporal variations in the qRa and mV terms. Also, since 226Ra is a progeny of 238U (which has a 
considerably longer half-life of nearly 4.5 billion years), the co-accumulation and decay of 
uranium can contribute to a long-term trend of increasing qRa as secular equilibrium of the 238U 
decay series is achieved. Also, there may be radon mass transfer limitations from the deposit into 
the bulk water. 

To perform a quantitative assessment of radon occurrence and accumulation at a specific 
location, it is necessary to know the radon and 226Ra levels at the system entry-point(s), the 
source water blend fraction and water age at the time of sample collection, and a representative 
profile of qRa and mV in the distribution system piping network through which the water(s) 
traveled. 

 
PREVALENCE TRENDS 

 
A stated objective of this investigation was to quantify the prevalence of accumulated 

solids and associated trace elements, expressed on a normalized mass basis relative to pipe 
length and nominal internal volume. Estimates of length-normalized mass are intended to allow 
for a conceptual determination of the total inventory of solids and associated trace elements in a 
particular system. Estimates of volume-normalized mass are intended to allow for determination 
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of element-specific concentration “spikes” that could be realized if some or all accumulated 
deposit material and associated trace elements were instantaneously detached or dissolved from 
the pipe surface and entrained in the water column. 

The development of normalized mass estimates relied exclusively on the 46 pipe 
specimen samples obtained in this study since, for these samples, the deposit coverage could be 
associated with known pipe dimensions and surface area. In contrast, the deposit mass obtained 
from the 26 hydrant flush samples could not be associated to a specific section of pipe since the 
flushing events were of a conventional nature.  

 
Overall Deposit Mass 

 
The method used to obtain a representative batch of solid material from pipe specimens 

was described in Chapter 4. For each pipe sample where adequate mass could be obtained, the 
surface area-normalized deposit mass (mA) was calculated based on the inner pipe surface area 
from which the deposit was removed. This calculation was performed to eliminate the effects of 
different pipe sizes and internal surface areas selected for deposit removal on the total dry mass 
obtained. The term mA is intended to reflect differences in deposit accumulation patterns as 
influenced by pipe material, presence of a lining, age in service, and site-specific hydraulic and 
water quality conditions. Of these variables, only pipe material and presence/absence of a lining 
could be discretely characterized and readily-determined for the pipe specimens obtained in this 
study. Therefore, the results for surface area-normalized deposit mass were segregated between 
the following pipe material groups: unlined cast iron (n=22); ductile and galvanized iron and 
steel (n=12); and cement-lined and plastic (n=12). Figure 6.61 illustrates the percentile 
distribution of surface area-normalized deposit mass for all pipe specimens and these three 
groupings.  

Deposit accumulation ranged from 0 to 1,300 g/sft, with a median value of 156 g/sft for 
all pipe specimens considered collectively. The distribution for all pipe specimens is directly 
related to the relative number/percentage of samples per pipe material group obtained for this 
study, i.e., unlined cast iron – 48%; ductile and galvanized iron and steel – 26%; and cement-
lined and plastic –  26%. This pipe material distribution does not necessarily reflect the average 
lineal distribution of these pipe materials as installed in actual water systems; therefore, for the 
purpose of estimating system-specific deposit accumulation trends, it is instructive to consider 
accumulation trends by pipe material group. A comparison of the different pipe material groups 
indicates the following rank of deposit accumulation (in order of highest-to-lowest): (1) unlined 
cast iron (median 526 g/sft); (2) ductile and galvanized iron and steel (median 171 g/sft); and (3) 
cement-lined and plastic (median 0 g/sft, i.e., trace amount). This trend suggests that deposit 
accumulation trends are dominated by the formation of corrosion scale. Unlined cast iron pipes 
are known to result in voluminous corrosion scales in most applications after several years of 
service. At the other extreme, cement-lined and plastic pipes yield minimal-to-no internal 
corrosion scale. Accumulated deposit on these pipe types is largely the result of precipitation, 
transport, and deposition processes. Owing to their relatively smooth surfaces, routine hydraulic 
conditions are likely to be “self-cleaning” in most instances, thus minimizing the amount of 
deposit buildup. 
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Figure 6.61  Percentile distribution of surface area-normalized deposit accumulation 

 
Length-normalized deposit mass (mL) and volume-normalized deposit mass (mV) were 

calculated for each pipe specimen sample as mAπD and 4mAD-1, respectively, where the term D 
represents inside pipe diameter. Calculations of volume-normalized deposit mass were 
subsequently converted to units of grams per liter to simplify the interpretation of concentration 
data. Both normalized mass terms are dependent on pipe diameter – mL directly and mV 
inversely. To create estimates that are independent of pipe size, diameter-normalized versions of 
mL and mV were established as follows: 

 

 
These calculations result in normalized estimating parameters that are directly related to 

mA. Therefore, the relationships shown in Figure 6.61 are applicable and distributions of ΜL and 
ΜV are directly related to these profiles. Tables 6.14 and 6.15 provide a statistical summary of 
ΜL and ΜV, respectively, for the different pipe material groups. The corresponding values of mL 
and mV can be determined for any pipe size simply by reincorporating the diameter term per the 
rearranged versions of equations (6.1) and (6.2). 

 
Table 6.14 

Statistical summary of length-normalized deposit prevalence (ΜL) 
Pipe Material 

Group 
No. of 

Samples 
Minimum 

Result 
10th 

Percentile 
Median 
Result 

90th 
Percentile 

Maximum 
Result 

All Pipe Specimens (g/ft-in) 46 0 0 41 183 340
Unlined Cast Iron (g/ft-in) 22 3.7 9.7 136 254 340 
Ductile and Galvanized (g/ft-in) 12 0 10.3 45 109 120 
Cement-Lined and Plastic (g/ft-in) 12 0 0 0 2.4 27 
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Table 6.15 
Statistical summary of volume-normalized deposit prevalence (ΜV) 

Pipe Material 
Grouping 

No. of 
Samples 

Minimum 
Result 

10th 
Percentile 

Median 
Result 

90th 
Percentile 

Maximum 
Result 

All Pipe Specimens (g-in/L) 46 0 0 264 1,190 2,200
Unlined Cast Iron (g-in/L) 22 24 63 883 1,650 2,200 
Ductile and Galvanized (g-in/L) 12 0 67 289 706 780 
Cement-Lined and Plastic (g-in/L) 12 0 0 0 15 175 

 
Trace Elements 

 
Length- and volume-normalized mass estimates for individual trace elements (i.e., mi,L 

and mi,V, respectively) were developed by coupling the sample-specific accumulated deposit 
parameters mL and mV with the contaminant concentration of the same sample (Ci, expressed in 
units of μg/g, or pCi/g for 226Ra). Diameter-normalized versions of these two parameters were 
established to create estimates that are independent of pipe size. 

 

 
Tables 6.16 and 6.17 provide a statistical summary of Μi,L and Μi,V, respectively, for each 

of the trace elements assessed as part of this study (excluding radon). The corresponding values 
of mi,L and mi,V can be determined for any pipe size simply by reincorporating diameter per the 
rearranged versions of equations (6.3) and (6.4). In this case, the data were not further segregated 
by pipe material group because it was observed that the groups were exposed to considerably 
different water quality conditions, i.e., average concentrations of dissolved As, Cd, 226Ra, Sb, Tl, 
and U in water samples differed by more than an order-of-magnitude between the different pipe 
material groups. The occurrence levels of manganese and phosphorus also varied considerably 
due to differences in source water and treatment applications, thus impacting the composition of 
the deposits with regard to common matrix elements known to heavily influence adsorption. This 
variability in water quality conditions was primarily an artifact of small sample sizes associated 
with each group. It would be expected to heavily impact element-specific concentration (Ci) for 
each pipe material group, thus preventing a reliable comparison. Since corrosion scales of iron 
and steel pipes are of a similar mineralogy when exposed to the same water, it is reasonable and 
probable that trace element occurrence trends would also be similar between these pipe groups 
assuming that the solution concentration of trace elements and common matrix elements was 
similar. In this case, length- and volume-normalized accumulation trends for individual elements 
would be expected to follow a similar trend and relationship for deposits in general. 

 
   

Μi,L= mi,L × D‐1 = mAπ × Ci (6.3)[=] μg/ft‐inch ∴mi,L = Μi,L × D

Μi,V= mi,V × D = 4mA × Ci (6.4)[=] μg‐inch/L ∴mi,V = Μi,V × D‐1
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Table 6.16 
Statistical summary of length-normalized trace element prevalence (Μi,L) 

Trace 
Element 

Average 
Result 

Standard 
Deviation 

Minimum 
Result 

10th 
Percentile 

Median 
Result 

90th 
Percentile 

Maximum 
Result 

As (μg/ft-in) 3,170 7,950 0 0 945 5,810 48,400
Ba (μg/ft-in) 10,350 20,010 0 0 5,450 20,900 129,000 
Cd (μg/ft-in) 80 170 0 0 12 214 920 
Cr (μg/ft-in) 563 703 0 0 300 1,400 3,580 
Ni (μg/ft-in) 1,110 1,800 0 0 546 2,450 8,900 
Pb (μg/ft-in) 2,240 4,690 0 0 470 6,140 20,500 
226Ra (pCi/ft-in) 1,350 3,370 0 0 146 2,800 14,600 
Sb (μg/ft-in) 12 20 0 0 7 36 100 
Se (μg/ft-in) 48 102 0 0 5 168 460 
Tl (μg/ft-in) 46 182 0 0 2 28 970 
U (μg/ft-in) 353 824 0 0 40 1,000 3,340 
V (μg/ft-in) 1,750 2,710 0 0 610 4,730 10,700 

 
 

Table 6.17 
Statistical summary of volume-normalized trace element prevalence (Μi,V) 

Trace 
Element 

Average 
Result 

Standard 
Deviation 

Minimum 
Result 

10th 
Percentile 

Median 
Result 

90th 
Percentile 

Maximum 
Result 

As (μg-in/L) 20,500 51,500 0 0 6,120 37,600 314,000
Ba (μg-in/L) 67,000 129,600 0 0 35,300 135,400 835,000 
Cd (μg-in/L) 520 1,100 0 0 80 1,390 5,960 
Cr (μg-in/L) 3,640 4,560 0 0 1,950 9,070 23,200 
Ni (μg-in/L) 7,160 11,600 0 0 3,540 15,900 57,600 
Pb (μg-in/L) 14,500 30,300 0 0 3,100 39,700 133,000 
226Ra (pCi-in/L) 8,760 21,800 0 0 945 18,100 94,600 
Sb (μg-in/L) 81 127 0 0 43 232 647 
Se (μg-in/L) 313 659 0 0 33 1,090 2,970 
Tl (μg-in/L) 300 1,180 0 0 15 180 6,300 
U (μg-in/L) 2,300 5,300 0 0 262 6,450 21,600 
V (μg-in/L) 11,300 17,500 0 0 3,940 30,600 69,400 

 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



197 

CHAPTER 7 
CONCLUSIONS AND INDUSTRY RELEVANCE 

 
 
INTRODUCTION 

 
This research investigation resulted in a significant volume of primary data pertaining to 

accumulation of trace inorganic and radiological contaminants in distribution system deposits. 
This provides the drinking water industry with information regarding the occurrence and mass 
prevalence of these contaminants. By means of detailed data interpretation activities, the project 
team identified a number of conclusive findings that have immediate value in terms of enhancing 
the industry’s understanding of accumulation and release risk factors. The purpose of this chapter 
is to discuss major findings and conclusions associated with this research effort, to translate the 
findings into specific guidance on investigation and control measures for use by drinking water 
utilities, and to identify areas where additional research is warranted. 

 
SUMMARY OF OCCURRENCE TRENDS 

 
The occurrence of 12 different trace inorganic and radiological elements was investigated 

for a total of 58 pipe scale and hydrant flush solids obtained from drinking water distribution 
systems. These elements were observed to occur across a wide range of concentrations in deposit 
matrices, with the occurrence profile of individual elements typically spanning several orders-of-
magnitude. In many instances, the occurrence profiles were found to exhibit log-normal behavior 
centered around the respective median value. 

 
Bin Classification and Prioritization 

 
A series of occurrence bins were created to enable a comparison of relative occurrence of 

the various elements in distribution system deposits and to prioritize trace elements based on 
their tendency to accumulate. Occurrence bins are operationally-defined categories that reflect 
order-of-magnitude groupings. A total of four bins were created – Minimal, Minor, Moderate, 
and Major. The bin titles and respective numerical boundaries are arbitrary and are not intended 
to be interpreted as representative or indicative of potential health risks. As shown in Figure 7.1, 
the 12 trace elements were designated into either the Minimal or Minor Bin based on their 
respective median concentration in deposits (which are shown next to each element). The 
Moderate and Major Bins were occupied by common matrix elements such as iron, calcium, 
manganese, phosphorus, etc. 

An objective of this investigation was to develop a prioritization scheme for the trace 
elements, which presumably will help focus future research efforts. The application of 
occurrence bins is one such scheme, i.e., contaminants in the Minor Bin should be emphasized. 
An alternative and more sophisticated approach takes into account the varying toxicity levels of 
these contaminants, as reflected in current drinking water standards. This approach is described 
in more detail later in this chapter under the section Conceptual Exceedance Factors. 
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Figure 7.1  Trace element occurrence bin designation 

 
The majority of the analytical and interpretation activities for solids were focused on 

median values. It should be noted that maximum observations were typically between one to 
three orders-of-magnitude higher than median values. For most trace elements (As and 226Ra 
being the exceptions), their concentration in treated water to which the deposit samples were 
acclimated were typically less than 10%, and often less than 1%, of their respective drinking 
water “standards” (i.e., current MCLs; former MCL for nickel; Action Level for lead; and DHS 
Notification Level for vanadium). Since the concentration of a particular contaminant in water is 
a major risk factor for accumulation (as discussed in the following section), with all other factors 
being equal, this suggests the potential for significantly higher contaminant occurrence levels for 
utilities/systems that supply water with contaminant levels near these “standards.” This suggests 
that even contaminants designated in the Minimal Bin have the potential to occur at significantly 
higher levels, as was observed in a few instances, i.e., utility PC (for antimony, thallium) and 
utility WDB (for uranium).  

 
Controlling and Influencing Factors 

 
Trace contaminant occurrence trends were examined in the context of certain factors 

known or suspected to influence accumulation by various mechanisms. The purpose of this effort 
was to identify factors that appear to govern trace contaminant accumulation. These activities 
were focused on trace contaminants classified in the Minor Bin, as well as uranium. Because of 
the large number of variables and the complex and dynamic nature of trace contaminant 
accumulation, the approaches for data interpretation were purposefully “macroscopic” in nature. 
They involved the application of simple correlations and statistical groupings with regard to 
current treated water quality conditions and deposit composition pertaining to select common 
matrix elements (i.e., iron, manganese, phosphorus, and calcium). As part of the assessment, the 
six samples that constitute the highest 10% of the dataset for each trace element were examined 
to identify commonalities that may explain their elevated occurrence. Any apparent outliers and 
extreme results were also considered individually to ascertain the potential cause of their 
“deviation.” Careful consideration was given to analytical limitations. For example, with regard 
to correlations involving phosphorus and calcium occurrence, given the diverse and often 
opposing impacts of these elements on trace contaminant accumulation trends and the absence of 
speciation data for deposit samples, apparent trends were clearly differentiated from more 
conclusive findings. 

MINIMAL BIN MINOR BIN

Median < 1.0 μg/g 1.0 ≤ Median < 100 μg/g

Thallium (0.06)
Selenium (0.10)

Antimony (0.14)

Cadmium (0.26)

Uranium (0.95)

Chromium (7.3)
226Radium (9.1)(a)
Arsenic (13)
Vanadium (14)
Nickel (15)
Lead (20)
Barium (94)

(a) pCi/g
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Table 7.1 provides a summary of behavioral patterns for select trace contaminants, taking 
into account findings from data interpretation activities and previous research (as summarized in 
the literature review). Conclusive findings, apparent findings, and previous findings from the 
literature review are included and denoted separately, where applicable. These trace elements can 
be broadly-divided into two groups – trace metal cations and anionic compounds – based on 
similar occurrence behaviors. Trace metal cations include barium lead, nickel, and radium 
isotopes. These elements have a strong affinity for manganese oxide solids and an apparent 
affinity for adsorption to phosphate solids. Their accumulation by adsorption is typically 
enhanced under conditions of elevated pH and when potentially competitive cations (e.g., 
calcium, magnesium) are present at low levels. Trace anionic compounds include the oxoacids 
arsenate, vanadate, chromate, as well as hydroxyl- and carbonate- complexes of uranyl. These 
compounds have a strong affinity for iron and manganese solids. Their accumulation by 
adsorption is typically enhanced under conditions of reduced pH and when potentially 
competitive anions (e.g., bicarbonate, phosphate, silicate) are present at low levels. 

 
Table 7.1 

Influencing factors for accumulation of select trace elements 
Trace 

Element 
Source or 
Pathway 

Accumulation 
Mechanisms 

“Controlling” 
Substrates 

Interferences to 
Accumulation 

Barium • Treated water supply 
• Cement-mortar lining(a) 

• Adsorption/co-precipitation 
• Mineral precipitation, e.g., 

BaSO4, BaCO3
(a) 

• Hydrous Mn oxides 
• PO4 solids or surfaces(b) 

• Reduced pH(a) 
• Elevated Ca2+ in water(a) 
• NOM, sequesterants(a) 

Lead 
• Treated water supply 
• Galvanized piping(a, b) 
• Lead-bearing joints 

• Adsorption/co-precipitation 
• Mineral precipitation, e.g., 

PbO2, Pb9(PO4)6
(a) 

• Lead carbonates or 
hydroxycarbonates 

• Hydrous Mn oxides 
• PO4 solids or surfaces(a,b) 

• Reduced pH(a) 
• Elevated Ca2+ in water(a) 
• NOM, sequesterants(a) 

Nickel • Treated water supply 
• Galvanized piping(a, b) • Adsorption/co-precipitation • Hydrous Mn oxides 

• PO4 solids or surfaces(b) 

• Reduced pH(a) 
• Elevated Ca2+ in water(a) 
• NOM, sequesterants(a) 

Vanadium • Treated water supply • Adsorption/co-precipitation 
(primarily as vanadate) 

• Hydrous Mn oxides 
• Hydrous Fe oxides 

• Elevated pH 
• Elevated PO4

3- in water(a) 
• Elevated CO3

2- in water(a) 

Arsenic • Treated water supply 
• Cement-mortar lining(a) 

• Adsorption/co-precipitation 
(primarily as arsenate) 

• Hydrous Mn oxides 
• Hydrous Fe oxides 

• Elevated pH 
• Elevated PO4

3- in water(a) 
• Elevated CO3

2- in water(a) 

Radium • Treated water supply 
• Adsorption/co-precipitation 
• Radioactive decay of 

accumulated uranium 

• Hydrous Mn oxides 
• PO4 solids or surfaces(a, b) 

• Reduced pH 
• Elevated Ca2+ in water 

Chromium 
• Treated water supply 
• Cement-mortar lining(a) 
• Galvanized piping(a, b) 

• Adsorption/co-precipitation 
(primarily as chromate) 

• Mineral precipitation, e.g., 
Cr(OH)3

(a) 

• Hydrous Mn oxides 
• Hydrous Fe oxides 

• Elevated pH 
• Elevated PO4

3- in water(a) 
• Elevated CO3

2- in water(a) 

Uranium • Treated water supply 

• Adsorption/co-precipitation 
(primarily as uranyl) 

• Mineral precipitation, e.g., 
UO2, autunite(a) 

• Hydrous Mn oxides 
• Hydrous Fe oxides 
• PO4 solids or surfaces(a, b) 

• Elevated PO4
3- in water 

for sorption processes(a) 

(a) Finding from literature review, but not specifically examined or identified in data interpretation activities. 
(b) Apparent finding based on interpretation of the dataset, although additional research is needed to confirm. 
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Barium 
 
Barium accumulation appears to be most strongly influenced by the concentration of 

barium in water and co-occurrence of manganese in deposits. This suggests that adsorption/co-
precipitation of soluble barium (free Ba2+ and complexed forms) to HMO substrates is the 
primary mechanism of its accumulation. The data suggest the potential for enhanced barium 
accumulation in the presence of relatively high levels of co-occurring phosphorus. While the 
relationship (and potential mechanism) is not clear, it should be noted that phosphate solids 
involving iron and calcium have been shown to have a high affinity to adsorb radium (Jackson 
and Valentine, 1995). Barium is in the same period as radium and behaves similarly with regard 
to chemical phenomena. The potential for precipitation of barite and/or witherite may exist in 
certain conditions (e.g., heavily-mineralized waters), though no such solids were observed in the 
limited XRD analyses performed for this study. 
 
Lead 

 
Lead accumulation appears to be most strongly influenced by the concentration of lead in 

water, presence of galvanized pipe, and co-occurrence of manganese in deposits. This suggests 
two primary mechanisms of lead accumulation: (1) adsorption/co-precipitation of soluble lead to 
HMO substrates, and (2) release of lead impurities from corrosion of galvanized pipe. Lead may 
also be released from lead used in various joints. The data suggest the potential for enhanced 
lead accumulation in the presence of relatively high levels of co-occurring phosphorus (which is 
consistent with findings from the literature review), though the relationship and mechanism are 
not clear in the data set since neither lead or phosphorus speciation were determined. The 
potential for lead precipitation as a mineral may exist under certain conditions, though no such 
solids were observed in the limited XRD analyses performed for this study. 

 
Nickel 

 
Nickel accumulation appears to be most strongly influenced by the concentration of 

nickel in water, presence of galvanized pipe, and co-occurrence of manganese in deposits. This 
suggests two primary mechanisms of nickel accumulation: (1) adsorption/co-precipitation of 
soluble nickel (free Ni2+ and complexed forms) to HMO substrates and (2) release of nickel 
impurities from corrosion of galvanized pipe. The data suggest the potential for enhanced nickel 
accumulation in the presence of high levels of co-occurring phosphorus, though the relationship 
(and potential mechanism) is not clear since neither nickel or phosphorus speciation were 
determined. 

 
Vanadium 

 
Vanadium accumulation appears to be most strongly influenced by the concentration of 

vanadium in water, co-occurrence of iron and manganese in deposits, and low pH conditions 
(≤ 7.6). This suggests that adsorption/co-precipitation of soluble vanadate to HMO and hydrous 
ferric oxide (HFO) substrates are the primary mechanisms of accumulation. The data suggest that 
mineralogical differences in iron may also have significantly different adsorption capacities. 
Regarding pH, conditions below 7.6 have been shown to be highly favorable for adsorption of 
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anionic compounds (such as vanadate) onto metal-oxide substrates. Though not readily discernible 
in the data set, phosphate and carbonate species are known to interfere with vanadium adsorption 
through direct competition for surface sites. 

 
Arsenic 

 
Arsenic accumulation appears to be most strongly influenced by the concentration of 

arsenic in water, co-occurrence of manganese and iron in deposits, and relatively low pH 
conditions (≤ 7.6). This suggests that adsorption/co-precipitation of soluble arsenate to HMO and 
HFO substrates are the primary mechanisms of accumulation. As expected based on their similar 
physiochemical properties, the occurrence profiles and risk factors for arsenic and vanadium are 
very similar. It should be noted that the median arsenic concentration in water samples was more 
than five times greater than that of vanadium, which, given their similar occurrence levels, 
suggests that arsenic has a lower adsorption affinity. This has been observed in treatment studies of 
arsenic and vanadium involving engineered iron oxide and iron oxyhydroxide media (Hill, 2004). 
Though not readily discernible in the data set, phosphate and carbonate species are known to 
interfere with arsenate adsorption through direct competition for surface sites. 

 
Radium 

 
Radium accumulation appears to be most strongly influenced by the dissolved concentration 

of radium in water, the co-occurrence of manganese, phosphorus, and uranium in deposits, and 
relatively high pH levels (≥ 7.6). This suggests two primary mechanisms of radium accumulation: (1) 
adsorption/co-precipitation of radium to HMO and/or phosphate-based substrates (or phosphate 
surface groups), and (2) radioactive decay of accumulated 238U (for 226Ra accumulation only). The 
data generally suggest that radium content decreases as the calcium content increases, which is 
consistent with previous observations of the relatively low adsorption capacity of calcium carbonate 
for radium and competitive surface adsorption effects between radium and calcium. 

