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Abstract

We use geospatial and statistical analysis to identify areas where there may be gaps
in current legislation that protects aquifers and to identify anthropogenic contamination
sources and pathways. Specifically, we focus on phosphorus (P) concentrations in
groundwater and total dissolved solids (TDS) concentrations in groundwater in Califor-
nia. The results obtained from the analysis of these datasets can be used to guide sus-
tainable water and ecosystem management policies and inform future groundwater

monitoring efforts.

Excess P in surface waters is a main driver of eutrophication, but P monitoring in
groundwater is often overlooked because it was historically assumed that P is immobile
in groundwater. To examine the risk P in groundwater poses to surface waters and eco-
systems, we compile and analyze 161,321 groundwater P measurements from 12 dif-
ferent countries. We find that all 12 countries report groundwater P concentrations high
enough to potentially cause ongoing or continued eutrophication in surface waters. Ad-
ditionally, in Canada and the United States, we find that 93% of total P (TP) samples
are found within 50 km of crop/pastureland. We also find a correlation between distance
from the closest oil and gas well and elevated TP concentrations in the Canadian prov-
inces of Alberta and Ontario. We focus on these provinces because there is a high den-
sity of oil and gas wells and of TP concentrations >0.1 mg P/L. These case studies
indicate the need to further investigate the role of agriculture and oil and gas wells on
groundwater impacts by P and other contaminants. The global data synthesis shows
that there are many data gaps limiting our ability to assess groundwater P contamina-
tion, including their sources and pathways. Understanding the sources and pathways
for groundwater contamination is important for sustainable groundwater management

practices and protection.

Total dissolved solids (TDS) concentrations represent minerals, salts, metals cati-

ons, or anions dissolved in water and is often taken as an indicator for overall



groundwater quality. We use 216,754 total dissolved solids (TDS) concentration meas-
urements in groundwater in California, United States, to examine the effectiveness of
current groundwater legislation with respect to the base of fresh water (BFW), which is
commonly used to identify the vertical extent to which aquifers are subject to groundwa-
ter management in the state. The definition for “fresh” water varies between regulating
bodies but is generally taken to range from 1,000 to 3,000 mg/L. We analyze trends in
the TDS dataset and find that we cannot estimate the BFW in 73% of California. We are
able to estimate the BFW in 22% of the Central Valley, a key agricultural region with
large groundwater demands and many critically overdrafted groundwater basins. Using
a TDS limit of 3,000 mg/L, we estimate the shallowest BFW to be 155 m below ground
surface in Kern County and the deepest BFW to be 589 m below ground surface in

Stanislaus County.

Our analysis demonstrates that geospatial and statistical analysis are useful for
managing and analyzing groundwater contamination data. Specifically, there are oppor-
tunities for enhanced and strategic management and monitoring of groundwater, focus-
ing on P and TDS. Currently, limitations in the availability of groundwater quality data
make the delineation of usable groundwater and the extent of groundwater contamina-
tion challenging to identify. Moreover, implementing groundwater management that sim-
ultaneously considers and balances impacts of agricultural and oil and gas activities is
needed. The results from this thesis can be used to design data-driven groundwater
management programs and strategies that protect groundwater resources around the

world.



Abstract in French

On utilise des analyses géospatiales et statistiques pour identifier les zones ou il y
a des lacunes dans la législation actuelle qui protege les aquiferes et pour identifier les
sources et les voies de contamination anthropique. On étudie les concentrations de
phosphore (P) dans les eaux souterraines et les concentrations de solides dissous to-
taux (SDT) dans les eaux souterraines en Californie. Nos résultats guideront les poli-
tiques de gestion de durabilité de I'eau et des écosystémes et informerons futurs efforts

de surveillance des eaux souterraines.

