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Abstract:

Increasing water stress and scarcity in California are motivating interest in supply diversification and a
need to better understand the magnitude of opportunities for using alternative supplies such as
municipal recycled water and oilfield produced water (OPW). The formal use of municipal recycled
water for agricultural irrigation in California dates back more than 100 years. Over this long history,
much has been learned on how to safely manage the use of recycled water for agricultural irrigation.
Relatively speaking, much less is known about the composition, risks, management, and treatment of
OPW. This study was motivated by a desire to translate relevant lessons learned from recycled water
into recommendations on the regulation of oilfield produced water in California and assess the relative
potential for increasing reuse of oilfield produced water for agricultural irrigation. While there are locally
significant opportunities for expanding OPW reuse, this study found that more research and data on
OPW are needed to match the scientific basis of California’s current recycled water policy.

Benefits:

e Supply diversification is an important characteristic of resilient water systems with alternative
supplies at the center of a diversified supply portfolio.

e The use of oilfield produced water is gaining increased attention in California, but many basic
knowledge gaps remain.

e Lessons learned in the recycled water sector can help inform future policies around OPW reuse in
agriculture.

e Roughly 100,000 to 227,000 AFY of lower salinity OPW is potentially available for reuse. This is
approximately 5 to 10 percent of the volume of recycled water potentially available for reuse.

e Current OPW reuse in Kern County demonstrates potential for locally significant demand for
additional OPW reuse in this area.

e Additional basic research and data are needed to develop a regulatory framework for OPW that
mirrors California’s current recycled water policy.

Keywords: Qilfield produced water, Municipal recycled water, Title 22, Fit-for-purpose, Risk assessment,
Reuse potential, Agricultural irrigation
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ES.1 Introduction

Current research shows that climate change is driving greater hydrologic extremes in California,
including more severe and prolonged droughts (Swain et al. 2018). Historically, agricultural communities
have turned to groundwater during periods of surface water scarcity, but groundwater levels are
declining faster than they’re recharging, and the Sustainable Groundwater Management Act (SGMA) will
curtail future withdrawals. Increasingly dry conditions, coupled with decreased access to groundwater,
have motivated increased interest in supply diversification, as well as a need for a better understanding
of opportunities for using alternative supplies such as municipal recycled water, oilfield produced water
(OPW), and stormwater (SWRCB 2018; CDWR 2014). Past work by the California Council on Science and
Technology (CCST) SB 1281 study, ‘Assessment of Oil and Gas Water Cycle Reporting in California’
(Shimabuku, Abraham, and Feinstein 2019), and the Central Valley Regional Water Quality Control Board
(CVRWQCB) Food Safety Project (Mahoney, Asami, and Stringfellow 2021) highlighted the current state
of knowledge surrounding produced water! use and identified substantive knowledge and data gaps.
The two primary objectives of this project include:

e Objective 1: Evaluate Title 22 Recycled Water Regulations as a Science and Policy Template for
Oilfield Produced Water
e Objective 2: Geospatial Model and Map of Potential for Oilfield Produced Water Reuse

The following sections describe key findings related to each these objectives with additional detail and
discussion in the main body of the report.

ES.2 Scientific and Procedural History of Title 22 Recycled Water

Regulations

The formal use of recycled water for agricultural irrigation in California dates back more than 100 years.
California currently uses approximately 728,000 AFY? of recycled water, of which 195,000 AFY is used for
agricultural irrigation. Recent estimates identified roughly 1.8-2.1 million acre-feet per year (MAFY) of
treated wastewater potentially available for additional reuse (Cooley et al. 2022). Management,
monitoring, and regulation of recycled water use has evolved significantly over the years into
California’s current risk-based, fit-for-purpose® approach to mitigating and managing potential public
health risks associated with the use of recycled water. Recycled water use in California is authorized,
regulated, and managed via the Porter-Cologne Water Quality Act, Titles 17 and 22 in the California
Code of Regulations, the State Recycled Water Policy and water quality criteria. Current standards for
recycled water used for agricultural irrigation are composed of five primary elements:

e Definition of four water quality-based classes of Title 22 recycled water

1 Produced water is water that is extracted alongside oil and gas during extraction activities. It includes water,
residual oil and gas, and chemicals (both naturally occurring and those used in production activities).

2 AFY = acre-feet per year; 1 AFY = 325,851 gallons/year

3 Fit-for-purpose approaches match the quality of recycled water to be reused and with allowable beneficial uses
(e.g., irrigation of food crops consumed raw). In Title 22, classes of recycled water are defined based on treatment
performance and risk assessments.
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e Specifications on the types of crops that can be grown with each of the different classes of Title 22
recycled water

e Treatment requirements (e.g., oxidation, disinfection)

e Water quality monitoring requirements and standards for process indicators - total coliform and
turbidity (disinfected tertiary only)

e Title 22 engineering report and anti-degradation analysis

Recycled water quality criteria were designed to minimize risk and assess whether treatment processes
are performing in a manner that is adequately protective of public health. These standards are
underpinned by detailed risk assessments (Olivieri et al. 2014) and numerous research studies assessing
how well treatment processes perform in removing actual pathogens and other constituents of concern
in recycled water (Sheikh et al. 1990; Williams et al. 2007).

ES.3 Review of Scientific Literature and Identification of Data Gaps on
Oilfield Produced Water

The uncharacterized, complex, and variable chemical makeup of oilfield produced water has sparked
concerns surrounding its long-term use for irrigating food crops. In general, produced water has higher
concentrations of chemicals and other constituents, both naturally occurring and chemical additives
used in oil and gas production, including salts (e.g., sodium, chloride), organics (e.g., aromatic
hydrocarbons, polycyclic aromatic hydrocarbons [PAHs]), trace elements and heavy metals (e.g., arsenic,
boron, cadmium), and naturally occurring radioactive materials (NORMs) relevant to human, crop, and
soil health. Many are toxic to humans and are known carcinogens (e.g., arsenic and cadmium),
mutagens, and endocrine disrupting chemicals (e.g., PAHs) that have the potential to form compounds
with increased toxicity, become phytoavailable, and potentially enter the food chain and cause chronic
illnesses. Accumulations in soils may also have negative consequences to plants and soil health including
stunted growth, decreased biomass and yield, plant death, and reduced soil biodiversity.

Notable gaps on the chemical makeup, toxicity, and transformation products; fate and transport; and
plant uptake and accumulation have been identified as prohibitive for conducting a rigorous risk
assessment and drawing conclusive findings. Exposure routes are diverse (Figure ES-1) and chronic
exposure to low concentrations of some of these chemicals may have effects not yet observed or
measurable. More information is needed to fill these gaps including chemical mass or concentrations,
frequency of use, and the impacts on crops and soil ecosystems to fully assess the human health and
agronomic risks associated with the long-term for agricultural irrigation.
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Figure ES-1. Potential Exposure Pathways and Routes for COls that May be Present in Oilfield Produced Water.

ES.4 Reuse of Oilfield Produced Water in California

Two recent research efforts, the CCST SB 1281 study and the Food Safety Project, were initiated to
evaluate current use and knowledge of oilfield produced water used for agricultural irrigation and to
answer key questions on the safe use of oilfield produced water in California. Using a variety of data
sources obtained from monitoring and reporting programs (e.g., SB 1281 reporting and waste discharge
requirements, WDRs) and independent research, each study identified significant gaps.

Attempts by the CCST SB 1281 study to identify opportunities for expanding reuse in agriculture were
challenged by inconsistencies and errors in reporting methods, poor characterizations, and
redundancies in reporting data. Data on the quality and treatment methods used for produced water
was reported as insufficient for determining suitability and safety of produced water. In addition, there
is a general lack of data on chemical fate and transport, phyto-availability, and accumulation of many of
the chemicals of interest in agronomic settings.

There was substantial alignment between many of the findings of the two studies including
recommendations to continue, refine, and expand current OPW monitoring programs such as SB 1281
reporting and additive disclosure programs. Both studies found that many chemicals present in OPW
lack standardized analytical methods, toxicity data, or were unidentifiable due to trade secrets. The
CCST SB 1281 study indicates that oilfield produced water in California is likely to contain toxic and
carcinogenic chemicals, and that available data is insufficient to fully assess the safe use. In addition to
concentrations of chemicals of interest in water, the Food Safety Project also assessed concentrations of
select chemicals in food crops. The Food Safety Project found that the chemical composition of crops

Potential of Qilfield Produced Water for Irrigation in California XV



irrigated with oilfield produced water were similar to those irrigated with conventional (surface or
groundwater) sources, but significant limitations in analytical methods, transformation products, and
general challenges in capturing a representative sample were noted. Due to these limitations, the Food
Safety Panel recommended discontinuing food crop sampling to focus on increased water and soil
sampling.

ES.5 Prioritize Data Needed in Support of an Oilfield Produced Water

Fit-for-Purpose Classification Framework

To date, reuse of OPW for irrigation is a fairly limited practice in California that has not been subject to
the same level of rigorous scientific and regulatory scrutiny as municipal recycled water (Heberger and
Donnelly 2015). One of the basic hypotheses motivating this study was that there are unrealized
opportunities to apply learnings from California’s regulation and management of the recycled water for
agricultural irrigation to the use of OPW for agricultural irrigation.

A risk-based approach underpins California’s current Title 22 Water Quality Criteria which are then
operationalized as a fit-for-purpose approach to managing the use of recycled water for agricultural
irrigation (Figure ES-2).
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Demonstrated Risk Assessment/ Documentation and
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Level of Risk Ongoing Monitoring
Performance
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Updates
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Figure ES-2. Summary of Risk Assessment and Management Activities Informing Development and Updates of
California’s Recycled Water Policy.

Potential water quality-related risks associated with both recycled water and OPW are diverse and
variable. The maturity of our understanding of the composition of these waters and the efficacy of
standard treatment processes varies widely across different constituents of concern. Understanding
both overall water quality and how it varies over time and space is an essential component in
understanding and managing potential risks associated with the use of alternative water supplies.
Substantive basic knowledge gaps surrounding the composition, toxicity, and use of produced water
were identified in this and other studies (Shimabuku, Abraham, and Feinstein 2019; Mahoney, Asami,
and Stringfellow 2021). Without additional research, data, and risk assessments of produced water
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reuse, the potential for direct adoption and operationalization of many of the risk-based principles
underpinning Title 22 is limited.

ES.6 Geospatial Model of Potential for Expanded Reuse of Qilfield
Produced Water

In California’s agricultural regions where water is increasingly scarce, OPW may have a larger role to play
in reducing water stress. However, challenges still exist to expanding reuse of OPW for irrigation. A
geospatial model was developed to help assess several factors that influence the potential for expansion
of OPW reuse at a regional level. Results of the model are focused on the southern Central Valley, an
area where oil and gas fields are co-located with agricultural fields, and there is ongoing, high-water
stress. Here, potential for expanded OPW reuse from 19 oil and gas fields in Kern County is possible
(Figure ES-3). Available water quality and quantity data indicates there may be 227,650 AFY of OPW
suitable for irrigation (likely with treatment and/or blending) of at least some crops found in the region.
Of this volume, 100,177 AFY is located in oilfields where average total dissolved solids (TDS)
concentrations are below the maximum threshold for tolerant crops (5360 mg/L). Unfortunately,
significant data gaps create challenges to understanding the certainty and strength of these findings.
Data gaps identified include: Crop type and crop location, crop sensitivities based on irrigation types,
OPW water quality (in amount of analytical samples, type of constituents included, and age of sample
data), OPW water quantity estimates, location and capacity of infrastructure for transporting and
storing OPW for reuse by irrigators, soil characteristics that impact water suitability, costs of alternatives
and how these costs are expected to change in the future and/or vary under different scenarios such as
drought, existing and predicted future regulatory barriers and hurdles, and sociological and political
factors of key stakeholder groups. In so much as the model and its output can be used, they are
intended to support regional-level decision making only; more site-specific opportunities will need to be
explored in future work.
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Figure ES-3. Map of Western Kern County Oil and Gas Fields with Average Annual Volume (AFY) of OPW.

ES.7 Conclusions

Regular, sustained droughts, curtailments on groundwater withdrawals with SGMA, and other stressors
constrain the quantity of supply available to support California’s economic, environmental, and societal
needs. The State Water Plan identified the use of alternative supplies as a critical strategy in meeting the
State’s water demand now and in the future. California’s long history using municipal recycled water for
agricultural irrigation provides important insights into the benefits and challenges of monitoring,
regulating, and managing the use of alternative supplies. OPW presents several unique challenges
relative to recycled water including greater uncertainty on water composition (including temporal and
spatial variability) and differences in the level of information available to support quantitative risk
assessments. Fit-for-purpose approaches operationalize complex information on risk and treatment
performance into practicable design, operation, and monitoring requirements. The knowledge gaps
discussed in this report and other recent studies (CCST SB 1281 and Food Safety Project) point to several
key areas where additional research, data and monitoring, risk assessments, and other information are
needed to develop a regulatory framework for OPW that mirrors the approach and fit-for-purpose best
practices adopted in regulations on the use of recycled water in California.
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ES.8 Related WRF Research

e Agricultural Reuse- Impediments and Incentives (4775)

e Addressing Impediments and Incentives for Agricultural Reuse (4956)

e Assessing the State of Knowledge and Impacts of Recycled Water Irrigation on Agricultural Crops
(4964)
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Introduction

1.1 Motivation and Background

As of May 2022, California is in the third year of a prolonged drought with more than 95 percent of the
state, including prime agricultural regions in the Central Valley, experiencing severe, extreme, or
exceptional drought (National Drought Mitigation Center n.d.). This drought follows on the heels of
California’s record breaking 2012-16 drought. Current research shows that climate change is driving
greater hydrologic extremes in California, including more severe and prolonged droughts (Swain et al.
2018). To date, many agricultural regions have turned to groundwater when surface water supplies
were curtailed during droughts (Howitt et al. 2015; Cooley et al. 2015). However, California’s Sustainable
Groundwater Management Act (SGMA) will curtail future groundwater withdrawals for agricultural
irrigation in many regions. Increasingly dry conditions coupled with decreased access to groundwater
have motivated increased interest in supply diversification and better understanding opportunities for
using alternative supplies such as municipal recycled water, oilfield produced water, and stormwater
(SWRCB 2018; CDWR 2014). In parallel, the oil and gas industry is facing greater regulation and
restrictions on other avenues of produced water disposition, such as Class Il Underground Injection wells
and percolation pits. This is pushing operators to seek alternative means of disposal. Specifically, 2014
regulations prohibited the use of pits for produced water from hydraulically fractured wells, and
underground Injection well permits are being reviewed and selectively revoked (CA Public Resources
Code Section 1786; and CA DOGGR 2018).

While the reuse of oilfield produced water for agricultural irrigation has been permitted on an ad hoc,
regional basis for more than 30 years, our understanding of the practice and the maturity of regulations
is comparatively limited relative to the use of municipal recycled water for agricultural irrigation. This
has prompted greater scrutiny from regulators and environmental groups while also motivating two
state-funded projects assessing current information and understanding of the health and agronomic
risks and knowledge gaps surrounding the use of produced water for agricultural irrigation. The findings
of these two studies, the Central Valley Regional Water Quality Control Board (CVRWQCB, or Board)
Food Safety Project (FSP) and the California Council on Science and Technology (CCST) study “An
Assessment of Oil and Gas Water Cycle Reporting in California” (CCST SB 1281 Study) are discussed at
length throughout this report.

1.2 WRF 4993 Project Objectives and Report Overview

This combination of factors served as the impetus motivating WRF 4993 “Potential of Qilfield Produced
Water for Irrigation in California.” The primary objectives and sub-objectives of this project include:

Objective 1. Evaluate Title 22 Recycled Water Regulations as a Science and Policy Template for OPW

e Objective 1.1 Review Scientific and Procedural History of Title 22 Recycled Water Regulations

e Objective 1.2 Review Scientific Literature and Identify Data Gaps on OPW Reuse

e Objective 1.3 Prioritize Data Needed in Support of an OPW Fit-For-Purpose Classification Framework

Objective 2. Geospatial Model and Map Potential for OPW Reuse

e Objective 2.1. Bring Together Spatial Information to Inform Map

e Objective 2.2. Generate Map Showing Potential for Reuse of OPW

e Objective 2.3 Create an Online, Interactive Version of Map to Support Decision Makers
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Objective 1 was motivated by the identification for potential opportunities to learn from California’s
100+ year process of developing and revising its recycled water regulations on agricultural use of
recycled water. Chapter 2 summarizes the history and current state of recycled water regulations in
California (Objective 1.1). Chapters 3 and 4 review current data and research on the quality of produced
water, risks, and potential impacts on human and agronomic health (Objective 1.2). These chapters
include discussion of data or knowledge gaps surrounding the reuse of produced water. Chapter 5 pulls
together knowledge on recycled water and produced water to discuss data needs for development of a
fit-for-purpose classification of produced water (Objective 1.3).

A basic assessment of the potential for produced water reuse in California was conducted as part of the
CCST SB 1281 report. Objective 2 was motivated by recognition of additional opportunities for
developing more granular assessments of ‘potential’ and a need to make the analysis products more
accessible via online mapping platforms. The methods and results from this analysis are discussed in
Chapter 6.

1.3 What is Produced Water?

Subsurface formations are permeated with a mixture of water and petroleum hydrocarbon products
(PHCs) that make up oil and gas (US EPA n.d.). Over time, the hydrocarbons migrate towards the surface
of the earth through porous sedimentary rock to form hydrocarbon reservoirs where they can be
recovered. Conventional recovery methods use natural pressure or pumping to bring hydrocarbons to
the surface through a vertically drilled borehole and can be classified as primary, secondary, or tertiary
methods (enhanced oil recovery) (DOE n.d.). Unconventional recovery relies on other methods,
including horizontal and directional drilling or hydraulic fracturing (fracking) of bedrocks using
pressurized liquids for extraction and are more complex and expensive than conventional methods (Hart
Energy n.d.).

During conventional primary recovery, a well is drilled down to reach the reservoirs and natural pressure
brings the hydrocarbons to the surface (Hart Energy n.d.). As the well ages, the natural pressure is no
longer enough to bring the hydrocarbons to the surface and secondary recovery is needed. During this
process, water or gas is injected into the wellbore to recover an additional 20 to 40 percent of the
original volume (DOE n.d.). Enhanced oil recovery (EOR) uses thermal recovery, gas injection, or
chemical injections to recover even greater volumes, between 30 to 60 percent of the original oil from
the reservoir (DOE n.d.).

Unconventional oil and gas recovery is capable of extracting hydrocarbons that are difficult to access.
After the wellbore is drilled to the target location, pressurized water, proppants, and other chemicals
are then pumped into the well to fracture the geologic formation targeted for production at economic
levels, releasing the recoverable quantities of hydrocarbons and associated produced water to the
surface to be recovered (Jackson et al. 2014).

Hydraulic fracturing practices in California differ from other states due to the unique geology of the
reservoirs. On average, drilling generally occurs at shallower depths (less than 600 meters deep as
compared to several kilometers in other states) and requires less volume of water, approximately
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140,000 gallons per well # (CCST and LBNL 2015; Jackson et al. 2014). The majority of the hydraulically
fractured wells in California are drilled vertically or directional and more than 95 percent of fracking
activities use a crosslinked gel as the stimulation fluid (CCST and LBNL 2015). While an advantage to
using gel-based fluids is that a reduced volume of water is required to produce simple fractures with
wider openings, there are typically higher concentrations of chemicals used in the process (CCST and
LBNL 2015).

During these processes, water and other liquids are brought to the surface. These oil and gas produced
waters (Figure 1-1) can be classified as either ‘recovered fluids’ or ‘produced water’ and are
distinguished by the origin, composition, timing, volume, and flowrate. While they are distinct,
similarities in chemical composition of produced waters do exist and allowable end uses may vary
accordingly. For example, oilfield produced water containing stimulation fluids are not allowed for reuse
in agricultural irrigation, and a thorough chemical analysis may be needed to differentiate the two.

Recovered fluids, or flowback water, are the fluids that have been injected into the well during hydraulic
fracturing and then recovered at the surface before the well is in production. These fluids can contain
residual oil and gas, stimulation fluids, clays and sand, chemical additives and transformation products,
well cleanout fluids, dissolved metals, and other dissolved solids (Termine Group n.d.). The majority of
the recovered flowback, between 20 and 40 percent of what was injected, occurs within the first 10 to
30 days after fracturing and at a much higher flowrate than the produced water.

After the well is in production, the naturally occurring water that exists within the formations is brought
to the surface along with the oil and gas. This is the produced water and contains the naturally occurring
formation water consisting of salts, trace elements, organics, and naturally occurring radioactive
materials (NORMs). It may also contain other chemicals and transformation products used during the
extraction process as well as residual oil or gas. The composition of produced water depends on the type
of hydrocarbon being produced (gas or oil), geographical location, age of the well, and the chemicals
used during the extraction process (Veil et al. 2004). The produced water flows over a much longer time
frame than recovered fluids, generally throughout the life of the well, but at a lower flowrate than
flowback water (Termine Group n.d.).

4 Average water use per well varies considerably in the U.S due to several factors. These include the geologic
formation and age of well, drilling direction (vertical, horizontal, or directional), the stage of production, operator,
and whether water is recycled during the process. These volumes can range between 140,000 gallons (California)
to 16 million gallons. For example, horizontal wells in the Eagle Ford Formation in Texas use approximately 4.3
million gallons (CCST and LBNL 2015).
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Figure 1-1. Major Constituents of Oil and Gas Produced Water.
Source: Adapted from CCST 2015.

1.4 Overview of Recent Synthesis Reports on Produced Water Use in

California

Reports were recently published from two projects (Food Safety Project and CCST SB 1281 Study)
evaluating the safety of using produced water for agricultural irrigation and identifying knowledge and
data gaps surrounding this practice in California. The scope and approach of these projects are
described in this section. The relevant findings from these two projects are included in pertinent
sections throughout this report and discussion. The scope of these projects has substantial overlap with
certain chapters in this report. As such, this report seeks to synthesize and summarize the findings of
these reports plus other research on OPW quality and reuse then discuss these findings in the context of
current knowledge of and regulatory approaches for recycled water.

1.4.1 California Council on Science and Technology Assessment of Oil and Gas

Water Cycle Reporting in California
Prior to the signing of Senate Bill (SB) 1281 in 2014, reporting requirements under Section 3227 of the
California Public Resources Code (PRC) mandated well owners to provide the Division of Qil, Gas, and
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Geothermal Resources (DOGGR)® with monthly statements containing information on the volume of
water, oil, and gas produced from each well. However, to better manage the State’s water resources,
decision makers needed a deeper understanding of the life cycle and quality of water used in the oil and
gas fields. The SB 1281 data, reported on a quarterly basis, expands on the monthly reporting required
by the PRC at finer detail. A standardized format, separated into four reports: 1. Production, 2. Injection,
3. Other Allocation, and 4. Well-to-Well Allocation, facilitates the collection of information on water
volumes, water treatments, water quality, storage and disposition, and the reuse of water in production
activities going into and out of wells.

DOGGR commissioned CCST to conduct a third-party assessment on the utility and effectiveness of the
SB 1281 data, either alone or in conjunction with other data sets and provide decision makers with
information to better inform policy and guide research. The study directly assessed several components
of the SB 1281 data, in addition to other publicly available datasets, to evaluate the overall ability of the
data collected within these reports to answer questions on water resources, public health, and the
environment related to OPW production, current reuse, and potential for reuse expansion. Specifically,
the study sought to identify the sources, volumes, and quality of water used in the production of oil and
gas, estimate potentially available volumes for agricultural reuse, and understand how these vary across
the state over time. The research team assessed how treatment technologies impact water availability;
what hazards, risks, and impacts to humans and the environment exist or potentially exist as a result of
discharging OPW into the environment; and the potential to expand OPW reuse opportunities outside of
the oilfields.

From the SB 1281 data, the research team estimated approximately 413,000-acre feet per year (AFY) of
water is produced within the five major California basins. Based on the single water quality parameter
collected in the SB 1281 report, for a threshold of total dissolved solids (TDS) < 10,000 mg/L, an average
annual 11,000 AFY (of the 413,000 AFY produced) was estimated to be available for agricultural reuse.
Using water quality data from additional reports and placing thresholds for TDS (< 2,000 mg/L) and
boron (< 3.0 mg/L) based on guidelines for agricultural irrigation waters (Ayers and Westcot 1985), an
annual average of 64,000 AFY of produced water requiring minimal treatment was estimated as
potentially available for agricultural reuse. The large differences in estimations could be the result of
over and under — estimations due to how data is collected and reported in these reports.

Gaps in data collection and methods, practices, and knowledge related to the SB 1281 data and other
publicly accessible data sets were identified and outlined in the SB 1281 final report (Shimabuku,

Abraham, and Feinstein 2019). Recommendations to improve data collection and reporting as well as
areas for future research based on the findings were also provided to DOGGR to help fill the identified

gaps.

1.4.2 Central Valley Regional Water Quality Control Board Food Safety Project
The Food Safety Project was initiated by the Board in response to health-related concerns from the
public and environmental groups surrounding the use of oil and gas produced water in agricultural
irrigation. To provide a third-party assessment, the Board commissioned a consultant, GSI, to evaluate
the safe use of produced water to irrigate food crops. The Board also convened a Food Safety Expert

5 DOGGR is now the California Geologic Energy Management Division (CalGEM).
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Panel to review the findings. The three-pronged approach first identified and prioritized a list of
chemicals that are known to be present, or have the potential to be present, in oil and gas produced
water. These chemicals of interest (COls) included both naturally occurring chemicals and those used as
additives in the production of oil and gas. A variety of published sources were used to prioritize COls for
further evaluation primarily based on available oral toxicity and biodegradation information. The second
phase, Task 2, included a literature review focused on the COls identified in Task 1 as they related to
produced water in agricultural irrigation and to identify other potential irrigation sources of these
chemicals. Task 3% was a continuation of chemical analyses of sampled crops’ grown with and without
produced water. Task 3 ran concurrent with Tasks 1 and 2, and the results were used to inform the
identification of the COls from Task 1.

Throughout the length of the Project, the Food Safety Expert Panel held working groups to provide
insight and technical recommendations. After the completion of the project, the Panel evaluated GSI’s
findings to provide the Board with answers to key health and safety questions related to oilfield
additives, the potential for immediate or long-term health effects, and if the current waste discharge
requirement permits (WDRs) are adequate to protect public health or if additional conditions should be
placed on produced water used to irrigate food crops.

1.5 WRF 4993 Report Overview

The following sections in this report summarize key gaps in data collection, reporting, practices, and the
current state of knowledge identified in the Food Safety Project reports, CCST SB 1281 study, and other
resources.
e Chapter 2 provides a brief history of California’s Title 22 recycled water regulations
e Chapter 3 is a review of the scientific literature and data gaps on oilfield produced water
e Chapter 4 summarizes current reuse of oilfield produced water in California
e Chapter 5 prioritizes data needed for a ‘fit-for-purpose’ approach for reuse of oilfield produced
water
e Chapter 6 shares findings from a geospatial model assessing where reuse of oilfield produced
water has the potential to expand in California based on water availability, irrigation needs, and
water quality

6 Existing data from water, produced water, and blended produced water were considered when GSI reviewed the
thirteen factors but were not the primary tool used to identify the COlIs (GSI 2020).

7 Task 3 built upon previously sampled crops from 2017, prior to the start of this project. Data collected during
both the 2017 and Task 3 sampling events were used as a reference point for concentrations of chemicals likely to
be detected in crops irrigated with blended produced water (GSI 2020).
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Scientific and Procedural History of Title 22 Recycled
Water Regulations

2.1 Introduction

To date, reuse of OPW for irrigation is a fairly limited practice in California that has not been subject to
the same level of rigorous scientific and regulatory scrutiny as municipal recycled water (Heberger and
Donnelly 2015). As public pressure to investigate and oversee OPW reuse grows, it is evident that the
careful scientific vetting and policy procedures employed to develop Title 22 recycled water regulations
may provide useful insights into the development of harmonized regulations on the reuse of OPW for
agricultural irrigation. This chapter aims to:

e Summarize the current state of agricultural reuse in California;

e Describe the history of how contemporary Title 22 recycled water regulations were developed and
revised, both from the perspective of scientific investigation and public processes; and

e Discuss the thinking and rationale behind the regulations that were enacted, and how they balanced
health and environmental stewardship with technical and financial feasibility.

Subsequent chapters provide additional background on OPW, its use in irrigated agriculture, and
similarities and differences in regulatory approaches for municipal recycled water and OPW.

2.2 Current State of Agricultural Water Reuse in California

2.2.1 SWRCB Volumetric Annual Reporting

As of 2019, the State Water Resources Control Board (SWRCB) mandated the annual collection of data
on wastewater production and reuse by all municipal wastewater and/or recycled water National
Pollutant Discharge System (NPDES) and WDR permit holders in California. California currently reuses
728,000 AFY of recycled water of which 195,000 AFY is used for agricultural irrigation. The scale and
distribution of current agricultural reuse varies widely across the state, ranging from small projects with
a single grower through large, complex projects with large irrigation districts (Figure 2-1). Existing reuse
of OPW is not included in the SWRCB volumetric annual reporting data.
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Figure 2-1. Current Agricultural Use of Municipal Recycled Water in California and Existing Irrigated Croplands.

2.2.2 USDA Irrigation Water Management Survey

The USDA Census of Agriculture collects information on the use of alternative water supplies for
agricultural irrigation via the Irrigation Water Management Survey (IWMS) (formerly the Farm and
Ranch Irrigation Survey). A key difference between the IWMS and SWRCB Volumetric Annual Reporting
data is the inclusion of multiple on and off farm sources of reclaimed water. Farms in California report
using a broad range of alternative supplies (Figure 2-2) in the USDA IWMS data. In the 2018 IWMS
survey, 777 farms irrigating 261,000 acres reported using 378,000 AFY of reclaimed water® for irrigation

8 The USDA IWMS defines reclaimed water more broadly that the California’s Recycled Water Policy. In the USDA
IWMS reclaimed water is defined as “Reclaimed water is wastewater that has been treated for non-potable reuse

8 The Water Research Foundation



in California (USDA 2018b). For comparison, there were 42,093 farms in California that reported using
irrigation. These farms irrigated 8.4 million acres and used 24.5 million acre-feet of water in 2017. Since
most OPW that is reused is treated then blended with normal canal water, a portion of this reuse is
likely captured in the total amount of water used for irrigation reported to USDA but is
underrepresented in estimates of reclaimed water since the growers responding to the survey likely do
not know what portion of delivered water is sourced from OPW.

@ Municipal
O Industrial
O On-Farm Livestock Operation
@ Off-Farm Livestock Operation

O Other

6

Figure 2-2. Sources of Reclaimed Water California and Number of Farms Reporting Use (in 2017).
Data Source: USDA 2018a.
Notes: Numbers indicate number of farms reporting using a particular source. Some sources reported multiple
sources while others did not report the source of their reclaimed water. Data on the specific volume of each
source of reclaimed water used by farms was not collected.

2.3 Summary of Water-Related Regulations Impacting Agricultural

Water Reuse in California

Multiple sets of inter-related regulations related to water quality and quantity directly and indirectly
impact the use of recycled water and other alternative supplies for agricultural irrigation.

purposes. Sources include municipal, industrial, off-farm livestock operations, and other reclaimed water sources.
Water from off-farm livestock facilities, municipal, industrial, and other reclaimed water sources were reported as
off-farm supplies. While reclaimed water from on-farm livestock facilities were reported as on-farm surface
water.” (USDA 2018a)

Potential of Qilfield Produced Water for Irrigation in California 9



2.3.1 Water Quality

The discharge of treated wastewater to water or land in California is governed via NPDES permits (for
discharges to surface water) and WDR permits (for land discharges). Both classes of permits are issued
by the local Regional Water Quality Control Board. Discharges of both municipal wastewater and
produced water are subject to NPDES/WDR permitting requirements. Similarities and differences in how
NPDES/WDR permitting is managed for municipal wastewater and produced water is discussed at
greater length in Chapter 5.

State and Federal Anti-Degradation Policies

A key component of all NPDES/WDR permits and the State’s recycled water policy is compliance with
federal and state anti-degradation policies. These policies mandate that the storage and discharge of
treated wastewater and the use of recycled water should not negatively impact the quality of surface
and groundwater resources relative to the designated water quality standards for that source. Water
quality standards are set based on the designated beneficial uses (e.g., drinking water supply, cold
water fishery) and ambient water quality of the receiving water(s).

The use of Title 22 recycled water for agricultural irrigation (and other beneficial uses) in California is
governed by the State’s Recycled Water Policy (Title 22 Recycled Water Criteria). These regulations
apply only to the beneficial use of treated wastewater and are in addition to any requirements included
in a facility’s NPDES/WDR permit. This chapter focuses primarily on the State’s Recycled Water Policy.
The 2011 federal Food Safety Modernization Act is currently going through final rulemaking and
develops additional microbial water quality standards for water used in the production of crops
consumed raw (such as leafy greens). These three sets of inter-related regulations are summarized in
Figure 2-3.
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Figure 2-3. Water Quality Regulations Impacting Agricultural Irrigation.

2.4 History and Evolution of California’s Title 22 Recycled Water

Regulations

California has a long history of using recycled water for agricultural irrigation and regulating the use of
this water (Table 2-1). California was the first U.S. state to develop the guidance (1907) and regulations
(1918) on the use of municipal wastewater (sewage) to irrigate agricultural crops (Olivieri et al. 2020).
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Over the past century, California’s recycled water regulations have evolved substantially. The
regulations initial focus (1900-1930s) was on minimizing health risks associated with agricultural reuse
and did so by creating restrictions on the use of wastewater for irrigation and developed guidance on
on-farm management strategies (e.g., waiting times between irrigation and harvest). By the 1930-1950s,
basic treatment and better understanding of pathogens were developing. Regulations developed at that
time established some of the first bacterial standards for wastewater used for reuse. The 1960s brought
major policy updates that established the legal authority of the State and Regional Water Resources
Control Boards to develop and enforce reclaimed water standards (and manage water quality more
broadly across the state). The 1970s brought multiple noteworthy events in water reuse in California.
First, scientists and regulators found that wastewater treatment facilities were not reliably treating
effluent to the intended standards which led to the development of updated treatment reliability
criteria. The 1970s were also the decade where water reuse was established as a state priority and state
water reuse policies were updated to include a broader range of beneficial uses (groundwater recharge
and landscape irrigation). The 1980-2000s were a period of substantial research on recycled water and
included significant advances in fundamental research, multiple demonstration projects, and advances
in treatment. In 1991, the State set its first volumetric targets for increasing the use of recycled water
within the state. The advances of the 80s and 90s set the foundation for the rapid growth in recycled
water use that occurred in California over the past 30 years. In the 2000s, the State conducted a major
update of its recycled water policy and developed strategies for scaling reuse. In the 2010s, the State
convened a number of expert advisory panels focused on emerging contaminants, updated state
recycled water policies and volumetric targets, and expanded regulations to allow for indirect potable
reuse. The State continues to advance water reuse with continued investments in expert advisory panels

and the development of new regulations on potable reuse and the use of onsite systems for non-
potable reuse. Specific policies and details are summarized in Table 2-1.

Table 2-1. Evolution of and Summary of Water Reuse Laws, Policies, Expert Panels, and Other Significant Events
in California Recycled Water Policy.