 
Chromium 

 
Chromium accumulation appears to be most strongly influenced by the concentration of 

chromium in water, presence of galvanized pipe, co-occurrence of manganese in deposits, and low 
pH conditions (≤ 7.6). This suggests two mechanisms of chromium accumulation: (1) 
adsorption/co-precipitation of soluble hexavalent chromium species (chromate) to HMO substrates 
and (2) release of chromium impurities from corrosion of galvanized pipe. The data suggest that 
mineralogical differences in iron may also have different adsorption capacities for chromium. The 
potential for chromium precipitation as Cr(OH)3 may exist under certain conditions (e.g., low 
ORP), though no such solids were observed in the limited XRD analyses performed for this study. 

 
Uranium 

 
Uranium accumulation appears to be most strongly influenced by the concentration of 

uranium in water and the co-occurrence of manganese and iron solids in deposits. This suggests 
that the adsorption/co-precipitation of uranyl to HMO and HFO substrates is the primary 
mechanism of accumulation. The data suggest the potential for enhanced uranium accumulation 
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in the presence of relatively high levels of co-occurring phosphorus. While the relationship (and 
potential mechanism) is not clear, it should be noted that certain phosphate precipitates (e.g., 
apatite) are known to have a high affinity for adsorbing uranyl complexes. However, phosphate 
can also interfere with uranyl adsorption onto metal oxyhydroxides through competitive effects. 
More sophisticated analytical techniques are needed to determine the speciation of uranium and 
phosphorus in deposit samples. The potential for uranium precipitation as UO2 and various 
phosphate minerals (e.g., autunite) may exist under certain conditions, though no such solids 
were observed in the limited XRD analyses performed for this study. 

 
Occurrence Trends by Sample Type 

 
Two deposit sample types were obtained in this study – pipe specimen scale (i.e., adhered 

deposits) and hydrant flush solids (i.e., hydraulically-removable deposits). Trace element 
concentrations associated with each sample type were evaluated and described in detail in 
Chapter 6. As a result of potential differences in their origin and stability, it was recognized that 
these two sample types, even when obtained from close proximity within the same system, may 
differ considerably in a number of aspects that affect trace element accumulation. 
Characterization and differentiation of the elemental composition of adhered deposits versus 
hydraulically-removable deposits was seen as a valuable research focus since they differ with 
regard to susceptibility for hydraulic mobilization and potential for physical release. 

Table 7.2 provides a comparison of trace element median occurrence levels for these 
sample types. It is important to recall, however, that pipe specimen and hydrant flush solids do 
not originate from “paired” samples. Although utilities were requested to provide both types of 
samples from adjacent sections of pipe, some utilities provided pipe specimens only, some 
provided hydrant flush solids only, and only five utilities provided both (although even in these 
five cases, the different sample types were obtained from different areas of the system and hence 
are not truly “paired”). The variability and limitations associated with relatively small and non-
paired sample pools is therefore inherent in the results summarized below. 

 
Table 7.2 

Comparison of median occurrence of trace elements by sample type 
Trace 

Element 
More Concentrated 

in Pipe Deposits 
More Concentrated 

in Flush Deposits 
 Trace 

Element 
More Concentrated 

in Pipe Deposits 
More Concentrated 

in Flush Deposits 

Uranium * Antimony *
Thallium **   Barium  * 
Cadmium ***   Chromium  ** 
Arsenic ****   Nickel  *** 
Selenium ****   Lead  **** 
Vanadium ****   Radium-226  **** 

 
 

Based on the data generated in this study, half of the 12 trace elements considered are more 
concentrated in hydrant flush solids than pipe specimen deposits. Since hydrant flush solids are 
generally surficial and more readily mobilized than pipe scale, this presents release implications 
with regard to hydraulic disturbances, e.g., fire flows, sudden increases in demand, conventional 
flushing, flow reversals, pressure transients. Perhaps the most notable difference was the variation 

*         ≤ 50% difference
**       50–100% difference 

***     101-200% difference
****    > 200% difference 
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of lead content; the median lead occurrence in hydrant flush solids (47 μg/g) was nearly 500% 
greater than in pipe deposits (8 μg/g). Figure 7.2 illustrates the incremental lead concentration in 
water that could occur as a function of differing amounts of solids released (based on the median 
observed lead level in hydrant flush solids). As illustrated, the lead Action Level (0.015 mg/L) 
could be exceeded with the release of only 0.3 g/L of solid, which is well within the range of 
realistic solids mobilization conditions. The degree of discoloration associated with various 
percentages of hydrant flush solids mobilization was not explored, though presumably it would be 
site- and water-quality specific. Therefore, a determination cannot be made regarding the aesthetic 
properties of the water and whether turbidity and/or color would provide customers with a clear 
visual indication of an “upset” prior to exceeding the lead Action Level. 

 
Figure 7.2  Theoretical lead concentration in water at various deposit mobilization 
scenarios (based on median lead occurrence of 47 μg/g in hydrant flush solid samples) 

 
SUMMARY OF PREVALENCE TRENDS 

 
Prevalence refers to mass inventory of deposits and specific trace elements. As discussed in 

Chapter 6, methodologies were developed to determine normalized mass estimates relative to pipe 
length and nominal internal volume. Estimates of pipe length-normalized mass allow for 
conceptual determination of the total inventory of deposits and associated trace elements in a 
particular system. Estimates of volume-normalized mass allow for determination of element-
specific concentration “spikes” that might occur as a function of the amount of deposit released 
into the water column. 

While there are limitations with normalization and extrapolation approaches (as discussed 
later in this chapter), it is useful to conduct these exercises so that the drinking water industry can 
better grasp the significance and magnitude of the accumulation rates observed during this study. 
The estimating parameters also allow utilities to draw conceptual comparisons to their own 
inventory of pipe materials, lengths, and sizes. 

 
Overall Deposit Mass 

 
Length-normalized estimating parameters for deposit prevalence (expressed in g/ft-inch) 

were developed for three pipe material groups – unlined cast iron; ductile and galvanized iron 
and steel; and cement-lined and plastic. This was done to account for inherent differences in the 
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corrosion and scale-forming tendencies of different pipe types. The median value for each pipe 
material group (unlined cast iron – 136 g/ft-inch; ductile and galvanized – 45 g/ft-inch; and 
cement-lined and plastic – 0 g/ft-inch) was used to estimate the mass of deposit accumulated as a 
function of pipe diameter and extrapolated per mile of pipe. The results are illustrated in 
Figure 7.3. The trend between different pipe material groups suggests that deposit accumulation 
rates are dominated by formation of corrosion scale. Therefore, pipe material typically controls 
the amount of accumulation within distribution systems. 

Unlined cast iron pipe tends to have the largest degree of accumulated material, with 
median deposit accumulation rates of 4.8, 6.4, and 9.5 tons per mile for pipe diameters of 6-inch, 
8-inch, and 12-inch, respectively. Ductile and galvanized iron and steel pipes, by virtue of being 
engineered to be more corrosion-resistant and generally of lesser service age than cast iron, were 
found to have roughly one-third the deposit accumulation rate of unlined cast iron pipe. Cement-
lined and plastic pipes yield minimal-to-no internal corrosion scale. Therefore, accumulated 
deposit on these pipes is largely the result of deposition and transport processes. Owing to their 
relatively smooth surfaces, routine hydraulic conditions are likely to be “self-cleaning” in most 
instances, thereby minimizing the amount of deposit buildup. This suggests that distribution 
systems with significant quantities of cement-lined and plastic pipe will be less vulnerable to 
deposit and trace inorganic accumulation (but not necessarily to contaminant/pipe surface 
interactions, since cementitious materials undergo solid phase changes and selective leaching as 
a function of water chemistry and hydraulic conditions). It is also worth noting that the deposit 
prevalence increases as pipe diameter increases. This is simply related to the fact that larger size 
pipes have more surface area for accumulation. 

 

 
Figure 7.3  Extrapolated median deposit accumulation by pipe material group and size  
 
Trace Elements 

 
Length-normalized estimating parameters for trace element accumulation rates 

(expressed in μg/ft-inch) were developed in Chapter 6. Unlike with overall deposit mass, the data 
were not further segregated by pipe material because the accumulation of specific trace elements 
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is influenced by the presence of those elements in the treated water, and it was observed that the 
different pipe material groups for this study were, on average, exposed to considerably different 
water quality conditions. Nonetheless, it is possible to extrapolate the trace element accumulation 
rates as a function of pipe diameter, in this case using the median length-normalized 
accumulation rates for specific trace elements. Figure 7.4 illustrates the extrapolated trace 
element mass accumulation rates in units of pounds per mile of pipe. The elements are sorted in 
order of lowest prevalence to highest. Estimates are provided for three different pipe diameters – 
6-inch, 8-inch, and 12-inch. Since the vertical axis is shown in logarithmic scale, the 
accumulation “tendency” or occurrence of individual trace elements is clearly far more 
significant than pipe diameter. 

 
Figure 7.4  Extrapolated median trace element accumulation by pipe size 

 
Extrapolation over long lengths of pipe is necessary to assess the prevalence of several of 

the trace elements. Table 7.3 summarizes extrapolated median trace element mass accumulation 
rates in pounds per 100 miles of pipe length, as a function of pipe diameter. These estimates 
illustrate the low prevalence of thallium, selenium, antimony, and uranium; in each case the 
median accumulation was less than one pound per 100 miles of 12-inch diameter pipe. By 
comparison, barium accumulation was more than three orders-of-magnitude greater than 
thallium accumulation. However, it is important to note that mass of accumulation does not 
necessarily reflect potential public health risk since the MCLs for these trace elements also vary 
by several orders of magnitude. 

Table 7.3 
Extrapolated median trace element accumulation (pounds per 100 miles) 

Trace 
Element 

6-inch pipe 
diameter 

8-inch pipe 
diameter 

12-inch pipe 
diameter 

 Trace 
Element 

6-inch pipe 
diameter 

8-inch pipe 
diameter 

12-inch pipe 
diameter 

Thallium 0.01 0.02 0.03 Chromium 2 3 4
Selenium 0.03 0.05 0.07  Lead 3 4 7 
Antimony 0.05 0.07 0.1  Nickel 4 5 8 
Cadmium 0.08 0.11 0.17  Vanadium 4 6 9 
Uranium 0.28 0.37 0.56  Arsenic 7 9 13 
226Radium 1 1.4 2  Barium 38 51 76 
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It must also be kept in mind that the extrapolated accumulation results for trace elements 
represent median levels for all pipe types combined. Since the corrosion scales of iron and steel 
pipes are of a similar mineralogy when exposed to the same water, it is probable that trace 
element occurrence trends would also be similar between these pipe material groups (assuming 
that the concentration of trace elements in water was similar). In this case, length-normalized 
accumulation trends for individual trace elements would be expected to follow a similar trend 
and relationship for deposits in general. Judging by the increased mass of overall deposit solids 
on unlined cast iron pipe (as shown in Figure 7.3), it is quite possible that the median 
accumulation of trace elements for just unlined cast iron pipe would be several times higher than 
the median for all pipe samples. 
 
PUBLIC HEALTH CONSIDERATIONS 

 
The release of accumulated contaminants in concentrated amounts can result in levels at 

customer taps that are of public health concern with regard to acute and sub-chronic consumptive 
exposure. The data on trace contaminant occurrence and prevalence developed in this study 
become more meaningful with regard to potential public health significance when evaluated in 
terms of the potential for releases and associated concentration increases that could theoretically 
exceed drinking water MCLs set for inorganic elements under the NPDWRs – CFR 40 Parts 141 
through 143. 

 
Contaminant Release and Exposure 

 
There are four general release mechanisms for trace contaminants that have physically 

accumulated within distribution systems. These mechanisms, which were described in Chapter 2, 
are briefly summarized below. 

 
• Physical and Hydraulic Release. Shear forces created by various physical and hydraulic 

disturbances may be capable of dislodging deposits and entraining the material in the 
water column. Because of their association on and within these sinks, trace elements 
would also be mobilized. 

• Destabilization. Certain major water chemistry changes have the potential to weaken or 
completely destabilize existing scale, contributing to its physical release under routine 
hydraulic conditions. 

• Dissolution. Corrosion scales and precipitates that act as contaminant sinks may undergo 
solubilization (and possibly conversion to another precipitate solid) if water quality 
conditions are perturbed. The progressive dissolution of existing sinks can cause the 
release of adsorbed or co-precipitated contaminants. 

• Desorption. Changes in water quality conditions can create chemical disequilibria with 
regard to surface adsorption phenomena, potentially promoting desorption and soluble 
release of previously adsorbed contaminants. 
 
The first two release mechanisms involve the physical entrainment of trace contaminant-

associated deposits. For these two mechanisms, potential water quality changes as they relate to 
trace contaminant increases or “spikes” can be quantitatively predicted with some degree of 
confidence using the results developed in this study. In contrast, water quality changes associated 
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with the latter two mechanisms cannot be easily predicted due to the complexity of re-
equilibration processes. As noted in Chapter 2, the potential for dissolution of precipitates and/or 
desorption of adsorbed contaminants depends on the specific contaminants and sinks involved, 
water chemistry conditions, the degree of perturbation from initial equilibrium conditions, and 
the sensitivity of the equilibrium relationship. 

 
Review of Current MCL Construct 

 
A brief review of the current MCL construct for inorganic compounds (IOCs) is 

warranted to elucidate limitations associated with direct comparison of potential concentration 
spikes and current drinking water standards. 

 
• With exception of lead, copper, and asbestos fibers, the current MCLs for IOCs only 

apply at individual entry-points to the distribution system (as the monitoring and MCL 
framework does not recognize the potential for trace metals or radionuclides to undergo 
concentration changes from entry-point to tap.) Given this, it is not technically possible to 
have an MCL violation within the distribution system. 

• MCLs have been set to protect against adverse health risks associated with long-term 
(i.e., chronic) consumptive exposure to low levels of IOCs. The current MCL framework 
does not recognize the potential for acute and/or sub-chronic health risks associated with 
intermittent IOC releases. The types of releases that could occur may involve differing 
time scales and/or concentrations. For example, scale destabilization may result in short-
term release of high concentrations of trace contaminants, whereas desorption may result 
in sub-chronic release of more moderate contaminant concentrations. 

• Lead and copper are regulated with Action Levels that apply to customer taps. 
Compliance is determined by comparing the respective Action Levels with the 90th 
percentile concentration of lead and copper measured in standing water collected from 
household taps that meet certain criteria. The Action Levels apply to customer taps. 
Therefore, 10% of samples are allowed to exceed the Action Levels without incurring an 
“exceedance.” 

• MCLs are based on exposure to trace elements at various dose rates. This study focuses 
on the accumulation of trace elements and considers theoretical release episodes and 
scenarios. Release may or may not occur, depending on site-specific circumstances. If 
contaminant release does occur, it may or may not result in exposure or consumption. 

• Determination of MCL compliance is based on relatively infrequent monitoring (i.e., tri-
annual for groundwater sources; annual for surface water sources). Reduced monitoring 
or waivers may be granted based on results of previous monitoring. If an MCL is 
exceeded, quarterly monitoring must be conducted and compliance is then based on the 
running annual average (RAA) of quarterly monitoring. The system is not out of 
compliance with the MCL unless the RAA exceeds the MCL. Under most conditions, 
multiple samples would need to have trace element levels that exceed an MCL for a 
violation to occur. In the approach described below, an MCL exceedance is associated 
with a single release event. 
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Conceptual Exceedance Factors 
 
Estimates of volume-normalized mass for trace elements were developed in Chapter 6. 

Since volume-normalized mass represents concentration, these estimates allow for determination 
of trace element concentration “spikes” that may occur as a function of the amount of deposit 
released into the water column. A desktop evaluation was performed to estimate these theoretical 
concentration increases and to compare them with drinking water standards. 

Conceptual exceedance factors (CEFs) have been defined as the ratio of the theoretical 
concentration increase of a trace contaminant in water (under a defined deposit release scenario) 
to its respective drinking water standard. The magnitude of the CEF provides an indication of the 
ability of released trace contaminants to approach and possibly exceed drinking water standards. 
For reasons discussed previously, this evaluation is only germane to physical releases associated 
with hydraulic disturbances and/or chemical destabilization events. By definition, a CEF of 1.0 
means that the theoretical concentration increase is equal to the drinking water standard. This 
calculation inherently disregards the “background” concentration of the contaminant in the 
treated water supply, which is a risk factor for its occurrence in deposit material. Therefore, the 
actual contaminant concentration in water (as opposed to just the increase) would actually be 
higher under these circumstances. The reader is reminded that CEFs are theoretical in nature and 
are subject to the numerous limitations and inconsistencies associated with the MCL construct 
previously described. 

Regarding the water quality standards used for comparison, emphasis was placed on 
current MCLs (and Action Levels for lead and copper). Regarding nickel, which is not currently 
regulated, its former MCL of 0.1 mg/L was used. Regarding vanadium, which is not currently 
regulated but is included on the Contaminant Candidate List 3, the California DHS current 
vanadium Notification Level of 50 μg/L was used. In addition to these “chronic” drinking water 
standards, Health Advisory Levels (HALs) published by the USEPA were also listed where 
available. The HALs were established in consideration of acute and sub-chronic exposure 
conditions, which is consistent with potential release episodes and exposure scenarios for 
accumulated trace elements. 

Table 7.4 presents the median volume-normalized mass values for each of the 12 trace 
elements. These figures represent the median values that were actually observed by coupling 
sample-specific accumulated deposit with the contaminant content of the same sample. These 
values also represent the concentration increase that would result if 100% of accumulated deposit 
(and its associated contaminants) were released from the pipe surface and entrained in the water 
column (note: no assumption is made regarding whether the deposit dissolves or not, or whether 
the contaminants remain bound to the deposit). The CEFs for this “complete release” condition 
are also provided. As shown, it is conceivable that the MCL (or corresponding standard) for 
several trace elements could be exceeded numerous times over if 100% of the deposit were 
actually physically released. The CEF spans three orders-of-magnitude, with a maximum of 110 
for arsenic to a minimum of 0.2 for selenium. This means that theoretically, if 100% of the 
deposit were released, the water would contain arsenic at 110 times the arsenic MCL and would 
only contain approximately 20% of the selenium MCL. For the four trace metals with acute 
HALs, the median volume-normalized masses are lower than their respective HALs by 40 to 
70%. However, the maximum volume-normalized masses for each trace element (which are not 
shown, but are typically one to two orders-of-magnitude greater than their median value) are 
greater than the respective HALs, which suggests the potential for acute exposure risks as well. 
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Table 7.4 
Conceptual exceedance factors based on complete deposit release 

Trace 
Element 

Drinking Water 
Standard (mg/L) 

Acute Health 
Advisory Level (mg/L) 

Median Volume-
Normalized Mass (mg/L) (a) 

Conceptual  
Exceedance Factor (b) 

Arsenic 0.010 None 1.1 110
Barium 2 None 7.6 3.8 
Cadmium 0.005 0.04 0.02 4.0 
Chromium 0.1 1 0.37 3.7 
Nickel 0.1(c) None 0.61 6.1 
Lead 0.015(d) None 0.64 43 
226Radium  5(e) None 174 35 
Antimony 0.006 0.01 0.007 1.2 
Selenium 0.05 None 0.009 0.2 
Thallium 0.002 0.007 0.003 1.5 
Uranium 0.030 None 0.05 1.7 
Vanadium 0.050(f) None 0.95 19 

(a) Based on all 46 pipe specimen samples. 
(b) Assumes 100% of deposit released into solution. 
(c) MCL remanded in 1995; there is no current standard. 
(d) Action Level per the federal Lead and Copper Rule. 
(e) Units are pCi/L. MCL is applicable to combined radium. 
(f) California Department of Health Services Notification Level. 

 
The application of CEFs presents a more robust approach for prioritizing the various 

trace inorganic and radiological elements compared to the use of occurrence bins. This is 
because CEFs take into account the variability in nominal occurrence/prevalence levels and 
chronic toxicity levels of these contaminants (and the use of different units for Ra). Under this 
prioritization approach, contaminant emphasis would be ranked in accordance with the 
magnitude of the CEF, i.e., As, Pb, Ra, V, Ni, Cd, Ba, Cr, U, Tl, Sb, and Se. Upon comparison of 
this prioritization approach with the occurrence bin approach, the primary difference is that 
barium slides considerably down the list. 

Figure 7.5 illustrates contaminants-specific CEFs at varying percentages of deposit 
released, based on the median volume-normalized masses provided in Table 7.4. The vertical 
axis is shown in logarithmic scale to accommodate the wide range of theoretical values. In 
developing these curves, it has been assumed that the various trace contaminants are 
homogenously distributed throughout the deposit (which is likely an oversimplification, given 
the complex mineralogical and morphological properties of deposits). This type of plot is useful 
for assessing and comparing the amount of deposit release needed to reach a CEF of 1.0, as well 
as the potential resulting CEFs for other degrees of deposit mobilization. As shown, there are 
four general contaminant “clusters”: 

 
• For arsenic, lead, radium-226, and vanadium, the CEF exceeds 1.0 for ≤ 5% deposit 

release. 
• For nickel, cadmium, barium, and chromium, the CEF exceeds 1.0 for 16 to 26% deposit 

release. 
• For uranium, thallium, and antimony, the CEF exceeds 1.0 for 60 to 85% deposit release.  
• For selenium, the CEF would reach a theoretical maximum of only 0.2 even if all 

accumulated deposit was released.   
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Figure 7.5  Conceptual exceedance factors based on varying degrees of deposit release 

 
As shown in Figure 7.5, arsenic, lead, radium-226, and vanadium could theoretically 

exceed their respective MCLs with relatively small percentages of deposit mobilized. The 
arsenic MCL could be exceeded if less than 1% of deposit is mobilized. It could be exceeded by 
more than a factor of 20 if 20% of the deposit is mobilized. It should be noted that even though 
these trace elements were placed in the Minor Bin, the potential for sizeable exceedances of 
drinking water standards at customer taps still exists. Although destabilization and entrainment 
of the entire layer/depth of deposit is not a likely scenario under typical distribution system 
operating conditions (particularly when the deposit layer is composed of thick, adherent 
corrosion scale), given the extreme magnitude with which several trace elements concentrate, 
even relatively minor release episodes can lead to exceedances of drinking water standards at 
customer taps. Loose, surficial solids are readily and frequently transported as a result of routine 
hydraulic changes, varying flow rates/velocities, flow reversals, etc. 

It is interesting that cadmium, barium, and chromium had similar CEFs since their 
respective MCLs differ by roughly four orders-of-magnitude. It is possible that there are “inner” 
sources of these trace elements within the distribution system. As described in the Distribution 
System White Paper entitled Permeation and Leaching (AWWA and EES, 2002b), cementitious 
materials contain a variety of regulated inorganic elements including arsenic, barium, cadmium, 
and chromium. Guo et al. (1998) conducted laboratory tests to determine the extent of leaching 
from ductile iron pipes lined in situ with Portland cement (type I) mortar. The pipes were lined 
and cured in accordance with ANSI/AWWA Standard C602-89 and subsequently disinfected 
according to ANSI/AWWA C651-92. The testing was performed using standard tap water from a 
New Jersey water system. Under static hold conditions, arsenic, barium, cadmium, and 
chromium were leached from the cement-lining to values as high as 10 to 20% of their respective 
MCLs. The acid-soluble content of the cement lining contained only a fraction of the allowable 
values of these metals (i.e., arsenic 3%; barium 1.9%; cadmium 13%; and chromium 6.6%), 
which suggests that the extent of leaching could have been higher if an alternate cement lining 
had been applied. 
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Considerations and Limitations 
 
The data extrapolations and analytical exercises performed in the preceding sections 

reveal some interesting conceptual insights with regard to the mass of deposit accumulation, 
trace element concentration and accumulation trends, and the potential for MCL exceedances 
associated with deposit release. In order to perform these analyses, numerous extrapolations and 
assumptions were necessary. Also, comparison with the current MCL construct for IOCs was 
required, which has several limitations in and of itself. The purpose of this section is to 
summarize additional limitations and considerations, and to qualitatively describe the likely 
impacts of these assumptions on estimates of risk to public health. Table 7.5 provides a summary 
of data collection and analytical limitations, and the likelihood of whether these issues 
overestimate or underestimate the risk to public health. 

Clearly, there are challenges in attempting to extrapolate findings from a limited 
occurrence-style study to try to quantify potential public health risk. Nonetheless, the findings 
described in this report should leave little doubt that the potential for public health impacts may 
be substantial under certain conditions. 
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Table 7.5 
Summary of considerations and limitations on the potential for public health risks 

Issue Considerations Tendency to Overestimate or 
Underestimate Risk to Public Health 

Participating utilities do not represent a 
statistically-valid sample pool for 
developing national occurrence estimates. 