L'excés de P dans les eaux de surface est I'un des principaux responsables de I'eu-
trophisation, mais la surveillance du P dans les eaux souterraines est négligée car his-
toriguement le P était censé d’étre immobile dans les eaux souterraines. On examine le
risque que pose le P dans les eaux souterraines pour les eaux de surface et les éco-
systémes, on compile et analyse 61 321 mesures de P dans les eaux souterraines de
12 pays. Ces pays ont des concentrations de P dans ces eaux suffisamment élevées
pour potentiellement provoquer I'eutrophisation continue des eaux de surface. De plus,
on constate qu’au Canada et aux USA, 93% des échantillons de P total (PT) se trouvent
a moins de 50 km de cultures/paturages et qu'’il y a une corrélation entre la distance des
puits de pétrole et de gaz les plus proche et les concentrations élevées de PT en Alberta
et Ontario (provinces avec une forte densité de puits de pétrole et gaz et de concentra-
tions de PT >0,1 mg P/L). On doit donc étudier le réle de I'agriculture et des puits de
pétrole et gaz sur les impacts du P et d'autres contaminants sur les eaux souterraines.
La synthése mondiale des données montre I'existence de nombreuses lacunes qui limi-
tent la capacité a évaluer la contamination par le P des eaux souterraines, y compris
leurs sources et leurs voies d'accés. Comprendre les sources et les voies de contami-
nation des eaux souterraines aidera a de meilleurs pratiques de gestion et de protection

durables de ces eaux.



Les concentrations SDT indiquent la qualité des eaux souterraines. On utilise 216
754 mesures de concentration de SDT des eaux souterraines Californiennes pour exa-
miner I'efficacité de la Iégislation actuelle sur les eaux souterraines en ce qui concerne
la base d'eau douce (BDD), couramment utilisée pour identifier I'étendue verticale dans
laquelle les aquiféres sont soumis a la gestion des eaux souterraines. La définition d’eau
douce varie mais est généralement comprise entre 1 000 et 3 000 mg/L. Nos analyses
des tendances dans l'ensemble de données TDS indiquent que nous ne pouvons pas
estimer le BDD dans 73% de la Californie. On peut cependant estimer la BDD dans 22%
de la vallée centrale, une région agricole clé avec de grandes demandes en eau sou-
terraine et de nombreux bassins d'eau souterraine gravement surexploités. Utilisant une
limite SDT de 3 000 mg/L, on estime que le BDD la moins profonde se trouve a 155 m
sous la surface du sol dans le comté de Kern et la plus profonde a 589 m sous la surface

du sol dans le comté de Stanislaus.

On démontre que l'analyse géospatiale et statistique sont utiles pour gérer et ana-
lyser les données de contamination des eaux souterraines et qu’il y a des opportunités
pour améliorer stratégiquement la gestion et surveillance des eaux souterraines, en se
concentrant sur le P et le SDT. Les limites de la disponibilité des données sur la qualité
des eaux souterraines rendent la délimitation des eaux souterraines utilisables et I'éten-
due de la contamination des eaux souterraines difficiles a identifier. De plus, I'établisse-
ment d'une gestion des eaux souterraines qui considére et équilibre simultanément les
impacts des activités agricoles et pétroliéres et gaziéres est nécessaire. Nos résultats
aideront a concevoir des programmes et stratégies de gestion des eaux souterraines

basés sur les données qui protégent les ressources en eaux souterraines mondiales.

Vi
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1. Introduction

1.1. Groundwater quality, contamination sources, and geospatial analysis

Groundwater is a widely used resource, supplying more than two billion people glob-
ally with water for agricultural, industrial and residential needs [1]. However, because
groundwater is not currently as well monitored as other resources, it is often underreg-
ulated or poorly characterized [2-6]. Groundwater research is particularly valuable as
growing populations, climate change and pollution will place even greater stress on
groundwater resources in the future [7]. Therefore, understanding the potential risks of
anthropogenic activities, such as agriculture and oil and gas development, and charac-
terizing groundwater quality are useful for the implementation of groundwater manage-

ment, preventing the exploitation and pollution of this valuable resource.

Data and data analysis are key components for identifying and solving environmen-
tal problems. Utilizing geospatial analysis with large datasets is an important tool for
researchers in many fields including environmental conservation and water resource
management [8, 9]. Governments worldwide including Canada [10], the United States
[11], and Poland [12] are using results obtained from geospatial analysis to develop
effective management practices for groundwater that address economic, social, and en-

vironmental challenges [13].

In this thesis, we conduct geospatial and statistical analysis on phosphorus (P) and
total dissolved solids (TDS) concentrations in groundwater to identify potential sources
and pathways for contamination and discuss the sustainability of current groundwater

management strategies.