Law/Policy/Expert
Scope/ Theme Panel/Other Year Notes
State Board of Health Advisory notice on the use of sewage to irrigate raw
Bulletin 1907 food crops
Prohibited use of raw sewage for crop irrigation (with
Minimizing health some exceptions). Limited use of treated effluent to
risks by limiting Regulation Governing non-food crops and crops cooked before
reuse. Focus on Use of Sewage for consumption. Developed guidance on irrigation
agricultural reuse. Irrigation Practices 1918 practices (e.g., time between irrigation and harvest).
Updated 1918 regulations to include prohibitions on
the use of sewage sludge and developed early water
quality standards for reuse. Wastewater could be
used for irrigation of food crops consumed raw if the
wastewater was "well oxidized, nonputrescible, and
Regulations on the reliably disinfected or filtered" to meet a bacterial
Use of Sewage for standard approximately equivalent to drinking water
Irrigating Crops 1933 standards at that point in time.
Early development Regulations Relating
of science-based to Use of Sewage for
standards. Irrigating Crops 1953 Updated 1933 regulations.
Formally established/clarified state agencies legal
Establishing the legal | Updates to California authority in developing and enforcing reclaimed
frameworks for Water Code 1967 water standards.
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Law/Policy/Expert

Scope/ Theme Panel/Other Year Notes
managing and Statewide Standards
regulating reuse. for the Safe Direct Use Developed statewide, application specific water
of Reclaimed Water quality requirements with a focus on ensuring that
for Irrigation and the use of reclaimed water would not pose undue
Impoundments 1968 risks to public health.
Law that governs water quality regulation in
California, including point and non-point sources of
Porter-Cologne Water pollution. Established state and regional water
Quality Act 1969 boards.
Multiple water quality Found that wastewater treatment plants had a poor
and treatment record of reliability. (Crook 1976; California
reliability studies. 1970s Department of Public Health 1973)
Establishes water reuse as a priority in state water
resources management. Law states, "It is hereby
declared that the primary interest of the people of
the state in the conservation of all available water
resources requires the maximum reuse of reclaimed
Water Reuse Law of water in the satisfaction of requirements for
1974 1974 beneficial uses of water."
Wastewater Updated 1968 standards to include treatment
Trestrient el Reclamation Criteria 1975 reliability requirements.
and expansion of Update of Water Updated to include standards to include groundwater
beneficial uses. Reclamation Criteria 1978 recharge and multiple classes of landscape irrigation.
Fundamental
research and
demonstration of Research and work to Research, demonstration projects, advances in
safety of recycled update 1978 Water 1978- treatment, and consideration of a broader range of
water. Reclamation Criteria 2000 types of reuse.
Expanded Established a statewide goal to recycle 700,000 acre-
recognition of reuse feet of water per year by the year 2000 and
as a state water Water Recycling Act of 1,000,000 acre-feet of water per year by the year
priority. 1991 1991 2010
Major update of 1978 Water Reclamation Criteria.
Water Recycling Expands approved types of reuse and updates
Criteria 2000 treatment and quality criteria.
Recycled Water Task Series of recommendations on strategies for
Force Report 2002 increasing the use of recycled water in California.
Develops state recycled water policy including state-
level targets, priorities around constituents of
emerging concern, salt and nutrient management
plans, criteria for streamlining recycled water
permitting, and many other topics. Establishes state-
Strategies for scaling level goal of recycling an additional 200,000 AFY by
recycled water use. Recycled Water Policy | 2009 2020 and 300,000 AFY by 2030.
Science Advisory Published report 'Monitoring Strategies for Chemicals
Science and data for | Panel for Recycled of Emerging
decision making. Water 2010 Concern (CECs) in Recycled Water'
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Law/Policy/Expert
Scope/ Theme Panel/Other Year Notes
Water Recycling in Government code update codifying recycled water
Landscaping Act 2010 use and water efficient landscaping as state priorities.
Established a statewide goal to recycle 1.5 million
Water Recycling Act of acre-feet of water per year by the year 2020 and 2.5
2012 2012 million acre-feet of water per year by the year 2030
2013 Recycled Water Requirements added for indirect potable reuse (via
Policy Update 2013 groundwater replenishment)
Expert Panel on
Constituents of Updated findings from 2010 panel with new research
Emerging Concern findings to release updated report 'Monitoring
(CECs) in Recycled Strategies for Constituents of Emerging Concern
Water 2018 (CECs) in Recycled Water'
2018 Recycled Water Requirements added indirect potable reuse (via
Policy Update 2018 surface water augmentation)
Develops requirement to develop risk-based

SB 966 Onsite treated standards for onsite non-potable reuse and transfers
non-potable water the regulation of onsite non-potable reuse to local
systems 2018 programs by late-2022.

Potable reuse. Expert Panel on the

Continued update of | Feasibility of

policy and goals with | Developing Uniform

new knowledge. Water Recycling Published report 'Evaluation of the Feasibility of

Direct measurement | Criteria for Direct Developing Uniform Water Recycling Criteria for

methods. Potable Reuse 2020 Direct Potable Reuse'

2.5 California’s Current Title 22 Regulations for Agricultural Water

Reuse

A risk-based approach underpins California’s current recycled water quality criteria and regulations on
agricultural water reuse. Practically this means that recycled water quality criteria were set based on
assessments evaluating water quality thresholds where the potential risks posed by recycled water were
below generally accepted thresholds and would not significantly increase public health risk (Olivieri et al.
2014). California’s recycled water regulations divide water used for irrigation into four major classes of
water—undisinfected secondary, disinfected secondary—23, disinfected secondary-2.2, and disinfected
tertiary. For each class of water, the regulations specify what crops can be irrigated with the water, level
of treatment, allowable concentrations of water quality parameters, monitoring requirements, and
other factors. All recycled water projects are also required to submit an engineering report
demonstrating that the proposed treatment will meet all applicable recycled water quality standards
plus (in many cases) an anti-degradation analysis to ensure that the use of recycled water will not
negatively impact groundwater quality (SWRCB 2018). California’s four classes of recycled water used
for agricultural irrigation are summarized in Table 2-2. The remainder of this section discusses the
details and rationale behind each of these components of the recycled water criteria.
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Table 2-2. Classes of Title 22 Recycled Water Used for Agricultural Irrigation.

Recycled Water Class

Undisinfected Secondary

Disinfected Secondary-
23

Disinfected Secondary-
2.2

Disinfected Tertiary

Crops that Can be
Irrigated

Food crops that must undergo commercial pathogen-
destroying processing before being consumed by humans;
Orchards and vineyards where recycled water does not come
in contact with edible portion; Fodder and fiber crops and
pasture for animals not producing milk for human
consumption; Seed crops not eaten by humans; Non-food-
bearing trees, nursery stock, and sod if there is no irrigation
for 14-days before harvest/sale/public access.

Ornamental nursery
stock/sod; Pasture for
animals producing milk
for human consumption

Food crops where the
edible portion is
produced above ground
and not contacted by the
recycled water

Food crops, including all
edible root crops, where the
recycled water comes into
contact with the edible
portion of the crop

Level of Treatment

and Treatment Oxidized and Oxidized, filtered, and
Performance Oxidized wastewater disinfected Oxidized and disinfected disinfected
Turbidity Not Specified Not Specified Not Specified 2 NTU*
Indicator
Organism Not Specified Total Coliform Total Coliform Total Coliform
7-day Median
(MPN/100 ml) Not Specified 23 2.2 2.2
Max in any one
sample within a
30-day period
Pathogen Indicators (MPN/100 ml) Not Specified 240 23 23
No sample to
exceed (MPN/100
ml) Not Specified Not Specified Not Specified 240

* Regulations require coagulation and/or continuous monitoring of filter influent with additional treatment if various turbidity thresholds are exceeded (see CA
regulations for details).

Potential of Qilfield Produced Water for Irrigation in California

15




2.5.1 Crops that Can be Irrigated

Each class of Title 22 recycled water specifies the types of crops that can be irrigated with water of that
quality. Crops such as highly processed food crops or orchard crops where there is not contact between
the edible portion and recycled water (e.g., almonds) are considered lower risk than crops where there
is direct contact between the crop and recycled water (e.g., strawberries, leafy greens). Lower risk crops
are allowed to be irrigated with lower quality water (e.g., undisinfected secondary) while higher risk
crops require higher quality classes of recycled water such as disinfected tertiary.

2.5.2 Level of Treatment and Treatment Performance

Each class of Title 22 recycled water specifies a minimum level of treatment required and ranges from
oxidized wastewater (undisinfected secondary) through oxidation, filtration, and disinfection
(disinfected tertiary). The regulations provide details on the specific types of treatment required and/or
allowed. For example, the requirements for disinfected tertiary recycled water must meet the following
criteria for filtration,

“(a) Has been coagulated* and passed through natural undisturbed soils or a bed of filter media
pursuant to the following:

(1) At a rate that does not exceed 5 gallons per minute per square foot of surface area in mono, dual or
mixed media gravity, upflow or pressure filtration systems, or does not exceed 2 gallons per minute per
square foot of surface area in traveling bridge automatic backwash filters; and

(2) So that the turbidity of the filtered wastewater does not exceed any of the following: (A) An average
of 2 NTU within a 24-hour period; (B) 5 NTU more than 5 percent of the time within a 24-hour period;
and (C) 10 NTU at any time. (b) Has been passed through a microfiltration, ultrafiltration, nanofiltration,
or reverse osmosis membrane so that the turbidity of the filtered wastewater does not exceed any of
the following: (1) 0.2 NTU more than 5 percent of the time within a 24-hour period; and (2) 0.5 NTU at
any time.”

and disinfection
“(a) The filtered wastewater has been disinfected by either:

(1) A chlorine disinfection process following filtration that provides a CT (the product of total chlorine
residual and modal contact time measured at the same point) value of not less than 450 milligram-
minutes per liter at all times with a modal contact time of at least 90 minutes, based on peak dry
weather design flow; or

(2) A disinfection process that, when combined with the filtration process, has been demonstrated to
inactivate and/or remove 99.999 percent of the plague forming units of F-specific bacteriophage MS2,
or polio virus in the wastewater. A virus that is at least as resistant to disinfection as polio virus may be
used for purposes of the demonstration.”

The SWRCB ‘Alternative Treatment Technology Report for Recycled Water’ provides a list of approved
alternative technologies that have been demonstrated to meet the above criteria for filtration and
disinfection (SWRCB 2014). Treatment technologies on the Alternative Technologies list have been
demonstrated to provide treatment equivalent to those specified in the Title 22 regulations.
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2.5.3 Turbidity

Real-time monitoring of turbidity, a measure of water clarity, is included in the Title 22 Regulations as a
process indicator for disinfected tertiary recycled water. In this case, turbidity is used to provide ongoing
insights into whether filtration systems are operating effectively and as a leading indicator of potential
breakthrough of actual pathogens. While California only includes turbidity in the criteria for disinfected
tertiary recycled water, some other states include turbidity standards for a broader range of classes of
recycled water.

2.5.4 Pathogen Indicators

California’s water reuse regulations have historically focused on the protection of human health with an
emphasis on the removal and/or inactivation of human pathogens. Measuring concentrations of actual
pathogens is an ongoing challenge due to low concentrations in treated effluent (e.g., viruses),
limitations of measurement methods, cost of direct measurement and other factors. As such,
California’s Title 22 Regulations use a combination of treatment specifications and total coliform
(indicator bacteria) as a means of assessing treatment adequacy and performance. Total coliform serves
as a conservative indicator of fecal contamination and metric for assessing whether treatment processes
are performing as designed. Of the four classes of recycled water used for agricultural irrigation, three
set total coliform limits (Table 2-2).

The measurement and regulation of contaminants of emerging concern in recycled water is an area of
ongoing research with the SWRCB convening multiple expert panels on the topics. Current recycled
water regulations do not include limits on contaminants (or chemicals) of emerging concern (CECs)
though these it is likely that these constituents may be monitored and managed in the future,
particularly in recycled water used for direct or indirect potable uses. Potential agronomic impacts of
recycled water have not typically been a major factor in the development of recycled water criteria
which has led to the underrepresentation of these parameters in current recycled water regulations in
the U.S. though inclusion of agronomic parameters is more common in Middle Eastern countries (Sheikh
et al. 2019; Shoushtarian and Negahban-Azar 2020). Additional discussions of these topics are included
in later sections of this report.

2.5.5 Engineering Reports and Anti-Degradation Analysis

California’s recycled water policy requires projects to submit an engineering report prior to project
implementation. Engineering reports detail how the recycled water project will comply with the Water
Recycling Criteria and “assure the regulatory agencies that the degree and reliability of treatment is
commensurate with the requirements for the proposed use, and that the distribution and use of the
recycled water will not create a health hazard or nuisance” (G. Davis 2001). Pursuant to State and
Federal anti-degradation policies in the Porter-Cologne Water Quality Control Act (1968) and Federal
Clean Water Act (1972) facilities are required to demonstrate that they will not adversely impact surface
and groundwater quality. In many regions of the state, a recycled water project’s coordination with the
regional salt and nutrient management plan is an important component of the anti-degradation
analysis. The State Recycled Water Policy includes salt and nutrient management planning requirements
to limit potential groundwater quality impacts and promote basin-scale management of salts and
nutrients in groundwater. Salt and nutrient plans are required to include the following components
(from the State Recycled Water Policy (SWRCB 2018)):

“a) A basin/sub-basin wide monitoring plan that includes an appropriate network of monitoring
locations to determine whether concentrations of salt, nutrients, and other constituents of
concern are consistent with applicable water quality objectives.
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b) A provision for annual monitoring of Emerging Constituents/Constituents of Emerging
Concern

c) Water recycling and stormwater recharge/use goals and objectives.

d) Salt and nutrient source identification, basin/sub-basin assimilative capacity and loading
estimates, together with fate and transport of salts and nutrients.

e) Implementation measures to manage salt and nutrient loading in the basin on a sustainable
basis.

f) An antidegradation analysis demonstrating that the projects included within the plan will,
collectively, satisfy the requirements of the Antidegradation Policy (Resolution No. 68-16).”

2.6 Conclusions

The use of recycled water for agricultural irrigation has a 100+ year history in California. Regulations on
the use of treated wastewater for agricultural irrigation have generally focused on protection of public
health and evolved significantly over the years as our knowledge around the risks and benefits of the
use of recycled water have grown. Current Title 22 regulations take a risk-based, fit-for-purpose
approach to managing the use of recycled water for agricultural irrigation and other beneficial uses. This
approach develops treatment-based standards rooted in demonstrated levels of pathogen inactivation
by different types of treatment and the expected levels of risk posed by consumption of different classes
of produce irrigated with recycled water. There are substantive similarities and differences in the
composition of recycled water and oilfield produced water, data and knowledge gaps, and the
regulatory structures surrounding the use of different alternative water supplies. The following chapters
in this report summarize current knowledge on produced water and discusses opportunities and
considerations for aligning the regulation of produced water reuse with recycled water.
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Review of Scientific Literature and Identification of Data
Gaps on QOilfield Produced Water

3.1 Introduction

Oil and gas produced water has been identified as a potential source for agricultural water to
supplement existing supplies. While produced water reuse occurs globally, potential risks to humans and
crops have gained recent attention initiating further research into identifying hazards to aid in the
development of mitigation strategies. Chemicals associated with produced water that pose a risk to
human health arise from the underlying geology, the extracted oil and gas, and additives used in various
stages of production. The primary concerns with these chemicals include both acute and chronic toxicity
including cancer, oral and inhalation toxicity, and reproductive toxicity. Little is understood on the
potential risks of irrigating food crops with treated produced water, thus reuse opportunities outside of
the oil and gas sector are currently limited.

Historically, concerns surrounding food safety have been focused on acute illnesses resulting from
biological contamination (e.g., bacteria, viruses, and parasites). Regulations and guidelines for recycled
water provide water quality standards for indicator organisms (e.g., Escherichia coli, E. coli) or total
coliform bacteria) when using recycled water for activities including agricultural irrigation. The recent
Food Safety Modernization Act (FSMA) establishes water quality standards for agricultural irrigation
water and has developed best practices for irrigating crops based on a number of factors, including
source water type, crop type, and timing of irrigation to minimize food borne illnesses. CECs and other
constituents (e.g., organics and inorganics) that are likely present in produced water and may be
hazardous to humans are not currently included in current regulations on the use of recycled water for
agricultural irrigation.

Human health risk assessment is a core public health tool used to assess the relative risks posed by
exposure to chemicals, pathogens, and other substances with acute and/or long-term health impacts
and is typically comprised of four main steps — hazard identification, dose-response assessment,
exposure assessment, and risk characterization (US EPA 2014). Human health risk assessment is used
extensively in California to develop and evaluate regulations on the use of recycled water (SWRCB 2018;
Olivieri et al. 2014). However, the quantity and quality of data required to rigorously assess risk presents
challenges when a given source of risk and/or exposure is poorly characterized or understood.

A literature review conducted by Danforth et al. (2020) revealed that 86 percent of chemicals and
compounds used in oil and gas production have insufficient data to conduct risk assessments and 56
percent have not been studied for safety or toxicological effects (Danforth et al. 2020). Long-term
exposure to constituents that are present, or may be present, in produced water is not well understood.
These include CECs, salts, heavy metals and other inorganic compounds, and organic contaminants.
Some chemicals used in the production of oil and gas and constituents found in oilfield produced water
are known endocrine disrupting chemicals (EDCs), carcinogens, and mutagens.

Assessing risks to humans, crops, and the environment is complex and first requires sufficient data to
identify hazards, such as potentially toxic chemicals and compounds. There are considerable gaps in
knowledge related to the chemical makeup, chemical concentrations, and toxicity of chemicals present
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in oilfield produced water (OPW). Knowledge regarding detection, monitoring, and treatment methods
as well as plant uptake and accumulation are also lacking. Additional information is needed to fill these
gaps in order to assess the long-term risks and the safe use of OPW for irrigating crops (Shariq 2013;
Shimabuku et al. 2019; McLaughlin et al. 2020; Kassotis et al. 2018; Nagel et al. 2020; Danforth et al.
2020; Echchelh et al. 2018; Zhao et al. 2010; Shariq 2019; Tao et al. 2009).

Water quality suitability for agricultural irrigation is another area of active research associated with the
use of alternative supplies broadly and OPW, more specifically. Salinity concentrations in produced
water are commonly elevated and may make the water quality unfit for agricultural irrigation without
additional treatment or blending (IPIECA 2020). Order of magnitude scale differences in water quality
parameters are common even within narrow geographies and depend on local geology and other
factors (Scanlon et al. 2020). Produced water is commonly blended with other conventional water
sources such as surface or groundwater to dilute salinity and extend supplies. In the Central Valley of
California, low salinity produced water has been used for agricultural irrigation for over thirty years
(Mahoney et al. 2021). Here, crops irrigated with produced water are regulated by the CYRWQCB
through the WDR program. Individual permits set numeric limits on electroconductivity, chloride, boron,
priority pollutants, oil and grease in effluent discharges and periodic monitoring for other constituents
to protect human and crop health. Currently, there are approximately 95,000 acres of farmland in
eastern Kern County (CA) irrigated with treated produced water and blended produced water
(Mahoney et al. 2021).

Concerns over the short and long-term health and agronomic impacts of OPW use for irrigation
motivated two recent studies focused on the use of produced water for agricultural irrigation in
California. The CCST was tasked with assessing multiple datasets, including those required via SB 1281,
to answer emerging questions related to health risks and potential for expansion of OPW reuse within
the State. The Central Valley RWQCB also initiated a Food Safety Project using a three-phased approach
to identify and prioritize chemicals of interest (COls) and to answer similar questions to the CCST SB
1281 study. While the main focus of the two studies was to assess the safe use of produced water, the
CCST SB 1281 study also evaluated the suitability and potential availability of produced water for
agricultural irrigation based on salinity. The geographic focus of the CCST SB 1281 study covered the
State of California, while the Food Safety Project focused on produced water generated within the
Central Valley.

This chapter explores the current state of knowledge on produced water and the limitations for
assessing risks to humans and crop health. The discussion includes summaries of the characteristics and
common constituents of produced water relevant to agronomic and human health, current regulations,
treatment technologies, and current research related to irrigating food crops with treated and blended
OPW.

3.2 Public Health Concerns

3.2.1 Risk Assessment Overview

Human health risk assessment is a multi-step process that includes thoughtful consideration of both the
constituents posing a potential risk and expected nature and duration of exposure. The following text
highlights some core steps and considerations relevant to a human health risk assessment of OPW.
While much of the following text is focused on assessment of risks to human health, many of the same
principles are relevant to assessment of potential agronomic risks associated with the use of produced
water for agricultural irrigation.
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Identifying at-risk populations, such as agricultural workers, including irrigators, consumers of crops
irrigated with produced water, soil biota, and the crops themselves is a key step in scoping any human
health risk assessment. This includes characterizing exposure pathways (water sources, air, food),
exposure routes (dermal, inhalation, ingestion, aerial deposition), level of exposure (e.g., length of
exposure, accumulations in soils, plant uptake, how much contaminated produce has been consumed),
and consumer susceptibility (age®, gender, cultural or ethnic practices, underlying health conditions,
and genetics).

To evaluate risks associated with using produced water for agricultural irrigation, the first step is to
identify and prioritize COIls. Chemical behaviors and interactions with biotic and abiotic factors
influence environmental fate such as persistence, degradation, movement, and the potential to enter
food systems (e.g., plant uptake and accumulation). Chemical-chemical interactions may have greater or
less toxicity or reactivity than the individual reactions. In some cases, a COl or COl-complex may mobilize
an otherwise neutral substance in the environment thus creating a new hazard or exacerbate an existing
one.

Toxicity of substances depends on a variety of complex factors including a chemical’s concentration and
properties; interactions with extrinsic factors that may alter the chemicals behavior or create dangerous
by-products. Knowing how populations may be exposed is important for evaluating potential health
effects as substances may have different toxicity levels or promote different health risks (e.g.,
carcinogenic or respiratory illness) depending on the exposure route.

The dose-response, or the relationship between the concentration of the substance and the observed
effect, can vary between different substances, exposure routes, species, and populations within species.
For example, those with auto-immune diseases may have a lower dose-response than other
populations. Some plants may be more sensitive to chlorides than others, even between different
genotypes within a species.

3.2.2 Exposure Routes Associated with OPW

Exposure pathways link a contaminated source or hazard to the at-risk populations and include air,
irrigation water, groundwater, soils, and food. Exposure routes are the ways in which the hazard enters
the at-risk population, and generally include inhalation, ingestion/uptake, or through dermal contact.
The potential routes of exposure associated with produced water are diverse (Figure 3-1) with at-risk
populations including agricultural workers including irrigators, soils and soil biota, crops, and consumers
of crops irrigated with produced water. Consumers of produce irrigated with OPW, farmworkers, and
local residents are the groups most likely to be exposed to the COIl in OPW, though exposure routes and
levels of exposure vary widely.

For occupational workers, exposure can occur directly via dermal contact, inhalation, or accidental
ingestion of contaminated water or aerosolized contaminated particles. Plants, soils, and the soil biota®®
(including microorganisms, soil animals, and soil plants), may be exposed to COls through direct contact
with irrigation water or via aerial deposition, where they may persist and accumulate in soils over time.

9 For example, children are at a higher risk compared to average adults due to their lower body weight, ability to
metabolize chemicals, increased expression of mutations as a result of higher frequency of cell division, and limited
functions of immune system among others (US EPA 2005).

10 The soil biota includes microorganisms, macrofauna, mesofauna, and microfauna, plants.

Potential of Qilfield Produced Water for Irrigation in California 21



While some COls are readily taken up by plants, others may, under certain conditions, transform into
bioavailable forms that can be taken up into plants with the potential to accumulate. Consumer
exposure can occur through consuming contaminated crops or from drinking groundwater that has been
contaminated as a result of infiltration into aquifers.

Irrigation practices, including the application method and the timing of application, each provide a
different level of risk for contaminating crops. The application method with the highest risk for
contamination is overhead, or sprinkler, followed by furrow (flood), and drip methods (Steele and
Odumeru 2004; Stine et al. 2005; AZLGMA 2021; CALGMA 2021). Overhead irrigation poses the greatest
risk of contamination as the water comes into direct contact with the edible portion. Timing of irrigation
events has been identified as an important factor in reducing food-borne illnesses related to microbial
contaminated irrigation water (AZLGMA 2021; CALGMA 2021) but may be less relevant to more
persistent contaminants. As the time between irrigation event and harvest decreases, risk increases.
This is especially true when overhead irrigation is used and water comes into direct contact with the
edible portion of the crop. While pathogenic microorganisms are a major concern to food safety,
especially for crops eaten raw, there is the potential for COls present in produced water to be deposited,
adhere to, or be taken up by crops intended for human consumption. These topics are discussed at
greater length later in Chapter 3.

Produced
Water

Human Health Exposure Pathway and Routes

Figure 3-1. Potential Exposure Pathways and Routes for COls That May Be Present in Oilfield Produced Water.

3.2.3 Identifying Chemicals of Interest in Oilfield Produced Water
Both the CCST SB 1281 study and Food Safety Project surveyed existing monitoring and research data to
identify chemicals known to be in produced water and assess current information on the toxicity of
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these chemicals. This information was then used to develop lists of chemicals of interest in produced
water. It is important to note that both of these studies were focused on evaluating potential human
health risks and/or exposure. While many of the identified chemicals could impact crop health, detailed
assessment the toxicity of most chemicals from an agronomic perspective was beyond the scope of both
the CCST and Food Safety Project reports. The following sections describe the approaches taken by both
studies to identify chemicals of interest and concludes with the identification of some key knowledge

gaps.

3.2.3.1 CCST SB 1281 Study

The CCST SB 1281 report compiled physical, chemical, biological, and toxicological data for OPW
chemical additives obtained from a variety of databases!! and past research (Shimabuku, Abraham, and
Feinstein 2019). Of the 1,119 identified chemicals, 630 had identifiable Chemical Abstract Service
Registry Numbers!? (CASRN) and were further assessed for toxicity. While most chemicals had acute
toxicity data, chemicals with chronic toxicity data are scarce (154 out of 630). Table 3-1 provides a
summary of the CCST findings for the chemicals where toxicity information could be found. Nearly forty
of the chemicals were identified as being acutely toxic if ingested or inhaled; forty were identified as
known probable carcinogens; and seven were identified as being toxic to reproductive systems.

Table 3-1. Number of CASRN Identified Chemicals Potentially Found in Produced Water with Known Toxicity.
Data Source: CCST 2019.

# of Chemicals
Toxicity Category Identified
Acute oral and inhalation toxicity
(GHS Category 1 or 2) 38
Acute aquatic toxicity
(GHS Category 1 or 2) 203
Hazardous air pollutants 51
CARB ‘Hot Spots’ list 74
Known or possible/probable carcinogens 40
Reproductive toxicity” 7
Not readily biodegradable® 125

A As identified on the California Prop 65 List.
B Likely to persist in the environment according to Organisation of Economic Co-operation and Development
(OECD) standards, and therefore pose an increased risk of exposure to humans and wildlife.

3.2.3.2 Central Valley RWQCB Food Safety Project

The Food Safety Project identified a total of 399 chemicals potentially present in gas and oilfield
produced water from the San Joaquin Valley (using California Division of Geologic Survey (CalGEM)
chemical additive disclosure data), of which 143 were identified as COls for further evaluation (GSlI

11 These datasets include the Irrigation 13267 (reported by operators), AB 1328 (reported by operators and
chemical suppliers), SCAQMG, DOGGR chemical, and FracFocus.

12 A CASRN is a “unique identifier that provides an unambiguous means to distinguish chemical substances or
molecular structures when there are many possible systematic, generic, proprietary or otherwise trivial
names” (American Chemical Society n.d.).
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2020). Due to a lack of analytical methods, 91 of the chemicals present are not monitored and the
majority had insufficient toxicity information needed to conduct a hazard assessment or to establish
toxicity thresholds (Mahoney et al. 2021). The Board also identified 45 naturally occurring inorganic
compounds likely to be in produced water, three of which are NORMs (GSI 2020). Approximately 26
sources for toxicity factors were used to prioritize the list of chemicals (See Box). Persistence and
degradation of COls in irrigation water and toxicity potentials were used to further steer the selection
process of these chemicals in Task 1. Chemical degradation and sorption to soils can inhibit plant uptake
and were used to eliminate some chemicals from the COls list. Elemental metals remained of interest as
they are known to persist and, under certain circumstances, transform into bioavailable forms able to be
taken up by plants (Mahoney, Asami, and Stringfellow 2021). For the COls identified in Task 1, and based
on available toxicity information, the Board then conducted a literature review to better understand
how these chemicals move through the agricultural environment including fate and transport and the
potential for plant uptake.

Assessing Chemical Toxicity in the Food Safety Project

Chronic mammalian toxicity was given priority followed by carcinogenicity, teratogenicity, and
degradation. Teratogenicity is an agent that can harm or cause malformations to a developing fetus. A
total of thirteen factors were initially considered for the selection process by GSI, many of which are
not well understood or could not, with certainty, eliminate a chemical from further assessments. These
included: dermal toxicity, toxicities of degradation by-products, plant uptake, frequency and
concentrations chemicals are used in the field, chemicals that persist or bioaccumulate, chemicals that
were detected in any water analysis of irrigation water with maximum measured irrigation water
concentration above available risk-based water screening levels (EPA drinking water screening levels or
California Public Health Goals), ambient concentrations in air and water that may have resulted from
practices outside of produced water reuse, if the chemical occurs naturally in the environment, and
other sources of the chemical in the environment and the specificity of the chemical to application of
produced water for irrigation (GSI 2020).

3.2.3.3 Knowledge Gaps in Identifying Chemicals of Interest

The composition of OPW varies across geologic regions, over time, within an oilfield, and between
operators. Interactions between geologic formations, environmental factors, chemical additives, the
stage of production, and the age of the well all affect the makeup. Because of this variability and
inconsistency, studies indicate that compositions from one geographic location at a particular time
cannot necessarily be applied to other sites or at different times — even within the same field
(McLaughlin et al. 2020).

A variety of different chemicals are used during oil and gas (O&G) production, and operators may use
different mixtures and concentrations of chemicals. Chemical additives reported in O&G operations
cannot always be identified or are not well-described due to proprietary trade secrets or a lacking
CASRN (US EPA 2016; US EPA 2019). While oil companies, chemical manufacturers, and chemical
distributers are required to provide a list of chemical additives used in oil and gas?® production activities,

13 The CVRWQCB uses this information to create and update the Oilfield Additive List.
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the specificity of the type of chemicals listed may be vague (e.g., aromatic amines used as a
classification?) with inadequate information for assessing toxicity.

Without a CASRN, chemicals cannot be analyzed for toxicity or biodegradability. The frequency and
volumes in which they are used, and the chemical masses are also not reported by producers. Some of
these unknown chemicals may exist as, or degrade into, endocrine disrupting chemicals (EDC) or other
degradation and daughter products with unknown toxicities (Mahoney et al. 2021; GSI 2020). At low
concentrations EDCs are known to cause a number of human health concerns. Such information would
be useful to identify, prioritize, and evaluate potential hazards; assess risks; predict potential impacts;
and to prescribe efficacious treatment protocols.

3.2.4 Classes of Chemicals of Interest in Produced Water

3.2.4.1 Inorganics

Inorganics include trace elements and heavy metals, such as arsenic, cadmium, lead, and mercury. They
are non-biodegradable and tend to persist and accumulate in soils (Ayers and Westcot 1985). Many of
these may be present in produced water in trace amounts (Jiménez et al. 2018) that do not cause acute
illness. However, because inorganics have the potential to transform and become biologically available
to plants, plant uptake and accumulation may occur (Emamverdian et al. 2015).

Plants are known to uptake nonessential heavy metals along with essential ones through plant uptake
systems (Rogers et al. 2000). Some of these heavy metals may be carcinogenic, mutagenic, or
teratogenic (Alshatwi et al. 2014) and can accumulate in crops at higher concentrations than what is
considered to be safe levels for human consumption yet at lower toxicity thresholds for crops (Grant et
al. 2008). However, because other factors are at play, such as crop type and farming practices,
concentrations in soils may not be a direct indicator of concentrations in crops.

Two inorganics in particular are of global concern - arsenic and cadmium. They are known carcinogens
and uptake and accumulation in crops has long been an area of concern and reported in the literature
(zhao et al. 2010; Shariq 2019; Shariq et al. 2021). Long term exposure to cadmium and arsenic via
water, soil, and food is a global health problem linked to cancers and organ system toxicity (Rafati
Rahimzadeh et al. 2017; Yan et al. 2021). The major health concern for arsenic and cadmium
accumulations are from the consumption of staple crops, such as rice, wheat, and potato (Grant et al.
2008; Shariq et al. 2021).

While the uptake of naturally occurring arsenic is an ongoing area of research, recent studies have
indicated that wheat irrigated with concentrations found in produced water can increase the
carcinogenic risk for humans by 6.5-fold (Shariq 2019). While this study focused on wheat irrigated with
concentrations found in unconventional produced water (hydraulic fracturing flowback), and not
specifically conventional produced water, many of the same chemicals and constituents, such as arsenic
and cadmium, are present in produced water from both methods. The Agency for Toxic Substances and
Disease Registry (ATSDR) reports that exposure to arsenic can occur through eating crops that have
been irrigated with irrigation water and is a concern as elevated concentrations have been reported
(ATSDR 2021a). Arsenic in drinking water is linked to deaths due to respiratory and cardiovascular

14 A number of specific and toxic chemicals, known to cause a wide range of symptoms from headaches to cancer,
are included in the chemically ambiguous classification ‘aromatic amine’.
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diseases as well as cancer (ATSDR 2021a). Significant correlations have also been observed between
concentrations of arsenic in crop and soils and birth defects (ATSDR 2021a; J. Wu et al. 2014). The
chronic-duration oral minimal risk level (MRL) toxicity listed by ATSDR is 0.003 mg/kg/day for arsenic
(ATSDR 2021a).

Cadmium is known to bioaccumulate at all trophic levels including in poultry and cattle (Alloway et al.
1990; Kalac et al. 1996). Generally, accumulation occurs in the leaves and risks to humans increase when
contaminated leafy vegetables are consumed, however, accumulations in commercially grown crops
including sunflower, flax, wheat, and rice have also been identified (Alloway et al. 1990; Grant et al.
2008). Targets of cadmium through oral exposure have been identified as bone and kidneys, although
evidence does suggest developing organs may also be at risk (ATSDR 2021b). The chronic-duration oral
MRL toxicity listed by ATSDR is 0.0001 mg/kg/day for cadmium (ATSDR 2021b).

3.2.4.2 Radionuclides and NORMs

NORMs are ubiquitous in the Earth’s crust. The type, variability, and concentration of NORMs in
produced water are highly variable, depend on the geology, and are often positively correlated with
TDS, boron, and salinity (GSI 2021b; Rosenblum et al. 2017; DOGGR 1996). In general, radionuclides
behave similarly to other inorganics in fate, transport, and movement in soils, their behavior is also
affected by radioactive decay (GSI 2021b). Similar to other inorganics, plant uptake and accumulation
depends on many factors, including physico-chemical characteristics and crop type. For example, plants
in the Asteraceae family (e.g., sunflowers) are efficient at taking up radionuclides and heavy metals and
are used radio-phytoremediation (Gupta et al. 2016)

3.2.4.3 Organics

Many organics, including aromatics, phenols, and polycyclic aromatic hydrocarbons (PAHs) are known to
be highly toxic (carcinogenic and mutagenic) to both humans and animals (Shariq 2019; Kassotis et al.
2014; Veil et al. 2004). Transfer from irrigation water to crops, higher trophic levels, and into human
food systems is of concern when using produced water for agricultural irrigation. Some organics are
known EDCs (e.g., phenols) while others may degrade into them (e.g., surfactants). In addition, chemical
toxicity due to chemical interactions can be greater than the individual chemicals themselves (Veil et al.
2004).

Plant uptake and translocation of organics depend on chemical and plant properties, soil and plant
microorganisms, and climate (more information is provided in Section 3.4.2). As chemicals move
through the environment and into plants (via soil or atmosphere) chemical transformations also occur
due to natural chemical degradation, plant, and microbial processes (Doucette et al. 2018). Evidence
indicating that plants are able to take up hydrophobic organic compounds, including PAHs via soil and
air has been shown in a variety of crops including zucchini, pumpkins, spinach, lettuce, and dandelion,
(Huelster et al. 1994; White 2001; Mattina et al. 2000; Lee et al. 2003). Much like sensitivities to salts
and trace elements, translocation and accumulation can vary across and within species. For examples,
certain cultivars of zucchini (Cucurbita pepo, subspecies pepo) are able to move and accumulate
hydrophobic organics from roots to shoots more efficiently than other cultivars or crops (Huelster et al.
1994; Inui et al. 2008; Saito et al. 2011; White et al. 2003).