• Mostly groundwater-only systems. 
• Systems with elevated trace element 

levels in treated water were emphasized. 
• Some utilities would not meet current 

MCLs. 

• Overestimates in terms of nationwide 
occurrence. 

Selected sample sites do not represent a 
statistically-valid sample pool for 
developing national occurrence estimates. 

• Sites were selected based on presumed 
risk factors, including presence of Mn. 

• Preference for samples with high 
quantities of accumulated deposits. 

• Overestimates in terms of nationwide 
occurrence. 

Median values of overall deposit and trace 
element accumulation were used in the 
analyses. 

• Median values are appropriate due to 
apparent log-normal distribution of 
occurrence data  

• Underestimates for half of dataset, and 
overestimates for half of data set. 

• Given log-normal nature of distribution, 
potential for variability and estimation 
“error” is significant.  

Calculations are based on occurrence and 
prevalence data for pipe specimens only. 

• Hydrant flush solids tend to be surficial 
and more hydraulically-mobile. 

• Hydrant flush solids may have unique 
occurrence trends relative to pipe scale. 

• Likely overestimates for some elements 
and underestimates for others. 

Representation of different pipe materials 
in prevalence estimates are not consistent 
with national estimates of pipe materials 
installed. 

• Sample pool is overweighted on unlined 
cast iron pipes and underweighted on 
cement-lined and plastic pipes. 

• Likely overestimates in terms of 
nationwide occurrence. 

Median accumulation of trace elements on 
specific pipe materials not determined. 
 

• Contaminant prevalence is likely to be 
higher on unlined iron pipes and lower 
on cement-lined and plastic pipes. 

• Underestimates for unlined iron pipes, 
overestimates for plastic pipes, and 
potentially element-specific for cement-
lined pipes. 

Volume-normalized mass estimates 
assume uniform contaminant distribution 
throughout deposit. 

• Corrosion tubercles are known to have a 
basic structure 

• Mineralogical “hot spots” may be 
surficial or buried under cohesive layers 

• Unknown. 

Exposure to released contaminants may be 
“self-limiting” due to aesthetic degradation 
or discoloration of water. 

• May be true for physical release events 
where the trace contaminants are solids-
associated. 

• Likely not true for dissolution and 
desorption events where contaminant 
release is soluble. 

• Likely overestimates for physical 
release episodes. 

• Likely underestimates for chemical 
release episodes. 

(continued) 
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Table 7.5. (Continued) 

Issue Considerations Tendency to Overestimate or 
Underestimate Risk to Public Health 

Public health risks for inorganic and 
radiological contaminants are based 
on the MCL construct. 

• Assumes conservative fate and transport. 
• Based on chronic exposure to low levels. 
• Compliance based on running annual 

average. 
• Ignores intermittent accumulation and 

release in distribution system. 

• Likely underestimates for acute/sub-
chronic. 

• May overestimate for chronic since 
accumulation may reduce exposure 
compared to entry-point levels. 

Public health risks for lead and copper 
are based on the Lead and Copper Rule 
construct. 

• Allows up to 10% of samples to exceed 
Action Levels. 

• Assumes acute exposure to one liter of 
“contaminated” water. 

• Ignores intermittent accumulation and 
release in distribution system. 

• Likely overestimates for standing tap 
water samples. 

• Likely underestimates for more routine 
distribution system water samples. 

The calculation of Conceptual Exceedance 
Factors ignores background concentration 
in water. 

• Contaminant presence in treated water is 
generally required for its accumulation. • Likely underestimates. 

Potential for synergistic effects associated 
with acute or sub-chronic exposure. • Trace contaminants often co-occur. • Likely underestimates. 

Radium MCL based on combined radium. 

• Radium accumulation analyses were 
based strictly on radium-226, since 
radium-228 was not analyzed in the 
deposits. 

• Likely underestimates. 

 
RECOMMENDED ASSESSMENT AND CONTROL STRATEGIES’ 

 
There are several measures that drinking water utilities can take to understand, mitigate, 

and control the potential for the accumulation and release of trace inorganic contaminants within 
their distribution systems. Figure 7.6 provides a conceptual overview of the recommended 
approach for assessment and control of these phenomena. The approach is divided into three 
steps; specific elements and considerations associated with each of these steps are discussed in 
detail in the following sections. 
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Figure 7.6  Overview of accumulation assessment and control strategy   

 

STEP  1
Assess Existing Conditions and Vulnerability

Deposit Prevalence
and Properties

•Identify piping materials and locations.
•Inspect pipe tap caps and boneyard pipes.

•Review customer complaint records.

•Assess adequacy of existing flushing 
program.

•Collect mobile & adherent deposit samples 
and analyze for composition and inventory.

Treated Water 
Quality Conditions

•Assess inorganics history in each treated 
water supply.

•Assess presence of iron, manganese, and 
phosphate in each treated water supply.

•Perform investigative monitoring before 
and after treatment changes, source usage 
changes, in response to complaints, and 
under various hydraulic conditions.

STEP  2
Address the Existing Deposits

Adhered
Deposits

•Stabilize water chemistry and quality.
•Reduce corrosivity of water towards 
cement linings.
•Remove adherent solids through pigging 
or rehabilitation (including application of 
cement linings).

•Replace severely tuberculated piping.

Mobile
Deposits

•Remove deposits through high-velocity 
unidirectional flushing.

STEP  3
Reduce Contaminant and Solids Loading

Trace Contaminants

•Provide treatment to remove any trace 
contaminants to lowest practicable levels.

•Avoid the use of “sidestream” treatment 
or blending to meet contaminant MCLs.

•Evaluate sequestration if removal not 
possible.

Contaminant “Sinks”

•Provide treatment to remove iron, 
manganese, and natural-occurring 
suspended solids.

•Implement a structured program for 
undirectional flushing and reservoir 
cleaning.

•Maintain a disinfectant residual to
control biofilm growth.
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Step 1 – Assess Existing Conditions and Vulnerability 
 
Step 1 is focused on developing an understanding of existing system conditions that may 

pose a risk for trace contaminant accumulation and release. It is recommended that each utility 
conduct a self-assessment to gauge its vulnerability to these phenomena. The type of information 
that should be considered as part of this assessment can be broadly grouped into the three 
categories described below. Within each category, several questions are provided as a checklist 
of potential risk factors for accumulation and release. An increased number of “yes” responses 
indicates a higher relative risk. 

 
• Distribution System Pipe Materials. Pipe material can have a significant impact on the 

amount and nature of deposits that can serve as accumulation sinks. Generally speaking, 
unlined cast iron pipes represent the largest potential inventory of deposits because of 
their tendency to form thick corrosion scales. Utilities should have a detailed 
understanding of the distribution and age of various pipe materials in its system. 

o Does the system pipe inventory consist of unlined cast, ductile, or galvanized iron 
or steel piping? 

• Extent of Deposit Accumulation. Deposits act as accumulation sinks for trace inorganic 
contaminants. Utilities should develop an understanding of the general nature and extent 
of deposit buildup throughout areas of its system. This can be accomplished by inspecting 
pipe tap caps, pipes removed during repair and replacement activities, flushing results, 
customer complaint records, etc. Utilities are encouraged to characterize deposits with 
regard to matrix composition and trace contaminant occurrence. The Field Protocol 
provided as Appendix A provides detailed sampling protocols that can be used for this 
purpose. 

o Are significant quantities of accumulated solids visible on pipe tap caps? 
o Are significant quantities of accumulated solids visible on pipe segments that 

have been removed, replaced, or rehabilitated? 
o Has the utility determined the need for replacement/rehabilitation based on C-

factors or friction losses? 
o Does the system receive frequent customer complaints related to discolored water, 

turbid water, and/or staining of home plumbing fixtures, laundry, etc.? 
o Does the system practice flushing to remove accumulated deposits or specific 

compounds? 
o Does the system practice conventional flushing, which tends to stir up solids 

without necessarily removing the entire mobilized fraction from the system? 
• Treated Water Quality Conditions. Utilities should develop an understanding of the water 

quality characteristics of their treated water as they pertain to concentration of trace elements, 
conditions of pH, alkalinity, and ORP, and presence/concentrations of iron, manganese, and 
phosphate. Utilities are encouraged to perform investigative monitoring throughout the 
distribution system to assess the fate and transport of trace inorganic elements. Distribution 
system water monitoring should be performed before (to establish baseline conditions) and 
after potential physical and chemical release events. Utilities should attempt to use analytical 
laboratories that offer the lowest detection and reporting limits. 
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o Are trace inorganics or radionuclides present (currently or historically) at the 
various entry-points, even at trace levels? 

o Are iron and/or manganese present (currently or historically) at the various entry-
points, even at levels below their secondary MCLs? 

o Do any of the water supplies have variable water quality conditions with regard to 
pH (±0.2 units), alkalinity, phosphate, ORP, and/or disinfectant concentration 
(±10 to 20%)? 

o Does system operation allow for uncontrolled “in-the-system” blending of sources 
with relatively different treated water quality conditions? 
 

For utilities with a moderate-to-high relative risk for trace contaminant accumulation, the 
following steps are recommended for removing existing deposits and contaminants, enhancing 
stability of adherent solids and associated contaminants, and reducing the loading of solids and 
trace inorganic contaminants. 

 
Step 2 – Address the Existing Deposits 

 
Although discovery of the potential for trace inorganics accumulation is relatively new, 

the phenomenon itself is not. Therefore, it is possible that a significant amount of deposit 
material and contaminants may have already accumulated within certain portions of the 
distribution system. Assuming that it would take several years to identify, prioritize, and replace 
or rehabilitate pipes, the utility should focus its immediate resources on removing loosely-
adhered solids from the distribution system and implementing measures to stabilize adhered 
solids to the extent possible. Both of these are essentially “release-management” techniques. 

 
Remove Loosely-Adhered Solids 

 
Unidirectional flushing is a standard industry maintenance practice for removing loosely-

adhered solids from distribution system piping. UDF involves the purposeful and sequential 
isolation of specific water mains, control over flow direction and velocity, and the introduction 
of “clean” water into the main to be flushed. UDF protocols and recommendations regarding 
flushing velocity, duration, monitoring, and other programmatic elements are provided by 
Friedman et al. (2003). 

Many utilities still conduct conventional flushing in which hydrants are randomly opened 
to temporarily increase flow within a specific area of the distribution system. This is typically 
done to respond to coliform occurrences or to address customer complaints related to aesthetic 
water quality. Conventional flushing is generally less time consuming and involves less planning 
effort than UDF. However, it is not as effective in achieving necessary velocities for pipe 
scouring. Also, conventional flushing can stir up deposits in adjacent area of the systems without 
removing them. Discolored water often reaches the customer tap after conventional flushing 
events. Given the potential for trace contaminants to be associated with these solids-rich “slugs” 
of water at concentrations that can potentially result in MCL exceedances, conventional flushing 
may actually be directly creating a public health risk. As such, it is strongly recommended that 
utilities curtail or minimize the use of conventional flushing practices, and wherever possible, 
implement a routine UDF program that will more effectively lift, scour, and remove loosely 
adhered deposits from the distribution system. 
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Stabilize Water Chemistry 
 
In many instances, a portion of deposit material will remain even after applying high-

velocity UDF. This is particularly true in cases where the deposit matrix is highly cohesive 
and/or adherent. While these deposits and their associated trace contaminants may be physically-
stable, contaminant release may occur due to chemical re-equilibration processes involving 
mineral dissolution or transformation and/or contaminant desorption. The risk (and magnitude) 
of a chemical release can be controlled by providing stable water quality and chemistry within 
the distribution system. The most important parameters in this regard are summarized in 
Table 7.6. Where spatial and/or temporal water quality variations are known to exist, there are 
several engineering measures that utilities can investigate and implement to improve water 
quality/chemistry control, including: limiting sources to use in specific areas or zones; 
implementing or modifying treatment; applying more advanced control processes for chemical 
treatment applications; design of controlled blending stations, etc.  

 
Table 7.6 

Water quality conditions that impact deposit and trace contaminant stability 

Water Quality Characteristic Description of Impact 

Provide a stable pH within the distribution 
system (±0.2 units) 

• The following processes are highly sensitive to pH: adsorption and desorption of trace 
elements; precipitation/solubilization of precipitates capable of serving as accumulation 
sinks; precipitation/solubilization of trace contaminant compounds; and deposit stability. 

• When implementing purposeful pH adjustment, utilities should be aware of potential 
release impacts and perform distribution system monitoring. 

Provide a stable oxidation-reduction 
potential (ORP) within the distribution 
system (± 20%) 

• The nature and stability of mineral deposits is dependent on ORP. These include 
deposits that may serve as accumulation sinks (e.g., FeCO3, α-FeOOH), as well as 
chemical precipitates directly involving trace elements (e.g., Cr(OH)3, PbO2, UO2).  

Provide a stable orthophosphate 
concentration within the distribution 
system (± 20%) 

• Orthophosphate can react with common inorganic elements to produce precipitates that 
may serve as accumulation sinks or low-solubility passivation layers. In either case, it is 
important to maintain a near-constant concentration to promote stability of these solids. 

• When implementing purposeful phosphate addition, utilities should be aware of 
potential release impacts and perform distribution system monitoring. 

Provide adequate corrosion control 

• Reduce the formation of iron corrosion scale and tubercles. 
• Reduce the occurrence of red water episodes. 
• Promote the stability of cement-mortar linings. 
• Reduce the leaching of inorganics from cementitious materials. 

Avoid uncontrolled blending of surface 
water and groundwater 

• Groundwater and surface water supplies typically have very different water quality 
profiles, including mineral/ionic distribution, NOM concentrations, and ORP. The 
uncontrolled blending, or periodic switching back-and-forth, of these different source 
types can prevent formation of stable corrosion scales and contribute to the release of 
existing scales and associated contaminants. 

Avoid uncontrolled blending of free 
chlorinated and choraminated waters 

• The uncontrolled blending, or periodic switching back-and-forth, can cause dramatic 
changes in ORP and disinfectant residual type and concentration, thus impacting scale 
stability. 

 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 218 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

Remove Adhered Solids 
 
In some cases, it may be necessary or highly desirable to physically remove adhered 

solids. This may include pipe segments that have severe tuberculation and/or a history of being 
supplied by water that contains moderate levels of regulated trace metals or radionuclides. 
Removal of these solids can be accomplished through a variety of approaches, including pigging, 
rehabilitation and relining, or physical removal and replacement of the pipe. 

 
Step 3 – Reduce Contaminant and Solids Loading 
 
Remove Trace Elements 

 
The potential for physical accumulation of trace inorganic and radiological elements is 

typically enhanced as the concentration of these elements in the water supply increases. The 
results of this research have demonstrated that distribution system deposits can become heavily 
concentrated with a host of trace inorganic contaminants when exposed to water that contains 
relatively low levels of these contaminants, e.g., less than 10% of their respective drinking water 
standards. Therefore, to reduce the likelihood of future accumulation, it is recommended that 
utilities ensure that existing treatment regimes are optimized for the removal of trace inorganic 
and radiological contaminants. Most treatment processes offer the opportunity to achieve 
simultaneous removal of multiple trace contaminants (e.g., Fe/Mn removal, coagulation-assisted 
filtration, ion exchange, etc.). Furthermore, many of these same treatment techniques allow for 
process adjustments that can enhance removal efficiency. Utilities are encouraged to install 
and/or optimize treatment processes to reduce trace contaminant levels to the lowest levels 
practicable. 

In recent years, the application of sidestream treatment and blending have become 
popular approaches for meeting MCLs. Sidestream treatment involves source flow splitting – 
with treatment of one stream and bypass of the other – followed by blending of the two streams, 
post-treatment, and distribution. This approach provides partial contaminant removal (typically 
just enough to meet an MCL) while reducing costs associated with filtration equipment, 
adsorbent media replacement, etc.  However, by not taking advantage of the treatment capability 
of the particular process, this practice purposefully allows for near-MCL levels of trace inorganic 
contaminant(s) to enter the distribution system, thus enhancing the likelihood of their 
accumulation. Similarly, the blending of two or more sources prior to treatment has been used to 
achieve “dilution” of trace contaminant concentrations to meet an MCL. As with sidestream 
treatment, this practice typically only reduces the concentration to levels near the MCL. 
Furthermore, it does nothing to reduce the mass loading of contaminants into the distribution 
system. In light of the phenomenon of trace contaminant accumulation, utilities are encouraged 
to avoid either of these “treatment” approaches for trace inorganic and radiological 
contaminants. 

When implementing new treatment processes or modifying existing processes to enhance 
removal of trace inorganic contaminants, utilities should be aware of potential re-equilibration 
processes that may occur in the distribution system. This is especially true for contaminants that 
have accumulated by adsorption. A recent study performed as part of the USEPA Arsenic 
Demonstration Project illustrates this phenomenon. A utility that had operated a source with over 
30 μg/L of arsenic for many years recently installed treatment that provided arsenic removal to 
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8 μg/L. Over the ensuing two years, the utility monitored arsenic concentration at several 
locations in the distribution system. The results showed a trend of increasing arsenic 
concentration at increasing distances/water ages from the entry-point, ranging from 8 μg/L near 
the source to upwards of 18 μg/L at a more distant location. This release trend was attributed to 
desorption from existing arsenic-laden deposits. Also, while treatment processes may be installed 
and operated with the intent of removing specific trace contaminants, they may affect other water 
quality parameters in ways that can create chemical disequilibria in the distribution system. For 
example, many treatment processes may directly impact pH and/or alkalinity, which are two 
critical determinants of deposit and trace contaminant stability. Therefore, when utilities are 
implementing or modifying existing treatment processes, it is recommended that they develop 
and simultaneously implement a distribution system water quality monitoring program to 
ascertain the chemical “response” in the distribution system and identify any potential risks to 
public health. 

 
Remove Substrate Solids 

 
The assessment of controlling and influencing factors described previously in this chapter 

revealed the significant role that iron and manganese solids play as accumulation sinks. These 
metals occur naturally in many water supplies, particularly groundwater, where they often exist 
in reduced soluble forms. Following chlorination (or another oxidative process), these metals are 
converted to relatively insoluble HFO and HMO precipitates, respectively. Without an effective 
solids removal process downstream, these solids may enter the distribution system and deposit 
on piping surfaces. 

Since iron and manganese are not regulated as part of the NPDWRs, many systems do 
not provide for their treatment unless motivated by episodes of excessive deposit buildup, 
discoloration, staining, and/or customer complaints. However, given their unique adsorptive 
affinity for regulated trace inorganic and radiological contaminants, their purposeful removal can 
translate into benefits that go beyond aesthetic improvements. The removal of these “high-risk” 
substrates can help reduce the subsequent accumulation of trace contaminants within distribution 
systems, thus reducing public health risks associated with intermittent release events. Therefore, 
utilities are encouraged to remove iron and manganese to their lowest practicable levels prior to 
distribution. Recommended technologies include oxidation/filtration using greensand, pyrolusite, 
or membrane systems. In some cases, utilities employ polyphosphate sequestration as a means of 
controlling the precipitation of these metals. Although sequestration efficacy is specific to the 
chemical used and the water quality conditions in which it is applied, generally-speaking, 
polyphosphates are of limited effectiveness. Over time, polyphosphates undergo reversion to 
orthophosphate, thereby releasing the metals back into solution. The dynamic and uncontrollable 
reversion to orthophosphate can also present adverse implications with regard to trace inorganic 
contaminant behavior. Orthophosphate can participate in several mechanisms capable of 
influencing deposit mineralogy, stability, and trace contaminant partitioning. Polyphosphates 
have also been shown to soften cement-mortar linings (Snoeyink et al., 2003). Given these 
considerations, physical removal of iron and manganese is strongly encouraged over their 
chemical sequestration. 

Physiochemical treatment may also be used to remove trace inorganic and radiological 
contaminants from water, particularly in the presence of iron and manganese. The unique 
adsorptive properties of these solids can be used to advantage for purposeful treatment and 
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removal of trace inorganic contaminants. In some cases, addition of these compounds may help 
to optimize existing treatment systems for trace contaminant removal, e.g., iron coagulation for 
arsenic removal, HMO addition for radium removal. 

 
RECOMMENDATIONS FOR FUTURE RESEARCH 

 
This investigation was successful in identifying typical occurrence ranges of trace 

inorganic and radiological contaminants in the various solids formed in distribution systems. It 
has revealed that trace contaminants can accumulate over a wide range of concentrations, and 
that occurrence trends may vary substantially by contaminant, water quality conditions, pipe 
material, and substrate composition and mineralogy. A risk-based scheme was developed to 
prioritize trace contaminants for future research of a more focused nature. 

Despite the numerous findings and conclusions resulting from this study, this 
investigation has only scratched the surface of the issue. There remain considerable research 
gaps to be addressed in order for the drinking water industry to develop a more complete 
understanding of accumulation and release phenomena and associated potential public health 
risks. Several recommendations for future research are provided below, and are broadly grouped 
between accumulation, release, and potential health risks. 

 
Contaminant Accumulation 
 

• Additional investigations of a nature that are more statistically-defensible with regard to 
national occurrence trends are warranted. Approaches for utility and site selection applied 
in this study likely represent a bias due to purposeful emphasis on “higher-risk” 
conditions. Of particular note is that more investigation of surface water systems and 
piping comprised of cement-lined iron are needed. 

• Examination of trace element occurrence trends in institutional and residential plumbing 
systems and premise piping should be explored. 

• More focused studies are needed to characterize and differentiate hydraulically-mobile 
deposits versus adherent deposits and scale, i.e., Approach 1 as defined in this study. As a 
result of differences in their origin and stability, these deposit types may differ 
considerably in a number of aspects including trace element occurrence, prevalence, and 
potential for physical release. 

• The contribution of cementitious pipes and linings to the occurrence of aluminum, 
arsenic, barium, cadmium, and chromium in deposits and water should be studied further. 
Cement-lined ductile iron pipe is the most widely-used pipe material in distribution 
systems in the United States.  

• This study suggests that galvanized iron piping may represent an “inner” source of 
certain trace metals, including lead, nickel, and chromium. Additional research is needed 
to identify typical ranges of these metal impurities in galvanized piping and understand 
their fate when galvanized pipe is installed in actual water systems. 

• Despite its extremely low level in water supplies, lead was observed at extremely variable 
and often highly concentrated amounts in deposits obtained in this study. The nature and 
sources of lead accumulation in the utility-owned portion of distribution systems should 
be further studied. 
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• Future research should be generally focused on the trace contaminants ranked highest in 
the prioritization series, i.e., those classified in the Minor Bin or having the highest 
Conceptual Exceedance Factors. This research should focus on developing a better 
understanding of the actual occurrence ranges and elucidating relationships to water 
quality, substrate composition and mineralogy, and pipe material. 

• More focused investigations are warranted to characterize accumulation trends and 
identify governing/causative factors. These investigations should involve controlled 
bench-scale experiments involving synthesized solids and/or well-characterized native 
deposit material, and/or pipe loop studies to allow for development of heterogeneous 
solids and corrosion scales. These studies should employ realistic and well-characterized 
water quality conditions. Also, field studies that focus on different pipe materials within a 
similar area (and hence influenced by similar water quality) would help to better ascertain 
the impact of different pipe materials. 

• Sensitive analytical techniques, including XRD, XAS, and microelectrophoresis, should 
be used to elucidate mineralogical composition, contaminant and substrate speciation, 
oxidation states, local structures, surface charges, and contaminant-substrate association 
mechanisms. 

• Chemical equilibrium models should be refined to qualitatively and quantitatively reflect 
the various accumulation trends and association mechanisms observed in ongoing 
research studies. 

• This investigation revealed the significant impact that manganese plays on trace 
contaminant accumulation. Controlled studies should be performed to develop adsorption 
equilibrium isotherms for HMOs. 

• This investigation revealed the potential for multiple and differing impacts of phosphate 
and calcium on trace element accumulation trends. Detailed characterization of 
phosphorus and calcium in native and synthesized deposit materials is warranted to 
identify their speciation and mechanism of influence under known experimental 
conditions. 

• Research focusing on the spatial distribution of trace contaminants within deposit 
material is warranted, including within the various “layers” that typically comprise iron 
corrosion scale. 

• Impacts of particle size and available surface-area should be explored. Since surface 
adsorption and co-precipitation are mass-transfer operations, it is probable that surface 
area, and not simply total mass, affects both the rate and extent of contaminant 
accumulation. 
 