1.1.1. Phosphorus concentrations in groundwater

Nutrient enrichment from excess nitrogen and P, is a primary cause of surface water
quality degradation, specifically eutrophication [14-16]. Eutrophication is defined as ex-
cessive plant growth in water bodies as a result of excess nutrients and is one of the
most pressing environmental concerns for surface water systems around the world [15,
17-22]. Phosphorus has often been overlooked as a concern in groundwater aquifers
for two main reasons: (1) it was historically assumed that P in groundwater is largely
immobile [18] and anthropogenic P could not reach groundwater due to the high affinity
of P to adsorb to soil particles [15], and (2) concentrations of P in groundwater are often
compared to drinking water standards, rather than guidelines for ecological maintenance
[23] or human health. Recent research has shown that anthropogenic phosphorus ap-
plications at the ground surface can reach groundwater [23, 24], that it is possible for
phosphorus to be mobile in groundwater [24-28], and that high concentrations of P in
groundwater can contribute to eutrophication of surface waters [18, 22, 28]. Moreover,
P limits on drinking water are not set in many countries, including Canada and the United
States [29-31]. Countries where there is a limit on phosphorus in drinking water have
chosen concentrations that are significantly higher than limits set for phosphorus based
on the preservation of surface water quality [23, 32]. To protect the quality of surface
waters and prevent eutrophication, it is important to determine where contamination has
already occurred and to understand the pathways through which P contamination of

groundwater could occur in the future.

To date several studies have been conducted that analyze groundwater P contam-
ination at specific sites [15, 24, 25, 28] or within certain countries [23, 33], but there has
been no effort to gather groundwater P concentrations globally thus far. Identifying areas
where there is limited groundwater data could present opportunities for localized sam-
pling campaigns or gaps in government groundwater monitoring networks. Amalgamat-
ing global P data would help to identify which countries, if any, have relatively low con-

centrations of groundwater compared to the rest of the world. Countries with lower



concentrations of P in groundwater could provide valuable insight into policies and strat-

egies for effectively reducing or preventing groundwater P pollution.

Although agricultural runoff has been identified as one of the leading contributors to
surface water eutrophication, limited research has been conducted on agriculture as a
non-point source of phosphorus in groundwater aquifers [23]. To meet the needs of a
growing population, cultivated land area and P fertilizer use are increasing; from 1970
to 2005 the cultivated area worldwide increased by 21.3% [34] and P fertilizer use in-
creased over 300% in the period from 1961 to 2015 [35]. By 2050, it is estimated that
agricultural land area could begin to decrease [34], but P fertilizer use will have to in-
crease in order to maintain crop productivity [35]. As the prevalence of agricultural land
and P fertilizer use increase in the coming years, it will be increasingly important to
understand how agricultural activities impact the quality of groundwater so that effective

mitigation techniques can be implemented.

Researchers have identified leaky oil and gas wells as a source of subsurface con-
tamination and a potential pathway for surface contaminants to migrate to the subsur-
face [36-38]. Although previously unexplored, it is possible that runoff high in P from
agricultural fields or urban areas could contaminate groundwater through improperly
abandoned or otherwise leaky oil and gas wells. There are more than four million oil and
gas wells in Canada and the United States alone [39], many of which are located on or
near agricultural land. It is possible that leaking oil and gas wells could be a significant
and overlooked contributor to groundwater P contamination and eventual surface eu-
trophication. For governments and other agencies to effectively monitor and minimize
contamination of groundwater resources, it is necessary to identify all possible pathways

through which contamination can occur.



1.1.2. Total dissolved solids concentrations in groundwater

To ensure usable groundwater is effectively protected from contamination, agencies
around the world develop policies that limit the risk subsurface activities, such as oil and
gas development, pose on groundwater quality. Some agencies utilize water quality to
identify usable groundwater and subsequently restrict activities that may cause contam-
ination in these areas [2, 40, 41]. This thesis will focus on groundwater quality and man-
agement in California, where groundwater is a critical resource with high demand. In
California, total dissolved solids (TDS) concentrations are used to determine the base
of fresh water, which stipulates depths where subsurface activities can occur [2, 41].
The “base of fresh water” is defined as “the depth in a well where the water in overlying
aquifers has less than or equal to 3,000 mg per liter (mg/L or parts per million) of total
dissolved solids” (quoting ref [42]). There are several assumptions embedded in the use
of the base of fresh water concept to delineate protected zones in aquifers and these
assumptions have not been sufficiently evaluated across the state, meaning they may
not be valid in many locations. Moreover, the lack of current data further reduces the

validity of the base of fresh water method [41].