3.2.4.4 Endocrine Disrupting Chemicals

Endocrine disrupting chemicals (EDCs) are substances or mixtures of substances that can disrupt any
aspect of hormone actions including hormone production, reproduction, and development in organisms
and their offspring, even at very low concentrations (Zoeller et al. 2012; NTP 2001). Many of which have
been identified in produced water (Colborn et al. 2011). In 2010, The Endocrine Disrupting Exchange
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TEDX identified 632 chemicals reported as ingredients to products used in oil and gas production (only a
fraction of what is potentially present in produced water) of which 353 had CASRN. Of these, 37 percent
were identified as EDCs (Colborn et al. 2011).

The SB 1281 study identified three chemicals from the sub-list of chemical additives with a CASRN, as
having combined evidence of endocrine disrupting activity (two for humans and one for wildlife) and
only one, (poly[oxy-1,2-ethandiyl], a-[nonylphenyl]-w-hydroxy-; CASRN: 9016-45-9) was identified as
relevant to agriculture (Shimabuku et al. 2019). The sensitivity of the endocrine system to such
chemicals, at concentrations less than parts-per-billion (ppb), and the delayed and often unpredictable
health effects make identifying hazards and potential risks to humans difficult. These chemicals may
have long-term health effects that may not become immediately evident. Chemical mixtures and
products may also transform to highly toxic EDCs.

3.2.5 Knowledge Gaps on COI Toxicity and Biodegradability

There may be toxicological risks to humans when OPW is used to irrigate food crops. Unique exposure
pathways to humans and the environment exist outside of typical pathways in O&G production. Risks to
humans can occur either indirectly through the consumption of food crops or contamination of ground
water, and directly if occupational workers are exposed. Agronomic and environmental risks can occur
through deposition of contaminated irrigation water onto agricultural fields where the potential to
impact soils may occur. This in turn can affect crops and crop production.

Factors affecting these risks include the mass and frequency of chemical use; toxicity, persistence, and
accumulation; transformation products; irrigation method; and the amount and rate of ingestion
(Shimabuku et al. 2019). Exposure to toxins can be categorized as either acute (oral, inhalation, and
aquatic) or chronic. Acute toxicity can be defined as the adverse outcomes after short-term exposure
while chronic toxicity are the adverse outcomes from repeated or long-term exposure. End points for
chronic toxicity include effects to developmental, neurological, respiratory, or reproductive systems;
increased occurrence of cancer and tumors; and a decrease in lifespan. More information exists on
acute toxicity for chemicals than for chronic toxicity, and data are generally reported for single
chemicals or compounds, rather than for mixed compounds.

A lack in toxicity data for chemical mixtures was identified by both studies (the SB 1281 study and the
Food Safety Project) as a gap and a limiting factor in the ability to assess hazards for the use of OPW in
agricultural. Acommon approach used to evaluate the effects of mixtures is to sum the toxicity of all
individual constituents to estimate the overall toxicity (European Commission 2012). However, this
practice does not capture the full range of possible toxic effects that can occur from interactions
between constituents, transformation and daughter products, degradation products, and disinfection
by-products.

Testing for toxicity and specific chemicals in blended produced water is challenged by the variations in
the source water, the produced water, and the combination of the two. One strategy, Whole Effluent
Testing (WET), assesses toxic effects when exposed to low concentrations of chemical mixtures within
water sources (whole water testing) without identifying specific chemicals. However, many of these
methods are targeted at aquatic, non-mammalian species with very few relevant to humans. In addition,
results in the literature from in vitro methods used to test whole effluent toxicity are from produced
water from hydraulic fracturing (fracking), and may not necessarily be extrapolated for conventional
oilfield produced water, although many of the same chemicals are used in both methods (Crosby et al.
2018; Hull et al. 2018; Kassotis et al. 2014; Kassotis et al. 2018; Payne et al. 2015). Because there are
chemical overlaps and similarities between all oilfield activities (e.g., routine activities, fracking,
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conventional production, and stimulation treatments), research from (Stringfellow et al. 2017) indicate
there is likely an underestimation of risks when regulations and risk assessments do not account for all
activities.

Of the 365 chemical additives relevant to agricultural irrigation of food crops identified in the Irrigation
13267 and AB 1328 datasets by the CCST SB 1281 study, 80 (22%) were reported as proprietary with no
CASRN and could not be assessed. From the remaining chemicals with valid CASRN, there was not
adequate information to establish acute oral toxicity for 118, acute inhalation toxicity for 211, acute
aquatic toxicity for 78, and chronic toxicity for 196 of the chemical additives (Shimabuku et al. 2019).
The Food Safety Project identified 86 COls that do not have analytical methods or toxicity information.

In addition to toxicity, information on biodegradability is lacking for many of the chemicals and
substances in OPW. Biodegradability is an important factor in the phyto-availability of organic chemicals
of interest. However, to assess for toxicity and biodegradation, a better understanding of the chemical
additives is an important first step. Similar to toxicity information, degradation data generally exists for
single chemicals and compounds rather than chemical mixtures.

The SB 1281 study identified 14 chemical additives that are likely to persist in the environment and 31
likely to persist in the environment using computational estimates and thus may pose an increased risk
of exposure to humans. There were 53 chemical additives with inadequate information to establish
biodegradability (Shimabuku et al. 2019). Without degradation information, environmental persistence
of chemicals and chemical mixtures in OPW cannot be discerned (Shimabuku, Abraham, and Feinstein
2019).

While data gaps on toxicity and degradation do exist for many chemical additives present in OPW,
available data does indicate the presence of significant air, aquatic, and carcinogenic hazards. Concerns
remain surrounding a lack of information on toxicological risks to humans (Shariq et al. 2021;
McLaughlin et al. 2020; Israel et al. 2015), crops (Sedlacko et al. 2019; Miller et al. 2019), soils (Echchelh
et al. 2018; Tasker et al. 2018) and the environment (McLaughlin et al. 2016). For the widespread use of
OPW for food crop irrigation, additional research is needed to better understand the human, agronomic,
and environmental toxicological impacts (Cooper et al. 2022)

Further research on chemical fate, degradation and persistence, plant uptake, and accumulation in soils
and plants is needed. Without chemical masses or concentrations and frequency of use, hazards, risks,
and impacts cannot be fully assessed.

3.3 Agronomic Concerns

3.3.1 Overview

The long-term impacts to crops and soil health are of concern when using produced water for irrigation.
Similar to public health concerns, agronomic concerns have expanded beyond the historical suitability
criteria to include additional water quality parameters. Suitability of irrigation water is generally based
on salts, salinity, and infiltration (sodium adsorption ratio, SAR). lon toxicity (e.g., calcium (Ca?*), sodium
(Na*), chloride (CI'), magnesium (Mg?*), and boron (B)) and miscellaneous effects including pH,
bicarbonate, and nutrients are also important agronomic considerations (Ayers and Westcot 1985). The
general guidelines for agricultural irrigation water quality from the Food and Agricultural Organization
(FAO) are provided in Table 3-2.
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Table 3-2. Guidelines for Evaluating Water Quality Suitability for Agricultural Irrigation.
Source: Adapted from Ayers and Westcot 1985 Table 1, citing original work from University of California
Committee of Consultants 1974.

Degree of Restriction on Use

Parameter Units None Slight to moderate Severe
ECW dS/m <0.7 0.7-3.0 >3.0
TDS mg/L <450 450-2000 >2000
Sodium SAR <3 3-9 >9
Sodium* me/L <3 >3 -
Chloride* me/L <4 4-10 >10
Boron mg/L <0.7 0.7-3.0 >3.0
Nitrogen mg/L <5 5-30 >30
Bicarbonate me/L <1.5 1.5-8.5 >8.5

me=milliequivalents; * = surface irrigation.

While these are still major issues for irrigation water, CECs including organics and inorganics®® can have
long-term consequences including phytotoxicity, decreased crop yields, plant death, and soil
degradation and may limit reuse opportunities. Plant tolerances to these can vary widely between and
within crop species. Knowing the quality of produced water is an essential first step in determining its
suitability for irrigation and selecting compatible crops. While many successful examples of irrigating
crops with treated produced water exist globally, there have been cases when projects have been
discontinued when the quality was not sufficient for the end-use. In these examples, removing said
constituents was a technical issue that could not be overcome (GSI 2021b).

Phytotoxicity in response to organics and inorganics in produced water and soils is cited throughout the
literature. Deleterious effects to crops include decreased photosynthesis, oxidative stress, delayed
germination, stunted growth, and leaf deformation have been reported due to exposure to salts, heavy
metals and other inorganics, and a myriad of organics including PAHs (Ding et al. 2017; Brdar-Jokanovic
2020; Riyazuddin et al. 2021; Ayers and Westcot 1985; Grant et al. 2008; Irfan et al. 2013). While these
are certainly concerns for the protection of public health, consideration to crop loss, decreased yields,
and long-term food security must be considered.

3.3.2 Salinity and Sodium
Salinity, often measured as electrical conductivity (EC) or total dissolved solids (TDS), is used to describe
irrigation water or soils and is, in general, the primary water quality concern to growers. EC and TDS are

15 Inorganic chemicals present in OPW mostly originate from geological formations but can also come from
chemical additives used in O&G operations.
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useful metrics to assess suitability of irrigation water, and over time saline irrigation waters can
accumulate in soils leading to two main types of issues, salinity issues or sodium issues (Ayers and
Westcot 1985). Saline soils around the root zone prevents plants from accessing water from the
surrounding soil and limits plant water uptake. Other negative effects include ion toxicity (e.g., Cl- and
B), disruption to nutritional balances, and effects to soil permeability (Corwin and Yemoto 2020).

Plants tend to have lower tolerance levels to concentrations of salts in irrigation water than to salts in
soils. The general guidelines from the FAO place minimal restrictions when concentrations of TDS in
irrigation water are between 450 mg/L and 2,000 mg/L and severe restrictions when concentrations
exceed 2,000 mg/L (Ayers and Westcot 1985). Maximum values recommended for EC in irrigation water
vary depending on crop tolerances, but values ranging from 750 to 2,000 umhos (750 to 2,000 uS) are
generally considered acceptable with appropriate management strategies (e.g., leaching) (Fipps 2021).
Build-up of salts can occur due to poor water quality of irrigation water, poor drainage, low soil
permeability, or irrigation practices. Management strategies, such as leaching, may be employed to flush
these accumulations from around the root zone, however, this method requires the use of additional
water and may not be a viable option in water stressed areas.

The SAR is a measure of excess sodium relative to calcium and magnesium ions and contributes to
decreased infiltration rates and sodic soils. Elevated SAR values (> 26; (Fipps 2021) contribute to
decreased infiltration rates, formation of soil crusting, high pH, increased risk of plant disease,
decreased nutrient availability, soil erosion, and a general degradation of soil health (Fipps 2021).
Characteristics and impacts of sodic soils include soil crusting, high soil pH, decreased overall soil health
and nutrient phytoavailability, and an increased risk of disease (Fipps 2021; L. Wu et al. 2009; Rhoades,
Kandiah, and Mashali 1992).

Studies show that treated produced water or blended produced water with lower concentrations of
salinity and TDS are more suitable for long-term irrigation (GSI 2020). Research has also shown that
plants have sustained negative effects to nutrient uptake, toxicities, or other undesirable effects (e.g.,
decreased biomass) from being irrigated with oil and gas produced water in both greenhouse and field
settings, but treating (reverse osmosis) and blending with freshwater sources minimized negative effects
(Sousa et al. 2016; F. Martel-Valles et al. 2014, J. F. Martel-Valles et al. 2013). When produced water is
used long-term, soil salinity issues (elevated concentrations of sodium) and increased pH have also been
reported (Hirayama et al. 2002; Burkhardt et al. 2015; Sintim et al. 2017).

3.3.3 Inorganics - Trace Elements and Heavy Metals

Some trace elements, such as boron, calcium, chloride, copper, potassium, magnesium, and sodium are
essential for plant growth. Others, such as arsenic, cadmium, lead, and mercury, are considered non-
essential heavy metals and can be toxic to plants at low doses (Ding et al. 2017). While many are
naturally occurring in soils and are often present in conventional irrigation water sources (groundwater
and surface water), they may be found in higher concentrations in produced water. Crop specific
requirements and sensitivities vary considerably, and some minerals may have a narrow range between
deficient and toxic concentrations. Toxicity symptoms and severity also vary depending on the crop.
Some crops may exhibit chlorosis and necrosis while others may exhibit leaf deformation or decreased
emergence (Brdar-Jokanovi¢ 2020). Accumulation of heavy metals in soils from irrigating with OPW can
lead to soil degradation and damaged crops such as stunted growth or death (Riyazuddin et al. 2021).

Boron is a significant agricultural concern, next to salinity and sodium, and may be a barrier for
agricultural reuse of OPW (and recycled water in general). Boron is also reported to be positively
correlated with chloride, and concentrations in OPW are typically higher than in freshwater sources
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(Kondash et al. 2020). Over time boron can accumulate in soils where it is difficult to manage or remove
(Kondash et al. 2020; Yau and Ryan 2008). Plant tolerances to boron can vary widely with minimal
restrictions when concentrations are between 0.7 and 3.0 mg L (Ayers and Westcot 1985).

Chloride, while essential for plant growth, is another major agronomic concern. It is very mobile and is
easily taken up by crops where it can accumulate in the leaves. In chloride sensitive plants, it can cause
leaf burn, drop, and drying, but like most trace elements toxic concentrations depend on crop type. If
concentrations in irrigation water used in overhead applications exceed crop thresholds, leaf and crop
damage via direct contact and absorption through leaves can occur. Maximum concentrations for
chloride in irrigation water?® for sensitive crops such as strawberries and summer raspberries are
approximately 3.3 meq/LY (117 mg/L) while more tolerant crops like the Sunki mandarin can tolerate
concentrations up to 16.6 meq/L (588 mg/L) (Ayers and Westcot 1985). The FAO recommends slight to
moderate degree of restriction when chloride concentrations in irrigation water are between and 4 and
10 meg/L (142 — 355 mg/L) (Ayers and Westcot 1985).

Screening value limits are provided in the WDRs for a number of these inorganic trace elements and
heavy metals monitored in treated produced and blended produced waters. For example, limits for
boron in irrigation waters (1.0 to 1.6 mg/L, as an annual average) are provided in the WDRs.
Recommended concentrations for the short-term use of recycled water limit concentrations to boron in
irrigation water to 2 mg/L and long-term use to 0.75 mg/L (Fipps 2021; Ayers and Westcot 1985). The
WDR maximum contaminant level (MCLs) stated in the WDRs for copper is 1.3 mg/L while in soils,
toxicity to roots may occur when total copper exceeds 50 mg/L for sandy soils or 150 mg/L for clay
(Taarig-Sidibe et al. 2020).

Other metals, such as cadmium and arsenic can be detrimental to some crops. Excess concentrations of
cadmium can lead to toxicity, oxidative stress, and nutrient deficiencies which can inhibit photosynthesis
and limit growth (Grant et al. 2008; Irfan et al. 2013). In some crops (e.g., rice) arsenic has been shown
decrease seed germination and reductions in shoot and root growth (Hasanuzzaman et al. 2015).
Because metals tend to persist and accumulate in soils, more research is needed on how concentrations
in irrigation water affect soil concentrations over time in order to establish risk-based ranges for
acceptable concentrations in irrigation water.

3.3.4 Organics

Concerns surrounding organics are generally focused on the impacts to human, animals, and
environmental health. However, PAHs are known to be phytotoxic, and because they are persistent and
available for plant uptake, they are of agronomic importance as well. Toxic effects of PAHs have been
cited throughout the literature and effects vary at different growth stages. For example, anthracene,
fluoranthene, fluorene, and phenanthrene (and mixtures of these) in early development can delay
germination and reduce root and shoot elongation in corn and rice (Somtrakoon and Chouychai 2013);
acrylamide has been shown to stunt growth and reduce biomass of lettuce (Mroczek et al. 2014);
fluorine can induce oxidative stress, decrease rates of seed germination and growth, and delay root and
shoot elongation in wheat, sunflower, and alfalfa (Salehi-Lisar and Deljoo 2015); and phenanthrene has
been shown to affect exo and endo-dermal development in maize roots which may inhibit access to

16 |rrigation water applied at the surface, does not apply for overhead applications.
17 Milliequivalent per liter, sometimes written as me/L.
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nutrients (Dupuy et al. 2016). Many of these are known to be present in California produced water (see
Chapter 4).

3.3.5 Soil Organisms

Soil ecosystems are important for a myriad of important agronomic and ecosystem functions including
nutrient cycling processes, mineral sequestration, disease prevention, soil remediation and degradation
of pollution (Vadakattu, Leonard, and Neate 1998). Disruptions from pollutants, excess nutrients, and
salts can cause changes in soil characteristics and soil biota - important in many of these ecosystem
services.

As noted earlier, produced waters tend to have higher concentrations of salts, organics, and inorganics
(e.g., boron and radium). Distribution and fate depend on soil, water, and chemical properties, including
pH, temperature, humidity or water content, chemical compositions, and physicochemical properties of
the water (Santos, Hildenbrand, and Schug 2019). While few studies specifically investigate the effects
of oilfield produced water on soil health, including diversity and abundance of soil organisms, saline soils
are known to increase soil stress which can lead to reductions in soil microorganisms (Borneman et al.
1996; Ibekwe et al. 2010). Studies report an overall decrease in abundance, diversity, and species
richness over time in response to interactions between salinity, pH, and boron in soils (Ibekwe et al.
2010; Nelson and Mele 2007). Other studies have shown increases in EC and SAR and decreases in
infiltration rates (Vance, King, and Ganjegunte 2008; Johnston, Vance, and Ganjegunte 2008); increased
sodium levels, soil degradation, and decreases in crop yield (Sintim et al. 2017); elevated salts and boron
accumulation (Kondash et al. 2020).

Salt accumulation in soils will continue to be an agronomic issue and is especially salient in arid regions
where decreased precipitation and increased temperature will result in higher rates of evaporation and
higher concentrations of salts in soils. Even small changes in sodium content of irrigation water can lead
to accumulation in soils over time (Kondash et al. 2020). Soil organisms play a critical role in maintaining
the physical and chemical quality of the soil. Because soil health is vital for crop production, the
potential effects of produced water for irrigation, especially long-term use, should be considered.
Disruptions to the balance in the soil ecosystem can result in degradation and a decline in soil and plant
health as well other nutrient cycling processes important for life (Brussaard, de Ruiter, and Brown 2007).
More research is needed to better understand the long-term effects on soil quality, physics, crop yields,
and the soil biota (Mahoney, Asami, and Stringfellow 2021; Kondash et al. 2020). Research into soil
remediation, crop rotations, and other soil amendments that can be used as management practices
should also be explored (Sintim et al. 2017).

Issues related to soil salinity may need to be addressed when produced water is used as a long-term
source of irrigation water (Hirayama et al. 2002; Burkhardt et al. 2015; Sintim et al. 2017; Kondash et al.
2020). Accumulation of metals, organics, and salts in soils, as a result of irrigating with OPW has been
reported over time and may pose long-term effects on soil and plant health such as soil degradation and
stunted growth or death (Santos, Hildenbrand, and Schug 2019; Riyazuddin et al. 2021).

Research is needed on the effects of produced water derived metals and other inorganics on soil quality
and soil biota as a result of irrigating crops with produced water (Mahoney, Asami, and Stringfellow
2021). Gaps in knowledge surrounding biotic and abiotic interactions, accumulations of COls, metals,
and other substances; disruptions to nutrient cycling and other geomicrobiological transformations; and
loss of diversity, abundance, and species richness (or changes to dominant species). While few studies
specifically focused on the effects salinity/pH/boron and salinity/boron interactions on soil organisms,
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there are reported decreases in abundance and diversity over time, more studies on effects of other
COls and water quality parameters are needed.

3.3.6 Irrigation Method and Timing

Irrigation method, timing, and frequency can be managed to reduce accumulations of salts in soils and
root zones and minimize damage to sensitive crops. For example, because flood and sprinkler irrigation
methods tend to result in salts accumulating in the lower root zone, increasing irrigation frequency and
decreasing the duration can help reduce salinity build up and decrease water stress (Ayers and Westcot
1985). Other strategies to overcome salinity issues include leaching and blending saline water with fresh
water supplies, which dilute salts and can increase the volume of available water. However, leaching
does require additional water and in water stressed regions, this may not be a viable option.

Crop sensitivities to chemicals and salts is not limited to root uptake from soil systems. Aerial deposition
via overhead sprinkler irrigation can also cause damage to foliage in sensitive crops, and tolerances and
sensitivities may vary between crops. For example, almonds, apricots, and citrus are more sensitive
when chloride and sodium in irrigation water are greater than 177 mg/L and 115 mg/L, respectively.
Cauliflower, cotton, and sugar beets are more tolerant and can withstand concentrations of chloride
greater than 700 mg/L and sodium greater than 460 mg/L. Table 3-3 summarizes the susceptibility of
leaf damage to sodium and chloride of select food crops when saline irrigation water is used in overhead
sprinklers.

Some constituents, such as organic chemicals can also be internalized by plants through leaves. This is
especially important in arid regions when evapotranspiration is greater. Selecting crops compatible with
the irrigation water quality, soil type, and irrigation method can be important management practices to
mitigate crop damage and loss of yields.

Table 3-3. Susceptibility of Select Crops to Leaf Damage Due to Saline Water Used for Overhead Irrigation.
Data Source: Adapted from Ayers and Westcot 1985 Table 18, citing original work by Maas 1984.

Level of Crop Sensitivity &
1 2 3 4
Na or Cl (mol/m3) A 5 5-10 10-20 20
Chloride (Cl) (mg/L) <177 177-355 355-709 709
Sodium (Na) (mg/L) <115 115-230 230-460 460
Almond Grape Alfalfa Cauliflower
Apricot Pepper Barley Cotton
Citrus Potato Corn Sugar Beet
Plum Tomato Cucumber Sunflower
Safflower
Sesame
Sorghum

A Based on direct accumulation of salts through the leaves.

B presented as guidelines, injury to leaves is variable based on cultural practices and environmental conditions.
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3.4 Additional Knowledge Gaps and Emerging Research
3.4.1 Detection Methods

Due to the complex and variable nature of produced water, application of standard analytical methods
used to identify analytes is challenging and an area of ongoing research (Mahoney, Asami, and
Stringfellow 2021). Often, methods are unreliable when performed in high saline or in chemically
complex matrices. Pre-treating samples to remove salts and to remove interferences within the matrix is
necessary to isolate analytes of interest (Santos, Hildenbrand, and Schug 2019). EPA approved analytical
methods exist for drinking water, however, these methods have not been validated for use in waters
with high salinity or TDS, and no standardized methods for produced waters currently exist (Gray 2020).

Detection methods generally in use include chemical specific (targeted) or non-targeted analytical
methods, such as bioanalytical assays (bioassays). While targeted methods are useful for detecting
known analytes, produced water may contain proprietary chemicals used in oil and gas production,
protected by trade-secrets, and therefore may not be detected using targeted methods. Bioassays are
capable of assessing CECs potential effects on human health, indicate if a physiological response will
occur, identify unknown CECs, and narrow the type of CEC. These methods have significant relevance in
detection and monitoring for unknown chemicals in produced water. Studies using bioassays have
indicated that exposure to chemicals found in produced water may have detrimental health effects to
aquatic life, but more research is needed to understand the potential effects to humans (Hu et al. 2022;
Santos, Hildenbrand, and Schug 2019). One such non-targeted method, high-resolution mass
spectrometry (HRMS) with liquid chromatography, is capable of identifying compounds by mass and has
been used to characterize unknown compounds in produced water (Santos, Hildenbrand, and Schug
2019).

Within the public health field, there is growing evidence that exposure to combinations of chemicals can
also be more harmful than exposure to a single chemical (Garner et al. 2016). Non-specific testing
capable of characterizing toxic effects when exposed to chemical mixtures (e.g., WET) can help bridge
this gap. Many chemicals transform, degrade, mix with other chemicals or compounds, or change due to
environmental conditions and may be more toxic than the single constituent. An approach using both
targeted and non-targeted approaches is needed to ensure complete coverage of chemical analytes.

The studies highlighted in this report, the CCST SB 1281 study and the Food Safety Project, recognized
that many of the COls are not routinely monitored due to a lack of available analytical methods.
Standardized chemical analytic methods are needed to characterize OPW and to evaluate the safe use of
OPW in agriculture (Shimabuku, Abraham, and Feinstein 2019; GSI 2021b; Cooper et al. 2022;
McLaughlin et al. 2020). Physical, chemical, and toxicological data is needed to fully assess the hazards,
risks, and impacts to humans, crops, and the environment. While the water quality data from all
datasets is not sufficient to evaluate human and environmental impacts, available data obtained from
these other data sets do suggest the presence of aquatic, carcinogenic, and air polluting chemicals in
California OPW.

3.4.2 Fate, Transport, and Plant Uptake

3.4.2.1 Overview

Many factors influence how organics (e.g., PAHs) and inorganics (e.g., trace minerals, metallics and
metalloids, and NORMs) move through soils, become available for plants to uptake, and are distributed
and accumulated within plants. These factors include the characteristics of soils, irrigation water, crops,
chemicals, and the environment. Bioconcentration factors (BCFs) describe the tendency for a chemical
or compound to concentrate within a living organism. It is defined as the ratio of contaminants
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concentrated in the plant part of interest (e.g., root, leaf, shoot) to that of the medium it is exposed to
(e.g., soil, soil porewater, air, or water). How, and at what concentrations, COls are translocated and
accumulate in plants is not well understood due to these complexities and therefore, uptake and
accumulation of chemicals and compounds may expose humans to hazards when these crops are
consumed.

Data indicates that complex organic chemicals, such as EDCs, PCP, and pharmaceuticals, may be
phytoavailable, taken up, and accumulate in some crops, including corn, leafy greens, wheat, and root
vegetables (Cooper et al. 2022; Shariq et al. 2021; Zhang et al. 2017; Dodgen et al. 2013; Paz et al. 2016;
Malchi et al. 2014). While these specific chemicals are more likely to be present in municipally treated
wastewater than OPW, this does provide insight on the potential for complex organic chemicals present
in OPW to be taken up and accumulate in crops, as little data exist on their effects on plant community
dynamics, plant uptake, and accumulation (Vance, King, and Ganjegunte 2008).

While the fate and transport of organics and inorganics in soils and water may be generally understood,
knowledge gaps remain surrounding the long-term impacts on soil and plant health, generally, and as
the topics relate to produced water use, more specifically. A majority of the organic COls identified in
the Food Safety Project do not have relevant phytoavailability data and over half (56 of 101) did not
have sufficient data on environmental fate and transport, constituting a large data gap. The current
state of knowledge limits the ability to determine which COls will be taken up by plants, at what
concentrations, and to establish chemical limits in irrigation water to prevent concentrations in the
edible portion from reaching levels of concern to human health. The following sub-sections describe
current research on fate, transport, and uptake for specific classes of COI.

3.4.2.2 Organics

The fate of organics in environmental settings, including irrigation water, soils, and plants, is highly
complex. Solubility, molecular weight, volatility, biodegradability, plant uptake, sorption to organic
matter, and soil characteristics among others are important factors affecting environmental fate. This
includes both chemical specific properties as well as the multitudes of interactions between chemicals,
chemical mixtures, and the environment. While lighter weight molecular organics may in general be
more water soluble than heavier hydrocarbons (Veil et al. 2004) this is only one factor in determining
water solubility and is not true for all organic compounds. For example, 2,2-Dibromopropanediamide
has a molecular weight of 259.89 g/mol yet is water soluble with an estimated water solubility log ratio
of 0.37 (US EPA 2015).

Information on uptake, translocation, and accumulation of organics, especially those found in produced
water, within plants is less understood. Organic chemicals can be taken up either by roots (through the
soil) or through the leaves through aerial deposition (Doucette et al. 2018). Studies on factors
influencing uptake and translocation of organics in plants provide two perspectives (Shariq 2016). Some
indicate that only compounds with both hydro and lipophilic properties are able to translocate from
roots to leaves via xylem, while others report that highly soluble compounds are also able to translocate
from roots to leave, although potentially following a slightly different pathway (Doucette et al. 2018;
Dettenmaier, Doucette, and Bugbee 2009; Shariq 2016).

Studies report organic compounds, including PAHs, diethanolamine, and tetramethylammonium
chloride (TMAC) (among others) can be taken up by plant roots of zucchini and pumpkin (Mattina,
lannucci-Berger, and Dykas 2000; Lee et al. 2003; Huelster, Mueller, and Marschner 1994), spinach,
lettuce, and dandelion (Mattina, lannucci-Berger, and Dykas 2000; Lee et al. 2003), and wheat (Tao et al.
2009; Shariq et al. 2021). Translocation and accumulation also depend on the crop variety, where
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chlordane (a persistent organic pollutant (POPs)) accumulates in the edible root tissues of carrots, beets
and potatoes; the edible aerial tissues of spinach, lettuce, and zucchini; and the non-edible tissues of
tomatoes, peppers, and corn (Mattina, lannucci-Berger, and Dykas 2000).

3.4.2.3 Inorganics

All of the inorganics identified in the Food Safety Projects as COls in produced water are also found as
naturally occurring in soils, in conventional irrigation water, and in soil amendments and fertilizers (GSI
2021b). Crop type, extrinsic factors and environmental conditions, characteristics and concentrations of
COls, and soil composition and characteristics are important factors in the mechanisms responsible for
uptake and concentration of inorganics within plants (GSI 2021b). Soil properties that influence fate and
transport include pH, oxidation/reduction (redox) potential, clay and organic matter, cation exchange
capacity, and acid content (humic or fulvic acids) (Antoniadis et al. 2017). Mobility and availability of
inorganics, which are likely the most mobile components in soil, are most influenced by the redox
potential and pH of the soil (Antoniadis et al. 2017; GSI 2021b).

Irrigation waters with high biological oxygen demand (BOD) have been shown to decrease soil pH,
reduce levels of nitrates formed, and increase the level of oxygen stress (Nashikkar 1993). In acidic soils
(low pH), positively charged species called cations (formed by metal atoms such as sodium, calcium,
magnesium, iron, and ammonium) are more mobile and available to plants than negatively charged
anions (formed by non-metal atoms such as chloride, bromide, nitrates, phosphates, and sulfates). The
redox potential describes a chemical species affinity to exchange electrons. Oxidation occurs under
aerobic conditions while reduction occurs under anaerobic conditions. As redox potential increases, pH
decreases (becomes more acidic) and metallics become more soluble and available for plant uptake
(Antoniadis et al. 2017). Alkaline soils (above pH of 7) generally contain more sodium, calcium, and
magnesium. In these conditions, metals have decreased mobility and are less available to plants (Soares,
Quina, and Quinta-Ferreira 2015). In addition, metals can create complexes with substances in soils,
either increasing or decreasing plant uptake. When complexed with organic materials, metals become
immobilized making them less phytoavailable, however, when metals complex with ligands (humic or
fulvic acids) phytoavailability is increased (Evangelou, Daghan, and Schaeffer 2004). While ligands are
naturally occurring in soils, they are also additives used in the production of oil and gas produced water
(GSI 2021b). Soils with clay colloids can increase availability to plants, as the metal becomes more
mobile as colloid-metal complexes and is released.

While plant uptake of inorganics occurs at the roots, they tend to concentrate in the roots, leaves, and
stem, rather than in the edible portions (GSI 2021b). If concentrations of heavy metals, for example,
become toxic, this can lead to physiological, morphological, and metabolic consequences resulting in
poor plant health (e.g., chlorosis, protein degradation) or death. Plants employ a variety of defense
mechanisms to counter these effects by protecting important metabolic functions that can be affected
by inorganics. These include immobilization, formation of and elimination of complexes, and symbiotic
associations with microbes (Emamverdian et al. 2015). Another strategy employed by plants is the
sequestration of contaminants to areas of less importance (Emamverdian et al. 2015), such as skin and
the non-edible portions, which supports the Board’s findings of higher concentrations detected in the
non-edible parts of certain plants.

3.4.3 Data Gaps and Emerging Topics

Current data for bioaccumulation of organic chemicals and BCFs in plants is highly variable. Complex
interactions between COls, soils, plants, climate, and microorganisms challenge the ability to make
accurate predictions on plant uptake, translocation, and accumulation. Site specific factors coupled with
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too many gaps in chemical fate and transport, plant uptake, and chemical translocation within a plant
make it difficult to calculate the concentration of each chemical in each crop (GSI 2021a).

Current knowledge and data are insufficient to predict where COls (both inorganic and organic) may
accumulate (roots, leaves, or fruit) and at what concentrations using models based on concentrations
found in irrigation water or soils. Numeric limits for COls in irrigation water, therefore, cannot be
established to ensure that concentrations in the edible portions of crops are well below oral toxicity
values.

This general lack in knowledge and data related to plant uptake and accumulation was a significant gap
identified in both the SB 1281 study and the Food Safety Project and was prohibitive in making
conclusive statements on COls (especially inorganics) found in OPW and the potential for them to
accumulate in crops. Continued monitoring of water quality parameters and soil composition was also
noted as a way to bridge gaps and are necessary to understand the fate, transport, and uptake of COls in
soil systems and within crops.

Due to the complexities involved in predicting translocation and bioaccumulation, new research using
machine learning to help predict root concentration factors (RCFs) may be a promising approach. In a
study conducted by Gao et al. (2022) from Yale and Columbia Universities, four machine learning models
were used to predict how common crops uptake and accumulate organic contaminants from soil
systems. The use of machine learning models may facilitate decisions around integrated management
approaches that consider key factors for uptake and accumulation (e.g., lipid content of root systems,
organic matter in soils, molecular size and characteristics of contaminants, crop species, and soil and
water quality) to mitigate risks to humans (Gao et al. 2022).

Another research study collated data from nearly 156 peer-reviewed articles with over 7,000 entries on
plant bioaccumulation metrics (112 plant species and 310 organic chemicals) to create a database.
Efforts to collate current research to develop a database of bioaccumulation and BCFs are difficult to
accomplish due to variations in research studies. Inconsistent and non-standardized testing methods
and reporting make such analyses difficult. To add, differences in environmental and climactic
conditions and crop characteristics are important variables in establishing BCFs, but studies reporting on
these factors is limited (Doucette et al. 2018). Providing technical guidance to the scientific community
on standardized methods and models is key to improving exposure assessments.
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Reuse of QOilfield Produced Water in California

4.1 Overview of Regulations, Monitoring, and Reporting Programs

Oil and gas operations are subject to state and federal regulations developed and enforced by a diverse
range of agencies. In California, the Division (DOGGR) (now CalGEM) oversees the drilling, operation,
maintenance, and abandonment of oil and gas wells. State and Regional Water Quality Control Boards
regulate the management of wastewater produced by oil and gas operations. Through these agencies
and others, several key data collection efforts on the quantity and quality of produced water and
disclosures on chemical usage in oil and gas production are occurring. Links to current WDR permits for
reuse of produced water for agricultural irrigation are available on the CVRWQCB website.'® Notably,
the CCST SB 1281 report also identified instances where facilities reported disposition of produced
water via agricultural irrigation in the SB 1281 reporting data that were not captured in current WDR
permits (Shimabuku, Abraham, and Feinstein 2019).