Contaminant Release 
 

• The magnitude, frequency, and duration of release episodes within distribution systems 
are largely unknown. Detailed monitoring programs should be developed and 
implemented for utilities that are planning to install or convert treatment processes, 
introduce new sources, etc. Distribution system monitoring should also be performed to 
determine the extent of deposit mobilization under certain hydraulic conditions, including 
routine flow, flow reversals, and peak demands. 

• To date, all documented case studies involving trace inorganic contaminant release 
involved solids-associated release episodes and were identified because of obvious visual 
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degradation in water quality. The potential for trace contaminant release due to 
desorption and dissolution under changing water quality conditions should be further 
explored. This research should assess the tendency for release under various conditions, 
the magnitude of trace contaminant concentration increases, and release/re-equilibration 
kinetics. 

• Research on chemical release should make use of well-characterized solid materials and 
realistic water quality conditions and perturbations. When using native distribution 
system deposit materials, the associated “native” waters should be used as a starting point 
and baseline condition. 

• The effects of “layered” deposits, particle sizes, and deposit processing activities (e.g., 
crushing, homogenization) on release rates and equilibrium conditions should be 
explored. 

• Aesthetic quality/properties associated with various degrees of deposit mobilization 
should be characterized to determine if exposure to compromised water is “self-limiting.” 
This should make use of different solid substrates and realistic contaminant occurrence 
levels for each. 
 

Potential Health Risks 
 

• Given the non-conservative nature of accumulation/release phenomena, coupled with the 
results of this research study which indicates the potential for exposure to contaminant 
concentrations above their drinking water standards, revised monitoring constructs 
associated with SDWA compliance for inorganics and radionuclides should be 
investigated. 

• Potential health risks and No Observed Adverse Effect Levels (NOAELs) associated with 
acute and sub-chronic exposure to elevated concentrations of trace inorganic and 
radiological contaminants should be explored. Sensitive sub-populations (e.g., immune-
compromised) should also be considered. 

• Given the co-occurring nature of trace contaminants, potential synergistic effects due to 
simultaneous exposure to multiple contaminants should be explored. 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



223 

REFERENCES 
 
 

Agency for Toxic Substances and Disease Registry (ATSDR). 1990a. Toxicological Profile for 
Silver. United States Department of Health and Human Services, Agency for Toxic 
Substances and Disease Registry. Atlanta, GA. Accessed (11/29/2006): 
www.atsdr.cdc.gov/toxprofiles/tp146.pdf. 

ATSDR. 1990b. Toxicological Profile for Radium. United States Department of Health and Human 
Services, Agency for Toxic Substances and Disease Registry. Atlanta, GA. Accessed 
(11/29/2006): http://www.atsdr.cdc.gov/toxprofiles/tp144.pdf. 

ATSDR. 1992a. Toxicological Profile for Antimony and Compounds. United States Department of 
Health and Human Services, Agency for Toxic Substances and Disease Registry. Atlanta, 
GA. Accessed (11/29/2006): www.atsdr.cdc.gov/toxprofiles/tp23.pdf. 

ATSDR. 1992b. Toxicological Profile for Barium. United States Department of Health and Human 
Services, Agency for Toxic Substances and Disease Registry. Atlanta, GA. 

ATSDR. 1992c. Toxicological Profile for Thallium. United States Department of Health and Human 
Services, Agency for Toxic Substances and Disease Registry. Atlanta, GA. Accessed 
(11/29/2006): http://www.atsdr.cdc.gov/toxprofiles/tp54.pdf. 

ATSDR. 1992d. Toxicological Profile for Vanadium and Compounds. United States Department of 
Health and Human Services, Agency for Toxic Substances and Disease Registry. Atlanta, 
GA. Accessed (11/29/2006): www.atsdr.cdc.gov/toxprofiles/tp58.pdf. 

ATSDR. 1999. Toxicological Profile for Uranium. United States Department of Health and Human 
Services, Agency for Toxic Substances and Disease Registry. Atlanta, GA. Accessed 
(11/29/2006): www.atsdr.cdc.gov/toxprofiles/tp150.pdf. 

ATSDR. 2005a. Toxicological Profile for Nickel. United States Department of Health and Human 
Services, Agency for Toxic Substances and Disease Registry. Atlanta, GA. Accessed 
(11/29/2006): www.atsdr.cdc.gov/toxprofiles/tp15-c6.pdf. 

ATSDR. 2005b. Toxicological Profile for Zinc. United States Department of Health and Human 
Services, Agency for Toxic Substances and Disease Registry. Atlanta, GA. Accessed 
(11/29/2006): www.atsdr.cdc.gov/toxprofiles/tp60-c6.pdf.  

Aksoy, A.; M. Al-Jarallah; and M.N. Al-Haddad. 2002. Natural Radioactivity in the Scale of Water 
Well Pipes. Journal of Environmental Radioactivity. 61:33-40.  

Albertson, P. 2003. Naturally Occurring Radionuclides in Georgia Water Supplies: Implications for 
Community Water Systems. In Proceedings: Georgia Water Resources Conference. Athens, 
GA.  

American Chemistry Council. 2004. The Use of Phosphates for Potable Water. Accessed (8/4/2004): 
www.phosphatefacts.com/pdfs/Potable%20Water%20Treatment.pdf. 

Amy, G.; Chen, H.; Drizo, A.; Gunten, U.; Brandhuber, P.; Hund, R.; Chowdhury, Z.; Kommineni, 
S.; Sinha, S.; Jekel, M.; and Banerjee, K. 2005. Adsorbent Treatment Technologies for 
Arsenic Removal. AwwaRF/AWWA. Denver, CO.  

Arey, J.S.; Seaman, J.C.; and Bertsch P.M. 1999. Immobilization of Uranium in Contaminated 
Sediments by Hydroxyapatite Addition. Environ. Sci Technol. 33: 337-342.  

AWWA and EES. 2002a. Nitrification. Distribution System White Paper. Accessed (8/3/2004): 
www.epa.gov/safewater/tcr/tcr.html. 

AWWA and EES. 2002b. Permeation and Leaching. Distribution System White Paper. Accessed 
(8/3/2004): www.epa.gov/safewater/tcr/tcr.html. 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 224 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

AWWA. 2004. Manual of Water Supply Practices M7. Problem Organisms in Water: Identification 
and Treatment. AWWA. Denver, CO. 

AwwaRF-TZW. 1996. Internal Corrosion of Water Distribution Systems, 2nd ed. AwwaRF/DVGW-
TZW. Denver, CO. 

Bachmann, R.T. Undated. Drinking Water Biofilms – Do They Act as a Heavy Metal Sink? Accessed 
(8/17/2004): www.shef.ac.uk/cpe/pg/bachmann.html. 

Bast, C.B. 1993. Toxicity Summary for Aluminum. Oak Ridge National Laboratory, Department of 
Energy. Oak Ridge, TN. 

Benjamin, M.M.; Reiber, S.; Ferguson, J.F.; Vanderwerff, E.A.; and Miller, M. 1990. Chemistry of 
Corrosion Inhibitors in Potable Water. AwwaRF/AWWA. Denver, CO. 

Benjamin, M.; Sontheimer, H.; and Leroy, P. 1996. Corrosion of Iron and Steel. In: Internal 
Corrosion of Water Distribution Systems. AwwaRF/DVGW-TZW. Denver, CO. 

Block, J.C.; Gauthier, V.; Rosin, C.; Mathieu, L.; Portal, J.M.; Chaix, P.; and Gatel, D. 1996. 
Characterization of the Loose Deposits in Drinking Water Distribution Systems. In 
Proceedings: AWWA Water Quality Technology Conference. Denver, CO. 

Borges, T.; and Daugherty, M.L. 1994. Toxicity Summary for Thallium. Oak Ridge National 
Laboratory, Department of Energy. Oak Ridge, TN. 

Boyd, G.B.; Pierson, G.L.; Kirmeyer, G.J.; and English R. 2008. Lead Variability in Seattle Public 
Schools. Journal of the American Water Works Association. 100(2):53-64. 

Brandhuber, P.; and Graziano, N. 2005. Arsenic Occurrence and Co-Occurrence and Its Implications 
for the Evaluation of Arsenic Treatment Technologies.  In Proceedings: AWWA Annual 
Conference and Exposition. San Francisco, CA. 

Bremer, P.J.; Webster, B.J; and Wells, D.B. 2001. Biocorrosion of Copper in Potable Water. Journal 
of the American Water Works Association. 93(8):83-91. 

Britton, M.D.; Hill, A.S.; and Kirmeyer, G.J. 2003. Arsenic Treatment Technology Evaluation 
Handbook for Small Systems. USEPA 68-C-99-245. USEPA, Office of Water. Cincinnati, 
OH. 

Bruce, R.; and Odin, M. 2001. Beryllium and Beryllium Compounds. World Health Organization, 
Geneva. Accessed (2/28/2006): www.inchem.org/documents/cicads/cicads/cicad32.htm. 

Campbell, H.S.; and Turner, M. 1983. The Influence of Trace Organics on Scale Formation and 
Corrosion. Journal of the Institute of Water Engineers and Scientists. 37(1):55. 

Carrière, A.,; Barbeau, B.; Gauthier, V.; Morisette, C.; Millette, R.; and Lalumière. 2002. 
Unidirectional Flushing: Loose Deposits Characterization in the Test Zones of Four 
Canadian Distribution Systems. In Proceedings: AWWA Water Quality Technology 
Conference. Denver, CO: AWWA. 

Chen, H.W.; Davis, C.C.; and Edwards, M. 2005. Understanding Arsenate Removal by Sorption in 
the Presence of Silica. Aqua. 54:339-348. 

Choudhury, H.; and Cary, R. 2001. Barium and Barium Compounds.  World Health Organization, 
Geneva. Accessed (2/28/2006): www. inchem.org/documents/cicads/cicads/cicad33.htm. 

Clement, J.A.; Daly, W.J.; Shorney, H.J.; and Capuzzi, A.J. 1998. An Innovative Approach to 
Understanding and Improving Distribution System Water Quality. In Proceedings: AWWA 
Water Quality Technology Conference. San Diego, CA. 

Clement, B.; and Carlson, G. 2004. Contaminant Accumulation in the Distribution System: Case 
Histories. In Proceedings: AWWA Inorganic Contaminants Workshop. Reno, NV. 

Copeland, R.C.; Lytle, D.A.; and Dionysiou, D.D. 2007. Desorption of Arsenic from Drinking Water 
Distribution System Solids. Environ. Monit. Assess. 127(1-3):523-535. 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 References |  225 

Cothern, C.R.; and Lappenbusch, W.L. 1983. Occurrence of Uranium in Drinking Water in the U.S. 
Health Phys. 45:89-100. 

Daugherty, M. 1992a. Toxicity Summary for Beryllium. Oak Ridge National Laboratory, Department 
of Energy. Oak Ridge, TN. 

Daugherty, M. 1992b. Toxicity Summary for Chromium. Oak Ridge National Laboratory, 
Department of Energy. Oak Ridge, TN. 

Davidson, K.A. 1994. Toxicity Summary for Lead (Inorganic). Oak Ridge Laboratory, Department 
of Energy. Oak Ridge, TN. 

Davis, C.C.; Knocke, W.; and Edwards, M. 2001. Implications of Aqueous Silica Sorption to Iron 
Hydroxide: Mobilization of Iron Colloids and Interference with Sorption of Arsenate and 
Humic Substances. Environ. Sci. Technol. 35(15):3158-3162. 

Davis, C.C.; Chen, H.W.; and Edwards, M. 2002. Modeling Silica Sorption to Iron Hydroxide. 
Environ. Sci. Technol. 36(4):582-587. 

Davis, J.; Simon, M.; Bhattarai, R.; and Gallovich, J. 2003. A Case Study: Direct Membrane 
Filtration for a Surface Reservoir of Highly Variable Water Quality. In Proceedings: AWWA 
Membrane Technology Conference Proceedings. Denver, CO. 

Davis, J.E.; Chen, H.W.; and Edwards, M. 2005. Partitioning of Soluble Arsenate to Iron, Zinc, and 
Copper Solids: Implications for Monitoring and Human Exposure. Manuscript submitted to 
Environ. Sci. Technol. 

Delanoue, A.; Holt, D.; Woodward, C.; McMath, S.; and Smith, S. 1997. Effect of Pipe Materials on 
Biofilm Growth and Deposit Formation in Water Distribution Systems. In Proceedings: 
AWWA Water Quality Technology Conference. Denver, CO. 

De Putter, T.; André L.; Bernard A.; Dupuis C.; Jedwab J.; Nicaise D.; and Perruchot A. 2002. Trace 
Element (Th, U, Pb, REE) Behavior in a Cryptokarstic Halloysite and Kaolinite Deposit from 
Southern Belgium: Importance of “Accessory” Mineral Formation for Radioactive Pollutant 
Trapping. App. Geochem. 17(10):1313. 

DeRosa, S. 1993. Loose Deposits in Water Mains. Report No. DoE 3118-/2, WRc plc, Swindon. 
Dodge, D.J.; Francis, A.J.; Gillow, J.B.; Halada, G.P.; and Clayton, C.R. 2002. Association of 

Uranium with Iron Oxides Typically Formed on Corroding Steel Surfaces. Environ. Sci. 
Technol. 36:3504. 

Dong, D.; Derry, L.A.; and Lion, L.W. 2003. Pb Scavenging from a Freshwater Lake by Mn Oxides 
in Heterogeneous Surface Coating Materials. Water Res. 37(7):1662. 

Drever, J.I. 1997. The Geochemistry of Natural Waters: Surface and Groundwater Environments. 
Prentice-Hall. New Jersey. 

Duff, M.C.; Coughlin, J.U.; and Hunter, D.B. 2002. Uranium Co-Precipitation with Iron Oxide 
Minerals. Geochimica et Cosmochimica Acta. 66(20):3533. 

Dzombak, D.A.; and Morel, F.M.M. 1990. Surface Complexation Modeling of Hydrous Ferric 
Oxide. John Wiley and Sons. New York, NY. 

Edwards M.; Schock, M.R.; and Meyer, T.E. 1996. Alkalinity, pH, and Copper Corrosion By-
Product Release. Journal of the American Water Works Association. 88(3):81-94. 

Edwards, M.; and Sprague, N. 2001. Organic Matter and Copper Corrosion By-Product Release: A 
Mechanistic Study. Corrosion Science. 43(1):1-18. 

Faust, R.A. 1992a. Toxicity Summary for Copper. Oak Ridge National Laboratory, Department of 
Energy. Oak Ridge, TN. 

Faust, R.A. 1992b. Toxicity Summary for Silver.  Oak Ridge National Laboratory, Department of 
Energy. Oak Ridge, TN. 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 226 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

Faust, R.A. 1994. Toxicity Summary for Cyanide. Oak Ridge National Laboratory, Department of 
Energy. Oak Ridge, TN. 

Fenneman, N.M. 1931. Physiography of Western United States. McGraw-Hill, New York, p. 534. 
Ferguson, J.L.; von Franqué, O.; and Schock, M.R. 1996. Corrosion of Copper in Potable Water 

Systems. In: Internal Corrosion of Water Distribution Systems. AwwaRF/DVGW-TZW. 
Denver, CO. 

Field, W.R.; Fisher, E.L.; Valentine, R.; and Kross B.C. 1995. Radium-Bearing Pipe Scale Deposits:   
Implications for National Waterborne Radon Sampling Methods. American Journal of Public 
Health. 85(4):567. 

Flemming, H.C. 1995. Sorption Sites in Biofilms. Water Science and Technology. 32(8):27. 
Accessed (8/17/2004): www.iwaponline.com/wst/03208/wst032080027.htm. 

Focazio, M.; Welch, A.; Watkins, S.; Helsel, D.; and Horn, M. 2000. A Retrospective Analysis on 
the Occurrence of Arsenic in Groundwater Resources of the United States and Limitations in 
Drinking-Water-Supply Characterizations. USGS Water Resources Investigations Report 99-
4279. Reston, VA. 

Focazio, M.; Szabo, Z.; Kraemer, T.; Mullin, A.; Barringer, T.; and DePaul, V. 2001. Occurrence of 
Selected Radionuclides in Ground Water Used for Drinking Water in the United States: A 
Reconnaissance Survey, 1998. USGS Water Resources Investigations Report 00-4273. 
Reston, VA. 

Francis, A.; and Forsyth, C.S. 1995. Toxicity Summary for Barium. Oak Ridge National Laboratory, 
Department of Energy. Oak Ridge, TN. 

Francis, A. 1995. Toxicity Summary for Nitrite/Nitrate. Oak Ridge National Laboratory, Department 
of Energy. Oak Ridge, TN. 

Frau, F.; Biddau, R.; and Fanfani, L. 2008. Effect of Major Anions on Arsenate Desorption from 
Ferrihydrite-Bearing Natural Samples. App. Geochem. 23:1451-1466. 

Friedman, M.J.; Hill, A.S.; Martel, K.D.; Holt, D.; Smith, S.; Ta, T.; Sherwin, C.; Hiltebrand, D.; 
Pommerenk, P.; Hinedi, Z.; and Camper, A. 2003. Establishing Site-Specific Flushing 
Velocities. AwwaRF. Denver, CO. 

Frey, M.; and Edwards, M. 1997. Surveying Arsenic Occurrence. Journal of the American Water 
Works Association, 89:105-117. 

Frey, M.; Seidel, C.; Edwards, M.; Parks, J.; and McNeill, L. 2004. Occurrence Survey of Boron and 
Hexavalent Chromium. AwwaRF. Denver, CO. 

Fuller C. C.; Bargar J. R.; Davis J. A.; and Piana M. J. 2002. Mechanisms of uranium interactions 
with hydroxyapatite: implications for ground water remediation. Environ. Sci. Technol. 36: 
158-165.  

Gauglitz, R., Holterdorf, M.; Franke, W.; and Merx, G. 1992. Immobilization of Heavy Metals by 
Hydroxylapatite. Radiochimica Acta. 58(59): 253-257.  

Geckeis, H.; Manh, T.N.; Bouby, M.; and Kim, J.I. 2003. Aquatic Colloids Relevant to Radionuclide 
Migration: Characterization by Size Fractionation and ICP-mass Spectrometric Detection. 
Colloids and Surfaces: Physicochemical and Engineering Aspects. In Press. 

Geelhoed, J.S.; Hiemstra, T.; and van Riemsdijk, W.H. 1997. Phosphate and Sulfate Adsorption on 
Goethite: Single Anion and Competitive Adsorption. Geochimica et Cosmochimica Acta. 
61(12):2389. 

Gessner, B.; Beller, M.; Middaugh, J.; and Whitford, G. 1994. Acute Fluoride Poisoning From a 
Public Water System.  New England Journal of Medicine. 330:95-99.   

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 References |  227 

Gilkeson, R.H.; and Cowart, J.B. 1987. Radium, Radon, and Uranium Isotopes in Groundwater from 
Cambrian-Ordovician Sandstone Aquifers in Illinois.  In: Graves, Barbara, editor, Radon in 
Groundwater–Hydrogeologic Impact and Indoor Air Contamination. Lewis Publishers Inc. 
Chelsea, MI. 

Grayman, W.M.; Rossman, L.A; and Geldreich, E.E. 2000. Chapter 9 in: Water Distribution Systems 
Handbook. McGraw-Hill, New York, NY. 

Gunderson, L.C.S. 1991. Radon in Sheared Igneous and Metamorphic Rocks. In: Gunderson, L.C.S. 
and Wanty, R.B., editors, Field Studies of Radon in Rocks, Soils, and Water: USGS Bulletin 
1971, pp. 39-50. Accessed (2/24/2006): energy.cr.usgs.gov/radon/shear1.html. 

Guo, Q.; Toomuluri, P.; and Eckert, J. 1998. Leachability of Regulated Metals from Cement-Mortar 
Linings. Journal of the American Water Works Association. 90(3):62-73. 

Hangjangsit, L.; Beech, I.; Edyvean, R.; and Hammond, C. 1994. Biofilm Development on Stainless 
Steel in a Potable Water System. European Federation of Corrosion. 15:323-327.   

Hess, C.T.; Michel, J.; Horton, T.R.; Prichard, H.M.; and Coniglio, W.A. 1985. The Occurrence of 
Radioactivity in Public Water Supplies in the United States. Health Physics. 48(5):553-586. 

Hill, A.S. 2004. Arsenic Pilot Testing in Sacramento County. In Proceedings: AWWA California-
Nevada Section Fall Conference. Sacramento, CA. 

Hoch, A.R.; Reddy, M.; and Aiken, G. 2000. Calcite crystal growth inhibition by humic substances 
with emphasis on hydrophobic acids from the Florida Everglades. Geochimica et 
Cosmochimica Acta. 64(1):61-72. 

IPCS. 1990. Barium. World Health Organization International Programme on Chemical Safety 
(Environmental Health Criteria 107). Geneva, Switzerland. 

Jackson, J.R.; and Valentine, R.L. 1995. The Effect of Corrosion Control Strategies on Radium 
Accumulation and Radon Release from Model Distribution System Deposits. In 
Proceedings: AWWA Annual Conference and Exhibition. Anaheim, CA. 

Kay, R. 1999. Radium in Groundwater from Public Water Supplies in Northern Illinois. USGS Fact 
Sheet 137-99. 

Kazantzis, G. 1987. Cadmium. In: Lawrence Fishbein, Arthur Furst, and Myron A. Mehlman, eds., 
Genotoxic and Carcinogenic Metals: Environmental and Occupational Occurrence and 
Exposure. Advances in Modern Environmental Toxicology, vol. 11. Princeton Scientific 
Publishing Co. Princeton, N.J. 

King, P.T.; Michel, J.; and Moore, W.S. 1982. Groundwater Chemistry of Ra-228, Ra-226, and Rn-
222. Geochimica et Cosmochimica Acta. 46:1173-1182. 

Kirmeyer, G.J.; Friedman, M.J.; Clement, J.; Sandvig, A.; Noran, P.F.; Martel, K.D., Smith, D.; 
LeChevallier, M.; Volk, C.; Antoun, E.; Hiltebrand, D.; Dyksen, J.; and Cushing, R. 2000a. 
Guidance Manual for Maintaining Distribution System Water Quality. Publication 90798, 
AwwaRF/AWWA. Denver, CO. 

Kirmeyer, G.J.; Pierson, G.; Clement, J.; Sandvig, A.; Snoeyink, V.; Kriven, W.; and Camper, A. 
2000b. Distribution System Water Quality Changes Following Corrosion Control Strategies.  
Publication 90764. AwwaRF/AWWA. Denver, CO. 

Koch, G.S. 1988.  A Geochemical Atlas of Georgia. Georgia Geologic Survey. Geologic Atlas 3:44. 
Korshin, G.V.; Ferguson, J.F.; and Perry, S. 1996. Influence of Natural Organic Matter on Corrosion 

of Copper in Potable Waters. Journal of the American Water Works Association. 88(7):36-
47. 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 228 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

Korshin, G.V.; Ferguson, J.F.; Lancaster, A.; and Hao Wu. 1999. Corrosion and Metal Release from 
Lead-Containing Materials: Influence of Natural Organic Matter and Corrosion Mitigation.  
AwwaRF. Denver, CO. 

Korshin, G.V.; Ferguson, J.F.; and Lancaster, A. 2000. Influence of Natural Organic Matter on the 
Corrosion of Leaded Brass in Potable Water. Corrosion Science. 42(1):53-66. 

Kreller, D.I.; Gibson.; Novak W.; vanLoon G.W.; and Horton J.H. 2003. Competitive Adsorption of 
Phosphate and Carboxylate with Natural Organic Matter on Hydrous Iron Oxides as 
Investigated by Chemical Force Microscopy. Colloids Surf., Physicochem. Engrg. Aspects. 
212:2-3:249. 

Landmeyer, J.E.; and Reuber E.J. Undated. Reconnaissance Investigation of the Uranium-Series 
Radionuclide Radon-222 in Drinking Water Wells in the South Carolina Piedmont. USGS. 
Accessed (2/24/2006): www. 
appalachianregionscience.usgs.gov/appal/pub/abstract.asp?ID=32. 

Lane, R.W. 1993. Control of Scale and Corrosion in Building Water Systems. McGraw-Hill Book 
Co.. New York, NY. 