Total dissolved solids (TDS) concentrations represent the presence of inorganic and
organic matter dissolved in water. Primarily this includes cations such as calcium, mag-
nesium, sodium, potassium, and silica and the anions bicarbonate, sulphate, and nitrate
[43, 44]. Because combinations of these ions form salts, salinity is a related term used
to describe TDS concentrations in water [43]. Total dissolved solids concentrations do
not directly determine the quality of water, and the World Health Organization currently
has no health-based guidelines for TDS concentrations [45]. Instead, several countries,
including Canada, use TDS concentrations to classify water as fresh, brackish or saline.
Water samples with higher TDS concentrations may not be suitable for all purposes
because elevated TDS concentrations influence the taste of water and can cause cor-
rosion in pipes and other equipment or salt build up in soils if used in agriculture [43,
44].



Although TDS limits for drinking water vary nationally and internationally depending
on the agency [46-51], the upper limit for “fresh” human drinking water is highly variable
depending on the authority [31, 41, 52], but is taken to be 1,000 mg/L by the United
States Geological Survey (USGS) [53]. Water with TDS concentrations above that of
fresh water but <10,000 mg/L is considered brackish [54]. It is possible to use brackish
instead of fresh water directly in some applications [55-57], but desalination is becoming
more economically feasible and treating brackish groundwater could reduce stress on
fresh groundwater resources [48, 54]. Beyond TDS concentrations of 10,000 mg/L, the
United States Geological Survey (USGS) classifies water as “highly saline” and water
with TDS concentrations >35,000 mg/L is considered seawater or brine [53]. Ground-
water contamination has become a growing concern over the last 50 years, and govern-
ments around the world, including Canada and the United States, are beginning to de-

sign and implement policies that will ensure sustainable groundwater use.

The invisible nature of groundwater makes it inherently difficult to monitor and man-
age. However, as the largest freshwater store on Earth and an essential part of many of
Earth’s systems, it is essential that groundwater is governed sustainably. Around the
world, groundwater governance is highly diverse, but several reports have found that
existing groundwater management is not sustainable [3, 58]. Identification of novel
sources through which groundwater contamination is occurring and assessing the cur-
rent state of groundwater quality will allow for updated groundwater management initia-
tives that protect usable groundwater and identification of areas where remediation ef-

forts could be valuable.

1.2. Objectives and approach

To effectively manage groundwater, it is important to increase the understanding of
groundwater resources in terms of how and where contamination is occurring and better
estimating the quality and quantity of groundwater aquifers. These concerns imply the
need to study three important but distinct issues:

6



1. Global assessment of phosphorus concentrations in groundwater

i. Determine the availability of phosphorus data in groundwater world-

wide and identify gaps in current monitoring systems globally.

ii. Identify countries with concerning levels of phosphorus in groundwater

with regards to surface water eutrophication.
2. Identify potential sources of anthropogenic contamination

i. Identify land use linked to enhanced phosphorus concentrations in

groundwater in Canada and the United States.

ii. In areas with a high density of oil and gas wells (Canadian provinces
of Alberta and Ontario), determine if high concentrations of phospho-

rus in groundwater are more prevalent.

3. Characterization of groundwater in California using available total dissolved

solids concentration data
i.  Evaluate TDS concentration profiles.

ii. Estimate the base of fresh water where possible in the Central Valley

and compare them to current BFW estimates.

iii. Discuss whether the base of fresh water is an acceptable method for
developing sustainable groundwater management plans and protect
usable groundwater resources, and consider alternatives (i.e., base of

brackish water).

1.3.Organization of the thesis

Following the first chapter, which is the introduction, there are four subsequent chap-
ters. Chapter two is a literature review that examines the current understanding of the
movement of P in subsurface environments and the dynamics, discusses agricultural

systems as a source of P in the environment, summarizes current efforts to characterize



groundwater in California, and identifies current knowledge gaps with regards to BFW
estimations and groundwater management policies. Chapter three discusses the results
of a global data collection campaign for groundwater P data, an analysis of agricultural
land use on P concentrations in groundwater, and the identification of oil and gas wells
as a potential pathway for surface P to reach groundwater. subsurface contamination of
P. Chapter four explains the results achieved from analysis of a large dataset (216,754
TDS concentrations) of groundwater total dissolved solids concentration data and the
estimation of the base of fresh water throughout California. Chapter five concludes the
thesis by discussing the significance of the research conducted within and giving rec-

ommendations for future work.