With recent changes in reporting requirements, more is known publicly about water and chemical use,
wastewater production, and wastewater treatment than at any point in the past. However, these
programs also have several key limits in their utility for addressing the public health and agronomic
concerns and knowledge gaps summarized in the previous chapter. These gaps motivated two
significant, recent research efforts — CCST SB 1281 study and Central Valley RWQCB Food Safety Project -
to better understand the suitability of OPW for agricultural water reuse. This chapter focuses on
presenting the data and findings from these studies on the suitability of produced water available for
agricultural reuse in California while also discussing limitations of existing monitoring and reporting
programs.

4.2 Research and Synthesis Reports on OPW Reuse in California

Ongoing questions about the suitability of produced water for agricultural irrigation in California
prompted two recent studies evaluating data gaps and potential health risks associated with the use of
produced water for agricultural irrigation in California. An introduction to these two studies was
included in Chapter 1. The objectives, data sources, and main conclusions of each study are summarized
in Table 4-1. This chapter begins with a summary of each study, shares findings from water quality and
crop monitoring evaluation efforts, discusses the role of treatment, current assessments of the potential
for reuse, and concludes with key findings and recommendations from each study.

18 Current Adopted and/or Issued Orders (including OPW WDRs by County) (CVRWQCB n.d.)
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Table 4-1. Comparison of the CCST SB 1281 Study and Food Safety Project Objectives, Data Sources and Years, and Main Conclusions.

Data Sources: CCST 2019 tables 2.4 and 3.2; GSI 2021.

Topic

CCST SB 1281 Project

GSI Food Safety Project

Geographic Area

California — Oil Producing Counties

California - Central Valley

Assessment of

Produced water — before treatment

e Produced water - after treatment or after treatment and blending
e Crops irrigated with produced water compared to crops grown with conventional sources

Main Objective

To assess the SB 1281 dataset to answer
questions on water resources, public health,
and the environment, and to identify
opportunities for improvement.

To evaluate the effects and health risks associated with the use of treated produced water for
irrigating food crops — to investigate and develop additional knowledge to address public concerns

Secondary
Objectives

Sources, volumes, and quality of water used in
and off of oilfields

Select chemicals of interest (COls) from a list of known chemical additives as well as naturally
occurring chemicals in produced water

Variability of characteristics and quality of
produced water across the state

Conduct literature review of the COls and to identify other potential sources of these chemicals

Impact of treatment to the availability of
produced water availability as a potential
resource

Fate and transport, phytoavailability, and plant uptake of COls

Identify potential and actual hazards, risks, and
impacts to environmental and human health
from various dispositions of reused water
discharges to land, water, and subsurface
injection

Sample and chemical analysis of crops irrigated with produced water and other crops irrigated with
conventional irrigation water sources
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Topic

CCST SB 1281 Project

GSI Food Safety Project

1. SB 1281 dataset?
CalGEM Quarterly Reports: Q1 2015 to Q4 2017
2. USGS Federal Database: 1930 - 1996
Data Sources and years for total 3. Division Monitoring 2015-2018
dissolved solids, sodium, chloride, and 4.  Davis et al. 2016: November 2014 1. Waste Discharge Reports (WDRs): 1967 to 20198,
boron, physico-chemical, and 5.  Gannon et al. 2018: 2016-2017 2. Crop chemical analysis — samples collected between
toxicological properties of oilfield 6. Gansetal.2018: 1958 — 2013 2017 -2019
produced water 7.  WST Disclosures
8.  WDR Monitoring: 1997 to 2018
9. Gillespie et al. 2016: 1939-1997
10. Metzger et al. 2018: 1932-2014
Main Conclusions 1. The SB 1281 dataset and other datasets do not provide 1. The overall chemical concentration profiles between
enough information to fully assess the safe use of produced crops irrigated with produced water were similar to
water for irrigating food crops those irrigated with conventional sources
2.  Produced water in California is likely to contain chemicals that | 2. Typical consumption does not pose a health hazard

are toxic and carcinogenic chemicals

WST = Well Disclosure Treatment; WDR = Waste Discharge Requirements.

A Primary Data Source.

8 The majority of WDRs obtained were from 2014 to 2019.
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4.2.1 Findings from the California Council on Science and Technology (CCST)
Report

While the O&G industry has tracked water produced from and injected into wells for over 45 years, the
passing of the 2015 Senate Bill (SB) 1281 requires additional quarterly reporting on water used in O&G
production. SB 1281 requires operators to provide information related to the sources, destinations,
volumes, quality, storage, and water treatments related to oil and gas operations with more specificity
than was previously required. In addition, monthly reports, developed by DOGGR are also required and
include information related to water used in the production process.

CCST was commissioned as an independent party to assess the quality and utility of the SB 1281 dataset
as compared to the monthly reports. More specifically, CCST was tasked with evaluating whether the
data provided within the SB 1281 was sufficient to answer critical questions regarding the safe use of
and the potential to expand the current use of produced water in agricultural irrigation. The study used
the SB 1281 reporting data, the DOGGR monthly reports, WDR and NPDES permits, and other available
data to evaluate the volume of reuse that is already occurring and where it is being used as a basis to
determine potentially available volumes. The water quality parameters contained in the reports were
used to assess the human and agronomic risks of using produced water for agricultural irrigation.

While the SB 1281 data does provide more detailed information than has been collected before on
water used in O&G production, an accurate assessment of the SB 1281 dataset was challenged by a lack
of consistency in reporting, invalid data entries, reporting errors, insufficient water quality data, and
vague definitions and characterizations. The water quality data provided in the SB 1281 is limited to TDS,
where operators report concentrations as either greater than or less than 10,000%° mg/L. The first part
of the study used this criterion alone to estimate the volume of produced water that could be
potentially available. However, the recommended threshold for TDS in irrigation is much lower than
this, with severe restrictions when concentrations are above 2000 mg/L. Thus, the single water quality
parameter measured in the SB 1281 is not enough to categorize water into suitable or unsuitable
categories that can then be used to estimate volumes potentially available for reuse (CCST 2019).
Further analysis using the information on TDS concentrations could inform where future and more
detailed assessments should focus, (i.e., fields where TDS was below the reporting threshold). The only
water quality parameter measured in the SB 1281 is TDS, and even then, the actual concentration is not
required in the reporting. The CCST SB 1281 report concluded there is not sufficient data to adequately
assess the safe use of California produced water based entirely on the SB 1281 as it pertains to human
health or the environment (CCST 2019).

Information on physico-chemical and toxicological properties of California produced water was also
collated from five additional datasets. In all, CCST evaluated data from 1,707 samples of produced water
and 127 chemistry parameters and identified 1,119 chemical additives commonly used in the production
of oil and gas. The CCST SB 1281 report conducted a review on two classes of data evaluating produced
water quality: 1) Datasets measuring the quality of produced water directly; and 2) Reporting data on
the chemical additives that were used in oil and gas production.

19 This threshold value was provided by the State Water Board for categorizing produced water that could
potentially be reused. Plant thresholds for TDS are generally well below these concentrations (<2000 mg/L).
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While the SB 1281 dataset does provide more detailed information than what was previously collected
on water used in O&G production, an accurate assessment of the SB 1281 dataset was challenged by a
lack of consistency in reporting, invalid data entries, reporting errors, insufficient water quality data, and
vague definitions and characterizations. The study found that the SB 1281 dataset was insufficient at
estimating the volume of potentially available produced water for agricultural irrigation.

Further assessment of the historical data obtained from the five datasets also identified poor reporting
habits, entries that lacked important information on standard analytical methods and detection limits,
missing values, and data that could not be independently verified. In addition, many of the chemicals did
not have CASRN and were therefore unable to be identified and could not be fully evaluated for toxicity.
The CCST SB 1281 study concluded that, based on available data, produced water in California is likely to
contain aquatic, air polluting, and carcinogenic chemical hazards. The findings indicate too many
unknown variables exist surrounding the chemical make-up and variability in composition and
concentrations, interactions between chemicals, degradation products, and daughter products to
develop a thorough risk assessment at this time (Shimabuku, Abraham, and Feinstein 2019). Additional
data and knowledge gaps identified in the CCST Review are summarized in the appropriate sections.

The overall findings of the CCST SB 1281 report indicate that the SB 1281 datasets alone are not
sufficient to provide enough information on the availability of produced water for agricultural irrigation.
The additional datasets did provide more useful information on water quality and could be used in
conjunction with the SB 1281 datasets, with modifications to data collection and reporting
requirements, to provide deeper understanding of the quality and quantity of produced water
potentially available for agricultural reuse. Their findings also indicate that California produced water is
likely to contain toxic and carcinogenic chemicals, but more research is needed to understand the
chemical makeup, interactions and toxicity, and plant uptake and accumulation of these chemicals in
agricultural environments.

In general, the CCST SB 1281 study identified major gaps in reporting that made distinguishing current
end-locations, end-uses and activities, and the volumes already allocated for reuse difficult. Different
reporting styles, redundancies, and complicated reporting classifications were noted as limitations and
gaps.

4.2.2 Findings from the Central Valley RWQCB Food Safety Project

To address agronomic and human health concerns on the use of crops irrigated with produced and
blended produced water, the Central Valley RWQCB initiated a three-phase approach to identify and
prioritize COls that have the potential to be present in produced water. The objective of Task 1 was to
conduct a hazard assessment of chemicals that are known to exist or are likely to exist in oilfield
produced water and to prioritize a list of chemicals for further study. Naturally occurring substances
found in produced water were identified from the literature while additive chemicals used in the
production of produced water were identified from compulsory reporting by oil and gas producers and
chemical manufacturers. Task 2 built upon Task 1 with a literature review on the properties and
occurrence of the identified COls. Task 3 tested a variety of crops irrigated with blended produced water
and conventional water to assess and compare chemical profiles between the water source types.
Sampling work in Task 3 was a continuation of previous studies in the Cawelo Water District on crops
irrigated with produced water and was used to inform Task 1. While this data was collected prior to the
start of the project, sampling continued throughout Task 1 and the monitoring data was considered in
the development of Task 1 list of chemicals in addition to the literature review (GSI 2020; Mahoney,
Asami, and Stringfellow 2021).
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A Food Safety Expert Panel was also commissioned to provide technical guidance on the work of GSI
with a main goal of evaluating the safe use of irrigating food crops intended for human consumption
with OPW and make recommendations based on the findings. The Expert Panel provided technical
guidance on 1) the identification of chemicals used in oil and gas production, 2) determining ingestion
toxicity of these chemicals in order to prioritize and rank COls, 3) understanding the persistence,
degradation, and plant uptake of COls to edible portions of crops, and 4) the evaluation and
implementation of water quality monitoring programs for the safe use of OPW for irrigating food crops
(Mahoney, Asami, and Stringfellow 2021).

The overall conclusions of the Food Safety Project indicate that there were no significant differences
between crops irrigated with produced water and those irrigated with conventional sources. GSI also
concluded that typical consumption of crops irrigated with produced water do not pose a public health
hazard. More research on chemical interactions, toxicity, and plant uptake was noted as an area of
much needed research.

While the overall findings of the Food Safety Project indicate there were no significant differences
between these two sets of crops, the study focused on known chemicals used in the production of oil
and gas or those naturally occurring. Chemical mixtures, which may be more toxic than individual
chemicals, and chemical transformations were not taken into account. There were also a number of
COls lacking in toxicity information or lacked analytical methods. Crop sampling was also identified as a
limitation due to chemical transformations that occur during plant uptake and analytical methods used
do not take this into account. Additional data and knowledge gaps identified in the Food Safety Project
are summarized in the appropriate sections.

To assess risks to humans, crops, and soil health from using produced water for agricultural irrigation,
WDR reporting data on treated produced water and treated produced water blended with conventional
irrigation sources (blended produced water) were analyzed for COls. Samples of treated produced and
blended produced water were collected between 1967 and 2019. However, samples collected prior to
1985 did not include any of the COls. Risk-based concentrations for each COl were based on
concentrations safe for drinking water or California Public Health Goals and builds upon existing toxicity
information, degradation, persistence, and by-product formation, and other sources (GSI 2020). Because
there is a lack of toxicity data published for a number of chemicals associated with produced water, GSI
developed surrogate toxicity levels for a number of COls in the study (GSI 2020).

Based on an analysis of chemical residues of 113 constituents (18 metals and 95 organic compounds),
the study concluded that the overall chemical profiles were similar between the treatment and the
control groups. Concentrations of inorganics in produced water were measured and compared to those
found in blended produced water. In general, the mean concentrations of the COls were lower in
blended produced water than in produced water with the mean ratios generally less than two. Six
analytes, beryllium, cobalt, copper, lead, nitrite, and vanadium were reported more frequently and at
higher concentrations in blended produced water than in treated produced water.

Often, the maximum contaminant levels (MCLs) for water quality objectives (WQOs) were equal to
drinking water MCLs. Arsenic was the exception, regularly detected above drinking water standards, but
consistent with conventional irrigation water currently used to irrigate crops (GSI 2020). Over half of the
samples collected from blended produced water contained arsenic at concentrations exceeding WQO
limits. These concentrations found in produced water were similar to what was observed in
conventional sources used for irrigation. Copper and phenanthrene concentrations were higher than
conventional water sources (but lower than drinking water standards and did not exceed current
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standards for water quality (GSI 2021b). In the absence of understanding potential exposure to these
chemicals, the assumption that the irrigation water would be consumed as drinking water was used to
estimate health risks, which may overestimate the exposure from consuming crops (GSI 2021b)

4.3 Composition of Produced Water and Food Crop Sampling Results

4.3.1 Overview

Produced water has a complex makeup, varying widely in types of constituents and concentrations,
sometimes by orders of magnitude, across space and time. Produced water typically has elevated levels
of salinity but can contain other inorganics and organics as well. Common constituents identified in
produced water include trace amounts of inorganic compounds including salts, metals or metalloids,
and radionuclides or NORMs; organic compounds and gases; dissolved and volatile organic compounds;
oil and grease; bacteria; and additives required for hydrocarbon production (Gray 2020). Inorganics
predominantly originate from the geologic formations surrounding the oil reservoir but may also be
introduced from the chemicals used in the production process (GSI 2021b; Veil et al. 2004). Organics can
occur naturally or from chemicals used in the production of oil and gas.

Typically, produced water has increased concentrations of salts, TDS, and BOD than fresh water
supplies. While chloride (CI') and sodium (Na*) are the most prevalent inorganic salt ions, magnesium,
sulfate, bromide, potassium, iodide, and bicarbonates are also abundant in produced water with high
salinity (Rosenblum et al. 2017; Al-Ghouti et al. 2019; GSI 2021b). Trace elements, radionuclides, and
other inorganics also may be found in produced water at varying concentrations as well as naturally
occurring and additive organic compounds. Appendix A shows a full suite of constituents found in
California OPW.

Assessment of potential risks associated with the use of produced water is further complicated by
questions on what matrices are most appropriate for assessing risk (e.g., produced water after
treatment, produced water after blending, soil, and/or edible crops) and limitations in current analytical
methods. The results summarized in this chapter includes treated produced water (CCST and FSP),
produced water that has been treated and blended (FSP), and edible crop irrigated with produced water
(FSP). Table 4-4 provides a summary of some of the organics present in produced water, and Table 4-3
provides a snapshot of inorganics relevant to agronomic settings, Appendix A provides additional data
on the full suite of constituents and concentrations measured in California oilfield produced water and
compiled by the CCST SB 1281 study and Food Safety Project. Specific sources of data are noted with
individual tables and generally sourced from either the CCST SB 1281 or Food Safety Project reports.

4.3.2 Temporal and Spatial Variation in Produced Water Quality

Variability in the characteristics, composition, and volume of produced water result from geographic
location, the age and depth of the geologic formation, geochemistry, the processes used to extract the
hydrocarbon product, the type of produced hydrocarbon (for example, oilfield produced discharges are
less toxic than gas produced discharges), and the duration of the production period (temporal
variations) (Rosenblum et al. 2017; Al-Ghouti et al. 2019; GSI 2020). Extrinsic factors, including
temperature, oxygen levels and exposure, pressure, and treatment options also affect the overall
composition. Differences in composition and volume can occur across large scales, differing between
countries or continents. For example, Africa and the Middle East typically have lower salinity levels and
concentrations of TDS (704 - 1,370 mg/L) (Camarillo and Stringfellow 2018) as compared to other
locations, such as parts of North America where TDS ranges from 40 to > 450,000 mg/L (IPIECA 2020).
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Even narrow geographic regions are known to produce water of different qualities and characteristics.
For example, two separate geologic formations within an oilfield, the eastern fields (Fruitvale Field) and
western fields (Lost Hills and Belridge fields) of the San Joaquin Valley in California produce water with
different concentrations of salinity, chloride, and radium. In the western fields of the SJV, concentrations
of salinity and NORMs in produced water are higher than what is produced in the eastern fields. Metals
and metalloids also vary depending on location and on occasion are found in higher concentrations (by
100 to 100,000 times) than sea water (Rosenblum et al. 2017; GSI 2021b; Jiménez et al. 2018).

Table 4-2 highlights the differences in water quality of produced fields within Kern County, California
from the east side of San Joaquin Valley and the McKittrick Qilfields (western field). In the eastern fields,
produced water tends to have a higher quality than what is produced in the western fields (McKittrick
Oilfield) and is used for agricultural irrigation. The low salinity of produced water from the east side of
the San Joaquin Valley allows for it to be used for agricultural irrigation without treatment to remove
salts though blending is common. Measured parameters in treated and blended OPW from the eastern
fields are roughly equivalent to or below current State drinking water standard thresholds (Table 4-2).

Water quality characteristics and concentrations of constituents differ temporally with the age of the
geologic formation and throughout the production process. Research by Rosenblum et al (2017)
observed that fluctuations and variability in water quality stabilizes (for most parameters) after the first
few days of flowback? during the well production period. Within the first four days, the total suspended
solids (TSS) decreased by 59%, levelled off, then decreased by another 40% between days 55 and 80
(Rosenblum et al. 2017). Several studies show that the concentration of TDS generally increase
throughout the production process while the chemical oxygen demand (COD) decreases (Rosenblum et
al. 2017; Oetjen et al. 2018). This could play an important role in deciding which treatment technologies
to employ and when to employ them in order to achieve the level of quality required for the end use.

20 Flowback is recovered fluid from a treated well prior to production of oil and gas. For the purposes of this
report, flowback fluid is considered as part of produced water.
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Table 4-2. Produced Water Quality from Two Oilfields in Kern County and Compared to Drinking Water
Standards.
Source: Mahoney et al. 2021.

Treated, Blended
Produced Water Reused
for Irrigation from the Produced Water from
East Side of the San the McKittrick Oilfield Drinking Water
Parameters Units Joaquin Valley (western field) Standards®!

Total Dissolved Solids mg/L 524 15,250 500 *

Electrical Conductivity umhos/cm 751 20,333 900 *

Boron mg/L 0.84 59.75 NA

Chloride mg/L 94 8,325 250 *

Copper ug/L 1.83 5.70 1,300

Sodium mg/L 143 5,000 NA

Benzene ug/L 0.88 2.21 1

Xylenes, Total ug/L 2.39 10.10 1,750

Toluene ug/L 1.29 89.25 150

mg/L = milligrams per liter; umhos/cm = micromhos per centimeter; ug/L = micrograms per liter.
* = Secondary Drinking Water Standard.

Due to the lack of data on characteristics and composition of produced water, regional, geographical,
and site-specific studies over time are needed to identify and prioritize chemicals CECs and COls of
human and agronomic concern to maximize successful water reuse programs (Al-Ghouti et al. 2019).
Geologic characteristics affect quantity and quality of water produced thus individual formations within
an oilfield should be evaluated rather than composite assessments (CCST 2018).

4.3.3 Concentrations of Chemicals of Interest in Produced Water

4.3.3.1 Salts

In agricultural settings, TDS concentrations (mg/L) or EC (reported as uS/cm or ds/cm) are commonly
used to estimated salinity in irrigation water or soils (GSI 2021b; Veil et al. 2004). Total dissolved solids,
often referred to as total salinity are a measure of combined ion particles smaller than 2 microns
(0.0002 cm), including salt ions and dissolved organic solutes. EC is a measurement of the ability to pass
electrical flows and is directly related to the ion concentrations.

In North America, produced water can have concentrations of TDS ranging from 40 to >450,000 mg/L
while chloride concentrations range from 1 to 300,000 mg/L (IPIECA 2020; GSI 2021b). In comparison,
salinity and EC in the eastern fields of the San Joaquin Valley is of a much higher quality with lower

21 State drinking water standards are from the California Code of Regulations and referenced in Title 22, Division 4,
Chapter 15. The secondary standards (*) are based on aesthetic or cosmetic properties such as taste, odor, color or
for the potential to cause discoloration of skin or teeth (Mahoney, Asami, and Stringfellow 2021).
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average concentrations of TDS (524 mg/L), EC (751 uS/cm), sodium (143 mg/L), chloride (94 mg/L), and
boron (0.84 mg/L) (Mahoney, Asami, and Stringfellow 2021). These concentrations are lower than in the
neighboring McKittrick Oilfield where TDS exceeds 15,000 mg/L and are summarized in Table 4-2.

4.3.3.2 Trace Elements and Other Inorganics

A wide range of metals, metalloids, and other trace elements including barium (Ba), boron (B),
chromium (Cr), iron (Fe), manganese (Mn), magnesium (Mg); mercury (Hg), nickel (Ni), strontium (Sr),
and zinc (Zn) may also be present in produced water. In general, most dissolved inorganics are positively
correlated with chloride and salinity. This is observed where high salinity produced waters also report
higher concentrations of other inorganics, such as boron.

Reduced inorganic metals (Fe) and additive chemicals can contribute to high BOD levels, or the amount
of oxygen microorganisms consume as they break down, or decompose, organic matter. As the BOD
rises, the amount of available oxygen decreases, creating low oxygen, or anoxic, environments. Sulfates,
commonly found in OPW and introduced via sulfate-containing seawater or existing naturally, can
contribute to environmental, treatment, and operational challenges. In anoxic environments, anaerobic
bacteria reduce sulfites to sulfides, such as hydrogen sulfide and polysulfides, known to be highly toxic,
and contribute to scaling and microbially mediated corrosion (Rosenblum et al. 2017; Basafa and
Hawboldt 2019).

The concentrations of inorganics found in California produced water also vary based on location. These
differences are observed between produced water samples collected from the Central Valley California
(used in the Food Safety Project) and samples from multiple oil-producing regions throughout California
(used in the CCST SB 1281 study). For example, boron concentrations in produced water from multiple
regions in California are well above the FAO recommendations for irrigation water (0.5 mg/L to 602
mg/L, mean of 92 mg/L), yet within the maximum thresholds for samples collected from oilfields inside
the Central Valley (0.1 and 2.2 mg/L, mean of 0.86 mg/L). In contrast, the mean concentration of
manganese reported in the CCST SB 1281 report is lower (39 mg/L) than what is reported by the Food
Safety Project (87 mg/L).

Water quality data from produced water collated from both the CCST SB 1281 study and the Food Safety
Project are presented and compared to the FAO guidelines in Table 4-3. The mean concentrations for
inorganics (with the exception of manganese) in samples of produced water in the Central Valley
assessed as part of the Food Safety Project fall below the FAO guideline values for the long-term use of
recycled water for agricultural irrigation. Complete lists of analytes assessed in both the CCST SB 1281
study and Food Safety Project are provided in Appendix A.
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Table 4-3. Summary of Produced Water Quality Data from the Food Safety Project and CCST SB 1281 Study and Comparison to FAO Recommendations for the

Note: The parameters included in this table were selected for their agronomic significance, though some also pose human health risks. Data on additional water

Long-Term Agricultural Irrigation with Recycled Water.
Sources: Ayers & Westcot 1985 Table 21; CCST 2019 Table A3.1; GSI 2021 Tables 7 and 9.

quality parameters is included in Appendix A and other tables. NT = not tested, ND = no data

Recommended Maximum Concentration Mean/
Chemical for Irrigation A Total No. of No. of Min Median ° Max
Study Analyte (mg/L) Samples © Detects © (mg/L) (mg/L) (mg/L)

FSP NT NT NT NT NT

CCST Aluminium 5 - 32 0.01 0.5 17

FSP 159 142 0.0001 0.037 0.091

CCST Arsenic 0.1 - 56 0.008 0.3 5

FSP 71 2 0.000081 0.000087 0.000092

CCST Beryllium 0.1 - 31 0.001 0.01 0.1

FSP 66 66 0.1 0.86 2.2

CCST Boront 1.0-1.6 - 1,628 0.05 92 602

FSP 72 0 ND ND ND

CCST Cadmium 0.01 - 3 0.0004 0.01 0.03

FSP 37 7 0.000034 0.0016 0.0086

CCST Chromium (VI) 0.1 - 274 0.004 0.05 1.2

FSP 0.05 60 3 0.00011 0.00013 0.00017

CCST Cobalt - 38 0.002 0.04 0.1

FSP 0.2 63 25 0.00011 0.0016 0.0045

CCST Copper - 376 0.003 0.04 33

FSP 1 38 30 0.41 1 2.4

CCST Fluoride - 240 0.03 1.2 53

FSP 5 NT NT NT NT NT

CCST Iron - 1,128 0.01 15 660

FSP 2.5 55 37 0.015 0.05 0.074

CCST Lithium - 1,382 0.004 6 460

FSP 0.2 107 94 0.0026 1.9 87

CCST Manganese - 1,199 0.01 0.5 39

FSP 0.01 63 41 0.00028 0.0069 0.015

CCST Molybdenum - 111 0.002 0.04 0.3

FSP Nickel 0.2 74 34 0.0003 0.00091 0.0026
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CCST - 158 0.008 0.07 2

FSP - 6 1 1 1 1

CCST Nitrite - - - - -

FSP 0.02 67 21 0.0003 0.00089 0.0028
CCST Selenium - 140 0.03 0.4 15

FSP 0.1 53 3 0.0011 0.002 0.0027
CCST Vanadium - 31 0.01 0.07 0.9
FSP 2 67 32 0.0018 0.0097 0.036
CCST Zinc - 1,628 0.05 92 602

A Recommended limits for the long-term use of reclaimed water. Modified from Ayers and Westcot, 1985 and Fipps 2021.

8 The CCST data was collected between 1930 and 2018 from many regions in CA and total number of samples for each parameter was not provided. FSP data was
collected between 1985 and 2019 in the Central Valley.

¢ The number of detections for the FSP were calculated from the frequency of detection.

®The Food Safety Project (FSP) provided the mean while the CCST SB 1281 report provided the median of samples.

E Annual average
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4.3.3.3 Naturally Occurring Radionuclides

There are six radionuclides identified as COls in produced water. They include four metal radionuclides
radium-226 (Ra-226), radium-228 (Ra-228), thorium-232 (Th-232), uranium-238 (U-238) and two noble
gas radionuclides, krypton-85 (Kr-85), and xenon-133 (Xe-133). The most common NORM found in
produced water is radium (226 and 228) and is known to co-precipitate with barium sulfate, calcium
sulfate, and calcium carbonate (Stephenson 1992). Produced water from Kern and Tulare counties in
California have been found to contain the presence of potassium-40, radium-226, radium-228, uranium-
235, uranium-238, and cesium-137 in produced water (DOGGR 1996), however, P-40 is not considered a
COI as concentrations found in produced water are an order of magnitude lower than typical daily
intake (GSI 2021b; DOGGR 1996).

Recent studies in the southern San Joaquin Valley in California reported significantly lower
concentrations of radium in the eastern fields than in the western fields where reported median
concentrations were 1.3 Bg/L?? and 3.5 Bq/L, respectively. This is expected as salinity and chloride
concentrations are also lower in the eastern fields (CI=110 mg/L) than in the western fields (Cl=23,000
mg/L) (Mahoney, Asami, and Stringfellow 2021; Kondash et al. 2020). This supports findings correlating
higher concentrations of TDS and salinity with NORMs and other inorganics. Kondash et al. (2020) found
that soils irrigated with raw or blended produced water were similar to that of soils irrigated with
groundwater, indicating that NORM accumulation did not increase as a result of irrigating with OPW.
However, regions where produced water has a higher salinity than the San Joaquin Valley, which
typically has low saline produced water, may show different results.

4.3.3.4 Organics

Organics are also known to be present at higher concentrations in oilfield produced water (Camarillo
and Stringfellow 2018; McMahon et al. 2018; Veil et al. 2004; Vengosh 2014). Naturally occurring
organics include organic acids, PAHs, phenols, and volatiles, many of which are toxic to humans (Veil et
al. 2004). Accumulation of PAHs has been well documented in the literature and can accumulate in
plants with the potential of entering the food chain.

Table 4-4 shows the number of detections and summary statistics on select organic chemicals identified
in California produced water from the CCST SB 1281 study. The number of samples available within
existing datasets for each constituent varied widely. Data on the sampling location within the
production lifecycle (e.g., individual wells, before or after treatment) was mixed and often limited.
Within a given location, the number of samples varied (i.e., sites with a higher number of samples may
be overrepresented). Likewise, the underlying data only reflect detections. Information on the total
number of samples collected was not available.

22 Bq is the Sl unit to measure radioactivity where one becquerel (Bq) is equal to one radioactive decay per second.
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Table 4-4. Organic Constituents in Produced Water Identified in the CCST SB 1281 Study.
Source: Adapted from CCST 2019, Table A3.1.

Constituent No. ?f Min Med Max Units
Detections
1,2,4-Trimethylbenzene 2 0.3 0.3 0.3 mg/L
Benzene 1,175 0.0003 0.8 25 mg/L
Dibromofluoromethane 1 0.01 0.01 0.01 mg/L
Ethylbenzene 1,172 0.0006 0.3 5.3 mg/L
Guar gum 38 30 125 3,500 mg/L
m-Xylene 29 0.2 0.8 2.1 mg/L
o-Xylene 1,163 0.001 0.4 6 mg/L
p-Bromofluorobenzene 1 0.01 0.01 0.01 mg/L
Phenols 3 0.05 0.2 0.2 mg/L
Toluene 1,179 0.004 2 61 mg/L
Xylenes 1,178 0.004 1.3 19 mg/L
Xylenes, Isomers m & p 1,136 0.002 0.8 13 mg/L

Organic constituents from The Food Safety Project are summarized in Table 4-5 and include detection
frequency and summary statistics from blended produced water. These data were sourced from WDR
permit reporting. This table also includes toxicity values (mg/kg/d)?® and phytoavailability scores.
Phytoavailability scores were determined based on volatilization, sorption to organic materials, and
biodegradation where a value of one indicates a low potential for organics to be taken up by plants and
a value of eight indicates the greatest potential (GSI 2021b). Four of the chemicals had phytoavailability
scores above five, nine chemicals had values of four, one chemical had a value of two, and two
chemicals did not have phytoavailability scores.

Complete lists of analytes from the CCST SB 1281 study and the Food Safety Project are presented in
Appendix A. It should be noted that there is minimal overlap between the analytes measured in each of
the studies.

23 Oral slope factor (OSF) for the increased risk of cancer from oral exposure over a lifetime.
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Table 4-5. Compilation of Food Safety Project Data on Organic Chemicals in Blended Produced Water, Relative Toxicity and Phyto-availability Score, and
Comparison to Drinking Water Standards.

Sources: Modified from GSI 2021b, tables 8,9,13, and 14.

Toxicity Drinking Water ¢ Phyto- Mean
Value ® Equivalent Conc. Availability No. of Detection | Min Conc. Conc. Max Conc.
Organic Chemical Analyte # (mg/kg/d) (mg/L) score samples Frequency (mg/L)

1,4-Dioxane 0.0001 0.0038 7 0.22 0.00052 0.00075 0.00098
2-Naphthylamine NA NA NA NA NA NA NA
Acenaphthene 0.06 3.3 4 61 0.15 0.00003 0.00015 0.00061
Acrylamide 0.5D - 6 4 0 ND ND ND
Aniline 0.0057° - NDF 10 0 ND ND ND
Anthracene 0.3 17 4 60 0 ND ND ND
Benz(a)anthracene 0.000008 0.00031 4 60 0.02 0.00003 0.00003 0.00003
Benzo(a)pyrene 0.000003 0.00012 4 60 0 ND ND ND
Benzo(b)fluoranthene 0.000008 0.00031 4 60 0.02 0.00011 0.00011 0.00011
Bis(2-chloroethyl) ether 0.000004 0.00015 7 12 0 ND ND ND
Chlorobenzene 0.02 1.1 6 69 0 ND ND ND
Chrysene 0.00008 0.0031 4 60 0.03 0.000039 0.000041 0.000042
Dibenz(a,h)anthracene 0.000002 - 4 59 0 ND ND ND
Fluoranthene 0.04 2.2 5 74 0 ND ND ND
Indeno(1,2,3-c,d) pyrene 0.000008 0.00031 4 61 0.02 0.000091 0.000091 0.000091
Phenanthrene ID ID 4 60 0.18 0.000029 0.00011 0.00029
Pyrene 0.03 1.7 5 60 0.02 0.00004 0.00004 0.00004
Stoddard Solvent ID ID 2 1 1 0.025 0.025 0.025

A Samples collected between 1985 and 2019 from WDR permit reporting. Data are from nine sites currently or previously reusing OPW in the Central Valley.
ND — Non-detect; ID — Insufficient Data.
B As provided in GSI 2021b table 14, unless otherwise noted.
¢ Toxicity Value Drinking Water Equivalent Concentration.

P EPA IRIS Oral Slope Factor for quantitative estimate of carcinogenic risk from oral exposure.
E While no phytoavailability score is available for aniline, it is water soluble with an estimated water solubility log ratio of 1.08 and a measured log ratio of 0.9.
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4.3.4 Results from Food Safety Project Crop Sampling

Concentrations of COIs were also measured from samples taken from thirteen different crops collected
during the 2017-2019 growing season irrigated with blended produced water and were compared to
those of market crops irrigated with conventional sources in other geographic regions (GSI 2021b). Table
4-6 provides a summary of crops with at least one detection of each of the target analytes performed in
Task 3. In general, the concentrations of the majority of the COIs were consistent with the ranges
observed in the marketplace crops (those irrigated with conventional irrigation water sources) (GSI
2021a).

In the thirteen crops tested (Carrots, potato, garlic, tomato, lemon, mandarin, navel and, Valencia
oranges, apples, cherries, grapes, almonds, and pistachios), strontium was the only analyte detected in
all crops at least once. Concentrations of antimony and chromium in some crops was found to be higher
than what is reported in the literature, but concentrations were consistent between irrigation with
blended produced water and conventional sources and may likely be linked to crop type or variety, air
quality (aerial deposition), or soil composition (GSI 2021b). Arsenic concentrations in crops irrigated with
produced water were also comparable to those typically reported in food crops (GSI 2021b).

All of the COls detected in Task 3 crops were also found in soil, air, and conventional irrigation water
indicating that these chemicals are not unique to produced or blended produced water and could have
origins outside of irrigation water (GSI 2021b). Results of the food crop sampling indicated no significant
differences between crops irrigated with blended produced water and crops irrigated with conventional
sources. Based on these findings, the Food Safety Panel recommended ceasing crop sampling and
focusing on water and soil sampling. However, it is important to clarify that this was not a judgement
call on risk or lack thereof posed by these crops, but instead, a pragmatic assessment of the limitations
current analytical methods, uncertainties around transformation products, and allocation of limited
resources (Mahoney, Asami, and Stringfellow 2021). The Food Safety Panel recommended increased
sampling and research on chemical concentrations in soil and water in lieu of additional food crop
sampling.
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Table 4-6. Number of Crops with at Least One Detection for Each Analyte Analyzed.
Source: GSI 2021, Table 4.