LeChevallier, M. W. 1989. Bacterial Regrowth in the Distribution System. AwwaRF. Denver, CO.  
LeChevallier, M. W.; Babcock, T.M.; and Lee, R.G. 1987. Examination and Characterization of 

Distribution System Biofilms. Applied and Environmental Microbiology. 53(12): 2714-2724. 
LeChevallier, M. W.; Welch, N.J.; and Smith, D.B. 1996. Full-Scale Studies of Factors Related to 

Coliform Regrowth in Drinking Water. Applied and Environmental Microbiology. 
62(7):2201-2211. 

Lee, G.F. 1975. Role of Hydrous Metal Oxides in the Transport of Heavy Metals in the 
Environment. Heavy Metals in the Aquatic Environment: An International Conference. 
Pergamon Press. Oxford. 

Leroy, P.; Schock, M.R.; Wagner, I.; and Holtschulte, H. 1996. Cement-Based Materials. In: Internal 
Corrosion of Water Distribution Systems. AwwaRF/DVGW-TZW. Denver, CO. 

Lin, C.F.; and Benjamin, M.M. 1992. The Effects of Strongly Complexing Ligands on the 
Adsorptive Partitioning of Metal-ions. Water Res. 26(4):397. 

Longtin, J.P. 1988.  Occurrence of Radon, Radium, and Uranium in Groundwater. Journal of the 
American Water Works Association. 80:84-93. 

Lytle, D.A.; and Snoeyink, V. 2002. Effect of Ortho- and Polyphosphates on the Properties of Iron 
Particles and Suspensions.  Journal of the American Water Works Association. 94(10):87-99. 

Lytle, D.A.; Sorg, T.J.; and Frietch, C. 2002. The Significance of Arsenic-Bound Solids in Drinking 
Water Distribution Systems.  In Proceedings: AWWA Water Quality Technology 
Conference. Seattle, WA.   

Lytle, D.A.; Sorg, T.J; Frietch, C. 2004. Accumulation of Arsenic in Drinking Water Distribution 
Systems. Environ. Sci. Technol. 38(20):5365-5372. 

Lytle, D.A.; and Schock, M.R. 2005. The formation of Pb(IV) Oxides in Chlorinated Water. Journal 
of the American Water Works Association. 97(11):102-114. 

Manning, B.A.; and Goldberg, S. 1996a. Modeling Arsenate Competitive Adsorption on Kaolinite, 
Montmorillonite, and Illite. Clays Clay Miner. 44(5):609. 

Manning, B.A.; and Goldberg, S. 1996b. Modeling Competitive Adsorption of Arsenate with 
Phosphate and Molybdate on Oxide Minerals. Soil Science Society of America Journal. 
60:121. 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 References |  229 

McMath, S. M.; Delanoue, A.; Holt, D.M.; Maier, S.; and Woodward, C.A. 1997. ‘Clumps’ Shed 
From Pipe Walls in Water Distribution Systems. In Proceedings: AWWA Water Quality 
Technology Conference. Denver, CO. 

McNeill, L.S.; and Edwards, M. 1997. Predicting Arsenate Removal During Metal Hydroxide 
Precipitation. Journal of the American Water Works Association. 89(1):75-86. 

Munk, L.; and Faure, G. 2004. Effects of pH Fluctuations on Potentially Toxic Metals in the Water 
and Sediment of the Dillon Reservoir, Summit County, Colorado. Appl. Geochem. (19)1065-
1074. 

Nelson, Y.M.; Lo W.; Lion L.W.; Shuler M.L.; and Ghiorse W.C.. 1995. Lead Distribution in a 
Simulated Aquatic Environment: Effects of Bacterial Biofilms and Iron Oxide. Water Res. 
29(8):1934. 

Nielsen, K.; and Andersen, A. 2001. Metal Release from Domestic Water Installations. In: 5th 
International Congress. CEOCOR. Biarritz, France. 

OEHHA. 2001. Public Health Goal for Uranium in Drinking Water. Office of Environmental Health 
Hazard Assessment, California Environmental Protection Agency. Sacramento, CA. 
Accessed (2/27/2006): oehha.org/water/phg/pdf/uranium801.pdf. 

O’Loughlin, E.J.; Kelly, S.D.; Cook, R.E.; Csencsits, R.; Kemner, K.M. 2003. Reduction of 
uranium(VI) by mixed iron(II)/iron(III) hydroxide (Green Rust): Formation of UO2 
nanoparticles. Environ. Sci. Technol. 37(4):721-727. 

Opresko, D.M. 1991. Toxicity Summary for Vanadium and Vanadium Compounds. Oak Ridge 
National Laboratory, Department of Energy. Oak Ridge, TN. 

Opresko, D.M. 1992a. Toxicity Summary for Inorganic Arsenic. Oak Ridge National Laboratory, 
Department of Energy. Oak Ridge, TN. 

Opresko, D.M. 1992b. Toxicity Summary for Zinc and Zinc Compounds. Oak Ridge National 
Laboratory, Department of Energy. Oak Ridge, TN. 

Opresko, D.M. 1993. Toxicity Summary for Selenium and Selenium Compounds. Oak Ridge National 
Laboratory, Department of Energy. Oak Ridge, TN. 

Ouvrard, S.; Simmonnot, M.O.; and Sardin, M. 2002. Reactive Behavior of Natural Manganese 
Oxides Towards the Adsorption of Phosphate and Arsenate. Ind. Engrg. Chem. Res. 41 
(11):2785. 

Painter, S; Cvetkovic V.; Pickett D.; and Turner D.R. 2002. Significance of Kinetics for Sorption on 
Inorganic Colloids: Modeling and Experiment Interpretation Issues. Environ. Sci. Technol. 
36(24):5369. 

Parker, S.P. 1984. McGraw-Hill Dictionary of Science and Engineering. McGraw-Hill Book Co. 
New York, NY. 

Parsa, B. 1998. Contribution of Short-Lived Radionuclides to Alpha-Particle Radioactivity in 
Drinking Water and Their Impact on the Safe Drinking Water Act Regulations. Radioactivity 
and Radiochemistry. 9(4):41-50. 

Percival, S.; Beech, I.; Knapp, B.; Edyvean, R.G.; and Wales, D.S. 1997. Biofilm Development on 
Stainless Steel 304 and 316 in a Potable Water System.  Journal CIWEM. 11:289-294.   

Phillips, J.D.; Duval, J.S.; and Ambrosiak, R.A. 1993. National Geophysical Data Grids: Gamma-
Ray, Magnetic, and Topographic Data for the Conterminous United States. USGS Digital 
Data Series DDS-9. Accessed (2/27/2006): energy.cr.usgs.gov/radon/DDS-9.html. 

Price, P.N.; Nero, A.; Revzan, K.; Apte, M.; Gelman, A.; and Boscardin, W.J. Undated. Lawrence 
Berkeley National Laboratory High-Radon Project Home Page. Accessed (2/24/2006): 
eande.lbl.gov/IEP/high-radon/hr.html. 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 230 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

Reiber, S.; Poulsom, S.; Perry, S.; Edwards, M.; Patel, S.; and Dodril, D. 1997a. A General 
Framework for Corrosion Control Based on Utility Experience. Publication No. 90712A, 
AwwaRF/AWWA. Denver, CO. 

Reiber, S.; Dostal, G.; Onnen, L.; McCafferty, J.; Sund, W.; and Andreasen, L. 1997b. Groundwater 
Disinfection and Arsenic Concentration in the Fremont Distribution System. HDR 
Engineering Inc. 

Reiber, S.; and Dostal, G. 2000. Well Water Disinfection Sparks Surprises. Opflow. 26(3). 
Reiber, S.; and Giani, R. 2005. The National Implications of the DC Lead Experience. In 

Proceedings: WEF Technical Exhibition and Conference. Washington, D.C. 
Scanlan, L. 2002. Corrosion Investigation: Park City Municipal Water System. Utah Department of 

Health. Salt Lake City, UT. 
Scanlan, L. 2003. Distribution System Water Quality Changes: A Challenge. In Proceedings:  

AWWA Annual Conference and Exposition. Anaheim, CA. 
Schock, M.R. 1999. Internal Corrosion and Deposition Control. In Water Quality and Treatment: A 

Handbook for Community Water Supplies, 5th ed. McGraw-Hill, Inc. New York, NY.  
Schock, M.R. 2005. Distribution Systems and Reservoirs and Reactors for Inorganic Contaminants 

(Chapter 6). In: Distribution System Water Quality Challenges in the 21st Century. AWWA. 
Denver, CO. 

Schock, M.R.; Lytle, D.A.; and Clement, J.A. 1995. Effect of pH, DIC, Orthophosphate, and Sulfate 
on Drinking Water Cuprosolvency. USEPA 600-R-95-085. USEPA, Office of Research and 
Development. Washington, D.C. 

Schock. M.R.; Wagner, I.; and Oliphant, R. 1996. The Corrosion and Solubility of Lead in Drinking 
Water. In: Internal Corrosion of Water Distribution Systems. AwwaRF/DVGW-TZW. 
Denver, CO. 

Schock, M.R.; and Holm, T.R. 2003. Are We Monitoring in the Right Places for Inorganics and 
Radionuclides? Jour. NEWAA. 117(2):102. 

Schock, M.R. 2004. Distribution Systems as Contamination Reservoirs: Is a New Paradigm Needed 
for Treatment and Monitoring? In Proceedings: AWWA Inorganics Contaminants 
Workshop. Reno, NV. 

Schock, M.R.; Hyland, R.; and Welch, M. 2008. Occurrence of Contaminant Accumulation in Lead 
Pipe Scales from Domestic Drinking Water Distribution Systems. Environ. Sci. Technol. 
42(12). 

Schumann, R.R. 1993. Geologic Radon Potential of the Glaciated Upper Midwest. In Proceedings: 
The 1992 International Symposium on Radon and Radon Reduction Technology. USEPA 
600/R-93/083b. Accessed (2/24/2006): energy.cr.usgs.gov/radon/midwest1.html. 

Senior, L.A.; and Vogel, K.L. 1995. Radium and Radon in Groundwater in the Chickies Quartzite, 
Southeastern Pennsylvania.  United States Geological Survey Water Resources Investigation 
Reports 92-4088:145. 

Sly, L.; Hodgkinson, M.; and Arunpairojana, V. 1990. Deposition of Manganese in a Drinking Water 
Distribution System. Applied and Environmental Microbiology. 56:628-639. 

Smedley, P.; and Kinniburgh, D. 2002. A Review of the Source, Behaviour, and Distribution of 
Arsenic in Natural Waters. Appl. Geochem. 17: 517-568. 

Snoeyink, V.L; and Wagner, I. 1996. Principles of Corrosion of Water Distribution Systems. In: 
Internal Corrosion in Water Distribution Systems. 2nd ed. AwwaRF/DVGW-TZW. 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 References |  231 

Snoeyink, V.L.; Schock, M.; Sarin, P.; Wang, L.; Chen, A.S.C.; and Harmon, S. 2003. Aluminum-
Containing Scales in Water Distribution Systems: Prevalence and Composition. Journal of 
Water Supply: Research and Technology. 52(7):455. 

Stearns, S. 1993. Radon Formation in Drinking Water Distribution Systems from Radium-
Containing Pipe Deposits. Dept of CEE MS Thesis. University of Iowa. Iowa City, IA. 

Stumm, W.; and Morgan, J.J. 1996. Aquatic Chemistry. John Wiley & Sons, Inc.  
Su, C.; and Suarez, D. 2000. Selenate and Selenite Sorption on Iron Oxides: An Infrared and 

Electrophoretic Study. Soil Science Society of America Journal. 64: 101-111. 
Szabo, Z.; and DePaul, V.T. 1998 Dissolved Radium-226 and Radium-228 in Shallow Groundwater, 

Southern New Jersey. USGS Fact Sheet 062-98. 
Szabo, Z.; DePaul, V.T.; Kraemer, T.F.; and Parsa, B. 2000. Radium-224 in Groundwater and 

Implications for Monitoring. Geological Society America Abstracts with Programs. 32(1):77. 
Umashankar, V. et al. 2002. Simultaneous Separation and Preconcentration of Trace Elements in 

Water Samples by Coprecipitation on Manganese Dioxide Using D-glucose as Reductant for 
KMnO4. Talanta. 57(6):1029. 

United States Geologic Survey. Undated. The Geology of Radon. Accessed (2/24/2006): 
energy.cr.usgs.gov/radon/georadon/3.html. 

USEPA. Undated. Thallium Removal from Mine Waste Waters. Accessed (8/4/2008): 
http://www.epa.gov/hardrockmining/annual/annual2004/tmr/thalliumremoval.htm 

USEPA. 1994. USEPA Cyanide Warning. Accessed (9/30/2004): www.epa.gov/wsg/wsg_79.pdf 
USEPA. 1995. National Primary Drinking Water Regulations – Contaminant Specific Fact Sheets, 

Inorganic Chemicals – Technical Version. USEPA 811-F-95-002-T. USEPA, Office of 
Water. Washington, D.C. 

USEPA. 2002a. Potential Contamination Due to Cross-Connections and Backflow and the 
Associated Health Risks – an Issues Paper. USEPA, Office of Water. Washington, D.C.  
Accessed (8/3/2004): www.epa.gov/safewater/tcr/tcr.html. 

USEPA. 2002b. Health Risks from Microbial Growth and Biofilms in the Distribution System. 
USEPA, Office of Water. Washington, D.C. Accessed (11/30/2004): 
www.epa.gov/safewater/tcr/tcr.html.  Accessed 11/30/2004.   

USEPA. 2003. National Primary Drinking Water Standards and National Secondary Drinking Water 
Standards. USEPA 816-F-03-016. USEPA, Office of Water. Washington DC. 

USEPA. 2004a. Radiation Information, Radium. USEPA. Accessed (8/19/2004): 
www.epa.gov/radiation/radionuclides/radium.htm. 

USEPA. 2004b. Understanding Radiation, Alpha Particles. USEPA. Accessed (8/19/2004): 
www.epa.gov/radiation/understand/alpha.htm. 

USEPA. 2004c. Understanding Radiation, Beta Particles.  USEPA.  Accessed (8/19/2004): 
www.epa.gov/radiation/understand/beta.htm. 

USEPA. 2004d. Drinking Water Health Advisory for Manganese. USEPA-822-R-04-003. USEPA, 
Office of Water. Washington, D.C. 

USEPA. 2006. Inorganic Contaminant Accumulation in Potable Water Distribution Systems. Total 
Coliform Rule Issue Paper. USEPA, Office of Water. Washington, D.C. 

Valentine, R.L.; Spangler, K.M.; and Meyer, J. 1990. Removing Radium by Adding Preformed 
Hydrous Manganese Oxides. Journal of the American Water Works Association. 82:66. 

Valentine, R.L.; and Stearns, S. 1994. Radon Release from Water Distribution System Deposits. 
Environ. Sci. Technol. 28(3):534-537. 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 232 |  Assessment of Inorganics Accumulation in Drinking Water System Scales and Sediments 

Vazquez, F.A.; Heaviside, R.; Tang, Z.; Taylor, J.S. 2006. Effect of Free Chlorine and Chloramines 
on Lead Release in a Distribution System. Journal of the American Water Works 
Association. 98(2):144-154. 

Webster, B.J.; Werner, S.E.; Wells, D.B.; Bremer, P.J. 2000. Microbiologically influenced corrosion 
of copper in potable water systems – pH Effects. Corrosion Science. 56(9):942-950. 

Welch, A.H.; Westjohn, D.B.; Helsel, D.R.; and Wanty, R.B. 2000. Arsenic in Ground Water of the 
United States: Occurrence and Geochemistry. Ground Water. 38(4):589-604. 

White, A.F.; and Peterson, M.L. 1996. Reduction of Aqueous Transition Metal Species on the 
Surfaces of Fe(II)-Containing Solids. Geochimica et Cosmochimica Acta. 60(20):3799. 

Wieland, E.; Tits, J.; and Bradybury, M.H. 2004. The Potential Effect of Cementitious colloids on 
Radionuclide Mobilization in a Repository for Radioactive Waste. Applied Geochemistry. 
19(1):119. 

Young, R.A. 1991. Toxicity Summary for Cadmium. Oak Ridge National Laboratory, Department of 
Energy. Oak Ridge, TN. 

Young, R.A. 1992. Toxicity Summary for Antimony. Oak Ridge National Laboratory, Department of 
Energy. Oak Ridge, TN. 

Young, R.A. 1995. Toxicity Summary for Nickel and Nickel Compounds. Oak Ridge National 
Laboratory, Department of Energy. Oak Ridge, TN. 

Young, R.A. Undated. Toxicity Summary for Mercury. Oak Ridge National Laboratory, Department 
of Energy. Oak Ridge, TN. 

Zapecza, O.S.; and Szabo, Z. 1987. Natural Radioactivity in Groundwater – A Review of U.S. 
Geological Survey National Water Summary 1986. Groundwater Quality: Hydrologic 
Conditions and Events. USGS Water Supply Paper 2325:50-57. 

Zasoski, R.J.; and Burau, R.G. 1988. Sorption and Sorptive Interaction of Cadmium and Zinc on 
Hydrous Manganese Oxide. Soil Science Society of America Journal. 52: 81-87. 

 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



233 

ABBREVIATIONS 
 
 
Ag silver 
Al aluminum 
As arsenic 
AWWA American Water Works Association 
 
Ba barium 
Be beryllium 
Bi bismuth 
 
Ca calcium 
CaCO3 calcium carbonate 
Cd cadmium 
CEE Department of Civil and Environmental Engineering 
CEF conceptual exceedance factor 
CFD computational fluid dynamics 
cft cubic feet 
Cl2 chlorine 
CN- cyanide 
Cr chromium 
CRM Certified Reference Material 
Cu copper 
°C degrees Celsius 
 
D diameter 
DBP disinfection by-product 
DHS Department of Health Services 
DIC dissolved inorganic carbon 
DO dissolved oxygen 
 
EDR electrodialysis reversal 
EDX energy-dispersive X-ray spectroscopy 
EES Environmental Engineering and Science Laboratory 
EPS extracellular polymeric substances 
 
F- fluoride 
Fe iron 
fps feet per second 
ft feet 
°F degrees Fahrenheit 
 
g gram 
GAC granular activated carbon 
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H+ hydrogen ion (proton) 
HAL Health Advisory Level 
HDPE high-density polyethylene 
Hg mercury 
HFO hydrous ferric oxide 
HMO hydrous manganese oxide 
 
ICDD International Center for Diffraction Data 
ICP-MS inductively coupled plasma-mass spectroscopy 
in inch 
IOC inorganic compound 
 
kg kilogram 
KOH potassium hydroxide 
 
L liter 
LCR Lead and Copper Rule 
 
M molar 
mA milliamp 
MCL Maximum Contaminant Level 
MCLG Maximum Contaminant Level Goal 
MDL method detection limit 
min minute 
mg milligram 
μg microgram 
Mg magnesium 
mL milliliter 
μm micron or micrometer 
mM millimolar 
Mn manganese 
MRL method reporting limit 
 
NaCl sodium chloride 
NAOS National Arsenic Occurrence Survey 
Ni nickel 
NIRS National Inorganic and Radionuclide Survey 
NO2

- nitrite 
NO3

- nitrate 
NOAEL No Observed Adverse Effect Level 
NOM natural organic matter 
NPDWRs National Primary Drinking Water Regulations 
NSDWRs National Secondary Drinking Water Regulations 
NSF National Sanitation Foundation 
NTU nephelometric turbidity unit 
 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 Abbreviations |  235 

 

O&M operations and maintenance 
OH- hydroxide ion 
ORP oxidation-reduction potential 
 
P phosphorus 
Pb lead 
pCi picocurie 
pH cologarithm of activity of dissolved hydrogen ion 
pHzpc pH of zero net molecular/surface charge 
pKa acid dissociation constant 
PO4 phosphate 
PVC polyvinyl chloride 
 
QAPP Quality Assurance Project Plan 
QC quality control 
 
R2 correlation coefficient 
Ra radium 
RAA running annual average 
Rn radon 
 
S sulfur 
Sb antimony 
SDWA Safe Drinking Water Act 
SDWIS Safe Drinking Water Information System 
Se selenium 
sec seconds 
SEM scanning electron microscopy 
sft square feet 
Si silicon 
Sn tin 
SOP Standard Operating Procedure 
SRM Standard Reference Material 
 
TC total carbon 
TDS total dissolved solids 
TIC total inorganic carbon 
Tl thallium 
TOC total organic carbon 
TPP tri-polyphosphate 
 
U uranium 
UDF unidirectional flushing 
UHL University of Iowa Hygienic Laboratory 
UIAHA University of Iowa Acid-Hydroxylamine 
USEPA United States Environmental Protection Agency 
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USGS United States Geological Survey 
 
V vanadium 
 
W watts 
wt% percent by weight 
WTP water treatment plant 
 
XAFS X-ray absorption fine structure 
XAS X-ray absorption spectroscopy 
XRD X-ray diffraction 
 
Zn zinc 
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Section 1 
Introduction

1.1 Overview 
This document is intended to serve as a detailed protocol for use by personnel that are 

involved with the field activities for Foundation project #3118. This document provides Standard 
Operating Procedures (SOPs) for sampling, field analysis, data collection, and sample handling. 
These SOPs were developed to meet the specific needs of this project; therefore, to ensure the 
generation of consistent and high-quality data amongst all utility participants, it is important that 
all personnel involved in the field activities read this protocol and adhere to its procedures. 

Prior to performing the field activities, the utility should confirm the selected 
participation approach(es) with the project team. For reference, a description of the field study 
design and the five participation approaches is provided in Section 6. Once the participation 
approach(es) have been defined, the utility should work with the project team to identify the 
distribution system sites where detailed sampling will be performed. Criteria used to assist with 
site selection are provided in Section 7. 

1.2 Organization 
This protocol is organized into the following sections: 

• Section 1 – Introduction 
• Section 2 – Ambient Water Sampling 
• Section 3 – Pipe Specimen Removal 
• Section 4 – Unidirectional Flushing (UDF) and Sampling 
• Section 5 – Conventional Flushing and Sampling 

Each section provides specific field procedures for the indicated task. It is not necessary 
for a utility to read all sections, but rather only those that are relevant to their participation 
approach for a specific site. Table A.1 has been prepared to reference which sections are relevant 
to each participation approach. As shown, Sections 1 and 2 apply to all approaches, and these 
sections should be read first by all utilities. 

Table A.1 
Section Cross-Reference Guide 

Approach Section 1 Section 2 Section 3 Section 4 Section 5 

1
2
3
4
5

A variety of sample matrices could be generated, depending on the participation 
approach(es) applied. Table A.2 provides a summary of the expected matrices for each 
participation approach. These sample types are further discussed in the following sections. 
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Table A.2 Sample Type Summary 
Participation 

Approach 
Ambient 
Water 

Background 
Water 

Flushing 
Water 

Pipe 
Specimen 

Particle
Capture

1
2
3
4
5    

Section 2 
Ambient Water Sampling 

2.1 Overview 
Ambient water sampling will be performed to capture a “snapshot” of the water quality 

conditions at each site. The effort will include field analysis of conventional water quality 
parameters as well as the collection of samples for shipping and offsite analysis by the project 
team. The sampling should be performed by someone familiar with water quality and sampling 
(i.e., the utility personnel that collects water quality samples for regulatory compliance purposes). 

Ambient water sampling will be required for all participation approaches. However, the 
timing of the sampling will vary as follows:  

• If the site approach involves planned UDF or conventional flushing (Approach 1, 4, 
or 5), or planned extraction of a section of pipe (Approach 2), the water sampling 
should be performed prior to the flushing or extraction event.

• If the site approach involves an unplanned pipe removal (e.g., Approach 2, but in 
response to a main break), the water sampling should be performed after the release-
to-service flushing has been performed. 

• If the site approach involves collection of a boneyard pipe specimen (Approach 3), 
the water sampling should be performed at the earliest convenience. 

Whenever possible, the sample location should be a dedicated sample stand or hose bib 
located as near the selected site as possible. If any aerating device is present on the tap, it should 
be removed for this effort. A several-foot length of small-diameter (e.g., ½ to ¾-inch) plastic 
tubing should be secured to the sample tap. This will help to provide quiescent sampling 
conditions and reduce the chance of off-gassing of volatile parameters such as carbon dioxide 
and radon. Prior to collecting actual samples, the sample tap should be allowed to run for at least 
two minutes to ensure that a true sample of distribution system water will be obtained and all air 
bubbles should be dislodged from the tubing. The flow rate of the sample stream should be low, 
on the order of 500 mL/min. The stream should be allowed to flow continuously at a steady rate 
until all sampling is completed. 
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2.2 Sampling for Field Analysis 
Water samples should be collected for field analysis of the following parameters: 
 

• pH 
• Alkalinity 
• Temperature  
• Oxidation-reduction potential 
• Disinfectant residual 
• Turbidity 
 

If a utility does not have the necessary instruments to perform these analyses, they should 
consult the project team ahead of time for additional instruction. The project team may be able to 
loan equipment for this purpose. If the utility does not have the ability to measure alkalinity 
using a titration kit, they can instead collect a one-liter sample as described in Section 2.3.  