2. Literature review

2.1.Groundwater contamination sources and pathways

For groundwater contamination to occur, it is necessary to have both a source and
a pathway. The source is the origin of pollution, and the pathway is “a means through
which the pollutant can reach and affect” groundwater [59]. We focus on agriculture as
a primary source through which excess P is introduced to the environment. Figure 1
shows potential pathways which include P infiltration into soils, P runoff into surface

waters, or P runoff into oil and gas wells where contamination could reach groundwater

aquifers.
Municipal Industrial Agricultural
1. Municipal water treatment 4. Wastewater treatment (point) 6. Direct addition to groundwater
release (point) o from active or abandoned wells
) 5. Contamination of groundwater (point)
2. Runoff from domestic supplies from mining and
fertilizer use (non-point) production activities (point) 7. Runoff from crop/pasture land
(non-point)

3. Septic tank leakage (point)

8. Infiltration from fertilizer use on
crop/pasture land (non-point)

Figure 1. Potential sources and pathways through which anthropogenic contamination can

reach groundwater aquifers.



2.1.1. Anthropogenic sources of phosphorus

As a critical nutrient for all life forms, phosphorus (P) is naturally occurring in all
aquatic and terrestrial ecosystems. Because the phosphorus cycle has a significantly
longer timescale than other nutrients and phosphorus has a relatively low solubility when
compared to nitrogen [60], and transform rapidly to insoluble forms, phosphorus is com-
monly a limiting nutrient, especially in aquatic ecosystems [61]. However, excess P is
known to reduce biodiversity, and in aquatic ecosystems, excess P is a leading contrib-
utor to eutrophication [62]. Anthropogenic impacts to the phosphorus cycle that are well
studied and known are: (i) increased run off and erosion as a result of land use conver-
sion, (ii) use of organic waste in agricultural systems, (iii) application of inorganic ferti-
lizers, and (iv) release of sewage containing human waste and detergents with phos-
phorus [61, 63].

Eutrophication resulting from anthropogenic phosphorus pollution has been a sig-
nificant environmental concern since the 1960’s. Initially, point source pollution from
wastewater release or septic tank leakage was identified as a main concern for regula-
tors to address and numerous researchers have focused on the impact and movement
of P in groundwater from point sources [18, 24, 25, 28]. New research has shown that
the portion of P contributions to freshwater from diffuse sources, specifically fertilizer
and manure use in agricultural settings through runoff, erosion and leaching, has grown
from 37% in 2002 to 41% in 2010 and is now a main driver of eutrophication [64-66].

2.1.2. Oil and gas wells as a pathway from the surface to the subsurface

Environmental damage caused by oil and gas wells is a widely studied issue. Cur-
rently, the two major environmental concerns regarding leaking oil and gas wells are the
risk of groundwater contamination and increased greenhouse gas emissions to the at-
mosphere. Numerous studies have documented that the amount of leaking oil and gas

wells and the atmospheric emissions from these wells are grossly under-reported [37-
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39, 67] and there have been several studies that identify groundwater contamination to
be a result of oil and gas development, specifically leakage of injected fluids such as in
hydraulic fracturing [68-70]. Although studies have shown that subsurface contamina-
tion of groundwater with methane can be caused by leaking oil and gas wells [71, 72],
the extent of the contamination has not been quantified. This thesis examines the leak-
age of excess P in agricultural runoff from the surface through leaking oil and gas wells
to the subsurface. There has been no research conducted on this possible pathway for

P contamination to reach groundwater.

Research conducted on leaking oil and gas wells in Canada has found that a small
portion of wells are responsible for leaking both gases and liquids to the environment
from the subsurface. One study conducted in Alberta found that a minimum of 4.6% of
wells are responsible for leaking gases but did not provide data for the percentage of
wells that will leak liquids, hypothesizing the value would be so low as to be negligible
[73]. A subsequent study conducted in British Columbia calculated the proportion of
wells that leak gases and found it to be 11% and determined that 0.002% of wells were
leaking liquids as well [67]. Liquids are less likely to migrate upwards because larger
pressure increases that overcome the weight of the liquid is needed for subsurface lig-
uids to leak to shallower formations and the ground surface. In contrast, liquids at the
ground surface will migrated downward given a sufficiently permeable pathway driven
by gravity. Additionally, researchers find that the properties of the sedimentary basin
can impact the likelihood of the well to leak, implying that unique regulations may be
necessary for specific basins [74]. Factors such as changes in the tectonic stresses in
the formation, pressure change or land subsidence after well abandonment [75] that

may be challenging to regulate can also instigate well leakage after abandonment.
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2.2.Phosphorus in groundwater
2.2.1. Phosphorus movement in the subsurface