Type of Chemical Target Analytes Number of crops
Metal Strontium 13
Metal Copper 12
Metal Barium 7
Metal Zinc 3
Metal Antimony 2
Metal Cadmium 2
Metal Molybdenum 2
Metal Nickel 2
Metal Arsenic 1
Metal Chromium 1
Metal Lead 1
Organic Acetone 11
Organic Acrolein 7
Organic Ethyl acetate 6
Organic p-lsopropyltoluene 5
Organic Bis(2-ethylhexyl)phthalate 2
Organic 2-Butanone 1
Organic 2-Chloroethyl vinyl ether 1
Organic 2-Hexanone 1
Organic Bromomethane 1
Organic Chloromethane 1
Organic Methyl tert-butyl ether (MTBE) 1
Organic sec-Butylbenzene 1
Alcohols Methanol 5

4.3.5 Data Gaps and Limitations — Produced Water Quality and Food Safety
Understanding the movement and fate of COls, including trace elements, heavy metals, NORMs, and
organic chemicals in agronomic settings, from irrigation water to food crops, is needed to assess risks
and impacts to humans. While movement, fate, and transport of organics and inorganics is generally
better understood, much of the existing data is on single compounds or elements, and not mixtures.
Some organic chemicals that are known to be carcinogenic or toxic to humans are known to be taken up
and accumulate in crops intended for human consumption. Because metals tend to persist and
accumulate in soils, more research is needed to understand how concentrations in irrigation water
affect soil concentrations over time in order to establish risk-based ranges for acceptable concentrations
in irrigation water. Long-term studies on concentrations accumulated in crops and the effects of long-
term exposure to low concentrations are needed to fully understand the potential negative health
effects on humans. General findings on these knowledge gaps are included in Chapter 3 while this
section focuses on specific gaps identified by the CCST SB 1281 report and Food Safety Project.

4.3.5.1 CCST SB 1281 Study

The CCST review of the (existing) produced water monitoring datasets found these data to have poor
reporting habits lacking key information on standard analytical methods and detection limits. The
reports had limited number of analytes and lacked sufficient information to assess toxicity, such as a
CASRN. Reporting data on chemical additives (outside of the SB 1281) provided more specific details on
the chemicals that were being used (though a significant proportion of the chemicals identified were
listed as ‘proprietary’). Information was not available on the mass/concentration of chemicals used by
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sites (again proprietary), but nonetheless, the authors of the CCST SB 1281 report were able to use the
available information to assess the relative toxicity of a subset of chemicals commonly used in oil in gas
production and likely to end up in produced water. The report concluded that produced water likely
contains toxic chemicals and that too many unknown variables exist to conduct a full risk assessment
(Shimabuku, Abraham, and Feinstein 2019).

4.3.5.2 Food Safety Project

While the Food Safety Project did not find evidence that inorganics and metals accumulate substantially
in crops, information on soil uptake factors for specific COIs found in OPW for specific crops is lacking,
and predictions on concentrations of inorganics, metallics, and NORMs in crops based on concentrations
in irrigation water cannot be made (GSI 2021b). The findings indicated no significant differences
between the two types of crops (irrigated with produced water vs. conventional water). However, there
are several factors that should be taken into consideration. First, this study focused on known chemicals
that are used in oil and gas production or are naturally occurring. The chemical analyses looked for
specific chemicals only and did not include daughter products or degradation by-products that can be
produced during chemical transformations that occur in the environment as well as within plants in the
analyses (for water samples or for crop samples) (GSI 2021a; Mahoney, Asami, and Stringfellow 2021).
Mixtures of chemicals and transformation products may also have increased toxicity than single
chemicals (Nagel et al. 2020; Kassotis, Nagel, and Stapleton 2018; Shimabuku, Abraham, and Feinstein
2019).

Data constraints limited the study to potentially hazardous chemicals known to be present in oilfield
produced water. COIs were selected and prioritized as the best indicators to potentially impact health
when used for agricultural irrigation (GSI 2021b). Therefore, the potential for additional and unknown
CECs to be present in produced water, and in concentrations hazardous to humans, is possible. The
majority of COls assessed had few relevant studies and the current toxicology data that does exist, and
is relevant to oilfield produced water, was limited (e.g., 86 chemicals identified in produced water that
do not have analytical methods or toxicity information) (GSI 2021b; Mahoney, Asami, and Stringfellow
2021). To estimate toxicity for chemicals that had missing or incomplete toxicity data, GSI developed
surrogate toxicity values for twelve COls, mostly using animal studies (GSI 2021b; Mahoney, Asami, and
Stringfellow 2021).

Another limitation is related to crop analyses where small sample sizes and a lack of controls were noted
as gaps (GSI 2021a; Mahoney, Asami, and Stringfellow 2021). Likewise, details on sampling
methodologies did not allow for deeper understanding of the proportion of a produce sampling
location’s irrigation water budget composed of produced water vs. other supplies (i.e., potential
variability in the level of exposure crops had to produced water). Chemical analyses of crops were
considered to be unreliable as compared to soil and water analyses due to chemical mixtures and
transformation products — which can occur in the environment and during plant uptake. Analytical
methods used did not account for these changes and do not provide a full picture of the potential
toxicity that may exist in irrigation water or crops. It was therefore recommended that crop analysis be
discontinued. This reasoning for discontinuing crop analysis was not due to a lack of detecting CIOs, but
due to the unreliability of crop testing in general.

4.3.5.3 Summary of Data Gaps and Limitations

Produced water quality varies significantly across spatial and temporal scales. Future monitoring and/or
research efforts should be designed to better understand these variations. For instance, water quality
and quantity should be monitored over time and throughout production at sufficiently small-time
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intervals between samples to establish temporal profiles. Likewise, given variability within and across
geologic regions, more site and formation specific sampling and monitoring is needed.

Both the CCST SB 1281 study and the Food Safety Project identified inclusion of additional water quality
parameters and specifics on chemical use as key knowledge gaps in fully assessing the safe long-term
use of oilfield produced water. Of particular significance is the lack of information on the mass of
chemicals used as oilfield additives. Because many chemicals and their specific usage are proprietary or
trade secrets, they could not be fully analyzed (Shimabuku, Abraham, and Feinstein 2019; Mahoney,
Asami, and Stringfellow 2021). A lack of data on actual chemical use and make-up (outside of general
water quality parameters) and chemicals without a CASRN does not allow for full risk assessments.
Additionally, current water quality data on CECs and COls identified in the study may be outdated and
limited to only a select group of constituents that may no longer be relevant to modern production
practices. The CCST SB 1281 study highlighted how more accurate and quantitative monitoring (e.g.,
reporting actual values for TDS) and inclusion of additional analytes of agronomic importance (e.g.,
boron, SAR, pH) to existing monitoring programs (e.g., SB 1281) would capture more accurately the
potentially available volumes of OPW suitable for irrigation (Shimabuku, Abraham, and Feinstein 2019).

4.4 Treatment and Blending of Produced Water in California

Prior to irrigation, produced water is first treated to meet specific discharge requirements set forth
under the WDRs. Deoiling using a water oil separator and/or pond systems were the most common
types of treatment identified in WDR permits. More detailed information on treatment methods is
provided in the ‘Treatment Technologies and Detection Methods section’ below. ‘Dischargers’ must
monitor the discharge at specific locations and set frequencies before transferring the produced water
from the oil company to a wastewater management company, or ‘irrigators’ through a conveyance
system (Mahoney, Asami, and Stringfellow 2021). After receiving the treated produced water, the
irrigation districts will generally blend it with surface or groundwater before delivery to the growers. The
CCST SB 1281 report identified substantive gaps in reporting that made distinguishing current end-
locations, end-uses and activities, and the volumes already allocated for reuse difficult. Different
reporting styles, redundancies, and complicated reporting classifications were noted as limitations and
gaps. These gaps make detailed understanding of full-cycle the management and treatment of all
produced water within a facility challenging.

While most produced water is considered to be very saline, and unsuitable for irrigation of certain crops
due to plant sensitivities, blending is commonly used to dilute salts and produce a quality of water
acceptable for agricultural irrigation (from a salinity perspective). Blending also expands the water
resource, creating a larger volume of water available to growers. Table 4-7 highlights the differences
between treated produced and blended produced water from WDR monitoring data from samples
collected in the Central Valley between 1985 and 2019. These values are compared to the
recommended maximum concentrations for the long-term use of recycled water used for agricultural
irrigation (Ayers and Westcot 1985).

Six analytes, beryllium, cobalt, copper, selenium, vanadium, and zinc were measured in higher
concentrations in the blended produced water than what was measured in the treated produced water.
Two analytes, fluoride and manganese, were measured in higher concentrations in the treated produced
water than what is recommended for agricultural irrigation. None of the analytes in the blended
produced water exceed the recommended maximum concentrations for agricultural irrigation water.
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Table 4-7. Comparison of Recommended Maximum Concentrations of Trace Elements in Irrigation Water to
Concentrations Reported in Treated Produced Water and Blended Produced Water from the Food Safety

Project.
Data Sources: Ayers & Westcot 1985; GSI 2021b.
Recommended Mean of Detected Mean of Detected
Maximum Concentration B Concentration &
Concentration A (mg/L) (mg/L)
Element (mg/L) Treated Produced Water Blended Produced Water
Al (aluminum) 5.00 Not tested Not tested
As (arsenic) 0.10 0.03690 0.01390
Be (beryllium) 0.10 0.00009 0.00294
B (boron) (annual average) 1.0-1.6¢ 0.86400 0.54700
Cd (cadmium) 0.01 ND 0.00400
Co (cobalt) 0.05 0.00013 0.00126
Cr (chromium) 0.10 0.00158 0.00006
Cu (copper) 0.20 0.00161 0.00893
F (fluoride) 1.00 1.02000 0.45200
Fe (iron) 5.00 Not tested Not tested
Li (lithium) 2.50 0.04980 0.02170
Mn (manganese) 0.20 1.92000 0.04580
Mo (molybdenum) 0.01 0.00691 0.00324
Ni (nickel) 0.20 0.00091 0.00207
Pd (lead) 5.00 Not tested Not tested
Se (selenium) 0.02 0.00089 0.00111
V (vanadium) 0.10 0.00197 0.00325
Zn (zinc) 2.00 0.00968 0.01340

ARecommended limits for the long-term use of reclaimed water. Modified from Ayers and Westcot, 1985 and
Fipps 2021.

B Modified from GSI 2021b from samples collected between 1985 and 2019.

®Values for boron from the WDRs represent an annual average.

4.4.1 Treatment Technologies

Over the last decade, production technologies and operations have become increasingly efficient at
achieving a higher quality of produced water. These advancements help to reduce the high costs and
energy requirements associated with treatment and have created more opportunities for reuse. In
produced waters, dischargers in California treat water in two phases. First, deoiling methods separate
the oils from the water in wash tanks and the oil is sent to temporary storage tanks (Mahoney, Asami,
and Stringfellow 2021). The secondary phase is generally used if the produced water is going to be use
for agricultural purposes and generally consists of dissolved air flotation, filters, and ponds. These
processes further remove residual oils and solids. Table 4-8 provides a summary of the treatment
methods employed for produced water prior for use in agriculture.

While treatment technologies may be capable of achieving a quality of water sufficient for agricultural
irrigation, human health and agronomic concerns exist. Treatment options are selected based on quality
of the water, end-uses, and regulations. It is therefore essential to understand what chemicals are
present in the produced water in order to determine the level and method of treatment required to
produce a quality appropriate for the intended end-use. Because produced water typically has elevated
levels of salinity, most scenarios require treatment to reduce salinity for use in agricultural (GSI 2021b).
It also may be likely that removal of CECs is necessary for agricultural irrigation. However, the energy
and financial costs of technologies capable of achieving this (e.g., desalination) are high. In some cases,
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treated produced water can be blended with other water sources such as surface or groundwater to
further reduce salinity and dilute CECs. Current treatment technologies focus on physical-chemical
treatments as they are straightforward and effective. However, disadvantages to these methods include
high capital costs, production of brine waste, and challenges in removing trace contaminants.

Treatment trains are often employed in phases, each phase using a different technology appropriate for
the end-use (CCST 2018). The level of treatment needed is based on the composition of the feed water,

regulatory requirements, and the intended end-use (Gray 2020; GSI 2020). Primary and secondary
treatments separate the oil and gas from the water while polishing methods using physical, biological,
and chemical technologies further improve the quality to meet levels required for irrigation (GSI 2021b).
Factors including type of contaminant, removal efficacy, energy needs, reagent consumption, impacts
on the environment, and costs determine the most effective treatment method (GSI 2021b).

Table 4-8. Oilfield Produced Water Treatment Method, Description and Examples from SB 1281.
Source: Adapted from CCST 2019.

Treatment method

Description

Examples

Separation of hydrocarbons from water
by use of gravity, physical, chemical,

Gravity/corrugated plate, centrifuge,
hydrocyclone, gas flotation, chemical
extraction, oxidizer introduction, absorption,

Deoiling filtering, and/or absorption processes media filtration

Treatment of water for microbial

contamination; often used for domestic | Chlorination, ultraviolet (UV) light or ozone
Disinfection use or disposal. exposure

Lime softening, ion exchange, electrodialysis,

Treatment (softening) of water to electrodeionization, capacitive deionization,

reduce TDS, such as salts and heavy electrochemical activation, rapid spray
Desalination metals; used for steam EOR. evaporation, freeze thaw evaporation

Membrane treatment

Treatment of water by microfiltration
or RO to purify water through the
removal of trace amounts of
hydrocarbons, microbials, organics, and
solids.

Microfiltration, ultrafiltration, nanofiltration,
reverse osmosis

Other treatment

Other treatment or processes not
covered by the methods listed, such as
treatment of naturally occurring
radioactive materials (NORM) and
unconventional processes.

Trickling filter, constructed wetland
treatment — flora and fauna decomposition,
sodium adsorption ratio adjustment,
unspecified

While membrane technologies are efficient at removing a variety of contaminants, scaling and
biofouling can reduce treatment efficacy and create costly problems due to the higher oxygen demand
of produced water (Camarillo and Stringfellow 2018). Biological treatments have long been used in
wastewater treatment and research into alternative treatment options (including biological methods)
specific to oil and gas produced water is growing globally. Types of biological treatment technologies
include fixed-film, membrane bioreactors, wetland ponds, activated sludge, anaerobic, and bio-
electrochemical methods. A review by Camarillo and Stringfellow (2018) shows that biological
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treatments are effective at reducing a variety of water quality parameters including oxygen demand
(OD), nutrients, metals, and trace contaminants and are able to function under extreme environmental
conditions (e.g., pH, temperature, and salinity).

Studies show that biological treatments, especially as part of a larger treatment train are effective at
removing 73% of COD when TDS values are below 50,000 mg/L but decreases to 54% removal as the TDS
levels exceed 50,000 mg/L. While more research is needed to better understand the mechanisms
underlying the temporal fluctuations and the factors affecting these variabilities that occur throughout
the production period, findings from Rosenblum (2017) and Oetjen (2018) could play an important role
in treatment technologies and management options (e.g., on-site vs centralized facilities or timing of
treatment) (Rosenblum et al. 2017; Oetjen et al. 2018). For example, higher concentrations of TDS
(>50,000 mg/L) were shown to decrease treatment efficacy of OPW (Rosenblum et al. 2017; Camarillo
and Stringfellow 2018). Thus, identifying when TDS values are at optimal concentrations for increased
treatment efficacy may be of great value in determining when, where, and which type(s) of treatments
technologies to employ.

4.4.2 Treatment Knowledge Gaps

The CCST SB 1281 study also identified limitations and gaps related to treatment of produced water. The
treatment categories provided in the SB 1281 data are poorly grouped and only require that one group
is selected — deoiling, disinfection, desalination, membrane treatment, or ‘other’. Operators only need
to report a binary ‘yes’ or ‘no’ if a method used falls into one of the categories but reporting does not
require specifics beyond that. Not all chemicals, salts, and compounds are removed with any one
treatment method. To prescribe an efficacious treatment method fit for the end-use, the composition of
the water must be better understood as some treatment methods may also create toxic by-products. In
general, a need for reporting specific treatment methods used and the sequence of methods within the
treatment train are lacking and needed. Additional insights into treatment practices are provided in the
WDR permits but monitoring for treatment efficacy is infrequent and only covers a limited number of
parameters.

4.5 Conclusions

Large gaps in our understanding of oilfield produced water in California were highlighted in both the
CCST SB 1281 study and the Food Safety Project. These range from unknown chemical composition,
treatment methods used, and treatment efficacy to the long-term effects of exposure to low
concentrations of COIs to humans, soil ecosystems, and crops. Overall, both studies indicate a lack of
sufficient data required to assess the long-term safe use of OPW for agricultural irrigation.

The CCST SB 1281 study concluded that the monthly and quarterly water quality data (mostly salinity
measured as TDS either above or below 10,000 mg/L) currently reported is inadequate to evaluate the
suitability or safe use of OPW in agriculture. Systemic reporting challenges identified included missing
data, inconsistent reporting, and errors in reporting data. There was also noted gaps in chemical toxicity
information and many of the analytical methods used were not standardized or could not be
independently verified.

The Food Safety Project indicated no significant differences between crops irrigated with produced
water and crops irrigated with conventional sources. However, a full risk assessment was limited by
several factors. The study focused on known chemicals used in oil and gas production, or those that are
naturally occurring, and therefore many chemicals or chemical mixtures may not have been accounted
for. Many chemicals were not listed due to trade secrets or had missing CASRN and did not have toxicity
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information. The analytical methods used for both water and crop samples did not account for increased
toxicity of chemical interactions and transformation products, including microbially mediated
transformations in soils or those that occur during plant uptake.

Throughout the literature, plant uptake and accumulation of COls (both organic and inorganic
constituents) have been well documented. Some of the chemicals present in OPW have been identified
as endocrine disruptors, carcinogens, or mutagens and have been known to concentrate in edible
portions of crops (e.g., PAHs, heavy metals). This is especially relevant, and of global importance, in
staple crops such as wheat, rice, sunflower, and potatoes. Declines in crop and soil health have also
been observed with decreased diversity in soil biota; reductions in growth, germination, and plant
biomass; and decreased crop yields.

The chemical makeup and toxicity of OPW is not well understood and due to the complex variations,
interactions, and composition that occurs across geographical locations and over time, more data is
needed to fully assess the safe use of OPW in long-term agricultural settings. Additional water quality
data, beyond salinity, such as concentrations or mass of chemicals and frequency of use, are needed.
Non-targeted chemical detection methods, such as bioassays, should be used in addition to targeted
(chemical-specific) detection methods to account for toxicity.
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Prioritize Data Needed in Support of an QOilfield
Produced Water Fit-For-Purpose Classification
Framework

5.1 Introduction

One of the basic hypotheses motivating this study (WRF 4993) was that there are unrealized
opportunities to apply learnings from California’s regulation and management of the recycled water for
agricultural irrigation to the use of OPW for agricultural irrigation. Chapter 2 provided a summary of
current regulations governing the use of recycled water for agricultural irrigation in California. Chapter 3
summarized current research on public health and agronomic concerns associated with produced water
use in agriculture and knowledge gaps surrounding these topics. Chapter 4 summarized current
information on characteristics and treatment of OPW in California including the identification of
knowledge gaps in data collection and monitoring. Chapter 5 brings together the findings from Chapters
2, 3, and 4 to discuss where there 1) are opportunities for alignment between recycled water and OPW
and 2) fundamental differences or knowledge gaps of significance in developing a parallel regulatory
approach. Discussion of similarities and differences between municipal recycled water and produced
water is divided into six sections — water quality; regulations and permitting processes; treatment and
monitoring; addressing scientific uncertainty; the quantity of water available for reuse; and additional
considerations.

5.2 Water Quality

Potential water quality-related risks associated with both recycled water and OPW are diverse and
variable. The maturity of our understanding of the composition of these waters and the efficacy of
standard treatment processes varies widely across different constituents of concern. Understanding
both overall water quality and how it varies over time and space is an essential component in
understanding and managing potential risks associated with the use of alternative water supplies. This
section focuses explicitly on the composition of the source water available for reuse. Latter sections in
the chapter discuss the role of treatment and blending in managing water quality.

5.2.1 Comparison of Source Water Composition and Variability

5.2.1.1 Municipal Wastewater and Recycled Water

Title 22 recycled water is sourced from municipal wastewater and typically composed of used water
from residential and business settings (e.g., toilets, graywater), effluent from local commercial and
industrial facilities, stormwater runoff (in areas with combined sewer systems), and inflow and
infiltration into sewer systems (groundwater and stormwater). Given the large number of sources of
wastewater within a sewer system, pollutants from any one source are typically diluted. Municipal
wastewater tends to be stable in terms of the pollutants that are present though concentrations can
change seasonally with influxes of stormwater and long-term shifts in indoor water use patterns.

Wastewater from certain commercial and industrial operations can contain high levels of fat, oil, and
grease (FOG), heavy metals, copper, lead, and other industrial pollutants. Pre-treatment programs
develop on-site treatment requirements targeted at removing these pollutants from wastewater prior
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to conveyance to and treatment at a publicly owned treatment works (POTW). Pre-treatment programs
are tailored to meet local needs based on the capacity of local treatment facilities and processes and
state/federal regulations. Current SWRCB requirements require POTW’s treating more than 5 MGD
and/or those with industrial operations to implement a pre-treatment program (SWRCB 2022).

Typical concentration ranges of common water quality parameters in raw wastewater are summarized
in Table 5-1. Reported values in the NPDES permits for municipal wastewater treatment plants in
Bakersfield, California (a Kern County city adjacent to many oilfields) fall within these ranges. Minimizing
exposure to pathogens, avoiding adverse ecological impacts, and managing influent quality to match the
capacity of local treatment facilities are some of the primary water quality management concerns
associated with untreated municipal wastewater. Concentrations of metals and other industrial-origin
pollutants vary significantly depending on the types of industries present and local pre-treatment
programs. Dilution with graywater (from laundry, bathing, etc.), stormwater flows, and infiltration of
groundwater all impact the concentration of water quality parameters in municipal wastewater.
Municipal water supplies in California are typically sourced from a combination of surface and
groundwater sources with additional supply augmentation with recycled water for non-potable and
indirect potable uses in many areas. The chemistry of these source waters sets baseline levels of certain
water quality parameters in wastewater influent.

Table 5-1. Typical Composition of Untreated Municipal Wastewater.
Data Sources: Adapted from Metcalf and Eddy 2003; US EPA 2012.

Water Quality Parameter | Typical Concentration Range Units
Total Coliform 10%-101° #/100 ml
Fecal Coliform 10%-108 #/100 ml
BOD5 110-350 mg/|
COD 250-800 mg/|
Nitrogen (as N) 20-70 mg/|
Phosphorous (as P) 4-12 mg/|
Fat, Oil, Grease (FOG) 50-150 mg/|
TS 390-1230 mg/|
TSS 120-400 mg/|
TDS 270-860 mg/|
Chlorides 30-90 mg/|
Boron* 0.1-0.2 mg/|

*Concentration above source water levels.

5.2.1.2 Produced Water

Oil and gas wastewater includes water extracted with oil and/or natural gas and a wide range of
chemicals used for well stimulation, production, and cleanout (see chapters 3 and 4). Typically, the
extracted water is a mix of water and chemicals injected into the well during well stimulation and
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completion operations and groundwater that naturally co-occurs within the oil and gas reservoirs.
Concentrations of these chemicals varies widely with chemical usage, stage of production, local geology,
and a host of other factors. Additional discussion of the quality of produced water and related
uncertainties were discussed in the previous chapter. This variability coupled with monitoring limitations
results in produced water being poorly characterized (relative to municipal wastewater).

5.2.1.3 Discussion

The source water characteristics of municipal wastewater and OPW are fundamentally different in ways
that have important implications for developing parallel regulatory frameworks. The level of uncertainty
around the quality and composition of produced water is substantially higher than the municipal
wastewater typically used to produce recycled water for agricultural irrigation. The sources of municipal
wastewater received by a POTW are generally well documented via customer databases and NPDES
permitting. Where appropriate, waste streams from commercial and industrial sources are typically
managed and monitored via pre-treatment programs. While reporting and monitoring programs for
OPW are evolving, they continue to provide an incomplete picture of quantity and quality of produced
water, the sources of this water, the full range of chemicals used in oil and gas production, and
concentrations of these chemicals or their transformation products in wastewater from oil and gas
production facilities. Strategies for managing this uncertainty through monitoring, reporting, and
treatment are discussed in subsequent sections of this chapter.

5.2.2 Comparison of Human Health Concerns
5.2.2.1 Municipal Wastewater and Recycled Water

Pathogens: Historically, water quality criteria governing the use of recycled water for agricultural
irrigation have focused on the removal or inactivation of pathogens of concern to human health (see
Chapter 2 for additional discussion). Current recycled water regulations in California use a risk-based
approach to minimize exposure to pathogens through specifications on the crops that can be irrigated
with a given quality of water, level of treatment required and treatment performance, and monitoring
requirements for turbidity and total coliform (a pathogen indicator organism). In most cases, the
pathogens present in untreated wastewater present an acute health risk, such as diarrheal disease.

Metals: Metals can be present in municipal wastewater due to point sources such as industrial facilities
not covered by pre-treatment programs and/or stormwater runoff containing road dirt, tire debris, and
other pollutants. Standard wastewater treatment practices such as activated sludge are not specifically
designed to remove metals, but, in practice, metals are often concentrated in the sludge fraction rather
than the treated effluent or recycled water (Asano et al. 2007). Depending on the compound,
concentration and duration of exposure, metals can pose both acute and chronic health risks.

Emerging Contaminants: With the development of direct and indirect potable reuse regulations and
projects, there are a number of emerging contaminants gaining increased attention in the recycled
water sector. Examples of emerging contaminants include pharmaceuticals and their metabolic
byproducts, microplastics, endocrine disrupting compounds, disinfection byproducts, antibiotic
resistance genes/bacteria, and legacy chemicals such as PFAS. There is a limited amount of research
evaluating plant uptake of these compounds, transformation products, and the degree to which these
contaminants pose a potential threat to human health. Concentrations of specific emerging
contaminants in recycled water vary with the level of treatment and specific treatment processes used.
At present, the SWRCB’s emerging contaminant efforts are focused on the development of potable
reuse regulations, but the lessons learned may prove relevant to future regulations on agricultural uses
of recycled water. The SWRCB's current work on emerging contaminants includes efforts evaluating
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bioassays and other detection methods, consideration of the transformation products and byproducts
associated with human consumption, treatment transformation, and compound toxicities associated
with consumption of low levels of multiple contaminations.

5.2.2.2 Produced Water

From a public health perspective, the primary constituents of concern associated with OPW include
inorganics, such as arsenic, radionuclides and NORMs, organics, and endocrine disrupting chemicals.
While there can be acute toxicity impacts when concentrations of these chemicals exceed certain
thresholds, many of the health impacts of concern are related to long-term, chronic exposure. Chapter 3
included detailed discussion on the constituents while Chapter 4 summarized specific findings on OPW
quality in California.

5.2.2.3 Implications for Regulation

The challenges posed by emerging contaminants in recycled water are perhaps most analogous to the
challenges and uncertainties surrounding emerging contaminants present in recycled water. In both
cases (emerging contaminants in recycled water and the composition of produced water, generally)
historical water quality monitoring criteria present an incomplete picture of the quality of water being
used for irrigation. Measuring these constituents is challenged by limitations in existing analytical
methods, detection in complex sample matrices, and general uncertainty regarding what chemicals are
present/transformation products. At the root of this issue is the question of whether these chemicals
pose acute or long-term risks to human or agronomic health. The CCST SB 1281 report concluded that
existing data is insufficient to conduct a thorough human health risk assessment on the use of produced
water. Risk assessments of the use of recycled water have been conducted for individual constituents
(Hamilton et al. 2006; Weber, Khan, and Hollender 2006) (e.g., pathogens, metals, organics), but there is
also a growing body of research on assessing composite risks associated with recycled water (Garner et
al. 2016) that is of particular relevance to produced water.

5.2.3 Comparison of Agronomic Concerns

5.2.3.1 Municipal Wastewater and Recycled Water:

Typical wastewater treatment processes (e.g., activated sludge, settling) do not have significant impacts
on the salinity of effluent. Incorporation of membrane processes into recycled water treatment trains
can reduce concentrations of dissolved ions. However, given the higher cost of these treatment
processes, they are typically reserved for producing recycled water used for indirect potable or other
sensitive uses and not required by Title 22 for agricultural uses of recycled water. Concentrations of TDS
in wastewater influent typically range from 270 to 860 mg/I. Standard disinfection processes (e.g.,
chlorination, UV) are highly effective in inactivating pathogens, though the economic and reputational
risks of pathogen contamination remain a concern for some growers considering using recycled water
(Sheikh et al. 2019). Agronomic impacts related to the fate and transport of emerging contaminants in
recycled water remains an area of ongoing research.

5.2.3.2 Produced Water

Assessments of the suitability of irrigation water have historically focused on salinity, though the
potential agronomic impacts of chemicals and other substances potentially present in OPW are gaining
attention. Constituents of concern can be naturally occurring, such as bromide, calcium, chloride,
magnesium, sulfate, and NORMs, or chemical additives used in the production, stimulation, and
maintenance involved in O&G production (See Chapters 3 and 4 for additional details).

The quality of the OPW is known to change throughout the production process and with the age of the
formation. For wells that produce water suitable for agricultural reuse, continued monitoring and
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analyses is therefore needed to ensure the quality remains sufficient for irrigation. Additional and
guantitative water quality parameters should include, at a minimum, TDS, boron, and SAR. Additional
chemicals and substances of agronomic concern may also be important to assess suitability, which is
discussed further in the previous chapters.

Deoiling is the most common type of treatment used for produced water in California, but its primary
aim is removing recoverable hydrocarbons and does not significantly reduce concentrations of the
above constituents. Desalination can help reduce salinity but is energy intensive and not commonly
utilized. As discussed in the previous chapter the salinity of water from some fields is adequate for
agricultural irrigation.

5.3 Risk-Based Approach
5.3.1 Municipal Wastewater and Recycled Water

Olivieri et al. (Olivieri et al. 2014) conducted a quantitative microbial risk assessment (QMRA) evaluating
whether California’s current treatment-based regulations on the use of recycled water for food crop
irrigation were adequately protective of public health. QMRA is a statistically based risk assessment
approach that estimates an annual risk of infection (as a function of typical exposure, infectious dose,
treatment efficacy, and other pathogen specific parameters, in this assessment). The Olivieri et al.
assessment included four common waterborne pathogens — Giardia spp., Cryptosporidium species,
Rotavirus, and E. coli 0157:H7 - and found that, for a typical consumer, the annualized median risk of
infection associated with consuming produce irrigated with recycled water in California was in the range
of 10°to 10 (cases per year). For comparison, the estimated annual incidence of diarrheal disease in
high-income countries ranges from 0.2 to 0.72 cases per year (Olivieri et al. 2014). This finding aligns
with other studies assessing risks associated with the use of appropriately treated recycled water
(Hamilton et al. 2006; Gonzales-Gustavson et al. 2019; Alegbeleye and Sant’Ana 2021). The risk of
gastrointestinal illness associated with recycled water use in California is several orders lower than the
baseline risk of gastrointestinal illnesses which led to the conclusion that the use of recycled water for
agricultural irrigation does not impose a significant additional health burden above baseline. There are
no known instances of outbreaks of waterborne disease associated with recycled water in California.
Assessments of health risks posed by metals, emerging contaminants, and other constituents of concern
are more limited (relative to pathogen studies), but still fairly extensive (for example, see (Lin et al.
2020; Shi et al. 2022; Garner et al. 2021; 2016; Debroux et al. 2012; Weber, Khan, and Hollender 2006).
Broadly speaking, these studies found that the level of additional risk associated with the use of recycled
water for irrigation is low to minimal.

5.3.2 Produced Water

The CCST SB 1281 Study concluded that current data is insufficient for conducting a comprehensive risk
assessment of all known and suspected toxics (Shimabuku, Abraham, and Feinstein 2019). This is due to
gaps in monitoring, chemicals lacking toxicity data, and general uncertainty around the chemicals
present in produced water (see Chapter 3). Nonetheless, there are still opportunities to conduct more
narrowly scoped risk assessments that are constrained to specific chemicals of interest and gain insights
into specific elements of the safety and risks of produced water use. However, to date, there has been a
general lack of publicly available, peer-reviewed evaluations of the risks associated with OPW use for
irrigation (Redmon et al. 2021).

Redmon et al. recently conducted one of the first probabilistic risk assessments of produced water reuse
for irrigation (focused on inorganic contaminants). Water quality data was sourced from a combination
of direct sampling and historical data on produced water quality. Their initial assessment included more
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than 20 constituents with a focus on chemicals where concentrations in OPW either exceeded drinking
water standards (aluminum, antimony, arsenic, iron, manganese) or were known carcinogens (arsenic,
chromium VI, lead). Concentrations of water quality constituents varied widely (i.e., 2-4x difference
between min and max concentrations). It is also important to note that the Redmon et al. study focused
on areas with low-salinity produced water. Areas with higher salinity typically have poorer quality water
for other constituents as well. Based on these data, Redmon et al. concluded that a person eating a
vegetarian diet and consuming produce irrigated with blended produced water from the study area
could face an increased risk of cancer (90™" percentile risk exceeds the 10 level of concern?*) due to
arsenic exposure. Other modelled constituents were all below acceptable risk thresholds.

Risk assessments evaluating the use of produced water for agricultural irrigation are substantially more
limited in number and scope relative those that have been conducted evaluating the use of recycled
water for agricultural irrigation. Risk management in the produced water sector in California is
conducted via mandatory chemical disclosure programs through CalGEM and quarterly monitoring of a
list of known priority chemicals via WDR monitoring requirements.

5.3.3 Comparison of Risk-Based Approaches

Risk-based approaches are widely accepted as best practice for developing the theoretical
underpinnings of regulations on the use of alternative water supplies. Olivieri et al. (2014) confirmed
that current regulations on the use of recycled water for agricultural irrigation are adequately protective
of public health, relative to baseline levels of gastrointestinal iliness while other risk assessment studies
provide insights into risks posed by metals, emerging contaminants, and other constituents of concern.
This is still an ongoing area of research for recycled water, but comparatively mature relative to our
understanding of the potential risks posed by the use of produced water for agricultural irrigation. In
both cases, there is growing concern that traditional risk assessment methods fall short in assessing the
composite risk when multiple constituents of concern are present in a water supply. To date, this has
been of greater concern in the potable reuse sector where anticipated levels of exposure are generally
higher than via consumption of crops. However, there will likely be interesting and relevant insights that
come out of the State Water Board’s potable reuse expert panel on measuring and assessing risks posed
by emerging contaminants that may be relevant to future updates to the state recycled water policy.

5.4 Similarities and Differences in Permitting and Reporting

Requirements

5.4.1 Overview

While the baseline permitting program (NPDES/WDR) for produced water and municipal wastewater is
the same, there are several key differences in how health risk management and monitoring are
managed. These differences are summarized in Table 5-2 and discussed below.

24 10-* (1 in 10,000) to 10 (1 in a million) levels of risk are common thresholds used in public health risk
assessment for defining ‘acceptable’ levels of risk.
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Table 5-2. Comparison of Similarities and Differences Between Produced Water, Municipal Wastewater and
Recycled Water Permitting, Monitoring, Reporting, and Management.

Item

Municipal Wastewater/ Recycled
Water

Produced Water

Point Source Management

NPDES/WDR Permits

NPDES/WDR Permits

Managing Health Risks and
Exposure, Risk-Based
Management

Title 22 Recycled Water Quality
Criteria; Expert Panels

Expert Panels

Water Quality Monitoring
Information

Permit Monitoring Data; Title 22
Reporting

Permit Monitoring Data;
CalGEM Well Stimulation
Disclosures®

Monitoring Upstream Chemical
Use®

Pre-Treatment Programs

CalGEM Chemical Additive
Disclosure Dataset

Quantity of Water
Used/Availability

Volumetric Annual Reporting
Requirements

SB 1281 Water Cycle Reporting

Process for Updating Regulations

Periodic updates to State Recycled
Water Policy; NPDES/WDR permit
updates

NPDES/WDR permit updates

A CalGEM requires monitoring of the composition of recovered fluids within 60 days following the cessation of a

well stimulation treatment.

B Pre-treatment programs require upstream management/treatment of target chemicals while disclosure
requirements only require disclosure (not management/treatment) of added chemicals.