The water samples for pH, temperature, and oxidation-reduction potential should be 
collected under continuous flow conditions using a plastic bucket/container. The measuring 
probe should be immersed within the bucket/container and the measurement recorded once the 
reading has stabilized. Samples for disinfectant residual and turbidity should be grab-type using 
glass sample cells provided with the instrument. Samples for alkalinity should involve a grab 
sample collected in a glass beaker.  

Regarding quality control, applicable data quality objectives are provided in Section 8. 
The utilities can follow their own QA/QC protocol assuming it is at least as rigorous as that 
described in Section 8. The utilities should follow manufacturer instructions for instrument 
calibration. 

All measurements should be recorded in a data collection form, which is provided in Section 9. 

2.3 Sampling for Off-Site Analysis 
Following field analyses, the utility should collect additional water samples. These water 

samples will be analyzed by the project team for trace inorganic contaminants, radionuclides, 
and other parameters. Table A.3 provides a summary of the sample container requirements for 
each site. The sample containers will be provided to the utility in advance. They will be pre-
cleaned and “sample ready”. The containers will be provided in a cooler, with along with data 
collection forms. 

 
Table A.3 

Sample Containers for Off-Site Analysis 
Suite Analytes Included Containers Special Requirements 

A Al, As, Ba, Cd, Ca, Cr, Fe, Mg, Mn, 
Ni, P, Pb, Sb, Se, Si, Tl, U, V, Zn Two 1-Liter HDPE None 

B Alkalinity(a) One 1-Liter HDPE None 

C Radium-226 Two 1-Gallon HDPE None 

D Radon Four 40-mL Glass Vials 
with Teflon Septa Headspace-Free 

(a) Alkalinity sample is only necessary if the utility cannot measure this parameter in the field 
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The following special sampling procedures apply for radon since it is a volatile gas. 
These procedures should be applied for all four 40-mL glass vials. 

 

• Allow the sample stream to flow into a bucket. 
• Place the glass sample vial under the water level in the bucket and allow the water 

stream from the tubing to flow into the vial. 
• Cap the vial under the water. 
• Remove the vial, invert, and examine for air bubbles. If any air bubbles are present, 

discard the contents and repeat the sampling. 
 

2.4 Sample and Data Management 
Accurate data recording and management are important quality control elements in this 

study. A data collection form has been developed and provided in Section 9. A new data 
collection form should be completed for each site. 

The following information should be clearly recorded on the data collection form: 
 

• Utility/System Name 
• Site ID 
• Site Approach 
• Sample Type 
• Date (mm/dd/yy) of collection 
• Time (hh:mm) of collection 
• Sampler initials 
 

The ”Site ID” should be unambiguous, i.e., a street name, address, asset ID, sample stand 
number, etc. It should be consistent for all sample types (see Table A.2) collected at a given site. 
The “Site Approach” refers to Approach 1 through 5. For Approach 2, indicate if the pipe 
specimen is from a planned removal or a main break sample. The data collection form should 
indicate all “Sample Types” that have been collected/provided for a specific site. These include: 
ambient water (see Section 2); background water (see Section 4); flushing water (see Section 4); 
pipe specimen (see Section 3); and particle capture (see Section 4 and 5). 

For each sample container, a label should be completed that includes this same 
information, and includes the specific “Sample Type”. 

The utility should make a copy of any forms that it would like to keep for its own 
records. All originals should be placed in a Ziploc bag and included in the cooler along with the 
filled sample bottles.  

The water samples must be shipped per the following timeframes: 
 

• Radon water samples: overnight shipping (must arrive within one day of collection) 
• Other water samples: three-day shipping (must arrive within three days of collection) 
 

The utility can either ship all of the water samples overnight, or ship the radon samples 
overnight and the remaining water samples via two- or three-day delivery. All samples must be 
shipped in coolers, but ice is not necessary. 
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Section 3 
Pipe Specimen Removal 

3.1 Overview 
Pipe specimens may be obtained as part of Approach 1, 2, and/or 3. The requirements 

provided in this section apply regardless of which of these approaches is applied. As used herein, 
the term “specimen” refers to the actual pipe section that will be shipped to the project team, 
whereas the term “segment” refers to an extended length of straight piping from which the 
“specimen” may be obtained by cutting.  

3.2 Specimen Preparation 
The utility should follow its own internal procedures for pipe segment removal. It should 

be noted that careful handling of the pipe segment/specimens is important to minimize physical 
disturbances to the solid scale. If needed, the removed pipe segment should be cut by the utility 
in order to provide a one- to two-foot pipe specimen. During this process, care should be taken to 
avoid loss of any accumulated material from within the specimen. Any large chunks/flakes that 
may be released during the extraction or cutting process should be set within the pipe specimen 
prior to wrapping it for shipping. 

Where possible, the pipe specimens should be located along mid-span of a straight pipe 
segment, far from bends, tees, valves, or other fittings. For straight pipe segments stored in a 
boneyard, a one- to two-foot specimen near mid-span should be obtained. The specimens should 
ideally be anywhere from 2 inches to 12 inches in nominal diameter. For boneyard samples, it is 
desirable, though not required, that the general location of the distribution system from which the 
segment/specimen was collected can be identified (to support additional bulk water quality 
monitoring and sample collection). Where there is a wide range of boneyard samples available, 
in order to save time and expense with shipping, the project team would request to see 
photographs to help select specific segments. 

In preparation for shipping, the ends of each pipe specimen should be securely sealed 
(e.g., clamped or capped) with thick plastic (e.g., visqueen) in order to ensure containment of all 
solids during transit. The external surface of the pipe specimen should also be wrapped with a 
thick plastic. If possible, the top (T) and bottom (B) of the pipe (based on its in situ position) 
should be labeled by clearly marking T and B on the plastic. 

3.3 Sample and Data Management 
Accurate data recording and management are important quality control elements in this 

study. A data collection form has been developed and provided in Section 9. A new data 
collection form should be completed for each site. 

The following information should be clearly recorded on the data collection form: 
 

• Utility/System Name 
• Site ID 
• Site Approach 
• Sample Type 
• Date (mm/dd/yy) of collection 
• Time (hh:mm) of collection 
• Sampler initials  
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The ”Site ID” should be unambiguous, i.e., a street name, address, asset ID, sample stand 
number, etc. It should be consistent for all sample types (see Table A.2) collected at a given site. 
For boneyard pipe specimens, if possible, the utility should attempt to approximate the previous 
location within the system (by neighborhood, pressure zone, or other), or alternatively indicate a 
Site ID of “unknown”. The “Site Approach” refers to Approach 1 through 5. For Approach 2, 
indicate if the pipe specimen is from a planned removal or a main break sample. The data 
collection form should indicate all “Sample Types” that have been collected/provided for a specific 
site. These include: ambient water (see Section 2); background water (see Section 4); flushing 
water (see Section 4); pipe specimen (see Section 3); and particle capture (see Section 4 and 5). 

For each pipe specimen, a label should be completed that includes this same information 
and includes the specific “Sample Type”. The label should be enclosed in a sealed Ziploc bag 
and secured to the appropriate pipe specimen. 

Regarding shipping, the wrapped and labeled pipe specimen(s) should be placed in a 
secure crate or box with bubble wrap or other fill material used as needed to prevent shifting of 
the contents during transit. The utility should make a copy of any forms that it would like to keep 
for its own records. All original forms should be placed in a Ziploc bag and included in the crate 
or box along with the pipe specimens. 

The pipe specimen samples should be shipped as soon as possible, but there are no 
specific holding times as with the water samples. 

Section 4 
Unidirectional Flushing and Sampling 

4.1 Overview 
Unidirectional flushing (UDF) may be performed for Approach 1 (in combination with 

extraction of a pipe specimen) or Approach 4 (as a stand-alone activity). The required flushing-
related activities are the same for both approaches. For either case, these activities described 
herein should be performed after the ambient water sampling, as described in Section 2. 

This section addresses the flushing and water sampling activities for the flushing “steps” 
leading to the selected site. A “step” is simply a defined stretch of pipe to be flushed. The 
selected site is the step for which detailed sampling will be performed. Additionally, a limited 
amount of water sampling will be performed for the background step, which is the step 
immediately prior to the selected site. At least three utility personnel will be needed to complete 
the activities involved with this approach. 

This section is not intended to provide specific valve and hydrant sequencing, water 
disposal, and other logistical considerations. It is assumed that each utility will follow its own 
internal protocol for site setup and UDF. This intended to be a sampling protocol that will 
“piggyback” on the existing flushing protocol. To facilitate water sampling, a small assembly 
with flow control valve should be secured to an available hydrant port. 

In most cases, special hydrant nets will be used for solids capture at the selected site, and 
the protocol described in this section is based on this assumption. However, if the utility and 
project team believe that flush water at a particular site will not contain much in the way of 
particles over 57-micron in size, an alternative approach using timed bulk water sampling may 
be used instead. This will be dealt with on a case-by-case basis.  
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4.2 Background Step 
The primary purpose of sampling during the background step is to characterize water 

quality that will directly feed the selected site. This data will be necessary to determine the 
amount of material that is accumulated in the piping versus that which is introduced in the flow. 

For the background step, the hydrant should be slowly opened to produce a flushing 
velocity of 8.0 feet per second (fps) as measured with a pitot gauge. Bulk water samples for 
immediate onsite turbidity analysis should be collected from the sidestream tap at the onset of 
flushing and at a frequency of once per two minutes. The flushing should be continued until both 
of the following criteria have been met: 

 

• Three consecutive turbidity measurements are within 1 NTU of each other; and  
• At least two pipe volumes have been displaced (the time required for this can be 

calculated based on the length of the main divided by the flushing velocity, e.g., 800 
feet divided by 8 fps equals 100 seconds for one pipe turnover, hence 200 seconds for 
two pipe turnovers) 

 

Before terminating the flush, water samples should be collected in containers using the 
flow from the sidestream assembly. The sampling protocol is the same as that identified in 
Section 2.3, except that only the sample bottles for Suite A and Suite C need to be collected. 
These samples types are “Background Water.” 

4.3 Selected Site 
At the selected site, flush water and deposit samples will be collected under controlled 

and measurable conditions. The most important aspect of this approach is to ensure that the 
hydrant nets do not rupture. Guidelines have been developed with this objective in mind. 

4.3.1 Particle Capture 
Particle capture trials will be performed during flushing by securing a special net 

assembly to the hydrant discharge flow. The net assembly will be provided to the utility in 
advance and will consist of a coarse mesh net (308-micron) housed inside a fine mesh net (57-
micron) housed inside fine-mesh pantyhose. Once loaded with solids, the nets will be sent offsite 
for processing and analysis. Figure A.1 illustrates the use of a hydrant net assembly for capturing 
solids from discharge water. 

 

 
 

Figure A.1  Use of Hydrant Net Assembly for Particle Capture 
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Unlike previous steps in the UDF loop, which could be flushed solely at a velocity of 8 
fps until clean, for the selected site it may be necessary to use several discrete velocity trials in 
sequence leading up to 8 fps. Note that the word “trial” is defined here as separate flushes at a 
selected site, regardless of velocity applied. Each trial will require use a new hydrant net 
assembly. The purpose of this sequential trial approach to collecting accumulated mass is to 
prevent an excessive amount of solids from being loaded onto any one hydrant net assembly. 
Previous experience has shown that when the nets are loaded with too much weight (generally 
more than one pound) or clogged with fine material, they are extremely vulnerable to bursting or 
rupture, with the potential for loss of the captured solids. The use of multiple velocity trials, with 
use of a separate hydrant net assembly for each, will permit the gradual removal of solids and 
help ensure the integrity of the nets.  

Because each site is unique in its degree of solids accumulation, there is no set 
requirement for which velocity trials should be performed, or how long they must last. The 
exception is that the final trial must be at 8 fps and continued until the flush-terminating criteria 
(listed in Section 4.2) have been met. This “path-independent” approach to capturing solids 
provides the highest degree of flexibility to utilities and helps to ensure that the nets do not 
become overloaded with solids. 

Some guidelines for setting target velocities are offered. In general, for most selected 
sites it should be possible to perform the initial flush around 4 fps and then (after a hydrant net 
change-out) flush at 8 fps. However, at selected sites where there is the potential for a “high” 
degree of solids accumulation, it is advised (though not necessary) to flush at three discrete 
velocities, such as at 2 to 3 fps, 4 to 5 fps, and 8 fps, with a net change-out between each trial. 
Specific factors that indicate the potential for a “high” degree of solids accumulation include: 

 

• The selected site is over 500 feet long 
• The selected site is composed of unlined cast iron pipe 
• The selected site has a history of high solids accumulation or discoloration 
• Previous steps in the UDF loop showed a high degree of solids accumulation 
• The selected site has not been flushed unidirectionally at over 6 fps in several years 
 

These are merely intended to serve as planning guidelines. During the course of the 
actual field work, if at any velocity the solids removal/capture is such that the net assembly 
becomes heavily loaded and rupture appears imminent (or may have just occurred), the field 
crew should shut off the hydrant immediately, change-out the net assembly, and start a new trial 
at an appropriate velocity.  

It should be noted that a discrete velocity must be applied for each net assembly. In other 
words, the hydrant discharge rate should not be changed unless it is accompanied by a net 
change-out. Each velocity trial will require shutting off the flow, removing and packaging the 
loaded net assembly (as discussed below), providing a new net assembly, and resuming flow at 
the desired velocity. With regard to setting the next target velocity, if the previous trial indicated 
a high degree of solids discharge (discolored water) right up to the point when flow was 
discontinued and the net assembly was replaced, the field crew should consider using only a 
slightly higher velocity for the ensuing trial. In other words, a net change-out does not 
necessarily require a new velocity or major change in velocity for the next trial. In contrast, if the 
previous trial was generally clear when flow was discontinued, the field crew should consider 
increasing the velocity more substantially for the next trial.  
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For velocity trials below 8 fps, the flush should be stopped at the earlier of when the nets 
appear vulnerable to rupture or once the discharge water is generally clear. Turbidity 
measurements are not needed for these trials. Except in cases when the trial must be concluded 
abruptly to prevent net rupture, the end of each trial should be timed with final bulk water sample 
collection, as discussed below. For the velocity trial at 8 fps, the flush should be continued until 
the flush-terminating criteria (based on turbidity measurements and displacing at least one pipe 
volume) have been met, and hydrant shutoff should be timed with collection of the final bulk 
water sample. 

In summary, the field crew will be given the discretion to determine which velocity trials 
and net change-out intervals are appropriate at a selected site. This should be based on 
observation of net performance, hydrant discharge water quality (color), and accumulated mass 
within a given net assembly. The start and stop times and measured pitot gauge pressure of each 
trial will be noted on the flushing form provided in Section 10. 

In addition to giving each utility the discretion to determine net change-out intervals, 
additional precautions will be taken to minimize the risk of net rupture. One such precaution 
involves proper net maintenance. During a flush, fine material will gradually fill the pore spaces 
of the nets, thus restricting flow. To help maintain open pores and alleviate pressure buildup, the 
field crew will need to continuously “stroke” the net assembly by rubbing the surface of it with 
their hands. Also, the net should be supported at its end and kept off of any rough surfaces (e.g., 
roadway, gravel) to prevent abrasive wear. A plastic tarp or rubber mat can be used for this 
purpose. As a final barrier to protect against solids loss, the twin net assembly will be contained 
within fine-mesh pantyhose, to be provided along with the nets. Because of the expandable 
nature of pantyhose, it will not develop the hydraulic restriction and pressure build-up that the 
nets will, thus helping to prevent its rupture. In the event that the twin nets burst, the pantyhose 
will help retain the solids while the field crew immediately shut off the hydrant.  

As a final note, if the outer net has burst and solids have been lost, the utility should 
immediately contact the project team to discuss the situation and determine the next best 
available option. It may be possible to create another step in the UDF loop and designate it as the 
new selected site. 

Procedures for the handling, preservation, and shipping of the hydrant nets have been 
developed. Once removed from the hydrant, the assembly consisting of twin nets and pantyhose 
should be folded and placed as-is into a large Ziploc plastic bag with seal. Care should be taken to 
ensure there is no loss of solids during folding and bagging. The bag should be sealed and placed 
in a second Ziploc sealed bag for double containment. These samples types are “Particle Capture.” 

4.3.2 Bulk Water Sampling 
To quantify the mass of smaller particles that pass through the hydrant nets, discrete 

time/volume bulk water samples should be collected of water that diffuses through the hydrant 
net assembly. Eventually, these samples will be composited to generate a single sample 
representative of the average quality of the water that diffuses through the net assembly. The 
sampling and compositing effort is complicated somewhat by the fact that multiple velocity trials 
of varying duration will be performed.  

In order for sample compositing to reliably replicate the average quality of the water 
diffusing through the nets, it is necessary to collect bulk water samples at discrete flush volumes. 
For this study, the flush volume between sample collection times will be one-half of the pipe 
volume. Therefore, the time interval between samples is specific to the flushing velocity  
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achieved. Each new velocity trial will require a different timing for sample collection. The 
sample timing will need to be determined once the pitot pressure and actual velocity is 
determined at the start of each new trial.  

 τ = 0.5 (L/v)  

 where τ = time interval between collection of bulk water samples [=]seconds 
  L = length of main [=] feet 
  v = flushing velocity [=] fps 

At the start of each flushing trial, a bulk water sample should be collected immediately 
and every τ seconds thereafter until the trial is concluded. If possible, each trial should be 
concluded with a bulk water sample collection event (i.e., at a multiple of τ). However, as 
discussed earlier, if the net appears likely to rupture (or has just ruptured), then the trial should 
be ended immediately without regard for additional bulk water sample collection. Section 10 has 
been prepared to assist with the data collection phase of the flushing. 

Figure A.2 provides an example of a hypothetical bulk water sample collection profile. In 
this example, three separate flushing trials were performed. The first trial was performed at 4 fps. 
Due to the high solids loading onto the net, the trial was stopped for net change-out. Since the 
solids content of the discharge water was still extremely high at the end of the first 4 fps trial, the 
second trial used the same velocity (and hence the same τ interval between samples). This trial 
produced a substantial improvement in discharge water quality. At its conclusion the hydrant 
nets were changed and a third and final velocity trial was performed at 8 fps and continued until 
the flush-terminating criteria were met. At this higher velocity, the τ interval between samples 
was only half of that from the earlier trials. In total, 15 bulk water samples were collected at this 
hypothetical site, and there was a total turnover of six pipe volumes. 

 

 
Figure A.2:  Example Profile of Bulk Water Sample Collection 
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Regarding the specific location of sample collection, since the water will diffuse from a 
large area across the nets, it is important that the samples be collected from a consistent location 
each time. This location should be just outside of the hydrant net assembly in the approximate 
center of the flow stream. All water samples should be collected in pre-cleaned plastic containers 
and filled with at least one liter of sample volume. As they are collected, the samples should be 
capped and set aside. 

During the velocity trial performed at 8 fps, a hydrant sidestream tap will be opened to 
permit bulk water sampling for onsite turbidity analysis. As with the background step in the UDF 
loop the turbidity results will be used to determine when the 8 fps flush can be terminated. 
Hydrant shutoff should be timed with collection of the final bulk water sample. 

Upon completion of hydrant flushing, the bulk water samples will be composited into a 
single volume and then split to generate samples for offsite analysis. The composite sample will 
be generated in a pre-cleaned 5-gallon bucket. The sample should be generated with equal-
volume aliquots of each of the bulk water samples that were collected for a given selected site. 
The aliquot volume should be roughly calculated as 5 gallons divided by the number of 
individual bulk water samples. Graduated cylinders should be used for measuring off the aliquot 
volume for each sample. Immediately prior to measuring off an aliquot, each sample should be 
capped and mixed via manual shaking.  

The composite sample should be prepared for transfer into analytical sample containers. 
The sampling protocol is the same as that identified in Section 2.3, except that only the sample 
bottles for Suite A and Suite C need to be collected. These samples types are “Flushing Water.” 

4.4 Sample and Data Management 
Accurate data recording and management are important quality control elements in this 

study. A data collection form has been developed and provided in Section 9. A new data 
collection form should be completed for each site. 

The following information should be clearly recorded on the data collection form: 
 

• Utility/System Name 
• Site ID 
• Site Approach 
• Sample Type 
• Date (mm/dd/yy) of collection 
• Time (hh:mm) of collection 
• Sampler initials 
 

The ”Site ID” should be unambiguous, i.e., a street name, address, asset ID, sample stand 
number, etc. It should be consistent for all sample types (see Table A.2) collected at a given site. 
The “Site Approach” refers to Approach 1 through 5. The data collection form should indicate all 
“Sample Types” that have been collected/provided for a specific site. These include: ambient 
water (see Section 2); background water (see Section 4); flushing water (see Section 4); pipe 
specimen (see Section 3); and particle capture (see Section 4 and 5). 

For each sample (water container or Ziploc-bagged net assembly), a label should be 
completed that includes this same information and includes the specific “Sample Type”. For each 
Ziploc-bagged net assembly, also indicate the relevant velocity, i.e., V = 4 fps. 
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The utility should make a copy of any forms that it would like to keep for its own 
records. All originals should be placed in a Ziploc bag and included in the cooler along with the 
filled sample bottles and Ziploc-bagged net assemblies.  

The net assembly samples should be shipped as soon as possible, but there are no specific 
holding times as with the water samples. However, if the hydrant net assembly samples are 
shipped along with the background and flushing water samples, then they should be shipped to 
arrive within three days of collection. All samples should be shipped in a cooler, but use of ice is 
not necessary. 

Section 5 
Conventional Flushing and Sampling 

5.1 Overview 
Conventional flushing would involve the opening of a selected fire hydrants or blowoff 

assemblies without valve sequencing. These activities described herein should be performed after 
the ambient water sampling as described in Section 2. 

This section is not intended to provide guidance on the flushing activities themselves, 
e.g., site setup, equipment requirements, water disposal, etc. It is assumed that each utility will 
follow its own internal protocol for these procedures. This intended to be a sampling protocol 
that will “piggyback” on the existing flushing protocol. 

5.2 Particle Capture 
Particle capture trials will be performed during conventional flushing by securing a 

hydrant net assembly to the hydrant discharge flow. The net assembly will be provided to the 
utility in advance and will consist of a coarse mesh net (308-micron) housed inside a fine mesh 
net (57-micron) housed inside fine-mesh pantyhose.  

With the hydrant net assembly secured, the selected hydrant will be opened to produce a 
high-rate of discharge. A specific velocity target/measurement is not required. During the flush, 
the hydrant nets should be monitored and maintained (as described below) to ensure their 
integrity. Previous experience has shown that when the hydrant nets are loaded with too much 
weight (generally more than one pound) or clogged with fine material, they are extremely 
vulnerable to bursting or rupture, with the potential for loss of the captured solids. During the 
course of the flush, if the net assembly becomes heavily loaded and rupture appears imminent (or 
may have just occurred), the field crew should shut off the hydrant immediately. 

With regard to net maintenance, during a flush, fine material will gradually fill the pore 
spaces of the nets, thus restricting flow. To help maintain open pores and alleviate pressure 
buildup, the field crew will need to continuously “stroke” the net assembly by rubbing the 
surface of it with their hands. Also, the net should be supported at its end and kept off of any 
rough surfaces (e.g., roadway, gravel) to prevent abrasive wear. A plastic tarp or rubber mat can 
be used for this purpose. As a final barrier to protect against solids loss, the twin net assembly 
will be contained within fine-mesh pantyhose, to be provided along with the nets. Because of the 
expandable nature of pantyhose, it will not develop the hydraulic restriction and pressure build-
up that the nets will, thus helping to prevent its rupture. In the event that the twin nets burst, the 
pantyhose will help retain the solids while the field crew immediately shut off the hydrant.  
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Procedures for the handling, preservation, and shipping of the hydrant nets have been 
developed. Once removed from the hydrant, the assembly consisting of twin nets and pantyhose 
should be folded and placed as-is into a large Ziploc plastic bag with seal. Care should be taken to 
ensure there is no loss of solids during folding and bagging. The bag should be sealed and placed 
in a second Ziploc sealed bag for double containment. These sample types are “Particle Capture.” 