Historically, phosphorus transport from the surface to the subsurface through leach-
ing was dismissed as negligible, and the primary focus was on P losses to surface wa-
ters from erosion and runoff. Leaching is the transport of dissolved P with vertical down-
ward water flow [76]. Because P has a high adsorption affinity to soil particles and envi-
ronmental P concentrations are naturally low, it was assumed that subsurface move-
ment of P would also be minimal provided P concentrations were not elevated. However,
new research has shown that subsurface movement of P can be substantial from both
point and non-point sources [16, 25, 26]. Moreover, it has since been identified that
subsurface transport of P from agricultural areas is of specific concern where there are
high levels of P in the soil, soils with low sorption capabilities, and artificial or tile drain-

age systems in place [66, 77].

Anthropogenic activities in the subsurface, such as leaking septic tanks, can result
in point source pollution, which subsequently increases P concentrations in groundwater
[24, 28]. In contrast, non-point sources, such as agriculture, have proven more difficult
to isolate and quantify than point sources. However, it has been proposed that statistical
differences in groundwater concentrations under agricultural land can indicate P accu-
mulation in soils. Elevated P concentrations in soils result in a higher risk of leaching
and can cause P contamination in groundwater [22]. Another study found that long term,
heavy loading of P in soils can increase leaching to groundwater [16]. Agricultural land
where fertilizers and manures were applied to soils was one of the most significant con-
tributors to P pollution in groundwater and leaching, especially in areas with shallow

water tables or coarse textured soils [16].
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2.2.2. Movement of phosphorus from ground to surface waters

Groundwater P concentrations have largely been overlooked when considering P
inflows to lakes and other freshwaters. Mobile P, typically orthophosphate, has a high
affinity to adsorb to soil particles meaning that natural P concentrations in groundwater
are typically well below concentrations that would be of concern for eutrophication [18].
However, anthropogenic P is increasingly reaching groundwater aquifers. Although P
can be mobile in groundwater, the mobility of P is quite low when compared to nitrogen
[78] and correlations between nitrogen and P have been challenging to identify [79, 80].
An international assessment of groundwater in the United Kingdom and Ireland found
that there were several groundwater samples that reported elevated P concentrations
and that P concentrations in groundwater could induce or sustain surface water eutroph-
ication [22, 23]. A site-specific study focused on Lake Arendsee in Northern Germany
found that groundwater discharge to the lake accounted for 50% of overall P loads and
was a leading contributor to lake eutrophication [18].

2.2.3. Global groundwater quality guidelines for phosphorus

Although the European Union suggests a limit of 2.2 mg P/L for drinking water, a
limit most groundwater P concentrations are compared to [23], Canada and the United
States have no limits on P in drinking water [81, 82]. Moreover, most countries have no

limits on P for human or livestock consumption.

Federal governments in Canada and the United States are not responsible for set-
ting phosphorus limits for surface water. In Canada, the Canadian Council for Ministers
of the Environment (CCME), which is composed of the Canadian environment ministers,
has set forth a guidance framework that details “trigger ranges” for Canadian lakes and
rivers [30]. According to the CCME, these trigger ranges represent a desired concentra-
tion range for P. If the upper limit of a range is exceeded, further investigation is required
to identify potential environmental problems. The CCME upper limit for eutrophic waters
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is 0.1 mg P/L, this is in general agreement with lake quality models that have found TP
concentrations above 0.1 mg/L to be a consistent cause of eutrophication [83]. The
CCME also recommends further investigation if P concentrations increase by more than
50% above baseline values although determining background levels for P in water bod-
ies is a difficult task as many water bodies were polluted by anthropogenic sources be-
fore being sampled [23]. On a provincial level, British Columbia, Alberta, Manitoba, On-
tario and Quebec have recommended concentrations for P in surface waters ranging
from 0.01 mg P/L for recreational lakes in British Columbia to 0.05 mg P/L for all surface
waters in Alberta [84].