5.4.2 Point Source Management
The federal Clean Water Act and California’s Porter-Cologne Water Quality Control Act regulate the
point source discharge of pollutants via the NPDES and WDR (California specific) permitting programs.
Produced water, municipal wastewater, and recycled water are subject to regulation under these
programs. Discharges to surface water are managed via the NPDES system while discharges to land are
managed through the WDR system. Both classes of permits are issued by the RWQCB. The NPDES/WDR
permits specify discharge limits, monitoring requirements, and demonstrate compliance with state and
federal anti-degradation policies. At a basic level, facilities are required to monitor regularly for a
standard set of physico-chemical parameters, pathogen indicators (municipal wastewater), priority
pollutants, and other locally significant water quality constituents (e.g., arsenic, nitrate). While there are
similarities, NPDES/WDR permits are ultimately tailored to individual facilities depending on the location
of the facility, local surface and groundwater quality issues, and the quantity and quality of discharge.

5.4.3 Managing Health Risks and Exposure
In addition to the standard NPDES/WDR permitting requirements, recycled water is required to comply
with the Title 22 Water Quality Criteria. These requirements differ based on the class of Title 22
Recycled Water (e.g., undisinfected secondary, disinfected secondary 2.2, disinfected tertiary) and
include specifications on the types of crops that can be irrigated, level of treatment and treatment
performance standards, allowable levels of turbidity and total coliform, and provision of an acceptable
engineering design report. Chapter 2 provides additional details on the requirements of Title 22. There is
not an analogous risk-based regulatory framework for produced water aimed at setting treatment-
based performance standards. This topic is discussed at greater length at the end of this chapter.
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California’s State and Regional Water Resource Control Boards regularly convene expert panels to
review current science and develop recommendations on water quality criteria, adequacy of current
regulations, and other relevant topics. Expert panels have been convened for both recycled water and
produced water, but the practice is much more established for recycled water relative to produced
water where only one panel (CVRWQCB Food Safety Panel) has been convened thus far.

5.4.4 Water Quality Monitoring Information

Both municipal wastewater and produced water are required to periodically report on water quality
monitoring efforts as specified in their NPDES/WDR permit specifications via the California Integrated
Water Quality System Project (CIWQS) electronic self-monitoring report (eSMR) system. Facilities
supplying recycled water provide additional information on recycled water monitoring and data.
Produced water facilities are also required to report to CalGEM on the composition of fluids recovered
from wells for 60 days following cessation of a well stimulation treatment. What parameters are
captured in a given dataset depends on a facility’s permit requirements and reporting on the chemical
additives used during a site’s oil and gas production activities.

5.4.5 Monitoring Upstream Chemical Use

Facilities treating municipal wastewater typically manage upstream use of toxics and FOG through pre-
treatment programs. These programs rely on on-site treatment and/or waste separation to limit the
pollutants reaching conventional wastewater treatment plants (which are often not designed to treat
these pollutants). Due to the different natures of the waste streams, pre-treatment programs are not a
perfect analogue for produced water facilities given the single source nature of produced water vs.
municipal wastewater. CalGEM requires oil and gas operations in California to disclose additives used in
oil and gas production activities and monitor recovered fluids for 60 days following cessation of a well
stimulation treatment. This provides some information on chemicals that may be/are present in
produced water but does not actively manage discharges into water that is ultimately used for irrigation.
Naturally occurring constituents and chemicals mobilized or formed as a byproduct of extraction
practices would not be captured.

5.4.6 Quantity of Water Used/Availability

Both produced water and municipal wastewater/recycled water have (recently updated) reporting
programs in place to track water use and reuse in their respective sectors. The SWRCB’s volumetric
annual reporting program tracks information on influent and monthly discharges of treated wastewater,
level of treatment, current reuse by beneficial use, and other facility level information such as discharge
location and local instream flow requirements (SWRCB 2021). While the data are well organized, care is
required to avoid double counting flows when wastewater and recycled water are managed by separate
facilities (Cooley et al. 2022). SB 1281 mandated more comprehensive water cycle reporting tracking
water use by the oil and gas sector across all stages of operations. Additional discussion on the findings
of these reporting efforts is summarized in Chapters 4 and 6.

5.5 Treatment and Monitoring

5.5.1 Treatment Processes

5.5.1.1 Municipal Wastewater and Recycled Water

Depending on the end use, municipal wastewater is treated to meet the specifications of one of four
classes of Title 22 recycled water (Table 2-2). Standard wastewater treatment practices include primary
and secondary treatment, filtration, and/or disinfection. Primary treatment removes material that will
settle by gravity or float using screens and settling basins. In secondary treatment, trickling filters,
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activated sludge processes, or other approved approaches are used to remove biodegradable organic
matter from the wastewater. Disinfection is required in three of four classes of Title 22 recycled water
and used to inactivate pathogens. Commonly used methods of disinfection include various forms of
chlorination and UV disinfection. Filtration is required in all cases where there is direct contact between
the recycled water and edible portion of the food crop. Filtration captures smaller particles and, in the
case of the Title 22 regulations, typically includes practices such as slow sand and granular media filters.
The size and types of particles captured by filtration depends on the characteristics of the filtration
media and particles being captured. In certain cases, membrane filtration is used to exclude sub-micron
sized particles (such as viruses and certain chemical contaminants). California’s approved technologies
list identifies technologies that have been demonstrated to consistently provide a required level of
treatment. Facilities wishing to use technologies not on this list must demonstrate their efficacy in
removing viruses and other constituents of concern.

5.5.1.2 Produced Water

Five main classes of treatment of produced water were reported in recent data collected in response to
SB1281 — deoiling, disinfection, desalinization, membrane treatment, and other treatment. Additional
details on each of these treatment methods is included in Chapter 3. The types of treatment practiced
vary by location and discharge location, but data on the specifics of actual the treatment technologies
used (e.g., ion exchange, three-phase separator) are not included in reporting data. Likewise, operators
are only required to report ‘yes’ or ‘no’ if the treatment technology used falls within one of the five
categories (above) and does not capture if multiple treatments are used. Individual facilities NPDES
and/or WDR permits provide additional details and specifications on the types of treatment and quality
of effluent required for discharge/disposal/reuse from a given facility.

To assess potential and likely hazards, risks, and impacts, an understanding of the chemical makeup of
produced water is necessary. This is also critical for prescribing treatment technologies efficacious of
removing a targeted substance or substances. While treatment technologies are capable of treating
water to sufficient levels for intended end-uses, not all methods are effective at removing all types of
constituents. Some chemicals used in O&G production may not be adequately removed or may produce
disinfection by-products as a result of some treatment methods (US EPA 2016). For example, heavy
metals and EDCs are not removed through conventional or secondary treatments and require advanced
methods for removal (US EPA 2012).

5.5.2 Treatment Performance and Monitoring

5.5.2.1 Municipal Wastewater and Recycled Water

Research studies of municipal wastewater treatment plants in the 1960s and 70s found that many
treatment facilities were not providing reliable treatment which led to the development of more
stringent, performance-based design standards and monitoring protocols. Detailed requirements for
monitoring methods, frequency, parameters, and reporting requirements are included in a WWTP’s
NPDES or WDR permit issued by the RWQCB. Specific requirements vary based on facility characteristics,
local context, and other factors, but typically includes at least flow, standard physico-chemical
parameters (e.g., pH), nitrogen species (e.g., nitrates, ammonia), BODs, TSS, general minerals, and
priority pollutants.

5.5.2.2 Produced Water

Due to OPW typically having elevated TDS concentrations, treatments to reduce salts (and other
constituents, such as boron) will likely be needed in agronomic settings where soil and plant health are
of concern (Cooper et al. 2022). In addition, many unregulated chemical additives are likely to be
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present in OPW, and research suggests that some of these chemicals may still be present after
treatment (Cooper et al. 2022; Danforth et al. 2020; Camarillo, Domen, and Stringfellow 2016; Pichtel
2016). While many treatment technologies are efficient at removing many chemicals, not any single
treatment method or can remove all chemicals of concern in OPW (Cooper et al. 2022). Selecting
treatment methods as part of a treatment train efficient at removing constituents of concern for specific
end-uses is impaired by the lack of chemical, physical, and additive mass data, concentration of chemical
additives in produced water, chemical-chemical interactions and transformation products, and a lack of
understanding on how chemical interactions may affect treatment efficacy or produce disinfection by-
products. Variability in quality and quantity of OPW across landscapes and over time further challenges
selecting standardized efficient treatment methods or treatment trains (Cooper et al. 2022). Treatment
technologies and trains employed will be site and end-use specific. Data on treatment trains at O&G
facilities, level of treatment, and treatment performance remain substantial knowledge gaps (as
compared to municipal wastewater and recycled water).

5.6 Quantity of Water Available for Reuse
5.6.1 Municipal Wastewater and Recycled Water

California has conducted surveys of recycled water use since the 1970s and, with the 2018 Recycled
Water Policy update, instituted a mandatory annual reporting requirement for all NPDES and WDR
permitholders treating municipal wastewater. The new volumetric annual reporting requirements for
municipal wastewater require facilities to report details on the facility (e.g., discharge location, contact
information), monthly volumes of influent and effluent, level of treatment, and recycled water
production volumes including the end uses of that recycled water. California currently produces
approximately 3 MAFY of wastewater effluent of which about 728,000 AFY is currently recycled. A
recent assessment found that roughly 2 MAFY of municipal wastewater is potentially available for reuse
(Cooley et al. 2022).

5.6.2 Produced Water

California has required the O&G industry to track water produced from and injected into oil and gas
wells since at least 1977. A limitation of past O&G water data collection efforts has been that they only
captured a portion of water use in the O&G industry, leaving an incomplete picture of O&G water use
(Feinstein, Shonkoff, and Lindsey 2021). SB 1281 updated oil and gas reporting requirements to try to
capture a more comprehensive picture of how water is used in the oil and gas industry. The data
collection efforts arising from SB 1281 aim to capture a lifecycle view of water use and disposal within
the O&G industry and includes information on all inputs, outputs, and other applications of water in oil
and gas operations. The SB 1281 dataset includes information on water use both on and off of the
oilfields with quarterly reporting. Data on current (onsite) reuse is captured via the ‘other applications’
dataset within the SB 1281 reporting data. Monthly production and injection data is also collected by
DOGGR. The CCST Phase Il report compared the DOGGR and SB 1281 O&G datasets from 2015 Q4 —
2017 Q1 and found the SB 1281 data capture 95% of produced water production reported to DOGGR
during that time period, though more discrepancies were noted in some earlier and later quarters and in
minor basins. Over the three-year reporting period (2015-17), the CCST data indicated that roughly 1.2
MAF of produced water was generated and 1.0 MAF was injected (Feinstein, Shonkoff, and Lindsey
2021).

The CCST SB 1281 report authors also used a water cycle analysis approach to attempt to understand
reuse within the O&G industry and determine whether the O&G industry was a net consumer or user of
water. The CCST assessment was challenged by limitations in the SB 1281 data (e.g., subsurface injection
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combines injection for both enhanced oil recovery and stimulation as well as for disposal) and
uncertainties around water quality data, but preliminary estimates were developed using supplemental
information from the DOGGR data (Feinstein, Shonkoff, and Lindsey 2021). Approximately 72,000 AF (of
mostly saline water) was reused? by O&G facilities and approximately 11,000 AF was discharged?® each
quarter. The CCST SB 1281 report includes many recommendations on improving the accuracy and
usability of the SB 1281 reporting data.

While numerous data limitations were noted, the CCST SB 1281 project was able to develop two coarse
estimates of the quantity of produced water potentially available for reuse. The first estimate
subtracted the volume of produced water already allocated for agricultural reuse from the total volume
of water produced from that field. Data were then analyzed further to only include fresh/brackish water
with TDS concentrations less than 10,000 mg/I. That analysis found 11,337 AFY of produced water
meeting these criteria and potentially available for reuse. As noted earlier in this report, TDS
concentrations well below 10,000 mg/| are not suitable for agricultural irrigation and it is likely that
some portion of this water would require desalination to be suitable for agricultural reuse.
Underestimations based on the SB 1281 water quality thresholds are likely to have occurred due to
misreporting or underreporting by operators. This is supported by large declines in reported volumes
beginning in 2017. The authors of the CCST SB 1281 report also used their combined water quality
dataset (see Chapter 5 for included datasets) to develop an expanded assessment reuse potential using
TDS limits of <2000 mg/I and boron concentrations of <3.0 mg/I. This assessment found an upper bound
of 64,272 AFY potentially available for reuse, though fields were classified as meeting the water quality
criteria if thirty percent of samples (from individual wells within a field) were below the threshold. This
approach overlooks well-to-well variability and variability overtime which could lead to both over and
undercounting volumes. In both cases substantial data limitations were noted and summarized below.
Chapter 5 refines the assessments conducted as part of the CCST B 1281 study and discussed the
methodologies used in more detail.

5.6.2.1 Produced Water Quantity Data Limitations

To track how water moves through the oilfield, from production well to injection well, operators report
volumes, end-location, and end-uses of water moving between these locations. Sources and
destinations of water are captured with defined categories; however, the well-to-well reporting under
SB 1281 does not accurately capture the correct volume of water as it moves from production well, to
treatment facilities, and back to injection wells. The structure of the data sets also does not allow for
straightforward calculations of volumes of water inputs, outputs, applications, reuse, and demands due
to fragmentation of data reporting, duplicate reporting, and variability in reporting styles and structures.

Broad categories within the two disposition codes (‘Agricultural and Recharge’ and ‘Surface Water
Discharge’) only provided vague and incomplete data. Further, without referencing the associated WDRs
or NPDES permits, the water reported in the Agriculture and Recharge category was not identified as

25 Quantitative estimates of reuse in the CCST Phase Il report are constrained to water reused onsite for ancillary
oil and gas operations (e.g., operations, drilling) and enhanced oil recovery and well stimulation. Water that is
currently reused for agriculture is captured under ‘discharge’ though not all discharged water is reused.

26 Discharge includes percolation pits, surface water or land, public wastewater systems, and reuse for irrigation or
recharge. Disposal via injection wells and evaporation from lined pits is included in a separate accounting category
‘disposal’.
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being used directly, indirectly, or incidentally. The WDRs and NPDES permits were the primary source
for end-uses but were not always available or did not exist. Distinguishing between direct use and
indirect use is also an important factor to assess risks to humans, crops, soils, and the environment, as
direct use can pose a higher risk. Determining the volumes currently being used for agricultural reuse,
and thus the volume potentially available, was difficult as a result of the missing and incomplete data on
end-locations and end-uses.

5.6.3 Comparison of Assessments of the Quantity of Water Available for Reuse
Recent legislation and policy updates have mandated and/or updated reporting requirements on
municipal wastewater and produced water production and reuse. Good quality data on the quantities of
effluent or produced water available, discharge locations, and timing are essential for understanding the
current state of and potential for agricultural reuse. Both the volumetric annual reporting (municipal
wastewater) and SB 1281 data (produced water) require additional analysis to assess their reuse
potential in the agricultural sector. In both cases, water follows a complex pathway from its point of use
to where it is ultimately reused. Careful analysis and accounting are required to avoid double counting
flows of water.

Preliminary estimates of both the potential for increasing recycled water use (~2 MAFY) and produced
water (~11,000-64,000 AFY) use in agriculture have been developed (Shimabuku, Abraham, and
Feinstein 2019; Cooley et al. 2022). While there are uncertainties with both noted in their respective
reports, the identified potential for recycled water use is roughly 30 to 180 times greater than the
potential scale of produced water reuse. In both cases, a water cycle approach is used to track water
flows. The database structure for recycled water tracking appears more robust, but care is still required
to avoid double counting flows. Also important to note, there is significant onsite reuse already
occurring in the oil and gas sector. These uses are discussed at greater length in the CCST SB 1281 report
and are outside of the scope of this report.

5.7 Fit-for-Purpose Approach

5.7.1 Overview

A risk-based approach underpins California’s current Title 22 Water Quality Criteria which are then
operationalized as a fit-for-purpose approach to managing the use of recycled water for agricultural
irrigation (Figure 5-1). Details on the specific requirements for each class of Title 22 recycled water and
the rationale behind each component of California’s fit-for-purpose framework are discussed in Chapter
2. The following sections 1) discuss the applicability (or lack thereof) of each component of California’s
fit-for-purpose framework for recycled water to produced water; and 2) describe additional unique
characteristics of produced water that are relevant to the development of a fit-for-purpose framework
for produced water.
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Figure 5-1. Summary of Risk Assessment and Management Activities Informing Development and Updates of
California’s Recycled Water Policy.

5.7.2 Components of Title 22 Fit-for-Purpose Approach and Applicability to

Produced Water

5.7.2.1 Crops that Can be Irrigated

Crop classes in California’s recycled water fit-for-purpose framework are defined based on the risk of
exposure to pathogens (i.e., food crops typically eaten raw typically require a higher quality of recycled
water). Current crop classes do not account for plant uptake of other constituents of concern. Produced
water is different from recycled water in that the public health issues at the fore are related to long-
term health impacts (vs. acute impacts such as gastrointestinal iliness). Early results on chemicals of
interest in the edible portions of crops are available from the Food Safety Project (Mahoney et al. 2021,
Kondash et al. 2020), and others. However, there are substantial gaps in both the constituents that were
monitored and current detection methods (Feinstein, Shonkoff, and Lindsey 2021). Additional research
would be needed to develop health risk-based classes of crops analogous to those in recycled water’s
fit-for-purpose framework.

High levels of salinity, boron, and other chemicals of agronomic significance are common in produced
water, though there are significant regional differences across California (see Chapter 4). Chapter 6
presents a series of crop tolerance classes for salinity and boron and maps current croplands relative to
these classes as part of a broader assessment of the potential for produced water reuse in California.

5.7.2.2 Level of Treatment and Treatment Performance

California’s recycled water fit-for-purpose framework includes three levels of treatment — oxidized,
oxidized and disinfected, and oxidized, filtered, and disinfected which are loosely analogous to
secondary and tertiary treatment. California’s recycled water policy provides specific treatment
performance criteria for each class of treatment. Each individual treatment technology must
demonstrate compliance with these standards, either through past research studies or inclusion on the
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State’s Alternative Treatment Technologies list.?” The SB 1281 reporting data’s inclusion of treatment
processes is an important step in understanding the broad classes of treatment utilized but falls short of
the recycled water policy’s treatment performance standards. To match what is currently in the State’s
recycled water policy, more research is needed to systematically assess and document the efficacy of
existing produced water treatment technologies in removing constituents of concern for human and/or
agronomic health. Current treatment technologies are primarily focused on removing hydrocarbons and
do not address salinity and other water quality issues. Blending with groundwater or canal water is a
common practice for managing the quality of produced water to reduce salinity to levels suitable for
irrigating crops.

5.7.2.3 Monitoring for Turbidity and Pathogen Indicators

Turbidity and total coliform are used as process indicators to monitor whether treatment processes are
operating as designed. Additional discussion on the rationale for using process indicators vs. monitoring
for specific constituents is discussed in Chapter 2. At present, current research has not indicated a need
for additional water quality criteria for agricultural irrigation. However, the State Recycled Water Policy
is updated at regular intervals to incorporate advances in science and knowledge. The Direct Potable
Reuse Criteria Expert Panel is currently advising the SWRCB on monitoring and water quality
requirements for potable reuse. Some of the lessons learned from this effort, particularly around
operationalizing the use of bioassays and other non-specific monitoring methods may be of relevance to
produced water. At this time, there are substantial knowledge gaps around treatment efficacy and
produced water composition. These gaps make recommendations on specific process indicators
inappropriate within the context of this report.

5.7.2.4 Engineering Reports and Anti-Degradation Analysis

Title 22 requires submission of an acceptable engineering report that includes details on how the facility
will comply with the State’s Recycled Water Criteria including treatment performance standards, state
and federal anti-degradation policies, and other requirements (See Chapter 2). Information in the Title
22 engineering reports goes above and beyond what is required for issuance of standard NPDES/WDR
permits though it is important to note that anti-degradation assessments are a key component of
NPDES/WDR permits for both produced water and municipal wastewater. First steps in developing a
parallel ‘engineering report’ requirement for produced water include the development of standardized
treatment performance standards for produced water and improved monitoring of produced water
quality.

5.7.3 Additional Considerations in Developing a Fit-for-Purpose Framework for
Produced Water

This report has discussed the current state of knowledge and knowledge gaps surrounding the use of
produced water for agricultural irrigation. While there are elements of California’s Title 22 Recycled
Water Regulations that provide useful insights, there are also some fundamental differences in
produced water that warrant additional consideration when scoping a fit-for-purpose framework for
produced water. Additional factors to consider including in a fit-for-purpose framework for produced
water are highlighted below.

27 SWRCB 2014.
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5.7.3.1 Underlying Geology

Current water quality monitoring data shows that produced water quality substantially varies with
differences in underlying geology. For instance, geologic formations with higher levels of arsenic tend to
have higher concentrations of arsenic in produced water. Additional research is needed to classify the
‘risk level’ posed by different geologic formations.

5.7.3.2 Well Age

Typically, the longer the time a well has been in operation, the higher the ratio of water to oil (Feinstein,
Shonkoff, and Lindsey 2021). This directly impacts the quantity and quality of water received by on-site
treatment facilities. While this is typically a change that occurs over time, changes in source water
composition are an important consideration in managing treatment performance. Information on well
age may be available from CalGEM, though additional monitoring data is needed to understand the
quality of produced water extracted from a given well.

5.7.3.3 Facility Characteristics

There are multiple configurations through which produced water is reused. In some instances, there is a
single well and water is of sufficient quality to be used directly (or nearly so). However, in other (most)
instances water from multiple wells is piped to a centralized treatment facility. The composition of wells
(e.g., where they are located within a geologic formation, well age) can impact the quality of water
received by the treatment facility and may change over time as wells come on/offline.

5.7.3.4 Recent Stimulation/Other Chemical Uses

Well stimulation and other activities use chemicals to increase yields from wells. The use of chemical
additives and quality of produced water are monitored for 60 days following stimulation activities and
reported to CalGEM. Many of the chemicals used in these activities are known to be toxic while others
lack the information to assess their toxicity. Time-series assessment of the CalGEM and additional
monitoring data could provide insights into how recent stimulation activities might be addressed in a fit-
for-purpose framework addressing produced water reuse for irrigation.

5.7.3.5 Blending

Blending of produced water with local surface or ground water is a common management strategy used
to manage the quality of produced water via dilution. Recycled water permits are typically written to
reflect of the quality of the water as supplied by the WWTP/recycled water supplier. There are instances
where blending does occur with recycled water (typically when recycled water is blended with canal
water), but this does not impact the requirements for meeting the Title 22 Recycled Water Quality
Criteria.

5.8 Conclusions and Recommendations

5.8.1 Conclusions

The use of OPW and municipal recycled water for agricultural irrigation in California are both long-
standing practices. The use of these waters provides locally significant water supply benefits including
helping irrigation districts diversify their supply portfolios and build resilience to droughts and other
supply challenges. However, questions remain on how to most effectively and efficiently regulate the
use of these waters to ensure adequate protection of public health and the environment. The history of
recycled water use in California dates back more than 100 years and provides helpful insights into
approaches that have worked, not worked, and lessons learned that are directly relevant to the
comparatively new (30 year old) field of produced water reuse.

Potential of Qilfield Produced Water for Irrigation in California 77



There are substantive similarities and differences in how the use of these two alternative supplies are
regulated, managed, and monitored. In both cases, discharges to surface waters or land are regulated
via the NPDES/WDR permit system. Additional regulation or monitoring of OPW occurs on a more ad
hoc basis and generally tied to specific pieces of legislation and research projects, such as the SB 1281
reporting data and the Food Safety Project. The regulation and use of recycled water is more structured.
Title 22, the State Recycled Water Policy, and water quality criteria detail allowable uses of recycled
water and specific details on treatment, treatment performance, monitoring, and quality. California’s
Recycled Water Policy is regularly reviewed and updated to ensure the policy reflects the best available
science and add additional beneficial uses (such as potable reuse) when the science is sufficiently
mature to ensure acceptable protection of public health. Relative to recycled water, the knowledge base
surrounding produced water is more limited. Substantive gaps in data availability, water composition,
interactions between chemicals, toxicity, and other factors relevant to conducting risk assessments were
identified in this study and others (Feinstein, Shonkoff, and Lindsey 2021; Mahoney, Asami, and
Stringfellow 2021). Without additional research, data, and risk assessments of produced water reuse,
the potential for direct adoption and operationalization of many of the risk-based principles
underpinning Title 22 is limited. Nonetheless, there are opportunities to improve data collection and
monitoring programs to facilitate more comprehensive risk assessments and tailor basic research to
better address knowledge gaps. A subset of these opportunities are summarized below as
recommendations.

5.8.2 Recommendations

5.8.2.1 Current Monitoring and Data Collection

1) Use the findings of the CCST SB 1281 study to develop a plan for addressing current gaps and
limitations in existing OPW monitoring programs.
The CCST SB 1281 study provides a comprehensive list of recommendations surrounding current
data collection and monitoring programs on produced water in California. This document is a key
resource in streamlining and disentangling the many overlapping data collection and monitoring
programs. Developing and accurate understanding of what is in produced water and how much
available, where is a key first step in developing a modern regulatory approach based on risk-based
best practices.

2) Conduct additional monitoring and/or research to better understand spatial and temporal
variability in OPW quality and the drivers of these differences.
Data on many key water quality constituents is lacking in quantity, quality, and coverage. Given the
high levels of temporal and spatial variation in produced water quality, additional research and/or
monitoring at the site level is needed to characterize this variation. Research should be designed to
ensure sampling plans address these knowledge gaps.

5.8.2.2 Risk Assessment

1) Use the findings for the SB 1281 Study to guide the development of research and/or monitoring
programs to provide more insights into the full composition of OPW in priority regions within
California.
Substantive barriers to conducting comprehensive risk assessment of the use of produced water
were noted by both the CCST SB 1281 and Food Safety Project studies. Information on the
composition of produced water was one noted knowledge gap. Implementing recommendations
from the CCST SB 1281 report would help address some of the knowledge gaps.

2) Convene an expert advisory panel focused on assessing the strengths and weaknesses of
analytical methods used in the characterization and assessment of OPW.
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3)

4)

Limitations of current analytical methods were another knowledge gap identified by the CCST SB
1281 and Food Safety Project studies. Convening an expert panel focused on evaluating the
strengths, weaknesses, and limitations of different analytical methods for monitoring produced
water quality could help identify specific research needs, provide a path forward for overcoming
barriers, and develop future water quality criteria for produced water. The approach used by the
SWRCB with the Direct Potable Reuse Expert Panel could prove to be a helpful model for a similar
expert panel focused on produced water.

Ensure any future fit-for-purpose framework for OPW incorporates consideration of unique, OPW
specific factors impacting the quality of OPW (e.g., well age, geology).

The ‘additional considerations’ highlighted in section 5.7.3 (e.g., geology, well age, recent chemical
use) are material to the level of risk posed by produced water. These types of variables are unique
to produced water and should be incorporated into a future fit-for-purpose framework for produced
water either directly or indirectly via treatment performance criteria that account for the
uncertainty and variability in water quality these factors introduce.

Future studies on OPW reuse should include a broader range of potential exposure routes,
including potential impacts of treatment facilities on local groundwater.

This study focused specifically on the use of produced water for agricultural irrigation. However,
many of the topics covered in this report (e.g., development of appropriate analytical methods,
toxicity information, produced water composition) are relevant to risk assessments of produced
water broadly. Future work should consider the full range of exposure pathways including potential
groundwater contamination, farmworker exposure, management of treatment facilities, and other
issues.

5.8.2.3 Treatment and Treatment Performance Criteria

1)

2)

Conduct additional research to develop robust, risk-based treatment performance standards for
treatment facilities supplying OPW for reuse.

Underperforming treatment systems were a key issue that arose in the regulation of wastewater
treatment systems in California. This is also an important issue in recycled water where there is a
greater risk of exposure. Research studies identified these gaps in the 1960s and 70s and regulations
were updated to include more stringent design and monitoring requirements. Current recycled
water quality criteria address treatment performance through a risk-based approach and use of
(treatment) process indicators (e.g., total coliform, turbidity). The efficacy of treatment systems is
an area of active research in produced water. Oil and water separation to capture recoverable
hydrocarbons is common, but, relative to recycled water, comparatively little is understood about
the removal or transformation of other contaminants in produced water. Understanding treatment
performance is further hindered by a lack of understanding of what chemical constituents and/or
transformation products are present in produced water and how concentrations of constituents
vary over time and space.

Using the SB 1281 Study for guidance, improve reporting formats and procedures to better
understand specifics on the types of treatment currently occurring.

SB 1281 initiated the collection of additional information on the treatment of produced water,
though there are serious limitations in the data (discussed elsewhere in this report and the CCST SB
1281 study). Better information on both the treatment processes and technologies in use and
details on their performance generally and when faced with variable water quality is needed. As a
precursor to defining treatment performance criteria, more information on the quality of produced
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water is needed such that the water quality aims of treatment for reuse can be better defined
beyond what is required by anti-degradation policies.

5.8.2.4 Fit-for-Purpose Framework

1)

2)

3)

80

Additional basic research is needed to begin defining a series of fit-for-purpose classes of OPW
similar to what has been developed for municipal recycled water.

The agricultural irrigation portion of California’s current fit-for-purpose framework for recycled
water specifies, among other things, four classes of recycled water and the types of crops that can
be irrigated with each class of water. These classes are defined based on risk assessments and
incorporate considerations such as whether a type of produce is typically consumed raw vs. cooked
(i.e., provides additional pathogen inactivation). These classes do not map especially well to
produced water. Current research is starting to provide some insights into where COls accumulate
within crops, but significant gaps in analytical methods, basic knowledge around chemical
transformations, and understanding of which specific chemicals to monitor for in crops remain.
These limitations led to the Food Safety Panel’s recommendation that current sampling efforts focus
on soil and water quality. Better understanding of concentrations and the transformation of COIl in
produce is a barrier to defining specific fit-for-purpose classes akin to what is used in the current
recycled water fit-for-purpose framework.

Conduct additional research exploring whether constituents such as TDS could serve as a reliable,
proxy indicator for other COl in OPW.

At least anecdotally, higher levels of TDS in produced water are associated with higher
concentrations of COls. Further research is needed to better understand these relationships and
assess what role real-time TDS monitoring could play in future water quality criteria for produced
water reuse and management of temporal variation in OPW quality.

Explore whether there are relevant lessons that can be learned from other regulatory programs
focused on minimizing adverse health and/or environmental impacts associated with long-term
chronic exposures.

The recycled water regulations for agricultural irrigation focus on minimizing acute health impacts
associated with pathogens. Produced water is different in that the primary health concerns are
associated with chronic, long-term exposure. Other regulations such as those for air quality and/or
drinking water quality that focus on minimizing health risks associated with long-term, chronic
exposure may provide a more relevant or helpful additional analog for produced water. Likewise,
there may be constructive lessons to learn from the process and findings of the SWRCB Direct
Potable Reuse Criteria Expert Panel.
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Geospatial Model of Potential for Expanded Reuse of
Oilfield Produced Water

6.1 Introduction

Reuse of oilfield produced water (OPW) for irrigation of agricultural crops is already occurring in
different parts of California. In the southern Central Valley, for example, the estimated annual volume of
permitted agricultural reuse is 31,246 acre feet per year (AFY), servicing approximately 95,000 acres of
farmland (Shimabuku, Abraham, and Feinstein 2019; Mahoney, Asami, and Stringfellow 2021). This
indicates that there is demand within the agricultural industry for OPW, therefore, exploring future
expansion of reuse may be warranted. Another reason for analyzing the potential for expansion of OPW
reuse is the continued water stress in the state, causing once productive agricultural land to be idled.
For example, during the last major drought in California, as a direct response to surface water shortages
and the high cost or unsuitable alternatives there was a 45% increase in idle agricultural land in 2015
(Lund et al. 2018).

For OPW to be a feasible source of water for agricultural producers it must overcome economic,
regulatory, environmental, social, and corporate policy-related challenges (IPIECA 2020). These
challenges are not trivial and are commonly site-specific, requiring customized analysis and solutions for
each new opportunity. However, with growing challenges in securing reliable sources of water in
agricultural regions in the state, OPW may be a desirable and viable supply source for certain irrigators.

In this chapter, the main goal is to build a geospatial model that can be used to evaluate a variety of key
factors influencing the potential for expansion of OPW reuse in California. The model and its output are
intended to support decision-making regarding further exploration of OPW reuse in California at a
regional level. The model is not intended to be used for making well- or field-level decisions on
suitability for OPW reuse, as more information is necessary for local, site-specific decisions.

This model was built using data sets that are available statewide, but the analysis and results focus on
the southern Central Valley (specifically the area contained in Kern County) (Figure 6-1). The reason for
this focus is twofold. First, produced water has been used for irrigation of food crops in Kern County for
more than 30 years (Mahoney, Asami, and Stringfellow 2021), and it is currently the main location in the
state of California where oil companies and irrigators are actively partnering to reuse OPW. Therefore, it
is a good testing-ground for the model’s usefulness at identifying regional-scale opportunities for
expanding reuse. Second, a report by CCST (2019) that used water quality and the SB 1281 dataset to
determine potential for OPW reuse in California found that the potential for expanded reuse existed
entirely in Kern County. Future work may wish to analyze other regions of the state and should be able
to do so using the model developed here.
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Figure 6-1. State of California with County Boundaries, Highlighting Kern County as the Focus Area for this
Analysis.

The key objectives of this section include:

e Identify locations in the study area where OPW reuse could be expanded based on key factors such
as quality of OPW water before treatment, volume, crop requirements, and potential demand from
agricultural growers as determined by metrics of regional water scarcity;

e Estimate the volume of OPW suitable for expanded agricultural reuse;

e Identify data gaps that exist for meeting these stated objectives; and

e Provide recommendations for filling these gaps.
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6.2 Methods

Here, a description of the data and methods used for development of a spatial model to predict where
in California OPW reuse could be expanded is provided.?® Factors included in the model are location and
area of crops tolerant of key water quality constituents for crop health, water quality characteristics of
OPW relevant to crop health, location and volume of OPW potentially available for expanded reuse,
location/adjacency of irrigation districts that could provide for delivery of OPW, and indicators of
regional water scarcity. These factors were chosen based on data availability and usefulness for meeting
the research objectives outlined above. As stated previously, while the analysis and results are focused
on the southern Central Valley in Kern County, much of the data and methods used are applicable across
California. Furthermore, statewide data will be included for use in the online, publicly available spatial
model (link to be included with the final report).

6.2.1 Key Factors for Predicting OPW Reuse Potential

6.2.1.1 Crop Tolerance

Review of crop tolerance information from relevant literature (Chapter 3) suggests crop sensitives to
salinity and boron can be useful in developing criteria for irrigation water suitability. To assess crop
tolerance, crop information was first collected from the California Department of Water (CDWR)
Resources Crop Mapping spatial dataset of land use type which covers the entire state’s irrigated
agricultural area (CDWR 2018). From this shapefile a table was extracted with crop type information for
the study area, Kern County. Next, data from the Food and Agriculture Organization of the United
Nations (Ayers and Westcot 1985) was used to identify the tolerance levels of each crop to soil salinity
(as ECe) and boron.? Based on tolerance levels for a desired yield of 100%, a rating system was
developed for assessing crop tolerance to irrigation water salinity and boron and was applied it to each
agricultural crop area in the mapping space (Tables 6-1 and 6-2). For both rating systems, the lower
scores correspond to more sensitivity (i.e., less tolerance) for the respective analyte. A “zero” rating was
applied to cases where crop tolerance information for a particular analyte was not available. In some
cases, up to four different crops were listed for a single agricultural field (as farmers can rotate crops
throughout the growing season on a single field), and in these cases, the most sensitive crop type was
used to rate the field. Also, some crops did not have tolerance ratings for salinity and/or boron in the
literature reviewed. Altogether, this approach provided a conservative estimate of crop tolerance for
each field.3°

28 For the spatial model, all work was done using ArcGIS Pro v2.9.3.

2 For categorizing crop tolerance and comparing it to OPW water quality, ECe (ds/m) was converted to ECw (ds/m)
following the equation ECe = 1.5ECw (Ayers & Westcot 1985). Boron crop tolerance is based on soil-water or
saturation extracts, which are approximately equal to or slightly less than irrigation water (Ayers & Westcot 1985).
30 Appendix B contains the complete list of each crop’s specific tolerance ratings, both for achieving a 100% and
75% vyield.
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Table 6-1. Rating System for Assessing Crop Tolerance to Salinity Used for Spatial Model.
Data sources: Ayers & Westcot 1985 Tables 4 and Table 5, citing original work from Maas and Hoffman 1977 and

Maas 1984.
Crop Tolerance Rating ECw (ds/m) Tolerance Category
1 <0.87 ds/m Sensitive
2 0.87 —2.0ds/m | Moderately Sensitive
3 <2.0-4.0ds/m | Moderately Tolerant
4 <4.0-6.7ds/m | Tolerant
0 NA No Data

ECw = Electrical Conductivity of irrigation water in deci-siemens per meter (ds/m).