5.3 Sample and Data Management 
Accurate data recording and management are important quality control elements in this 

study. A data collection form has been developed and provided in Section 9. A new data 
collection form should be completed for each site. 

The following information should be clearly recorded on the data collection form: 
 

• Utility/System Name 
• Site ID 
• Site Approach 
• Sample Type 
• Date (mm/dd/yy) of collection 
• Time (hh:mm) of collection 
• Sampler initials 
 

The ”Site ID” should be unambiguous, i.e., a street name, address, asset ID, sample stand 
number, etc. It should be consistent for all sample types (see Table A.2) collected at a given site. 
The “Site Approach” refers to Approach 1 through 5. The data collection form should indicate all 
“Sample Types” that have been collected/provided for a specific site. These include: ambient 
water (see Section 2); background water (see Section 4); flushing water (see Section 4); pipe 
specimen (see Section 3); and particle capture (see Section 4 and 5). 

For each Ziploc-bagged net assembly, a label should be completed that includes this same 
information and includes the specific “Sample Type”. 

The utility should make a copy of any forms that it would like to keep for its own 
records. All originals should be placed in a Ziploc bag and included in the cooler along with 
Ziploc-bagged net assemblies.  

The net assembly samples should be shipped as soon as possible, but there are no specific 
holding times as with the water samples. All samples should be shipped in a cooler, but use of 
ice is not necessary. 

Section 6 
Field Study Design and Participation Approaches 

6.1 Background 
The objective of this project is to investigate the accumulation of regulated inorganic 

contaminants and radionuclides in distribution system pipeline scales and sediments. To achieve 
this, the primary task will be to plan and perform distribution system sampling at several utilities 
located throughout the country. Utility participation is needed to meet this objective. 

The field study results will provide much-needed information to the drinking water 
industry on the potential for regulated contaminants to accumulate within the distribution system, 
including identifying factors that may cause and/or influence accumulation, and possible measures 
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that utilities can take to monitor and/or control this phenomenon. In addition, utilities that are 
willing to participate will receive the added benefit of obtaining system-specific information that 
will be summarized in a case study write-up. With regard to the final project report, it should be 
noted that the participating utilities and their corresponding field results will be kept anonymous; 
the systems will be identified only by a generic identifier such as “System A”.  

6.2 Participation Approaches 
The project team has developed a field study design that offers a wide range of utility 

participation levels. This was done primarily to provide a high degree of flexibility to encourage 
participation. It is recognized that different utilities will have varying degrees of resources and interests 
that may affect their ability to participate. It should be noted that participation will generally consist of 
an in-kind labor contribution to assist the project team with the planning and implementation of the 
field activities, though there may be some direct expenses such as pipe specimen shipping costs. All 
off-site analytical costs for both water and solids analysis will be incurred by the project team. Also, all 
sample containers will be provided to the utility in “cooler kits.” 

The five field sampling approaches that may be used for this project are presented and 
discussed below. These approaches vary significantly in a number of regards, including their 
ability to fulfill the specific project objectives and the associated implementation effort. The five 
approaches have been presented in the order of preference to support the specific 
objectives of this study, and therefore utilities are urged to participate at the highest level 
possible. Participation at a higher level will also provide more useful information in the system 
case study write-up. Utilities are also encouraged to participate at multiple levels and/or offer 
several sites for application of a particular approach. Regardless of the approach selected, the 
project team is willing to work with the regular flushing and maintenance schedule used by each 
utility to integrate the sampling tasks. Furthermore, all sampling activities will be described in a 
user-friendly protocol that will be provided in advance. 

6.2.1 Approach 1:  Unidirectional Flushing and Pipe Specimen Extraction 
This approach will involve performing high-velocity unidirectional flushing (UDF) of a 

selected pipe segment followed by the physical extraction of a pipe specimen from the just-
flushed segment, or a nearby segment. During UDF, a special hydrant net assembly would be 
used to capture discharged solids. This approach would also involve a limited amount of bulk 
water monitoring (e.g., pH, Cl2,) and sample collection. Following flushing, the utility would be 
asked to extract a small pipe specimen (roughly one- to two-feet in length) from the just-flushed 
segment, package it, and ship it to the project team for scale analysis. The utility could follow its 
own internal protocol for pipe specimen extraction, with some handling and shipping guidelines 
provided by the project team. 

If a utility does not wish to extract a pipe specimen specifically for this project, the 
project team would request whether a specimen could be obtained as part of an on-going or 
planned water main replacement program. The project team would then evaluate the ability to 
perform UDF on the pipe segment prior to replacement. 

Because of the effort involved in planning a UDF program, this approach will generally 
be considered for utilities that already have an active UDF program in place. However, if a 
particular utility has an interest in developing a UDF program and has a system/site that is of 
particular interest to this research, the project team may be willing to develop a small-scale UDF 
program and flushing loop to support this approach. This would require some additional planning 
effort from the utility as well. 
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Overall, this approach is expected to involve the most in-kind effort (estimated $5,000 in-
kind per “loop” assuming a UDF program already exists). In return, this approach would offer 
the greatest benefit as far as system-specific insight into the amount and mobility of accumulated 
contaminants. To implement the sampling, it would likely require three utility staff during the 
actual field activities. Also, a member of the project team would likely travel to the utility to 
provide assistance with the field activities.  

6.2.2 Approach 2:  Pipe Specimen Extraction 
This approach will involve physical extraction of a pipe specimen (roughly one- to two-

feet in length) from the distribution system, with packaging and shipment to the project team. 
This approach would also involve a limited amount of bulk water monitoring (e.g., pH, Cl2) and 
water sample collection. The utility could follow its own internal protocol for pipe specimen 
extraction, with some handling and shipping guidelines provided by the project team. 

If a utility does not wish to extract a pipe specimen specifically for this project, the 
project team would request whether a specimen could be obtained as part of an on-going or 
planned water main replacement program. Additionally, the project team will accept pipe 
specimens obtained from a main break/replacement (i.e., an unplanned extraction). 

6.2.3 Approach 3:  Boneyard Pipe Specimen 
A boneyard pipe specimen is a segment of pipe that may have been previously removed 

from the distribution system and stored in a utility yard area. These specimens are of interest to 
the project team as long as the internal surface has been reasonably protected from weathering. If 
the pipe segment is long enough, it is probable that a one- to two-foot specimen near mid-span 
could be collected and assumed to have been protected from weathering. It is preferable if the 
utility could identify the general location of the distribution system from which the pipe was 
removed can be identified (to support additional bulk water monitoring and sample collection). 
However, for small, simple systems served by only a few sources, this is not a major issue. The 
utility could follow its own internal protocol for cutting the pipe segment to obtain the one- to 
two-foot specimen, with some handling and shipping guidelines provided by the project team. 

This approach should require minimal utility effort while producing very meaningful results 
to the project. Where many boneyard pipe samples are available, the project team would work with 
the utility to identify a few that appear most interesting (e.g., most accumulated deposits, certain pipe 
material, certain constituents of interest present in finished water). The project team may request to 
see some photographs of several potential samples to assist with selection. 

6.2.4 Approach 4:  Unidirectional Flushing 
This approach will involve performing high-velocity UDF of a selected pipe segment. 

During UDF, a special hydrant net assembly (to be supplied by the project team) would be used 
to capture discharged solids. This approach would also involve some bulk water monitoring 
(e.g., pH, Cl2) and sample collection. 

Because of the effort involved in planning a UDF program, this approach will generally 
be considered for utilities that already have an active UDF program in place. The sampling effort 
would be integrated with the planned UDF program. This approach would likely require three 
utility staff during the actual field activities. If needed, a member of the project team could travel 
to the utility to provide assistance with the field activities. 
  

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 Appendix A:  Field Protocol |  253 

6.2.5 Approach 5:  Conventional Flushing 
This approach will involve performing conventional hydrant flushing and the use of a 

special hydrant net assembly (to be supplied by the project team) to capture the discharged 
solids. This approach would also involve some bulk water monitoring (e.g., pH, Cl2) and 
sample collection.  

For most utilities, it is anticipated that this approach could be implemented relatively 
quickly and with minimal effort; however, relatively speaking, the results will be of limited 
usefulness to this study. 

Section 7 
Site Selection Guidance Criteria 

7.1 Overview 
This section is intended to provide general criteria that have been established to guide the 

selection of specific utility participants and sites for distribution system sampling. For each 
utility, the sample sites will be selected once the participation approach(es) have been confirmed. 

To assist with utility/site identification, it is important to consider finished water quality 
conditions, including the presence of certain contaminants (e.g., radium, uranium, trace inorganic 
metals) and the presence of certain other constituents that may serve as accumulation “sinks” 
(e.g., manganese, iron, phosphates, silicates); pipe characteristics (e.g., pipe type, anticipated 
amount of accumulated deposit/scale material); and system O&M practices (e.g., existence of a 
planned main replacement and/or UDF program, presence of boneyard pipe samples; occurrence 
of main breaks, etc.).  

Utility and site selection will be driven based on:  
 

1. Utility preferences and requirements (e.g., incorporation into a planned main 
replacement or flushing program; collection of pipe specimens from main break 
repairs); and 

2. Criteria established by the project team. From an overall project perspective, the 
general criteria to be used for selecting utilities and sample sites involve: 
− Capturing a diverse range of pipe materials (e.g., unlined cast iron, cement-lined 

iron, ductile iron, asbestos cement, galvanized iron, and plastic pipe). 
− Capturing a diverse range of water qualities and treatment applications (e.g., 

surface and groundwaters, presence/type of disinfectant, presence/amount of 
regulated trace inorganics and/or radionuclides in finished water, presence of 
manganese, silicates, phosphate, etc.). 

− Sites located in areas/pressure zones that are relatively “small and simple”, i.e., 
are served continuously by one or two water supplies (or entry-points). This will 
assist in attempting to correlate a consistent bulk water quality with deposit 
composition. 

 

The following sections provide additional site selection guidance criteria for flushing and 
obtaining pipe specimens. These additional criteria are supplemental to the general criteria 
provided above. 
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7.2 Hydrant Flushing 
For utilities that may implement flushing, site selection guidance criteria and their 

rationale are as follows: 
 

• For implementation of UDF, selected sites must be located in areas/zones that are 
amenable to unidirectional flushing (e.g., looped and grid-type systems), and for 
which the system has a planned UDF loop and protocol. Only in special 
circumstances will the Project Team assist with loop and protocol development (i.e., 
the utility is also willing to extract a pipe specimen from the flushed segment, or if 
the source water quality has desirable characteristics for this project). 

• Areas/zones that have not been recently flushed or cleaned are preferable as they have 
the potential for more accumulated material. 

• Areas of chronic water quality concerns associated with discoloration (e.g., presence 
of iron and/or manganese deposits) are desirable, as this is indicative of mobilizable 
material. 

• Dead-ends or areas/zones with routine low flow conditions are preferable as they have 
the potential for more accumulated material. However, for UDF, the selected area/zone 
should ideally be able to support a high-velocity flush of at least 8 feet per second. 

• For UDF hydrant flushing samples, the selected pipe segment must be between 200 
and 1,000 feet in length and have a nominal diameter of 4 to 12 inches. 

 

7.3 Pipe Specimens 
For utilities that may extract pipe specimens, obtain pipe specimens from main repairs, or 

provide boneyard pipe samples, site selection guidance criteria and rationale are as follows: 
 

• Areas/zones that have not been recently flushed or cleaned are preferable as they have 
the potential for more accumulated material. 

• For boneyard samples, specimens that contain higher levels of accumulated 
deposits/scale. 

• Pipe specimens must be between one- to two-feet in length with a diameter 
(excluding diameter reduction due to scale buildup) no less than two inches. There is 
no upper limit on diameter, though it is anticipated that specimens over 12 inches will 
not be provided due to high shipping costs. If necessary, the utility can cut longer 
pipe segments to obtain the specimen. 

• Pipe specimens should ideally be located along mid-span of a straight pipe segment, 
far from bends, tees, valves, or other fittings. For straight pipe segments stored in a 
boneyard, a one to two-foot specimen near mid-span should be obtained. 

• For boneyard samples, it is necessary that the internal surface have been protected 
from rain and weathering. Collection of a one- to two-foot specimen near mid-span of 
a segment should help ensure this condition. 

• For boneyard samples, it is desirable, though not required, that the general location of 
the distribution system from which the segment/specimen was collected can be 
identified (to support additional bulk water quality monitoring and sample collection). 

 

Where there is a wide range of boneyard samples available, in order to save time and expense 
with shipping, the project team may request to see photographs to help select specific segments.
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Section 8 
Quality Control Objectives 

8.1 Field Analysis 
Field analysis will be performed for the following parameters: 
 

• pH 
• Alkalinity 
• Temperature  
• Oxidation-reduction potential 
• Disinfectant residual 
• Turbidity 
 

Measurement techniques, equipment calibration, and other requirements relevant to these 
analyses are discussed below. 

8.2 pH/Temperature 
Field analysis for pH should be performed per Standard Method 4500-H+ B. The 

instrument should be an IQ150 pH/mV/T multimeter or equivalent, and make use of either an Ion 
Selective Field Effect Transistor (ISFET) or traditional glass combination probe. The instrument 
should have automatic temperature compensating capability. The instrument should be two-point 
calibrated once per day of use according to manufacturer instructions. The calibration will use 
NIST pH standards that bracket the anticipated water pH and are separated by no more than 3.0 
pH units (e.g., 7.0-10.0 or 7.0-4.0). The accuracy of the instrument should be checked by 
measurement of an external standard. If the accuracy is not within 0.1 pH units, the probe should 
be cleaned and recalibrated using an independent external standard. Accuracy check will be 
performed once per day of use, following calibration. The instrument should be tested, inspected, 
and maintained per manufacturer requirements. A logbook of these activities should be kept with 
the instrument and be available for review. Regarding sampling, the measurement should be read 
upon stabilization and after at least 60 seconds. The temperature should be measured and 
recorded concurrently.  

8.3 Alkalinity 
Field analysis for alkalinity should be performed per Standard Method 2320. The 

instrument should be a Hach® Digital Titrator or equivalent. Particular attention should be given 
to the pH titration endpoint, as described in Standard Methods Table 2320:I. The sample volume, 
acid-cartridge strength, and other sampling instructions as described in the manual provided with 
the equipment should be adhered to. The equipment should be tested, inspected, and maintained 
per manufacturer requirements. A logbook of these activities should be kept with the instrument 
and be available for review. 

8.4 Oxidation-Reduction Potential 
Field analysis for oxidation-reduction potential (ORP) should be performed per Standard 

Method 2580-B. The instrument should be an IQ150 pH/mV/T multimeter or equivalent, and 
make use of an ORP combination probe. The instrument should have automatic temperature 
compensating capability. The offset of the probe will be determined by measurement of a 
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prepared reference quinhydrone standard solution at 25oC. The offset must fall within the 
manufacturer-stated acceptable limit, which is typically ±20 mV. Probe cleaning and potentially 
replacement should be performed if the offset is out of range. The sample ORP will be calculated 
as the observed potential plus the difference between the true potential of the reference standard 
and the observed potential of the reference standard (i.e., the offset). The instrument should be 
tested, inspected, and maintained per manufacturer requirements. A logbook of these activities 
should be kept with the instrument and be available for review. Regarding sampling, the 
measurement should be read upon stabilization and after at least 60 seconds. The temperature 
should be measured and recorded concurrently. 

8.5 Disinfectant Residual 
Field analysis for disinfectant residual concentration should be performed per Standard 

Method 4500-Cl G. The instrument should be a Hach® DR890 Colorimeter or an equivalent filter 
photometer. The DPD indicator reagent should be based on the secondary disinfectant used by 
the water system, either free chlorine or total chorine (for chloraminated systems). The 
instrument should be tested, inspected, and maintained by its owner per manufacturer 
requirements. A logbook of these activities should be kept with the instrument and be available 
for review. Regarding sampling, the sample cells should be cleaned and inspected prior to use. 
Moisture, dust, and other potential interferences should be wiped from the external surface of the 
cell with a tissue prior to analysis. To correct for color and turbidity in the sample, the instrument 
will be zeroed to a blank sample.  

8.6 Turbidity 
Field analysis for turbidity should be performed per Standard Method 2130-B. The 

instrument should be a Hach® 2100P turbidimeter or equivalent. The instrument should be 
calibrated per manufacturer instructions using formazin standards. Following calibration, a 
secondary gel standard in the range 0-10 ntu should be tested to provide a benchmark for 
accuracy testing. Each day, the accuracy of the instrument will be checked using the same 
secondary gel standard. If the accuracy falls outside of 5% of the benchmark measurement, the 
instrument should be recalibrated. The turbidimeter should be tested, inspected, and maintained 
by its owner per manufacturer requirements. A logbook of these activities should be kept with 
the instrument and be available for review. Regarding sampling, the sample cells should be 
cleaned and inspected prior to use. Samples should be devoid of air and/or large solids. Moisture, 
dust and other potential interferences should be wiped from the external surface of the cell with a 
tissue prior to analysis. 
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Section 9 
Data Collection Form 

Foundation 3118
Data Collection Form

General Information 
Utility/System Name    Site ID   
Date (mm/dd/yyyy)    Site Approach   
Sample Time (hh:mm)    Personnel Present   

       

 
 
Sample Types 
(check all that apply 
for the specific site) 

 Ambient Water (All Participation Approaches) 

 Background Water (UDF Participation Only) 

 Flushing Water (UDF Participation Only 

 Pipe Specimen (Boneyard, Live Extraction, Main Break Section) 

 Particle Capture: No. of Net Assemblies   

Sampling and Analysis 
Ambient Water Field Analysis  Offsite Water Samples Collected 

pH  SU  Analytical 
Suite 

Ambient 
Water 

Background 
Water 

Flushing 
Water 

Temperature  oC  A    
Alkalinity (as CaCO3)  mg/L   B  NA NA 

Redox Potential  mV  C    
Turbidity  ntu  D  NA NA 

Disinfectant Residual  mg/L  Note: the Suite B sample is not required if the  
ambient water alkalinity is measured in the field Disinfectant Type    

Summary of Activities 
Field Instruments Calibrated    Samples Labeled & Packaged   

Accuracy Checks Performed    Custody Forms Completed   

Comments/Notes:       
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Section 10 
Flushing Data Collection Form 

Foundation 3118
Flushing Form

General Information 
Utility/System Name    Personnel Present   
Date (mm/dd/yyyy)       
Site ID       

Selected Site Characteristics 
Length of Pipeline (L)  ft  

Anticipated amount of deposit 
accumulation – check protocol for 
site risk factors (check one) 

High 

Internal Diameter (D)  in  Ave 

Material of Pipeline    Low 

Other Characteristics       

To be completed for each flushing trial    
Flushing Trial Conditions 

Trial Number    Actual Pitot Pressure (P)  psi  
Target Pipe Velocity  fps  Actual Pipe Velocity (V)  fps  
Target Pitot Pressure  psi  Water Sample Interval (τ)  sec  

Water Sample Collection Schedule 
Bulk Water Sampling 
(Off the Hydrant Net) 

Turbidity Sampling (only for 8 fps trial) 
(From the Sidestream Tap) 

0 τ  10 τ  20 τ 0 min  ntu 20 min  ntu 
1 τ  11 τ  21 τ 2 min  ntu 22 min  ntu 
2 τ  12 τ  22 τ 4 min  ntu 24 min  ntu 
3 τ  13 τ  23 τ 6 min  ntu 26 min  ntu 
4 τ  14 τ  24 τ 8 min  ntu 28 min  ntu 
5 τ  15 τ  25 τ 10 min  ntu 30 min  ntu 
6 τ  16 τ  26 τ 12 min  ntu 32 min  ntu 
7 τ  17 τ  27 τ 14 min  ntu 34 min  ntu 
8 τ  18 τ  28 τ 16 min  ntu 36 min  ntu 
9 τ  19 τ  29 τ 18 min  ntu 38 min  ntu 

Flushing Trial Summary 
Start Time (hh:mm:ss)   

Basis for flush 
stop (check 
one) 

Prevent bursting of nets 
Stop Time (hh:mm:ss)   Over 1 lb mass collected 
Elapsed Flushing Time   Discharge water is clear 
No. of Pipe Turnovers   Turbidity criteria met (8 fps) 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 

259 

APPENDIX B 
DEPOSIT CHARACTERIZATION WORK 
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Figure B.1  SEM morphology of uncrushed sample CC-A (mag. X500) 
 

 
Figure B.2  Typical SEM morphology of uncrushed sample CC-A and 
location of two selected spots for which localized EDX data were obtained 
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Figure B.3  SEM morphology of crushed sample CC-A (mag. X500) 
 

 
Figure B.4  Typical SEM morphology of crushed sample CC-A and  
location of a selected spot for which localized EDX data were obtained 
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Figure B.5  EDX spectra of the entire surface and selected spots on the surface of 
uncrushed sample CC-A 
 

 
Figure B.6  EDX spectra of the entire surface and a selected spot on the surface of crushed 
sample CC-A 
 

Table B.1 
EDX data for the entire surface and selected spots on the surface of uncrushed sample CC-A 

Element 
Uncrushed 
all surface 
weight % 

Uncrushed 
all surface 
atomic % 

Uncrushed 
spot A 

weight % 

Uncrushed 
spot A 

atomic % 

Uncrushed 
spot B 

weight % 

Uncrushed 
spot B 

atomic % 
C 6.2 14.3 3.2 9.1 5.6 11.6 
O  29.0 50.2 20.6 43.4 39.8 62.7 
Al 1.4 1.5 1.8 2.2   
Mg     1.0 1.1 
Si 3.7 3.6 4.5 5.4 1.1 1.0 
P 1.8 1.6     
S   0.3 0.3   
K 0.8 0.6 1.0 0.9 0.7 0.5 
Ca 2.5 1.7 3.1 2.6 3.0 1.9 
Ba 2.3 0.5 3.3 0.8   
Mn 20.8 10.5 33.8 20.8 45.4 20.8 
Fe 31.5 15.6 22.4 13.6   

Sample CC-A, spot B EDXSample CC-A, all surface EDX Sample CC-A, spot A EDX

Sample CC-A, spot EDXSample CC-A, all surface EDX
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Table B.2 
EDX data for the entire surface and selected spot on the surface of crushed sample CC-A 

Element 
Crushed 

all surface 
weight % 

Crushed 
all surface 
atomic % 

Crushed 
selected spot 

weight % 

Crushed 
selected spot 

atomic % 
C 15.9 30.8 26.1 55.6 
O 30.8 44.9   
Al 1.0 0.8 4.0 4.9 
Si 4.4 3.6 2.1 0.4 
S 2.2 1.6   
Ca 1.4 0.8 0.9 0.8 
Mn 8.2 3.5   
Fe 32.5 13.5 61.3 37.4 
Pb   5.6 0.9 

 

 
Figure B.7  XRD spectrum for crushed sample CC-A 
  

SiO2 

SiO2 

Fe3O4 
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Table B.3 
Comparison of EDX, ICP/MS and XRD data for crushed sample CC-A 

Element Weight % Estimate 
EDX data 

Solids Concentration 
per ICP/MS (μg/g) 

Predominant Solids 
from XRD Data 

Fe 32.46 234,728 Fe3O4 
O 30.83   
C 15.87   
Mn 8.18 46,692  
Si 4.38 130 SiO2 
S 2.19 22,522  
Ca 1.41 5,359  
Al 0.96 3,327  

 
 

 
Figure B.8  SEM morphology of uncrushed sample CC-D (mag. X500) 
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Figure B.9  Typical SEM morphology of uncrushed sample CC-D and 
location of two selected spots for which localized EDX data were obtained 
 

 
Figure B.10  Typical SEM morphology of crushed sample CC-D and location 
of two selected spots for which localized EDX data were obtained (mag. 500X) 
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Figure B.11  EDX spectra of the entire surface and selected spots on the surface of 
uncrushed sample CC-D 
 

 
Figure B.12  EDX spectra of selected spots on the surface of crushed sample CC-D 
 

Table B.4 
EDX data for the entire surface and selected spots on the surface of uncrushed sample CC-D 