Table 6-2. Rating System for Assessing Crop Tolerance to Boron Used for Spatial Model.
Source: Based on Ayers & Westcot, 1985, Table 16; Maas 1984.

Crop Tolerance Rating B mg/L Tolerance Category
1 <0.5 Extremely sensitive
2 >0.5-0.75 | Very sensitive
3 >0.75-1.0 | Sensitive
4 >1.0-2.0 | Moderately sensitive
5 >2.0-4.0 Moderately tolerant
6 >4.0-6.0 | Tolerant
7 >6.0 — 15.0 | Very tolerant
0 NA No Data

6.2.1.2 OPW Water Quality and Water Volume
A primary factor affecting the potential for reuse of OPW for irrigation is crop tolerance to the qualities

and characteristics of that water. While in many cases OPW is blended with alternative sources of water
and/or treated prior to application to crops, crop sensitives can constrain the practical and economic
feasibility of these approaches, making certain treatment and blending options insufficient relative to
the desired application (NRC 2008). Therefore, these methods were developed to identify irrigation
water suitable for irrigation with little to no treatment.

This work builds on the work of Shimabuku et al. (2019) who estimate the total potential OPW available
at the field level for reuse for irrigation in California. To identify oilfields where water quality and
guantity may make OPW potentially available for reuse Shimabuku et al. evaluated measured
concentrations of TDS (mg/L) and boron (mg/L) in produced water samples from eight different sources
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(Table 6-3).31 Of the 1,954 OPW analytical samples from (Shimabuku, Abraham, and Feinstein 2019),
1,829 were from oilfields in Kern County and used in this analysis. For this study, four additional samples
were added to the dataset from two WDR permits issued in 2019 by the CVRWQCB (CVRWQCB 20193;
2019b).

Table 6-3. Sources of Produced Water Analytical Data.
Source: Adapted from CCST 2019 Table 2.4.

Number of
Number Data Source Reference Samples

USGS Produced

1 Waters Dataset (US Geological Survey (USGS) 2018) 67

(California Department of Conservation, Geologic Energy

2 WST Disclosures Management Division, CalGEM 2018b) 1,141

3 Davis et al. 2016 (T. A. Davis, Kulongoski, and McMahon 2016) 4

4 Gannon et al. 2018 (Gannon et al. 2018) 15

5 Gans et al. 2018 (Gans et al. 2018) 31

6 Gillespie et al. 2016 (Gillespie, Kong, and Anderson, 2016) 54

7 Metzger et al. 2018 (Metzger et al. 2018) 512
WDR Irrigation

8 Permits Multiple, see references cited. 9

Total Samples 1,833

To include a sample in the analysis, it at minimum required a measurement of TDS, or it’s surrogate,
ECw; boron concentrations were also included in the analysis when available. TDS and boron are key
indicators of irrigation water suitability, according to the United Nations FAO Water Quality for
Agriculture irrigation guidelines (Ayers and Westcot 1985). Boron is often the major limiting factor in the
suitability of water for agriculture due to the challenge of treatment and treatment cost (Kim et al.
2009). Boron also accumulates in the soil, and there are few management strategies to address this
issue (Yau and Ryan 2008; Fipps 2021). Boron concentrations were available for 1,205 of the 1,833
samples (65.7%).

Average and minimum OPW concentrations of TDS and boron by oil and gas field were calculated and
used to rate and compare each field in the study area to crop tolerance ratings (Tables 6-4 and 6-5).
Lower ratings correspond to lower concentrations of the analytes, and therefore, to oil and gas fields
where OPW is potentially more suitable for irrigation of sensitive crops. If only one sample were

31 If measured concentrations of TDS were not available, Shimabuku et al. converted ECw to TDS following
instruction from the University of California, Division of Agriculture and Natural Resources (n.d.).
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available, the singular concentration value was used in place of an average. Two additional ratings were
included for oil and gas fields where averages were above the highest crop tolerance category. In the
case of TDS, an oil and gas field was given a rating of 5 if the average was above all categories, but the
minimum value was within range or below category 4. An oil and gas field was given a rating of 6 if the
average and minimum TDS values were both above all crop tolerance categories. For boron, an oil and
gas field was given a rating of 8 if the average was above all categories, but the minimum value was
within range or below category 7. And an oil and gas field was given a rating of 9 if the average and
minimum boron values were both above all crop tolerance categories. These final two categories
distinguish oil and gas fields where OPW may be available for reuse but will likely need treatment
and/or to be blended with other water supplies before use.

Table 6-4. Rating System for Oil and Gas Fields Based on OPW Salinity (Measured as TDS) Used for the
Spatial Model.
Data Source: Ayers & Westcot, 1985; University of California, Division of Agriculture and Natural Resources n.d.

Oil and Gas Field

Rating TDS (mg/L) Crop Tolerance Category Match
1 <557 Sensitive
2 558-1,280 Moderately Sensitive
3 1,281-3,200 Moderately Tolerant
4 3,201-5,360 Tolerant
5 NA NA; Average above all categories, but minimum value within range or
below category 4 TDS values
6 NA NA; Average and minimum values are both above all categories
0 NA No Data

Table 6-5. Rating System for Oil and Gas Fields Based on OPW Boron (B) Concentrations Used for the
Spatial Model.
Data sources: Ayers and Westcot 1985 Table 16, citing data from Maas 1984.

Oil & Gas Field
Rating B mg/L Crop Tolerance Category Match
1 <0.5 Extremely sensitive
2 >0.5-0.75 Very sensitive
3 >0.75-1.0 Sensitive
4 >1.0-2.0 Moderately sensitive
5 >2.0-4.0 Moderately tolerant
6 >4.0-6.0 Tolerant
7 >6.0 - 15.0 Very tolerant
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Oil & Gas Field

Rating B mg/L Crop Tolerance Category Match
3 NA NA; Average above all categories, but minimum value within range
or below category 7 B values
9 NA NA; Average and minimum values are both above all categories
0 NA No Data

To estimate potential volume of OPW available for reuse by oil and gas field, Shimabuku et al. (2019)
used quarterly volumetric data from SB 1281 (DOGGR 2018). They extracted well-level, produced water
disposal data, aggregated it to field level, from Quarter 4 (Q4) of 2015 through Quarter 1 (Q1) of 2017.
Then they used Equation 6.1 to estimate the average annual volume of produced water disposed of, in
Acre-Foot per Year (AFY), at each field.

2 V4 2015Y01 2016V 02 2016/Y Q3 2016V 04 2016V Q1 2017

Average Annual Volume = 4 * .

(Equation 6.1)

where V is the volume, in AF, reported by the oil or gas operator for the quarter identified in the
subscript.

To account for existing agricultural reuse, the volume of water at each field coded in the SB 1281
dataset under the two disposition codes used by existing, permitted OPW reuse for agricultural
purposes, was removed from the average annual volume. 3 This provided a more conservative estimate
of the volume potentially available for expanded reuse at each field.

Oil and gas field boundaries were obtained from the California Department of Conservation, Geologic
Energy Management Division via California’ Open Data Portal (CalGEM 2022). For the spatial analysis,
the dataset was clipped to the study area boundaries, leaving 100 oil and gas fields. Of these 100, 21

that were labeled as “abandoned” were also removed from the analysis, leaving 79 oil and gas fields.

6.2.1.3 Water District Boundaries

Water district boundary location data is maintained by the CDWR, including agricultural water districts
and other water retailers that sell water. All water districts located in Kern County (n = 171) are included
in the spatial model, however, some of these districts may not serve agricultural customers and would
need to be screened further to distinguish which may have interest in buying OPW. Additionally, it
should be noted that district boundaries may not be reflective of existing water district infrastructure,
but rather of the service area of each district, both existing and future.

32 The two disposition codes were “Sale/Transfer-Domestic Use” (Method 11) and “Surface water discharge —
Ocean, lake, pond, etc.” (Method 3). Sale/Transfer-Domestic Use is defined as water “used for agriculture,
irrigation, water replenishment, water banking, livestock, etc.”(CalGEM 2018a). Surface water discharge is water
“discharged into a surface body of water such as an ocean, lake, pond, river, creek, aqueduct, canal, stream or
watercourse” (CalGEM 2018a).
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6.2.1.4 Water Scarcity

Water scarcity is when there is a shortage of water to meet a specified demand. In some parts of
California, water scarcity may contribute to demand for OPW for irrigation. For this analysis,
groundwater basin status from the SGMA Basin Prioritization map was used as a proxy for water
scarcity. The dataset containing the boundary for each of California’s 515 groundwater basins along with
each basin’s priority status was used in the spatial analysis to identify locations across the study area
where groundwater basins have been unsustainably tapped as a water source (i.e., priority “High” or
“Medium”) and, therefore, where water scarcity is likely high (CDWR 2022).

6.2.1.5 Data Gaps and Uncertainty

A variety of data gaps and factors contributing to uncertainty of this analysis are important to recognize.
Here is a list of the most important data gaps and sources of uncertainty in this analysis. It is not meant
to be a list of data and information necessary for making site-specific decisions, but rather focuses on
data gaps for regional-scale analyses.
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Crop type and crop location: While the dataset used to identify crop type and location reports better
than a 95% accuracy rate, the data was collected in 2018 and therefore changes made at the
agricultural field level since then are not captured in this analysis (Land 1Q 2018).

Other crop characteristics not included in this analysis: Crops can be sensitive to some chemical
constituents based on the irrigation method used. Information on irrigation type is included in the
crop spatial dataset but was not analyzed here due to time constraints.

OPW water quality: While salinity and boron are two of the more common parameters for assessing
crop tolerance, there are several other major water quality characteristics of concern for irrigated
crops. These include calcium, sodium, chloride, and SAR (Ayers & Westcot 1985). These were not
available in enough of the sample data to warrant their use here, but if available, could help to
further refine OPW suitability for irrigation. Furthermore, OPW can contain other constituents that
are harmful and/or toxic to plants and/or humans, such as hydrocarbons, radioactive material,
heavy metals, and other chemical additives from the oil and gas industry (see Chapter 3 for further
discussion). These constituents were not available for most samples in the analysis but could also be
useful in further constraining opportunities for expanding reuse.

OPW water quantity: Due to time constraints as well as concerns about the quality of newer
volumetric data, this analysis relied on volumetric estimates from the CCST (2019) report. This
report provided annual and average annual OPW volumes from quarterly data from Q4 2015-Q1
2017. As described in the report, SB 1281 quarterly data are problematic for several reasons,
including, duplicate reporting, under-reporting, and general challenges caused by confusing and
misaligned data categories within the sub-components of the dataset (Abraham, Feinstein, and
Czolowski 2021). Furthermore, produced water volumes do not remain constant over time; over the
lifetime of an oil or gas well, the water-to-oil ratio tends to increase (Clark and Veil 2009). This
means that the volumetric estimates provided here could be lower than actual volumes, assuming
the same wells have remained in production.

Infrastructure for transporting and storing OPW for reuse by irrigators: For this analysis, specific
information on infrastructure available for OPW transport and storage was unobtainable. Water
district boundaries only provide approximations of where infrastructure could be and therefore,
there is significant uncertainty in the need for additional or new infrastructure for expanded OPW
reuse.

Soil characteristics: Soil qualities and characteristics also impact water suitability, as well as longer-
term potential for reuse of certain types of water; this information would be needed on a finer scale
than was intended for this analysis but could potentially alter the results in a significant way.
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e Costs of alternatives relative to the cost of OPW: Demand for OPW will in part be determined by the
cost compared to the cost of other alternatives, such as imported water. Due to high variability in
water prices on an annual basis and the complexity of predicting future cost of water, this factor was
not included in the analysis.

e Regulatory issues: Water reuse for irrigation of crops is regulated by the California State Water
Resources Control Board, and other state, local, and federal entities. Regulations commonly impact
feasibility for reuse by adding additional cost and other barriers to obtaining necessary permits. It
was beyond the scope of this analysis to incorporate regulatory factors affecting the potential for
expanding OPW reuse.

e Public and agricultural community perspectives: Due to concerns for the health and well-being of
humans and the environment, reuse of OPW for growing crops is a contentious issue. It was beyond
the scope of this analysis to incorporate human sociological or political factors into the analysis.

6.3 Results

6.3.1 Locations where OPW reuse could be expanded

6.3.1.1 OPW Water Quality

Due to low sample numbers of OPW analytical measurements and lack of crop tolerance information for
a high proportion of the total crop area in the study region, it is difficult to draw strong conclusions
around where OPW reuse could be expanded. For locations where samples and crop tolerance
information were available, Figures 6-2 and 6-3 provide maps of salinity and boron tolerance ratings by
field, along with sample counts by analyte. While the SB 1281 dataset maintained by CalGEM) includes a
parameter that identifies whether OPW is above or below 10,000 TDS, this is insufficient for evaluations
of suitability for agricultural reuse and therefore was not included in the analysis (Shimabuku, Abraham,
and Feinstein 2019).

Salinity is a common first order factor used for evaluating irrigation water suitability. Based on salinity
measurements, two (3%) oil and gas field, Kern Bluff and Kern Front, had OPW samples with average
salinity values suitable for “moderately sensitive” crops (Figure 6-2, Table 6-6). Five (6%) other fields,
Edison, Jasmin, Kern River, Mount Poso, and Poso Creek, had OPW samples with average salinity values
suitable for “moderately tolerant” crops. Of these, Kern Bluff and Edison are the only oil and gas fields
that do not currently have any operators permitted for OPW reuse for agricultural purposes (Table 6-6).
Three (4%) fields had OPW samples with average salinity values suitable for “tolerant” crops, including
Ant Hill, Fruitvale, and Round Mountain. None of these oil and gas fields currently contain operators
permitted for reuse of OPW for agriculture. 11 (14%) oil and gas fields had average salinity values above
the crop tolerance thresholds, but minimum values within the range of values suitable for at least the
most tolerant crops. 21 (27%) oil and gas fields had OPW samples where even the minimum salinity
values were above thresholds for water suitable for the most tolerant crops. In these locations, OPW
would not be suitable for reuse without blending or treatment and therefore reuse from these fields
may be cost-prohibitive. No salinity measurements were identified for nearly half (47%) of all oil and gas
fields in Kern County.

Potential of Qilfield Produced Water for Irrigation in California 89



Legend %’

0il and Gas Fields - ?o May not be suitable
r reusa

Salinity Rating Bt :
ount of salinity samples
B o data iy A
& Nosamples

1- for sensitive ;___!-‘
] cru;pp. £ 1-10 samples
| ) 2 - App. for mod, A 11-50 samples
sensitive crops
3 - App. for mod. A.‘»Sﬂsamcﬂes
:l tolerant crops
- Per. for tolerant Existing Permitted Reuse
crops ) none Bureau of Land Management, Esn, HERE, Garmin,
5 - My require 2 Permitted Reuse USGS, NGA, EPA, USDA, NPS

blending or treatment

0 5 10 20 Miles
[ o e e e o

Figure 6-2. Map of Oil and Gas Fields with Permit Status, Salinity Rating to Match Crop Tolerance, and
Salinity Sample Count, in Western Kern County.

Oil and gas field rating system displayed using blue and green colors where OPW salinity shows suitability for the
most sensitive crops; orange and red colors where OPW salinity shows suitability for tolerant crops; and purple
where OPW may need treatment or may not be suitable for agricultural reuse. Grey is used for fields that did not
have salinity samples in the dataset.

Four (5%) oil and gas fields (Jasmin, Kern River, Mount Poso, and Poso Creek) had OPW with average
boron concentrations that could be potentially applied crops that rate as “sensitive” to boron (Figure 6-
3, Table 6-6). All of these fields already contain operators permitted for agricultural reuse of OPW. Four
(5%) additional fields contain samples of OPW where average boron concentrations could be applied to
crops that rate from “moderately sensitive” up to “very tolerant.” These fields include Ant Hill, Fruitvale,
Kern Front, and Mountain View. Kern Front already has operators permitted to reuse OPW for
agriculture, however, the other three do not currently have permitted reuse occurring (See Table 6-6).
Six (8%) additional oil and gas fields had OPW with minimum boron concentrations at or below the
range suitable for “tolerant” crops, but average concentrations too high to be suitable for agricultural
reuse without treatment. Six (8%) other oil and gas fields had OPW where samples measuring boron
were all above the thresholds for even the most tolerant crops. While blending or treatment could
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potentially make this OPW suitable for reuse, cost of treatment will likely be a significant barrier in these
locations. There were 59 (75%) oil and gas fields in Kern County that lacked data for assessing OPW
water quality with regards to boron.
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Figure 6-3. Map of Oil and Gas Fields with Permit Status, Boron Rating to Match Crop Tolerance, and
Boron Sample Count, in Western Kern County.

Oil and gas field rating system displayed using blue and green colors where OPW concentrations of boron show
suitability for sensitive crops; orange and red colors where OPW concentrations of boron show suitability for
tolerant crops; and purple for fields where OPW may need treatment or may not be suitable for agricultural reuse.
Grey is used for fields where there were no boron samples in the dataset.
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Table 6-6. List of Oil and Gas Fields with OPW Potentially Suitable for Agricultural Reuse, Including Boron and TDS Analytical Sample Information,

Tolerance Ratings, and Permit Status.

Existing
Min. Salinity Permitted
Field No. of B Avg. B Max. B Min.B | No.of TDS | Avg. TDS | Max. TDS TDS B Tolerance Tolerance Reuse of OPW
Name Samples (mg/L) (mg/L) (mg/L) Samples (mg/L) (mg/L) (mg/L) Rating Rating for Ag?
Kern Bluff 0 - - - 4 661 782 572 - N
Kern Front | 2 1.1 1.1 1.1 27 1,052 2,318 491 4 Y
Jasmin 4 0.8 1.1 0.6 7 1,281 6,090 435 3 Y
Kern River 1 0.8 0.8 0.8 40 3,033 25,500 269 3 Y
Mount
Poso 1 0.8 0.8 0.8 26 1,615 4,224 366 3 Y
Poso Creek | 2 0.9 1.0 0.8 46 1,699 13,100 370 3 Y
Round
Mountain 0 - - - 13 3,591 16,300 1,750 - N
Fruitvale 20 2.6 9.3 0.2 60 4,380 20,520 904 5 N
Ant Hill 3 12.4 15.1 9.0 4 3,707 4,734 2,670 7 N
Belgian
Anticline 0 - - - 7 13,454 20,253 2,347 - N
Canfield
Ranch 0 - - - 14 22,386 38,141 2,902 - N
Cymric 0 - - - 12 17,698 29,000 5,201 - N
Midway-
Sunset 0 - - - 26 19,135 34,791 1,007 - N
Tejon 0 - - - 9 6,856 16,210 1,084 - N
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Existing

Min. Salinity Permitted

Field No. of B Avg. B Max. B Min.B | No.of TDS | Avg. TDS | Max. TDS TDS B Tolerance Tolerance Reuse of OPW
Name Samples (mg/L) (mg/L) (mg/L) Samples (mg/L) (mg/L) (mg/L) Rating Rating for Ag?

Mountain

View 2 5.0 6.0 4.0 25 9,579 39,900 900 6 N

Belridge,

North 24 79.5 96.0 12.0 51 31,298 52,000 560 8 N

Belridge,

South 954 97.1 230.0 0.5 965 47,193 890,000 700 8 N

Elk Hills 15 73.4 140.0 4.8 116 28,817 45,988 4,500 8 N

Lost Hills 145 85.7 200.7 1.0 163 43,481 360,000 3,600 8 N
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6.3.1.2 Crop Tolerance

Within Kern County, 895,269 acres of agricultural crops were evaluated for tolerances to different levels
of salinity and boron. Of those, 28% were determined to be sensitive to salinity, and 9% were
determined to be moderately sensitive (Table 6-7). Only 3% of crops were determined to be tolerant
and 7% were determined to be moderately tolerant. Salinity tolerance for 53% of the crop area in Kern
County could not be determined, creating uncertainty in locations for potentially expanding reuse of
OPW.

Table 6-7. Acres of Crop by Salinity Tolerance Category for Kern County.
Tolerance Category Acres | Percent
1 - Sensitive 251,047 | 28%
2 — Moderately Sensitive | 81,526 | 9%
3 —Moderately Tolerant | 66,656 | 7%

4 - Tolerant 24,075 3%
0— No Data 471,965 | 53%
Sum Total 895,269 | 100%

Boron crop tolerance information was even more sparse. Table 6-8 contains a summary of the total area
of crops, in acres, by their boron tolerance category. Of the total crop area evaluated in Kern County,
less than 1% of the crop area was determined to extremely sensitive; 2% and 8% were determined to be
very sensitive and sensitive, respectively. Only 3% of the crop area was determined to be moderately
sensitive, and 1% was determined to be moderately tolerant. 7% of the crop area was determined to be
tolerant to boron and 3% was determined to be very tolerant. The majority of the area, 78%, did not
have data on tolerance to boron.

Table 6-8. Acres of Crop by Boron Tolerance Category for Kern County.

Tolerance Category Acres Percent

1 — Extremely Sensitive 1,101 | 0%
2 —Very Sensitive 14,434 | 2%
3 — Sensitive 68,755 | 8%
4 — Moderately Sensitive 23,540 | 3%
5 — Moderately Tolerant 6,015 | 1%
6 — Tolerant 62,506 | 7%
7 —Very Tolerant 22,603 | 3%

0— No Data 696,315 | 78%

Sum Total 895,269 | 100%

Figure 6-4 provides a visual representation of the distribution of crop area with salinity tolerance ratings
superimposed with oil and gas field locations.
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Figure 6-4. Map of Crop Area by Salinity Tolerance Overlaid with Oil and Gas Fields with Permit Status in

Western Kern County.

Four categories of crop tolerance to salinity are included, from sensitive (blue) to tolerant (red). Grey indicates no
data was available on the salinity tolerance of crops in those areas.

The distribution of boron tolerant crops in Kern County is shown in Figure 6-5. The main finding from the
spatial analysis is that more data and information is needed for boron tolerance of crops in the northern

portion of study area.
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Figure 6-5. Map of Crop Area by Boron Tolerance Overlaid with Oil and Gas Fields with Permit Status in
Western Kern County.
Seven categories of crop tolerance to boron are included, from extremely sensitive (blue) to very tolerant (red).
Grey indicates no data was available on the boron tolerance of crops in those areas.

6.3.1.3 Water District Locations
A key factor in assessing OPW reuse potential for agriculture is understanding where infrastructure (e.g.
canals and pipes) may exist that could be used to transport water from oil and gas fields to places where
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agricultural demand may exist. Figure 6-6 shows a map of existing water districts in western Kern
County, three of which already transfer OPW to agricultural fields (in blue).
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Figure 6-6. Map of Water District Boundaries Overlaid with Oil and Gas Fields with Permit Status in
Western Kern County.
Water district boundaries likely indicate a district’s current and potential future service area, not necessarily extent
of existing infrastructure. The boundaries for one water district that is a regional water wholesaler, Kern County
Water Authority, was removed from the map because its service area covers almost the entire extent of the area
shown and would therefore would have hidden other boundary areas.

33 A fourth water district in the region, Jasmin Mutual Water District, also currently transports water for Jasmin oil
and gas field to agricultural users (Central Valley Regional Water Quality Control Board (CVRWQCB) 2019b), but it’s
boundaries were not included in the water district dataset from the Department of Water Resources.
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Water district boundaries depict each district’s service area, both present and potential future. Overlap
between an oil and gas field and a water district does not guarantee that water infrastructure is
available for transporting OPW to irrigators but can provide interested parties with initial information on
potential partners for OPW reuse.

6.3.1.4 Water Scarcity
Water scarcity is a major challenge in the study area. As shown in Figure 6-7, nearly all of the oil and gas
fields in Kern County are underlain by a designated “high priority” groundwater basin, the San Joaquin
basin. This indicates that the groundwater level underlying this area is in decline, and that there are
other factors contributing to high water stress. These are good indicators of likelihood for demand for
alternative sources of water in this region.
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6.3.2 Quantity of OPW Potentially Available for Agricultural Reuse

The average annual volume of OPW by field was calculated from the SB 1281 dataset during theQ4
2015-Q4 2017 timeframe. Figure 6-8 depicts the average annual volume of OPW by field, after
removing the volume of water reported as already being reused for agriculture. Table 6-9 provides a list
of the estimated average annual volume of OPW by field. Fields that did not have analytical chemistry
data were not considered in this analysis. Of the oil and gas fields where there are existing permits for
agricultural reuse, all were estimated to have at least 1,367 AFY of additional OPW, beyond what was
reported as already going toward reuse. Kern River oil and gas field was estimated to have 33,900 AFY of
additional OPW for reuse, and Kern Front field was estimated to have an additional 19,986 AFY.
Belridge, South field, Midway-Sunset, and Round Mountain, were estimated to have the highest average
annual volume of fields without existing permits for agricultural reuse.
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Figure 6-8. Map of Western Kern County Oil and Gas Fields with Average Annual Volume (AFY) of OPW.

In total, an estimated 227,650 AFY of OPW may be available for expanded reuse in the study area (Table
6-9). Of this volume, 100,177 AFY of OPW was within fields where average TDS was below the upper
threshold for tolerant crops (5360 mg/l) (shaded rows in Table 6-9). However, it is important to note

Potential of Qilfield Produced Water for Irrigation in California 99



that data on TDS are scarce, spatially and temporally variable, and unlikely to accurately reflect
accurately produced water suitability (Table 6-6). In the state of California, the total annual water use
for agriculture ranged from 25.7 to 37.0 million AFY between 1960 and 2015 (Cooley 2020); therefore,
this volume represents less than 1% of agricultural use in the state.

Table 6-9. Average Annual Volume (AFY) of OPW from Oil and Gas Fields Where Salinity and Boron in OPW
may be Suitable for Agricultural Reuse.

An * indicates field has existing permitted reuse for agriculture. tpermitted reuse occurring at Poso Creek oil and
gas field was not occurring in the Q4 2015-Q1 2017 timeframe used here to calculate average annual volume
potentially available for reuse, therefore, the volume of OPW potentially available for reuse may be less than what
is presented here. Shading indicates fields where average TDS concentrations were below the upper threshold for
‘tolerant’ crops.

Field Name Average Annual Volume (AFY)
Belridge, South 40,789
Kern River* 33,900
Midway-Sunset 29,030
Round Mountain 22,207
Kern Front* 19,986
Elk Hills 19,580
Poso Creek* 17,728+
Lost Hills 15,562
Cymric 15,544
Belridge, North 4,127
Mount Poso* 3,646
Tejon 2,733
Jasmin* 1,367
Fruitvale 809
Ant Hill 414
Kern Bluff 120
Canfield Ranch 47
Mountain View 47
Belgian Anticline 13
Total (All Fields) 227,650
Total (Fields Where Average
TDS <5360 mg/L) * 100,177

* ATDS levels of 5360 mg/L is the upper threshold for ‘tolerant’ crops.
Most crops tolerance of TDS in irrigation water is significantly below this
threshold.

6.4 Conclusions and Recommendations

In California’s agricultural regions where water is increasingly scarce, OPW may have a role to play in
reducing water stress. In a small number of places, OPW is already being used for agricultural purposes,
supporting the assumption that there is demand for water from this source. However, challenges and
hurdles still exist to expanding reuse of OPW for irrigation. At this point in time, some of the challenges
include understanding where opportunities may exist, how different factors affecting the opportunity
for reuse vary in time and space, and what data gaps exist. A geospatial model with a subset of key
factors that influence the potential for expansion of OPW reuse, was used to identify some
opportunities for reuse in the southern Central Valley. The model and its output are intended to support
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regional-level decision making only; more site-specific opportunities will need to be explored in future
work.

The results of the analysis point to a potential for expanded reuse of OPW for agriculture. In the
southern Central Valley, Kern County contains at least 19 oil and gas fields where water quality and
guantity indicate that there is potential for reuse, albeit likely with blending or treatment. Crops grown
in this region vary in sensitivity to the chemical analytes evaluated, but some are relatively tolerant to
common constituents found in OPW. Furthermore, water districts in the region may be amendable to
partnering on delivery of OPW to places with demand, as evidenced by the four that already do.

Unfortunately, significant data gaps create challenges with understanding the certainty and strength of
these findings. Data gaps identified included: Crop type and crop location, crop sensitivities based on
irrigation types, OPW water quality (in amount of analytical samples, type of constituents included, and
age of sample data), OPW water quantity estimates, location and capacity of infrastructure for
transporting and storing OPW for reuse by irrigators, soil characteristics that impact water suitability,
costs of alternatives and how these costs are expected to change in the future and/or vary under
different scenarios such as drought, existing and predicted future regulatory barriers and hurdles, and
sociological and political factors of key stakeholder groups. For data to be useful in decision-making
related to OPW reuse for agriculture it must be transparent, geographically specific, temporally current,
and of a sufficient quantity that findings can be replicated, and margins of error are small and known.
Unfortunately, these qualities are not found in most of the data currently available for assessing the
potential for OPW reuse in California at the regional scale. This is true both for the area of focus of this
analysis, as well as more broadly for the state. While the methods section lists the major data gaps of
this analysis, the results from the analysis further highlight these critical gaps.

The following section provides a set of basic recommendations for remedying these gaps to allow for
more reliable outputs for a regional-scale analysis of opportunities for expanding OPW reuse for
agriculture.

6.4.1 Recommendations

6.4.1.1 More water quality data of untreated produced water is needed in locations identified as
having potential for agricultural reuse.

While imperfect, results from this analysis and others could be used to design a targeted sampling
approach to improve and strengthen the dataset required for analyzing OPW suitability for irrigation.
Samples to assess OPW quality for agricultural reuse should be taken from the source from which it will
be delivered to the irrigation district/agricultural field. At some oil and gas fields, produced waters from
multiple wells are combined before being disposed. Samples from these mixed locations may be more
relevant and therefore should be evaluated, rather than samples from single wells. If water will be
blended with other sources, the combined source should be evaluated as well.

6.4.1.2 Perform a cost-benefit analysis comparing alternative water supply options and their co-
benefits

OPW may be one option for reducing water stress in a region, but other benefits and tradeoffs beyond
the water supply opportunity should be quantified and fairly evaluated against other supply or demand
management options.
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6.4.1.3 Knowledge of location and capacity of water transfer and storage infrastructure.

Knowing locations of existing water transfer and storage infrastructure would greatly enhance the ability
of regional decision makers to evaluate costs of expanding OPW reuse. It is recognized that this may be
difficult due to privacy considerations.
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Conclusions

There are roughly 9 million acres of irrigated farmland in California, using approximately 30 million acre-
feet of water per year (CDWR 2014). Regular, sustained drought, curtailment of groundwater
withdrawals with SGMA, and other stressors constrain the quantity of supply available to support
California’s economic, environmental, and societal needs. The State Water Plan identified the use of
alternative supplies as a critical strategy in meeting the State’s water demand now and in the future.
The use of municipal recycled water and oilfield produced water for agricultural irrigation were two
strategies considered, compared, and contrasted in the body of this report.

Recycled water use in California has a long history dating back more than 100 years. Regulations on the
use of recycled water for agricultural irrigation have evolved significantly over that same time period as
our basic knowledge and societal understanding of topics such pathogens, treatment performance,
demand for recycled water, and other topics have grown in truly extraordinary ways. That said, there
are still notable knowledge gaps surrounding the use of recycled water and California’s regulations
require regular updates that incorporate gains in scientific knowledge, demand for new beneficial uses
of recycled water, and other pertinent information. Using California’s Title 22 Regulations on the use of
recycled water for agricultural irrigation as a template, this report sought to examine OPW reuse
through the lens of recycled water to identify opportunities and knowledge gaps associated with current
OPW reuse, make recommendations on aligning with Title 22, and assess the potential for additional
OPW reuse in California. The key findings from these assessments are discussed in the following text.
Specific recommendations were incorporated into relevant sections of the previous chapters.

While the use of oilfield produced water for agricultural irrigation has been ongoing over the past
several decades (SWRCB 2016), recent concerns initiated several California studies between 2016 and
2019 investigating the safe use irrigating crops intended for human consumption - the SB 1281 Study,
conducted by CCST, and the Food Safety Project, conducted by the CVRWQCB, GSI Environmental, and
reviewed by a Food Safety Expert Panel. These studies found that the chemical composition of OPW is
complex and inconsistent, varying across geologic and geographical locations and over time (Mahoney,
Asami, and Stringfellow 2021; Al-Ghouti et al. 2019). Typical OPW has elevated concentrations of salts,
organic and inorganic contaminants, metals, naturally occurring radioactive elements, and chemical
additives used in the production of oil and gas (Vengosh 2014; Stringfellow and Camarillo 2019;
Mahoney, Asami, and Stringfellow 2021). Many factors affect the compositional makeup of OPW, such
as geologic formations, chemicals used in O&G production, the stage of production, and the age of the
well. Many of the chemicals used in oil and gas production and the masses of chemicals used were
identified as proprietary which further limits public understanding.

Thus, predicting water quality and chemical composition of OPW in one location based on another
location, even within the same field, is not necessarily achievable. Substantive gaps in data collection,
reporting requirements, produced water composition and toxicity, treatment practices, and other
knowledge gaps discussed in this, and other reports, are substantial barriers to evaluating exposure,
health and agronomic risks, and long-term human and environmental impacts from OPW reuse in
agriculture.

Risk-based approaches underpin California’s current regulations on the use of recycled water for
agricultural irrigation and other beneficial uses. California’s Recycled Water Policy is updated and

Potential of Qilfield Produced Water for Irrigation in California 103



reviewed regularly to incorporate new scientific knowledge on topics such as constituents of emerging
concern and advances in risk assessment modeling. This is a sharp contrast with OPW reuse where the
basic information is generally lacking to be able to conduct comprehensive risk assessments of OPW
reuse. One of the first human health risk assessments of OPW reuse, conducted by Redmon et al.
(Redmon et al. 2021), looked at human health risks associated with trace metals in reused OPW in the
Central Valley, but noted many of the same limitations identified in the CCST SB 1281 study. Additional
research is needed to assess risks posed by the broad range of chemicals common in OPW, but sufficient
data are lacking to conduct many of these assessments.

The second major knowledge gap relevant to developing a Title 22 aligned fit-for-purpose framework for
produced water was an overall lack of information on treatment practices and performance for OPW.
Treatment performance is a foundational component in California’s recycled water regulations.
Treatment processes and technologies used to produce recycled water have been rigorously evaluated
to ensure they provide an appropriate level of treatment under real-world conditions. This information
is then used in risk assessment models to ensure the regulations under Title 22 and water quality criteria
are sufficiently protective of public health. Additional research is needed to understand the level of
treatment being provided in OPW operations and ensure that this treatment is adequately protective of
public health for key COls.

The quantity of OPW available for reuse is another important knowledge gap. This assessment found
that upwards of 227,650 AFY of produced water may be available for reuse, though only 100,177 AFY is
available within fields where average TDS concentrations are below the maximum threshold of crop
tolerance. Data used in this assessment are subject to the constraints noted above with additional
research and data needed to accurately understand potential within individual fields. Nonetheless, for
context, the volume of OPW potentially available for reuse is roughly equal to five to ten percent of the
total volume of municipal treated wastewater potentially available for reuse (Cooley et al. 2022). That
said, OPW reuse is currently occurring and making locally significant contributions to agricultural water
supplies in Kern County. This underscores the need for locally specific assessments of both risks and
broader cost-benefit analyses.

The knowledge gaps discussed in this report and other recent studies point to several key areas where
additional research, data and monitoring, risk assessments, and other information are needed to
develop a regulatory framework for OPW that mirrors the approach and best practices adopted in
regulation of the use of recycled water for agricultural irrigation in California. At this time, current data
and knowledge gaps combined with fundamental differences in the composition of produced water
(relative to recycled water) limit the direct adoption and operationalization of many of the risk-based
principles underpinning California’s Title 22 recycled water regulations. Studies such as the CCST SB
1281 study and Food Safety Project provide important insights and recommendations on how to
improve current monitoring programs. Increasing our understanding of current OPW reuse is an
important first step in developing regulatory approaches that match the level of rigor and best practices
adopted into the regulation of the reuse of municipal recycled water in California.
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Characterization of Produced Water Quality in California from the CCST SB
1281 Study and the Food Safety Project.

Table A-1. Characterization of California Produced Water Quality Including Monitoring Data for Major and Minor lons, Low Molecular Weight Organic Acids,
Radioactivity Indicators, Trace Elements, Nutrients, Organics, and Other General Water Quality Parameters

Source: CCST 2019, Table A3.1.

Constituent No. of Detections Min Med Max 5th 25th 50th 75th 95th Unit
Major and Minor lons / Trace Elements
Acetate 54 0.8 34 4,865 3 12 34 414 1,727 | mg/L
Aluminum 32 0.01 0.5 17 0.02 0.07 0.5 1.3 5 mg/L
Ammonium 195 3 140 502 9 64 140 201 367 mg/L
Antimony 48 0.0009 | 0.3 0.9 0.03 0.2 0.3 0.3 0.7 mg/L
Arsenic 56 0.008 0.3 5 0.08 0.2 0.3 0.5 1.4 mg/L
Barium 528 0.1 10 285 0.5 3 10 42 97 mg/L
Beryllium 31 0.001 0.01 0.1 0.002 0.01 0.01 0.02 0.08 mg/L
Borate 210 7 160 715 43 106 160 223 326 mg/L
Bromide 1,392 0.2 110 9,020 21 83 110 130 170 mg/L
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Constituent No. of Detections | Min Med Max 5th 25th 50th 75th 95th Unit
Major and Minor lons / Trace Elements

Cadmium 3 0.0004 | 0.01 0.03 0.0014 | 0.005 0.01 0.02 0.03 mg/L
Calcium 2,238 1.2 220 160,000 | 24 141 220 440 3,408 | mg/L
Cesium 42 0.02 0.2 0.9 0.02 0.06 0.2 0.4 0.6 mg/L
Chloride 3,427 0.05 8,700 350,000 | 4.2 9 8,700 16,000 | 21,300 | mg/L
Chromate 1 22 22 22 22 22 22 22 22 mg/L
Chromium 274 0.004 0.05 1.2 0.02 0.03 0.05 0.07 0.2 mg/L
Chromium, hexavalent 70 0.0004 | 0.006 0.6 0.001 0.004 0.006 0.01 0.09 mg/L
Cobalt 38 0.002 0.04 0.1 0.007 0.02 0.04 0.05 0.08 mg/L
Copper 376 0.003 0.04 33 0.02 0.03 0.04 0.07 0.5 mg/L
Fluoride 240 0.03 1.2 53 0.2 0.5 1.2 3 23 mg/L
Hydrogen sulfide 256 0.01 0.33 1,111 0.06 0.1 0.3 3 34 mg/L
Hydroxide 3 37 99 243 43 68 99 171 229 mg/L
lodine 431 0.1 35 294 2.1 15 35 63 138 mg/L
Iron 1,128 0.01 15 660 1.2 5 15 35 126 mg/L
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Constituent No. of Detections | Min Med Max 5th 25th 50th 75th 95th Unit
Major and Minor lons / Trace Elements

Iron, 2+ 38 0.05 4 3,800 0.1 1.2 4 25 867 mg/L
Iron, 3+ 10 0.1 1.1 3,800 0.1 0.7 1.1 3 3,800 | mg/L
Iron, total 377 0.03 3 1,600 0.1 0.8 2.7 9 72 mg/L
Lead 61 0.0001 | 0.08 1 0.003 0.02 0.08 0.1 0.5 mg/L
Lithium 1,382 0.004 6 460 0.8 4 6 8 14 mg/L
Magnesium 2,225 0.19 124 8,100 9 68 124 170 470 mg/L
Manganese 1,199 0.01 0.5 39 0.1 0.3 0.5 0.9 3 mg/L
Mercury 600 0.00003 | 0.00008 | 0.008 0.00004 | 0.00006 | 0.00008 | 0.0001 | 0.0003 | mg/L
Molybdenum 111 0.002 0.04 0.3 0.006 0.03 0.04 0.07 0.2 mg/L
Nickel 158 0.008 0.07 2 0.01 0.05 0.07 0.2 0.4 mg/L
Phosphorus 1 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 mg/L
Potassium 1,528 1.4 180 20,000 | 25 130 180 280 856 mg/L
Selenium 140 0.03 0.4 15 0.07 0.2 0.4 0.7 2.1 mg/L
Sodium 2,171 4.5 8,700 110,000 | 581 5,600 8,700 10,334 | 13,000 | mg/L
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Constituent No. of Detections | Min Med Max 5th 25th 50th 75th 95th Unit
Major and Minor lons / Trace Elements

Silica 478 0.2 59 2,200 14 34 59 82 160 mg/L
Sulfate 1,621 0.1 34 15,251 | 2.1 21 34 73 387 mg/L
Sulfide 80 0.03 4 850 0.3 2 4 7 70 mg/L
Rubidium 160 0.02 0.3 2 0.05 0.2 0.3 0.4 0.6 mg/L
Thallium 8 0.02 0.04 6 0.02 0.03 0.04 0.7 5 mg/L
Vanadium 31 0.01 0.07 0.9 0.01 0.06 0.07 0.1 0.2 mg/L
Zinc 454 0.006 0.1 149 0.06 0.08 0.1 0.2 1 mg/L
LOW MOLECULAR WEIGHT ORGANIC ACIDS

Acetic acid 9 2.2 37 910 2.28 2.7 37 340 850 mg/L
Butanoic acid 1 39 39 39 39 39 39 39 39 mg/L
Lactic Acid 1 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 mg/L
RADIOACTIVITY INDICATORS

Gross alpha 1,172 -830 54.4 2,248 -49 14 54 95 187 pCi/L
Gross beta 1,177 -209 134 15,930 | 18 82 134 208 1,284 | pCi/L
Radium-224 21 2.3 12 130 4 8 12 25 48 pCi/L
Constituent No. of Detections | Min Med Max 5th 25th 50th 75th 95th Unit
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RADIOACTIVITY INDICATORS

Radium-226 1,195 -4 25 915 5 16 25 32 62 pCi/L
Radium-228 68 -0.1 13 99 0.97 5 13 27 49 pCi/L
Radon 181 -198 83 704 -67 24 83 166 326 pCi/L
Radon-222 987 -36,570 | 51 250,690 | -103 -12 51 143 680 pCi/L
Sr-87/Sr-86 ratio 27 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 Ratio
Strontium 1,448 0.07 12 3,100 4 7 12 17 124 mg/L
Uranium 4 0.0003 | 0.001 0.002 0.0003 | 0.0006 | 0.001 0.002 | 0.002 | mg/L
NUTRIENTS

Ammonia 156 1.3 28 164 7 17 28 41 74 mg/L
Nitrate 142 0.1 10 310 0.5 13 10 19 84 mg/L
Nitrite 372 0.04 0.09 5 0.04 0.1 0.09 0.2 0.9 mg/L
Phosphate 6 0.2 1.2 20 0.2 0.2 1.2 2 16 mg/L
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Constituent No. of Detections | Min Med Max 5th 25th 50th 75th 95th Unit
OTHER ORGANICS

1,2,4-Trimethylbenzene 2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 mg/L
Benzene 1,175 0.0003 | 0.8 25 0.1 0.4 0.8 1.5 3 mg/L
Dibromofluoromethane 1 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 mg/L
Ethylbenzene 1,172 0.0006 | 0.3 5.3 0.06 0.2 0.3 0.4 0.7 mg/L
Guar gum 38 30 125 3,500 31 56 125 325 2,450 | mg/L
m-Xylene 29 0.2 0.8 2.1 0.4 0.7 0.8 1.3 1.8 mg/L
o-Xylene 1,163 0.001 0.4 6 0.07 0.3 0.4 0.7 1.2 mg/L
p-Bromofluorobenzene 1 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 mg/L
Phenols 3 0.05 0.2 0.2 0.06 0.1 0.2 0.2 0.2 mg/L
Toluene 1,179 0.004 2 61 0.3 1.1 2 3.1 5.1 mg/L
Xylenes 1,178 0.004 1.3 19 0.2 0.7 1.3 2.1 3.8 mg/L
Xylenes, Isomers m & p 1,136 0.002 0.8 13 0.1 0.5 0.8 1.4 2.7 mg/L

110 The Water Research Foundation




Constituent No. of Detections | Min Med Max 5th 25th 50th 75th 95th Unit
WATER QUALITY CHARACTERISTICS

Alkalinity 182 73 2,700 4,700 803 2,100 2,700 3,100 | 4,000 | mg/L
Bicarbonate 969 2 1,060 12,809 | 147 535 1,060 1,974 | 4,299 | mg/L
Carbonate 138 1 69 2040 2 13 69 184 501 mg/L
TDS 2,230 52 26,000 | 890,000 | 2,207 18,000 | 26,000 | 31,000 | 42,000 | mg/L
Boron 1,628 0.05 92 602 1.3 54 92 104 150 mg/L
Dissolved inorganic carbon 26 42 80 174 49 68 80 109 144 mg/L
Dissolved organic carbon 68 6 130 2,900 10 41 130 190 1,614 | mg/L
Electrical conductivity 72 1 2,800 22,470 |3 1,630 2,800 5,540 | 9,865 | milliMhos/cm
pH 2,100 1 8 12 6.7 7.3 7.6 7.8 8.2 pH unit
Resistivity 400 0.08 0.3 8 0.2 0.2 0.3 0.7 4 ohm-m
Total carbohydrates 1,129 1.2 120 4,400 1.2 1.2 1.2 1.2 1.2 mg/L
Total organic carbon 22 18 225 2,054 26 110 225 798 1,167 | mg/L
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Table A-2. Water Quality Data for Blended Produced Water and Frequency of Samples Exceeding the Water Quality Objectives.
Source: GSI 2021b, Table 8.

Minimum Maximum | Fraction of Samples
Total Frequency of Mean of of Exceeding Water
Screening | Number of of Detected Detected Detected Quality Objective
CASRN Chemical Analyte Value Type | Samples Detection [mg/L] [mg/L] [mg/L] Concentration Limit
7440-36-0 Antimony MCL 54 0.44 0.0001 0.0014 0.011 0.019
7440-38-2 Arsenic MCL 132 0.86 0.0002 0.014 0.065 0.53
7440-39-3 Barium MCL 61 0.87 0.0043 0.031 0.2 0
7440-41-7 Beryllium MCL 53 0.04 0.00028 0.003 0.0056 0.019
Boron [individual
7440-42-8 samples] wQoO 252 0.97 0.02 0.48 2.2 0.012
Boron [annual
7440-42-8 average] wQO 50 1 0.11 0.55 2.2 0.04
7440-43-9 Cadmium MCL 54 0.02 0.004 0.004 0.004 0
18540-29-9 | Chromium (VI) MCL 24 0.12 0.000035 0.000055 0.000072 0
7440-48-4 Cobalt Toxicity 53 0.3 0.000092 0.0013 0.01 0
7440-50-8 Copper MCL 54 0.74 0.00064 0.0089 0.087 0
16984-48-8 | Fluoride MCL 13 0.69 0.17 0.45 0.91 0
20461-54-5 | lodide Toxicity 4 0 ND ND ND ND
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Minimum Maximum | Fraction of Samples
Total Frequency of Mean of of Exceeding Water
Screening | Number of of Detected Detected Detected Quality Objective
CASRN Chemical Analyte Value Type | Samples Detection [mg/L] [mg/L] [mg/L] Concentration Limit
7439-92-1 Lead MCL 53 0.47 0.000096 0.00086 0.0044 0
7439-93-2 Lithium Toxicity 49 0.61 0.0068 0.022 0.053 0
7439-96-5 Manganese Toxicity 95 0.86 0.003 0.046 0.61 0
Mercury (total,
including organic
7439-97-6 compounds) MCL 52 0.13 0.000001 0.000042 0.000095 0
7439-98-7 Molybdenum Toxicity 54 0.76 0.00038 0.0032 0.012 0
7440-02-0 Nickel MCL 54 0.67 0.00036 0.002 0.02 0
14797-65-0 | Nitrite MCL 5 0.4 0.8 9.9 19 0.2
7782-49-2 Selenium MCL 55 0.38 0.00019 0.0011 0.0075 0
7440-22-4 Silver Toxicity 54 0 ND ND ND ND
7440-24-6 Strontium Toxicity 52 0.87 0.018 0.13 0.46 0
7440-31-5 Tin Toxicity 1 0 ND ND ND ND
7440-62-2 Vanadium Toxicity 52 0.46 0.00099 0.0032 0.01 0
7440-66-6 Zinc Toxicity 55 0.62 0.0018 0.013 0.1 0
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Minimum Maximum | Fraction of Samples
Total Frequency of Mean of of Exceeding Water
Screening | Number of of Detected Detected Detected Quality Objective
CASRN Chemical Analyte Value Type | Samples Detection [mg/L] [mg/L] [mg/L] Concentration Limit
123-91-1 1,4-Dioxane Toxicity 9 0.22 0.00052 0.00075 0.00098 0
134-32-7 2-Naphthylamine Toxicity 0 NA NA NA NA NA
83-32-9 Acenaphthene Toxicity 61 0.15 0.00003 0.00015 0.00061 0
79-06-1 Acrylamide Toxicity 4 0 ND ND ND ND
62-53-3 Aniline NA 10 0 ND ND ND NA
120-12-7 Anthracene Toxicity 60 0 ND ND ND ND
56-55-3 Benz(a)anthracene Toxicity 60 0.02 0.00003 0.00003 0.00003 0
50-32-8 Benzo(a)pyrene MCL 60 0 ND ND ND ND
205-99-2 Benzo(b)fluoranthene | Toxicity 60 0.02 0.00011 0.00011 0.00011 0
Bis(2-chloroethyl)
111-44-4 ether Toxicity 12 0 ND ND ND ND
108-90-7 Chlorobenzene MCL 69 0 ND ND ND ND
218-01-9 Chrysene Toxicity 60 0.03 0.000039 0.000041 0.000042 0
53-70-3 Dibenz(a,h)anthracene | Toxicity 59 0 ND ND ND ND
206-44-0 Fluoranthene Toxicity 74 0 ND ND ND ND
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Minimum Maximum | Fraction of Samples
Total Frequency of Mean of of Exceeding Water
Screening | Number of of Detected Detected Detected Quality Objective
CASRN Chemical Analyte Value Type | Samples Detection [mg/L] [mg/L] [mg/L] Concentration Limit
Indeno(1,2,3-
193-39-5 c,d)pyrene Toxicity 61 0.02 0.000091 0.000091 0.000091 0
85-01-8 Phenanthrene NA 60 0.18 0.000029 0.00011 0.00029 NA
129-00-0 Pyrene Toxicity 60 0.02 0.00004 0.00004 0.00004 0
8052-41-3 Stoddard Solvent NA 1 1 0.025 0.025 0.025 NA
13983-27-2 | Krypton 851 NA 4 0 ND ND ND NA
Radioactivity, Gross
--- Alpha MCL 32 0.69 0.2 3.3 20 0.031
Radioactivity, Gross
--- Beta MCL 11 0.91 0.89 3.3 7.3 0
Radium-226 plus
Radium-228
(calculated by lab) MCL 3 1 0.63 1.1 1.5 0
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Minimum Maximum | Fraction of Samples
Total Frequency of Mean of of Exceeding Water
Screening | Number of of Detected Detected Detected Quality Objective
CASRN Chemical Analyte Value Type | Samples Detection [mg/L] [mg/L] [mg/L] Concentration Limit
Radium-226 plus
Radium-228
(calculated from
individual
- measurements) MCL 30 0.83 0.32 1.8 9.4 0.033
7440-14-4 Radium-2261 NA 30 0.73 0.12 1.2 9.2 NA
15262-20-1 | Radium-2281 NA 30 0.63 0.12 1 4.7 NA
7440-61-1 Uraniuml MCL 41 0.54 0.0001 0.64 8.6 0
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Table A-3. Comparison of Blended Produced Water and Treated Produced Water.

Mean Detected
Frequency | Frequency Concentrations
of of Frequency of Ratio (Treated
Detection Detection | Detection Ratio | Mean of Detected | Mean of Detected | Produced Water/
Organic / -Treated -Blended (Treated Concentration Concentrations Blended
Inorganic / Produced Produced Produced / [mg/L] - Treated | [mg/L] - Blended Produced
CASRN Chemical Analyte | Radionuclide Water Water Conventional) A | Produced Water B | Produced Water Water)
7440-36-0 | Antimony Inorganic 0.44 0.44 1.00 2.66E-03 1.36E-03 1.96
7440-38-2 | Arsenic Inorganic 0.89 0.86 1.03 3.69E-02 1.39E-02 2.67
7440-39-3 | Barium Inorganic 0.67 0.87 0.77 5.32E-02 3.12E-02 1.70
7440-41-7 | Beryllium Inorganic 0.03 0.04 0.75 8.65E-05 2.94E-03 0.03
Boron [individual
7440-42-8 | samples] Inorganic 1 0.97 1.03 8.44E-01 4.79E-01 1.76
Boron [annual
7440-42-8 | average] Inorganic 1 1 1.00 8.64E-01 5.47E-01 1.58
7440-43-9 | Cadmium Inorganic 0 0.02 0.00 ND 4.00E-03 ND in TPW
18540-29-9 | Chromium (VI) Inorganic 0.19 0.12 1.58 1.58E-03 5.50E-05 28.64
7440-48-4 | Cobalt Inorganic 0.05 0.3 0.17 1.33E-04 1.26E-03 0.11
Source: GSI 2021b, Table 9.
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Mean Detected
Frequency | Frequency Concentrations
of of Frequency of Ratio (Treated
Detection Detection | Detection Ratio | Mean of Detected | Mean of Detected | Produced Water/
Organic / -Treated -Blended (Treated Concentration Concentrations Blended
Inorganic / Produced Produced Produced / [mg/L] - Treated | [mg/L] - Blended Produced
CASRN Chemical Analyte | Radionuclide Water Water Conventional) A | Produced Water B | Produced Water Water)
7440-50-8 | Copper Inorganic 0.4 0.74 0.54 1.61E-03 8.93E-03 0.18
16984-48-8 | Fluoride Inorganic 0.79 0.69 1.14 1.02E+00 4.52E-01 2.25
20461-54-5 | lodide Inorganic 0.14 0 ND in BIW 2.10E-01 ND ND in BIW
7439-92-1 | Lead Inorganic 0.05 0.47 0.11 2.13E-04 8.62E-04 0.25
7439-93-2 | Lithium Inorganic 0.67 0.61 1.10 4.98E-02 2.17E-02 2.29
7439-96-5 | Manganese Inorganic 0.88 0.86 1.02 1.92E+00 4.58E-02 41.84
Mercury (total,
including organic
7439-97-6 | compounds) Inorganic 0.3 0.13 2.31 1.62E-04 4.19E-05 3.87
7439-98-7 | Molybdenum Inorganic 0.65 0.76 0.86 6.91E-03 3.24E-03 2.13
7440-02-0 | Nickel Inorganic 0.46 0.67 0.69 9.07E-04 2.07E-03 0.44
14797-65-0 | Nitrite Inorganic 0.17 0.4 0.43 1.00E+00 9.90E+00 0.10
7782-49-2 | Selenium Inorganic 0.31 0.38 0.82 8.94E-04 1.11E-03 0.81
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Mean Detected
Frequency | Frequency Concentrations
of of Frequency of Ratio (Treated
Detection Detection | Detection Ratio | Mean of Detected | Mean of Detected | Produced Water/
Organic / -Treated -Blended (Treated Concentration Concentrations Blended
Inorganic / Produced Produced Produced / [mg/L] - Treated [mg/L] - Blended Produced
CASRN Chemical Analyte | Radionuclide Water Water Conventional) A | Produced Water B | Produced Water Water)
7440-22-4 | Silver Inorganic 0 0 ND ND ND ND
7440-31-5 | Tin Inorganic 0 0 ND ND ND ND
7440-62-2 | Vanadium Inorganic 0.06 0.46 0.13 1.97E-03 3.25E-03 0.61
7440-66-6 | Zinc Inorganic 0.48 0.62 0.77 9.68E-03 1.34E-02 0.72
123-91-1 1,4-Dioxane Organic 0.55 0.22 2.50 1.30E-03 7.50E-04 1.73
134-32-7 2-Naphthylamine Organic 0 NA ND in TPW ND not measured ND in TPW
83-32-9 Acenaphthene Organic 0.35 0.15 2.33 5.79E-04 1.49E-04 3.89
79-06-1 Acrylamide Organic 0 0 ND ND ND ND
62-53-3 Aniline Organic 0 0 ND ND ND ND
120-12-7 Anthracene Organic 0.03 0 ND in BIW 1.15E-04 ND ND in BIW
56-55-3 Benz(a)anthracene Organic 0.01 0.02 0.50 3.10E-05 3.00E-05 1.03
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Mean Detected

Frequency | Frequency Concentrations
of of Frequency of Ratio (Treated
Detection Detection | Detection Ratio | Mean of Detected | Mean of Detected | Produced Water/
Organic / -Treated -Blended (Treated Concentration Concentrations Blended
Inorganic / Produced Produced Produced / [mg/L] - Treated | [mg/L] - Blended Produced
CASRN Chemical Analyte | Radionuclide Water Water Conventional) A | Produced Water B | Produced Water Water)

50-32-8 Benzo(a)pyrene Organic 0 0 ND ND ND ND
Benzo(b)fluoranthen

205-99-2 e Organic 0.04 0.02 2.00 5.63E-05 1.10E-04 0.51
Bis(2-chloroethyl)

111-44-4 ether Organic 0 0 ND ND ND ND

108-90-7 Chlorobenzene Organic 0 0 ND ND ND ND

218-01-9 Chrysene Organic 0.1 0.03 3.33 1.07E-04 4.05E-05 2.65
Dibenz(a,h)anthrace

53-70-3 ne Organic 0 0 ND ND ND ND

206-44-0 Fluoranthene Organic 0.05 0 ND in BIW 6.03E-05 ND ND in BIW
Indeno(1,2,3-

193-39-5 c,d)pyrene Organic 0 0.02 ND in TPW ND 9.10E-05 ND in TPW

85-01-8 Phenanthrene Organic 0.33 0.18 1.83 5.34E-04 1.06E-04 5.02

129-00-0 Pyrene Organic 0.1 0.02 5.00 1.17E-04 4.00E-05 2.93
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Mean Detected

Frequency | Frequency Concentrations
of of Frequency of Ratio (Treated
Detection Detection | Detection Ratio | Mean of Detected | Mean of Detected | Produced Water/
Organic / -Treated -Blended (Treated Concentration Concentrations Blended
Inorganic / Produced Produced Produced / [mg/L] - Treated [mg/L] - Blended Produced
CASRN Chemical Analyte | Radionuclide Water Water Conventional) A | Produced Water B | Produced Water Water)
8052-41-3 | Stoddard Solvent Organic 1 1 1.00 6.00E-02 2.50E-02 2.40
13983-27-2 | Krypton 85 Radionuclide | 0 0 ND ND ND ND
Radioactivity, Gross
--- Alpha Radionuclide | 0.62 0.69 0.90 3.20E+00 3.30E+00 0.97
Radioactivity, Gross
--- Beta Radionuclide | 0.84 0.91 0.92 4.80E+00 3.31E+00 1.45
Radium-226 plus
Radium- 228
--- (calculated by lab) Radionuclide | 0.86 1 0.86 1.42E+00 1.09E+00 1.30
Radium-226 plus
Radium- 228
(calculated from
individual
- measurements) Radionuclide | 0.92 0.83 1.11 1.57E+00 1.75E+00 0.90
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Mean Detected
Concentrations

Frequency | Frequency
of of Frequency of Ratio (Treated
Detection Detection | Detection Ratio | Mean of Detected | Mean of Detected | Produced Water/
Organic / -Treated -Blended (Treated Concentration Concentrations Blended
Inorganic / Produced Produced Produced / [mg/L] - Treated [mg/L] - Blended Produced
CASRN Chemical Analyte | Radionuclide Water Water Conventional) A | Produced Water B | Produced Water Water)
7440-14-4 | Radium-226 Radionuclide | 0.72 0.73 0.99 6.60E-01 1.20E+00 0.55
15262-20-1 | Radium-228 Radionuclide | 0.7 0.63 1.11 1.40E+00 1.00E+00 1.40
7440-61-1 | Uranium Radionuclide | 0.11 0.54 0.20 2.70E+00 6.38E-01 4.23

AND — Non-detect; ND in BIW — Non-detect in blended produced water; ND in TPW — Non-detect in treated produced water
B Radionuclides reported in units of pCi/L
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Crop Tolerance Ratings and Yield Potential to Salinity,
Salts, and Boron in Soils and Irrigation Water.

Table B-1. Key for Relative Crop Tolerance Ratings! for Salinity in Soil Root Zones (ECe) and Irrigation
Water (ECw).
Data sources: Ayers and Westcot 1985 Table 5 and Figure 10, citing data from Maas 1984.

Crop Tolerance Ratings # EC.B ECw©
No Data 0 (ds/m) (ds/m)
Sensitive 1 <13 <0.87
Moderately Sensitive 2 1.3-3.0 0.87-2
Moderately Tolerant 3 3.0-6.0 2-4
Tolerant 4 6.0-10.0 4-6.7

Notes: Electrical Conductivity (EC) is reported in deciSiemens per meter (dS/m) at 25°C. The relationship
between soil salinity and water salinity (ECe = 1.5 ECw) assumes a 15-20 percent leaching fraction and a 40-30-
20-10 percent water use pattern for the upper to lower quarters of the root zone.

! These data serve only as a guide to the relative tolerance among crops. Absolute tolerances vary with climate,
soil conditions and cultural practices.

A The relative tolerance ratings are defined by the boundaries in Ayers & Westcot 1985, Figure 10.

BSoil salinity (ECe) at which yield loss begins. EC. means average root zone salinity as measured by electrical
conductivity of the saturation extract of the soil.

CSalinity of irrigation water (ECw) at which yield loss begins.
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Table B-2. Key for Relative Crop Tolerance Ratings to Boron in Soil-Water or Saturation Extract (Be)
Without Yield Reductions.
Data sources: Ayers and Westcot 1985 Table 16, citing data from Maas 1984.

Be

Crop Tolerance Ratings # (mg/L)
Extremely sensitive 1 <0.5
Very sensitive 2 0.5-0.75
Sensitive 3 0.75-1
Moderately sensitive 4 1-2
Moderately tolerant 5 2-4
Tolerant 6 4-6
Very tolerant 7 6-15

A Maximum concentration in the irrigation water are approximately equal to these values or slightly less.

Table B-3. Crop Tolerance Ratings and Yield Potential Based on Irrigation Water Salinity (ECw), Soil Salinity (ECe), and Boron
Concentrations (Be) of Select Crops Grown in the Central Valley California.
Sources: Based on Maas 1984; Ayers & Westcot 1985 Tables 4, 5, and 16, and Figure 10; Crop data from California Statewide
Crop Mapping Data (2018).

o 100% 100% 75%
Boron | Salinity | \ialgc | yieldD | yieldE
Tolerance | Tolerance
Rating A Rating B ECe ECw ECw
Crop (Be) (ECw) (ds/m) (ds/m) (ds/m)
Alfalfa & alfalfa mixtures 6 2 2 1.3 3.6
Almonds - 1 1.5 1 1.9
Apples - 1 - - -
Apricots 2 1 1.6 1.1 1.8
Artichokes 3 3 - - -
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- 100% 100% 75%
ToBI::::ce Tz?elr:::e e el e
Rating A Rating B ECe ECw ECw
Crop (Be) (ECw) (ds/m) (ds/m) (ds/m)

Asian leafy vegetables (brassicaceae) - 2 1.8 1.2 2.9
Asparagus 7 4 - - -
Avocados 2 1 - - -
Barley?! 3 4 8 5.3 8.7
Beans (dry) (Phaseolus vulgaris) 3 1 1 0.7 1.5
Beans (green) (Phaseolus vulgaris) - 1 1 0.7 1.5
Bermuda grass? - 4 6.9 4.6 7.2
Blueberries - 0 - - -
Brussels sprouts - 2 - - -

Bush berries* 1 1 - - -
Cabbage 5 2 1.8 1.2 2.9
Carrots 4 1 1 0.7 1.9
Castor beans - 2 - - -
Cauliflower - 2 - - -
Celery 5 2 1.8 1.2 3.9
Cherries 2 1 - - -
Clover 5 3 1.5 1 3.9
Cole crops (mixture of 22 25)

(Brassicaceae) - 2 0.9 0.6 2.5
Corn (field & sweet) - 2 1.7 1.1 2.5

Potential of Qilfield Produced Water for Irrigation in California

125




5 T 100% 100% 75%
ToI:rr:rr\‘ce T(S)Iaelrr::\Ze vield yleldlD vield €
Rating A Rating B ECe ECw ECw
Crop (Be) (ECw) (ds/m) (ds/m) (ds/m)

Cotton 7 4 7.7 5.1 8.4
Dates - 4 4 2.7 7.3
Figs 2 3 - - -

Flax - 2 1.7 1.1 2.5
Grain sorghum - 3 6.8 45 5.6
Grapefruit 2 1 1.8 1.2 2.2
Greenhouse - 0 - - -
Greenhouse - 0 - - -

Hops (Humulus lupulus) - 0 - - -
Hybrid sorghum/sudan - 3 - - -
Induced high water table native pasture - 0 - - -
Jojoba - 4 - -

Kiwis - 0 - - -

Klein grass (Panicum coloratum) - 0 - - -
Lemons 1 1 - - -
Lettuce (all types) 5 2 1.3 0.9 2.1
Lettuce or Leafy Greens grouped for

remote sensing only 5 2 1.3 0.9 2.1
Melons, squash, and cucumbers (all

types)® 4 2 2.5 1.7 2.9
Millet - 2 - - -

126 The Water Research Foundation




T 100% 100% 75%
ToBI::::ce Tz?elr:::e yield € yield D yield E
Rating A Rating B ECe ECw ECw
Crop (Be) (ECw) (ds/m) (ds/m) (ds/m)

Miscellaneous deciduous - 0 - - -
Miscellaneous field - 0 - - -
Miscellaneous grain and hay - 0 - - -
Miscellaneous grasses (tolerances 1, 2, &
3) - 4 - - -
Miscellaneous subtropical fruit (jujube,
papaya, pineapple) - 3 - - i
Miscellaneous truck - 0 - - -
Mixed (four or more) - 0 - - -
Mixed deciduous - 0 - - -
Mixed grain and hay - 0 - - -
Mixed pasture - 0 - - i
Mixed subtropical fruits - 3 - -
Oats (avena sativa) 5 3 - - -
Olives - 3 - - -
Onions & garlic® 2 1 1.2 0.8 1.8
Oranges 2 1 1.7 1.1 2.2
Peaches and nectarines 2 1 1.7 1.1 1.9
Pears - 1 - - -
Peas (pisum sativum) 4 0 - - -
Peppers (chili, bell etc.)’ 4 2 1.5 1 2.2
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5 T 100% 100% 75%
ToI:rr:rr\‘ce T(S)Iaelrr::\Ze vield yleldlD vield €
Rating A Rating B ECe ECw ECw
Crop (Be) (ECw) (ds/m) (ds/m) (ds/m)
Pistachios - 0 - - -
Plums 2 1 1.5 1 1.9
Plums Prunes or Apricots grouped for
remote sensing only - 1 1.5 1 1.9
Pomegranates - 3 - - -
Potato or Sweet potato grouped for
remote sensing only. 3 2 1.5 1 2.5
Potatoes 4 2 1.7 1.1
Prunes - 1 1.5 1 1.9
Rice (Oryza sativa) - 2 3 2 3.4
Rye grass (perenial - Lolium perenne) - 3 5.6 3.7 5.9
Safflower - 3 - - -
Spinach - 2 2 1.3 3.5
Strawberries 3 1 1 0.7 2.4
Sudan - 3 2.8 1.9 5.7
Sugar beets 6 4 7 4.7 7.5
Sugar cane - 2 1.7 1.1 4
Sunflowers 3 0 - - -
Sweet potatoes 3 2 1.5 1 2.5
Tomatoes (market) 6 2 2.5 1.7 3.4
Tomatoes (processing) 6 2 2.5 1.7 3.4
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Boron Salinity 100% 100% 75%
Tolerance | Tolerance | yield C yield D yield E
Rating A Rating B ECe ECw ECw
Crop (Be) (ECw) (ds/m) (ds/m) (ds/m)
Turf farms - 0 - - -
Walnuts 2 0 - - -
Wheat1,2 (Triticum aestivum) 3 3 6 4 6.3
Wild Rice (Zizania) - 4 - - -
Broccoli - 2 2.8 1.9 3.7
Corn Sorghum or Sudan grouped for
remote sensing only® 6 3 - - 5.6
Eucalyptus - 0 - -
Flowers nursery & Christmas tree farms - 0 - - -
Native pasture - 0 - - -
Raisin grapes’® 2 2 1.5 1 2.7
Table grapes® 2 2 1.5 1 2.7
Wine grapes® 2 2 1.5 1 2.7

Be = Boron concentration in soils (mg/L); ECe = Electrical Conductivity of soils; ECw = Electrical Conductivity of irrigation
water; ds/m = deciSiemens per meter at 25°C.

ACrop tolerance rating for concentrations of boron in soils (Be) without yield reductions. Maximum concentrations in
the irrigation water (ECw) are approximately equal to these values or slightly less. Ratings taken from Chapter 6.

B Crop tolerance rating for salinity (ECw) in irrigation water without yield reductions. Ratings taken from Chapter 6.

¢ Maximum salinity concentration in root zone of soil where no yield loss occurs.

P Maximum salinity concentration in irrigation water where no yield loss occurs.

E Maximum salinity concentration in irrigation water where a 75% yield loss occurs.

! Barley and wheat are less tolerant during germination and seeding stage; ECe should not exceed 4-5 dS/m in the
upper soil during this period.

2 Semi-dwarf, short cultivars may be less tolerant.

3Tolerance given is an average for Boer, Wilman, Sand and Weeping Lovegrass; Lehman Lovegrass seems about 50
percent more tolerant.

4 Crop tolerance to boron based on blackberries only

5 Crop tolerance to boron based on cucumbers only

6 Crop tolerance to boron based on onions; garlic tolerance to boron is "3" which is more tolerant but because here
they are listed together, the lowest tolerance was selected

7 Crop tolerance to boron based on red pepper (Capsicum annuum)

8 Crop tolerance to boron based on sorghum (Sorghum bicolor)

% Crop tolerance to boron based on grapes (Vitis vinifera)
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