Element 
Uncrushed 
all surface 
weight % 

Uncrushed 
all surface 
atomic % 

Uncrushed 
spot A 

weight % 

Uncrushed 
spot A 

atomic % 

Uncrushed 
spot B 

weight % 

Uncrushed 
spot B 

atomic % 
C 22.1 39.4 10.2 17.5   
O 30.1 40.3 43.7 56.2 3.9 12.4 
Al 1.0 0.8 11.2 8.5   
Si 3.6 2.8 15.8 11.6   
S 1.6 1.0 1.0 0.6   
Ca 1.4 0.8   1.7 2.1 
Mn 2.0 0.8   3.8 3.5 
Fe 35.8 13.7 8.8 3.2 90.5 81.9 

 

Sample CC-D, spot B EDXSample CC-D, all surface EDX Sample CC-D, spot A EDX

Sample CC-D, spot B EDXSample CC-D, spot A EDX
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Table B.5 
EDX data for selected spots on the surface of crushed sample CC-D 

Element 
Crushed 
spot A 

weight % 

Crushed 
spot A 

atomic % 

Crushed 
spot B 

weight % 

Crushed 
spot B 

atomic % 
C 5.3 11.1 6.7 20.5 
O 28.6 44.8 12.2 28.0 
Mg 4.5 4.7   
Al 9.4 8.7   
Si 18.0 16.0 0.9 1.2 
S 0.8 0.6   
Ba 3.8 0.7   
Ca   2.3 2.1 
Mn   2.1 1.4 
Fe 18.0 8.1 69.5 45.7 

 

 
Figure B.13  XRD spectrum for crushed sample CC-D 
  

FeCO3 
SiO2 

FeCO3 
Ca5(PO4)3(OH) 

SiO2 

FeCO3 
Ca5(PO4)3(OH) 
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Table B.6 
Comparison of EDX, ICP/MS and XRD data for crushed sample CC-D 

Element Weight % Estimate 
EDX data 

Solids Concentration 
per ICP/MS (μg/g) 

Predominant Solids 
from XRD Data 

O 28.62   
Fe 17.98 251,724 FeCO3 
Si 17.96 375 SiO2 
Al 9.39 2,997  
C 5.31   
Mg 4.51 1,960  
Ba 3.84 403  
S 0.76 20,595  
Ca  11,909 Ca5(PO4)3(OH) 
P  2,119 Ca5(PO4)3(OH) 

 
 

 
Figure B.14  SEM morphology of uncrushed sample CH-A (mag. X500) 
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Figure B.15  Typical SEM morphology of uncrushed sample CH-A and 
location of two selected spots for which localized EDX data were obtained 
 

 
Figure B.16  SEM morphology of crushed sample CH-A (mag. X500) 
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Figure B.17  Typical SEM morphology of crushed sample CH-A and 
location of a selected spot for which localized EDX data were obtained 
 

 
Figure B.18  EDX spectra of the entire surface and selected spots on the surface of 
uncrushed sample CH-A 
 
  

Sample CH-A, all surface EDX Sample CH-A, spot A EDX Sample CH-A, spot B EDX
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Figure B.19  EDX spectra of the entire surface and selected spot on the surface of 
crushed sample CH-A 
 

Table B.7 
EDX data for the entire surface and selected spots on the surface of uncrushed sample CH-A 

Element 
Uncrushed 
all surface 
weight % 

Uncrushed 
all surface 
atomic % 

Uncrushed 
spot A 

weight % 

Uncrushed 
spot A 

atomic % 

Uncrushed 
spot B 

weight % 

Uncrushed 
spot B 

atomic % 
C 4.6 12.5   4.7 10.5 
O 22.1 44.6 7.2 20.9 34.9 58.6 
Si 3.2 3.4 3.5 5.8 3.6 3.5 
Fe 67.4 39.0 87.1 72.8 56.8 27.4 

 
Table B.8 

EDX data for the entire surface and selected spot on the surface of crushed sample CH-A 

Element 
Crushed 

all surface 
weight % 

Crushed 
all surface 
atomic % 

Crushed 
selected spot 

weight % 

Crushed 
selected spot 

atomic % 
C 21.9 41.3 23.9 43.4 
O 27.2 38.5 29.5 40.2 
Al 0.5 0.4 0.1 0.1 
Si 2.8 2.3 1.6 1.3 
Ca 1.1 0.6 0.2 0.1 
Fe 39.8 16.1 35.4 13.8 
Pb 3.7 0.40 3.2 0.3 

 

Sample CH-A, spot EDXSample CH-A, all surface EDX
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Figure B.20  XRD spectrum for crushed sample CH-A 

 
Table B.9 

Comparison of EDX, ICP/MS and XRD data for crushed sample CH-A 

Element Weight % Estimate 
EDX data 

Solids Concentration 
per ICP/MS (μg/g) 

Predominant Solids 
from XRD Data 

Fe 39.76 421,059 FeO(OH), Fe3O4 
O 27.19   
C 21.92   
Pb 3.69 29  
Si 2.84 134 SiO2 
Ca 1.12 5,864  
Al 0.46 1,035  

 

Fe3O4 FeO(OH) 

FeO(OH) Fe3O4 

SiO2 
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Figure B.21  SEM morphology of uncrushed sample J-B (mag. X500) 
 

 
Figure B.22  Typical SEM morphology of uncrushed sample J-B and 
location of two selected spots for which localized EDX data were obtained 

A

B
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Figure B.23  SEM morphology of crushed sample J-B (mag. X500) 
 

 
Figure B.24  Typical SEM morphology of crushed sample J-B and 
location of a selected spot for which localized EDX data were obtained 
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Figure B.25  EDX spectra of the entire surface and selected spots on the surface of 
uncrushed sample J-B 
 

 
Figure B.26  EDX spectra of the entire surface and selected spot on the surface of 
crushed sample J-B 
 

Table B.10 
EDX data for the entire surface and selected spots on the surface of uncrushed sample J-B 

Element 
Uncrushed 
all surface 
weight % 

Uncrushed 
all surface 
atomic % 

Uncrushed 
spot A 

weight % 

Uncrushed 
spot A 

atomic % 

Uncrushed 
spot B 

weight % 

Uncrushed 
spot B 

atomic % 
C 14.2 26.4 6.1 14.3 19.7 31.0 
O 35.6 49.8 19.3 33.9 43.8 51.7 
Mg 0.5 0.4     
Si 0.6 0.5     
P     0.5 0.3 
S   20.4 17.8   
Ca 20.5 11.5 44.3 31.0 36.1 17.0 
Mn 2.0 0.8     
Fe 20.5 8.2 3.6 1.8   

 

Sample J-B, spot A EDX Sample J-B, spot B EDXSample J-B, all surface EDX

Sample J-B, all surface EDX Sample J-B, spot EDX
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Table B.11 
EDX data for the entire surface and selected spot on the surface of crushed sample J-B 

Element 
Crushed 

all surface 
weight % 

Crushed 
all surface 
atomic % 

Crushed 
selected spot 

weight % 

Crushed 
selected spot 

atomic % 
C 13.8 27.6 8.9 22.9 
O 30.2 45.2 15.9 30.6 
Si 3.4 2.8 1.1 1.3 
P   2.5 2.5 
S 5.1 3.8 3.9 3.8 
Ca 7.4 4.4 6.8 5.3 
Mn 4.4 1.9 2.9 1.6 
Fe 31.2 13.4 57.7 31.9 

 

 
Figure B.27  XRD spectrum for crushed sample J-B 
  

FeCO3 
Ca5(PO4)3(OH) 

FeO(OH) 
Ca5(PO4)3(OH) 

CaCO3 
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Table B.12 
Comparison of EDX, ICP/MS and XRD data for crushed sample J-B 

Element Weight % Estimate 
EDX data 

Solids Concentration 
per ICP/MS (μg/g) 

Predominant Solids 
from XRD Data 

Fe 31.16 283,699 FeO(OH), FeCO3 
O 30.16   
C 13.83   
Ca 7.44 37,980 CaCO3, Ca5(PO4)3(OH) 
S 5.05 110,432  
Mn 4.38 30,117  
Si 3.38 19  
P  3,256 Ca5(PO4)3(OH) 

 
 

 
Figure B.28  SEM morphology of uncrushed sample J-E (mag. X500) 
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Figure B.29  Typical SEM morphology of uncrushed sample J-E and 
location of two selected spots for which localized EDX data were obtained 
 

 
Figure B.30  Typical SEM morphology of crushed sample J-E and 
location of a selected spot for which localized EDX data were obtained 

A
B
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Figure B.31  EDX spectra of the entire surface and selected spots on the surface of 
uncrushed sample J-E 
 

 
Figure B.32  EDX spectra of the entire surface and selected spot on the surface of 
crushed sample J-E 
 

Table B.13 
EDX data for the entire surface and selected spots on the surface of uncrushed sample J-E 

Element 
Uncrushed 
all surface 
weight % 

Uncrushed 
all surface 
atomic % 

Uncrushed 
spot A 

weight % 

Uncrushed 
spot A 

atomic % 

Uncrushed 
spot B 

weight % 

Uncrushed 
spot B 

atomic % 
C 22.2 39.2 17.9 30.3 3.6 12.3 
O 29.0 38.5 34.4 43.8 8.8 22.4 
Al 0.5 0.4 4.7 3.6   
Si 1.9 1.5 14.5 10.6 0.6 0.8 
S 5.2 3.4 3.7 2.4 1.8 2.3 
Ca 10.1 5.4 3.7 1.9 16.7 17.1 
Mn       
Fe 31.0 11.8 11.3 4.1 57.9 42.5 

 

Sample J-E, all surface EDX Sample J-E, spot A EDX Sample J-E, spot B EDX

Sample J-E, all surface EDX Sample J-E, spot EDX
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Table B.14 
EDX data for the entire surface and selected spot on the surface of crushed sample J-E 

Element 
Crushed 

all surface 
weight % 

Crushed 
all surface 
atomic % 

Crushed 
selected spot 

weight % 

Crushed 
selected spot 

atomic % 
C 36.3 53.3 11.8 21.1 
O 31.1 34.2 39.2 52.6 
Mg 1.2 0.9 3.4 3.0 
Al 0.5 0.3 5.3 4.2 
Si 3.3 2.1 9.5 7.2 
S 2.9 1.6 2.6 1.7 
Ca 5.7 2.5 3.4 1.8 
Fe 14.8 4.7 20.5 7.9 

 

 
Figure B.33  XRD spectrum for crushed sample J-E 

(Mg,Fe)2SiO4 

SiO2 

SiO2 
(Mg,Fe)2SiO4 

CaMg(CO3)2 

CaCO3 
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Table B.15 
Comparison of EDX, ICP/MS and XRD data for crushed sample J-E 

Element Weight % Estimate 
EDX data 

Solids Concentration 
per ICP/MS (μg/g) 

Predominant Solids 
from XRD Data 

C 36.3   
O 31.05   
Fe 14.81 146,388 (Mg,Fe)2SiO4 
Ca 5.67 87,256 CaMg(CO3)2, CaCO3 
Si 3.31 473 SiO2 
S 2.89 60,718 FeS 
Mg 1.23 23,259 CaMg(CO3)2, (Mg,Fe)2SiO4 
Al 0.48 1,659  
Cr  197  

 
 

 
Figure B.34  SEM morphology of uncrushed sample J-J (mag. X500) 
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Figure B.35  Typical SEM morphology of uncrushed sample J-J and 
location of a selected spot for which localized EDX data were obtained 
 

 
Figure B.36  SEM morphology of crushed sample J-J (mag. X100) 
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Figure B.37  Typical SEM morphology of crushed sample J-J and 
location of a selected spot for which localized EDX data were obtained 
 

 
Figure B.38  EDX spectra of the entire surface and selected spot on the surface of 
uncrushed sample J-J 

Sample J-J, all surface EDX Sample J-J, spot EDX
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Figure B.39  EDX spectra of the entire surface and selected spot on the surface of 
crushed sample J-J 
 

Table B.16 
EDX data for the entire surface and selected spot on the surface of uncrushed sample J-J 

Element 
Uncrushed 
all surface 
weight % 

Uncrushed 
all surface 
atomic % 

Uncrushed 
selected spot 

weight % 

Uncrushed 
selected spot 

atomic % 
C 23.2 34.2 25.96 56.9 
N 4.4 5.6   
O 46.2 51.1 5.7 9.3 
Ni 13.6 4.1 2.9 1.3 
Al   0.2 0.2 
Si 1.6 1.0 0.5 0.4 
P   0.7 0.6 
S 2.3 1.3 1.7 1.4 
Ca   2.6 1.7 
Fe 8.8 2.8 59.9 28.2 

 
Table B.17 

EDX data for the entire surface and selected spot on the surface of crushed sample J-J 

Element 
Crushed 

all surface 
weight % 

Crushed 
all surface 
atomic % 

Crushed 
selected spot 

weight % 

Crushed 
selected spot 

atomic % 
C 14.0 30.4 12.5 34.6 
O 24.0 39.2 8.5 17.7 
Si 1.2 1.1 0.4 0.5 
P   0.2 0.3 
S 1.8 1.5 0.8 0.8 
Ca 1.2 0.8 1.0 0.8 
Fe 57.9 27.1 75.7 45.1 

Sample J-J, all surface EDX Sample J-J, spot EDX
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Figure B.40  XRD spectrum for crushed sample J-J 
 

Table B.18 
Comparison of EDX, ICP/MS and XRD data for crushed sample J-J 

Element Weight % Estimate 
EDX data 

Solids Concentration 
per ICP/MS (μg/g) 

Predominant Solids 
from XRD Data 

Fe 57.88 334,967 FeO(OH), Fe2O3, Fe3O4 
O 23.98   
C 13.95   
S 01.80 12,680  
Ca 01.22 1,124 CaCO3 
Si 01.18 0.2 SiO2 
Pb  5,142  
Zn  379  

 
 

Fe3O4 

SiO2 

Fe3O4 

FeO(OH) 

FeO(OH) 
Fe2O3 

FeO(OH) 

SiO2 

SiO2 

FeO(OH) CaCO3 

Fe2O3 
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Figure B.41  SEM morphology of uncrushed sample PC-A (mag. X100) 
 

 
Figure B.42  Typical SEM morphology of uncrushed sample PC-A and 
location of a selected spot for which localized EDX data were obtained 
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Figure B.43  SEM morphology of crushed sample PC-A (mag. X100) 
 

 
Figure B.44  Typical SEM morphology of crushed sample PC-A and 
location of a selected spot for which localized EDX data were obtained 
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Figure B.45  EDX spectra of the entire surface and selected spot on the surface of 
uncrushed sample PC-A 
 

 
Figure B.46  EDX spectra of the entire surface and selected spot on the surface of 
crushed sample PC-A 
 

Table B.19 
EDX data for the entire surface and selected spot on the surface of uncrushed sample PC-A 

Element 
Uncrushed 
all surface 
weight % 

Uncrushed 
all surface 
atomic % 

Uncrushed 
selected spot 

weight % 

Uncrushed 
selected spot 

atomic % 
C 3.4 8.5 5.3 11.1 
O 28.0 52.2 37.0 57.8 
Si 0.9 0.9 7.5 6.7 
S 1.8 1.7   
Fe 64.2 34.3 47.1 21.1 

 
  

Sample PC-A, spot  EDXSample PC-A, all surface EDX

Sample PC-A, spot EDXSample PC-A, all surface EDX

©2010 Water Research Foundation. ALL RIGHTS RESERVED



 Appendix B:  Deposit Characterization Work |  289 

Table B.20 
EDX data for the entire surface and selected spot on the surface of crushed sample PC-A 

Element 
Crushed 

all surface 
weight % 

Crushed 
all surface 
atomic % 

Crushed 
selected spot 

weight % 

Crushed 
selected spot 

atomic % 
C 9.5 22.9 2.1 7.8 
O 20.6 37.4 8.4 23.2 
Si 1.9 2.0 0.6 0.9 
S 1.0 0.9   
Ca 0.9 0.6   
Fe 63.7 33.1 74.6 58.9 
Zn   13.0 8.7 

 

 
Figure B.47  XRD spectrum for crushed sample PC-A 

FeCO3 

FeS 

FeCO3 

FeO(OH) 

FeO(OH) 

Fe3O4 

FeO(OH) 
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Table B.21 
Comparison of EDX, ICP/MS and XRD data for crushed sample PC-A 

Element Weight % Estimate 
EDX data 

Solids Concentration 
per ICP/MS (μg/g) 

Predominant Solids 
from XRD Data 

Fe 63.69 308,834 FeO(OH), FeCO3, 
Fe3O4, FeS 

O 20.58   
C 09.48   
Si 01.94 0.22  
S 01.03 8,347 FeS 
Ca 00.87 9,746  
Zn  19,734  
Pb  2,004  
As  801  

 
 

 
Figure B.48  SEM morphology of uncrushed sample PC-B (mag. X100) 
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Figure B.49  Typical SEM morphology of uncrushed sample PC-B and 
location of a selected spot for which localized EDX data were obtained 
 

 
Figure B.50  SEM morphology of crushed sample PC-B (mag. X100) 
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Figure B.51  Typical SEM morphology of crushed sample PC-B and 
location of a selected spot for which localized EDX data were obtained 
 

 
Figure B.52  EDX spectra of the entire surface and selected spot on the surface of 
uncrushed sample PC-B 

Sample PC-B, spot  EDXSample PC-B, all surface EDX
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Figure B.53  EDX spectra of the entire surface and selected spot on the surface of 
crushed sample PC-B 
 

Table B.22 
EDX data for the entire surface and selected spot on the surface of uncrushed sample PC-B 

Element 
Uncrushed 
all surface 
weight % 

Uncrushed 
all surface 
atomic % 

Uncrushed 
selected spot 

weight % 

Uncrushed 
selected spot 

atomic % 
C 4.1 9.9 7.2 13.9 
O 29.4 53.6 45.2 65.4 
Na 2.5 3.2 1.7 1.8 
Fe 64.0 33.4 44.5 18.4 

 
Table B.23 

EDX data for the entire surface and selected spot on the surface of crushed sample PC-B 

Element 
Crushed 

all surface 
weight % 

Crushed 
all surface 
atomic % 

Crushed 
selected spot 

weight % 

Crushed 
selected spot 

atomic % 
C 14.8 30.8 3.4 7.8 
O 26.2 40.9 34.6 59.5 
Na 2.4 2.6   
Si 1.9 1.7   
S   6.1 5.2 
Fe 52.8 23.6 55.9 27.5 

 

Sample PC-B, spot EDXSample PC-B, all surface EDX
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Figure B.54  XRD spectrum for crushed sample PC-B 

 
Table B.24 

Comparison of EDX, ICP/MS and XRD data for crushed sample PC-B 

Element Weight % Estimate 
EDX data 

Solids Concentration 
per ICP/MS (μg/g) 

Predominant Solids 
from XRD Data 

Fe 52.78 340,101 FeO(OH), FeCO3 
O 26.22   
C 14.81   
Si 01.93 12  
Zn  15,053  
Pb  1,603  
As  939  

 

FeO(OH) 

FeCO3 

FeCO3 
FeO(OH) 

FeO(OH) 

FeCO3 FeO(OH) 
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Figure B.55  SEM morphology of uncrushed sample RW-A (mag. X500) 
 

 
Figure B.56  Typical SEM morphology of uncrushed sample RW-A and 
location of a selected spot for which localized EDX data were obtained 
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Figure B.57  SEM morphology of crushed sample RW-A (mag. X100) 
 

 
Figure B.58  Typical SEM morphology of crushed sample RW-A and 
location of a selected spot for which localized EDX data were obtained 
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Figure B.59  EDX spectra of the entire surface and selected spot on the surface of 
uncrushed sample RW-A 
 

 
Figure B.60  EDX spectra of the entire surface and selected spot on the surface of 
crushed sample RW-A 
 

Table B.25 
EDX data for the entire surface and selected spot on the surface of uncrushed sample RW-A 

Element 
Uncrushed 
all surface 
weight % 

Uncrushed 
all surface 
atomic % 

Uncrushed 
selected spot 

weight % 

Uncrushed 
selected spot 

atomic % 
C 4.5 10.4 1.8 5.9 
O 29.9 51.8 10.3 25.5 
Si 6.1 6.0 4.6 6.5 
P 4.4 3.9 3.5 4.5 
Ca 2.4 1.6 3.5 3.5 
Fe 52.8 26.2 76.4 54.3 

 

Sample RW-A, spot A EDXSample RW-A, all surface EDX

Sample RW-A, spot EDXSample RW-A, all surface EDX
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Table B.26 
EDX data for the entire surface and selected spot on the surface of crushed sample RW-A 

Element 
Crushed 

all surface 
weight % 

Crushed 
all surface 
atomic % 

Crushed 
selected spot 

weight % 

Crushed 
selected spot 

atomic % 
C 9.4 21.2 7.9 21.2 
O 26.4 44.8 16.8 33.8 
Si 3.6 3.5 1.6 1.8 
P 2.4 2.1 1.5 1.6 
Ca 0.5 0.3 0.4 0.3 
Fe 57.7 28.1 71.7 41.3 
 

 
Figure B.61  Typical SEM morphology of crushed sample RW-B and 
location of a selected spot for which localized EDX data were obtained 
 

 
Figure B.62  EDX spectra of the entire surface and selected spot on the surface of 
crushed sample RW-B 

Sample RW-B, spot EDXSample RW-B, all surface EDX
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Table B.27 
EDX data for the entire surface and selected spot on the surface of crushed sample RW-B 

Element 
Crushed 

all surface 
weight % 

Crushed 
all surface 
atomic % 

Crushed 
selected spot 

weight % 

Crushed 
selected spot 

atomic % 
C 12.0 25.6 4.8 11.3 
O 26.6 42.7 29.7 52.1 
Al 1.1 1.0 0.8 0.9 
Si 4.7 4.3 6.6 6.6 
P 1.0 0.8   
Mn   4.5 2.3 
Fe 53.9 24.8 53.5 26.9 

 

 
Figure B.63  XRD spectrum for crushed sample RW-B 

FeS 
Fe3O4 

FeS 
Fe3O4 

Fe3O4 

Fe3O4 

Fe3O4 
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Table B.28 
Comparison of EDX, ICP/MS and XRD data for crushed sample RW-B 

Element Weight % Estimate 
EDX data 

Solids Concentration 
per ICP/MS (μg/g) 

Predominant Solids 
from XRD Data 

Fe 53.94 337,024 Fe3O4, FeS 
O 26.61   
C 11.97   
Si 4.74 0.22  
Al 1.07 1,661  
P 0.95 4,396  
S  5,445  
Mn  1,628  
Zn  1,588  

 

©2010 Water Research Foundation. ALL RIGHTS RESERVED



301 

APPENDIX C 
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Original Sample SA-A 

 
Original Sample SA-B 

 
Original Sample SA-C 

 
Active Collection of Sample SA-E 

 
Sample WDB-A with Deposit Scraped Off 

 
Original Sample AZ-A 
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Original Sample BC-A 

 
Original Sample BC-B 

 
Original Sample CA-B 

 
Original Sample CH-A 

 
Original Sample CH-A 

 
Original Sample CL-A 
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Flake Removed from Sample CL-A 

 
Original Sample CL-B 

 
Original Sample CL-E 

 
Original Sample DN-A 

 
Original Sample DN-A 

 
Original Sample DN-B 
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Original Sample CC-E 

 
Original Sample CC-F 

 
Original Sample IN-A 

 
Original Sample IN-B 

 
Original Sample IN-C 

 
Original Sample IN-D 
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Original Sample B-A 

 
Original Sample B-A 

 
Original Sample B-B 

 
Original Sample B-B 

 
Original Sample B-C 

 
Original Sample B-D 
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Original Sample PC-A 

 
Original Sample PC-A 

 
Original Sample PC-B 

 
Original Sample WA-A 

 
Original Sample WA-B 

 
Original Sample WA-B 
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Original Sample WA-C 

 
Original Sample WA-C 

 
Original Sample WA-D 

 
Original Sample WA-D 

 
Original Sample W-A 

 
Original Sample W-B 
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Original Sample W-B 

 
Original Sample W-C 

 
Original Sample W-D 

 
Original Sample W-E 

 
Original Sample W-F 

 
Original Sample W-G 
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Original Sample W-H 

 
Original Sample RW-A 

 
Original Sample J-A 

 
Original Sample J-B 

 
Original Sample J-C 

 
Original Sample J-D 
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Original Sample J-E 

 
Original Sample J-F 

 
Original Sample J-G 

 
Original Sample J-H 

 
Original Sample J-I 

 
Original Sample J-J 
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