Although the United States Environmental Protection Agency (USEPA) assists
states in developing individual P criteria for surface waters. The USEPA implements
criteria based on three main types of surface water bodies: lakes/reservoirs, riv-
ers/streams, and estuaries. Because each state is responsible for assessing the quality
of water, P criteria varies widely among types of water bodies and states. California’s
Lake Tahoe has the lowest P criteria with a recommended range of 0.005 — 0.30 mg
P/L, while Salt River in Arizona has the highest P criteria with a recommended value of
1 mg/L [85]. Hawaii is currently the only state with a complete P criterion for all surface
waterbodies [32]. 27 states including Washington, Idaho, North Dakota, Michigan, Ohio,
Pennsylvania, New York, New Hampshire, and Maine do not have any P concentration

criterion [32].

2.3.Base of freshwater estimations in California
2.3.1. Groundwater in California

The state of California has a population of 39.5 million and an area of 424,000 km?,
of which 43% is dedicated to agriculture [86]. It is also the 8" highest oil producing state
[87]. Climate change, population growth and reoccurring drought conditions have signif-
icantly increased stress on groundwater resources in the state [88]. Today, 85% of the
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state’s population uses groundwater daily and 40% of the annual water use in the state
comes from groundwater abstractions [89]. In order to preserve the quantity and quality
of groundwater in California, Governor Jerry Brown enacted the Sustainable Groundwa-
ter Management Act (SGMA) in September 2014. As a requirement of SGMA, ground-
water sustainability agencies are required to develop and adopt groundwater sustaina-
bility plans for “high and medium priority” groundwater basins to limit adverse impacts
[90, 91]. Groundwater sustainability agencies use groundwater quality metrics such as
total dissolved solids (TDS) concentrations to classify the bottom of groundwater basins
or the depths at which water is protected from activities that could result in the contam-

ination of groundwater [41, 92].

2.3.2. Current base of fresh water estimations

Several Groundwater Sustainability Agencies in California use the “base of fresh
water” to identify volumes that are protected from anthropogenic activities such as oil
and gas development [40-42]. Although current estimations define the base of fresh
water (BFW) using TDS concentrations, a geochemical property of the water, it is also
possible to define the BFW using physical properties of the basin. In California, the larg-
est current BFW estimation was completed in the Central Valley and classified “fresh”
water as having a TDS concentration <2,000 mg/L [562, 93]. Additional base of fresh
water estimates are available for oil and gas fields or field areas by the California Geo-
logic Energy Management Division (CalGEM; formerly the Division of Oil, Gas, and Ge-
othermal Resources (DOGGR)) and these BFW estimations define “fresh” water has
having TDS concentrations <3,000 mg/L [42]. The validity of using the current BFW
data for effective groundwater management has been questioned because large por-
tions of the base of fresh water estimates used today have not been updated since 1973
[52, 93], and there are inconsistencies in the definitions of “fresh” water between BFW
estimates within the state. Moreover, a recent study shows that fresh water (TDS<2,000
mg/L) exists below the currently defined BFW [41].
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The two main assumptions inherent in the base of fresh water concept for ground-
water management are: (1) groundwater with TDS concentrations >2,000 mg/L is not
usable and (2) TDS concentrations are monotonically increasing with depth [41]. Alt-
hough the nature of the relationship between TDS concentrations and depth has been
examined at local levels in California [2], a state-wide assessment has not yet been
conducted. In addition, groundwater with TDS concentrations between 3,000 and
10,000 mg/L, or brackish water, is increasingly being used to satisfy growing demands
as water treatment technologies improve and become more economic [54-56, 94, 95].
Given that brackish water may be the most viable alternative to fresh groundwater re-
sources, there is a need to better characterize, protect, and manage brackish ground-

water resources, in addition to fresh groundwater resources [2].
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3. Groundwater phosphorus concentrations: global trends and links with agricul-

tural and oil and gas activities

3.1.Introduction

Excess phosphorus (P) in surface water systems can lead to ecological effects such
as eutrophication, which is one of the most prevalent causes of water quality impairment,
and eventual death of aquatic ecosystems [22, 65, 96]. To sustain health of lakes, rivers,
estuaries, and other surface water systems, government agencies are actively working
to monitor and control anthropogenic sources of P. The current extent of P contamina-
tion in groundwater worldwide and the full range of pathways through which this con-
tamination is occurring are unknown. Historically, it has been assumed that groundwater
concentrations of P are negligible due to high rates of adsorption of mobile P, typically
orthophosphate, to the soil and sediment matrix [97]. However, recent studies indicate
that P concentrations in groundwater may not be negligible and that characterizing the
extent of P contamination in groundwater is important due to interactions between
groundwater and surface water [18, 22, 25, 26, 28, 97-104].

Although there have been site-specific studies on local or “point” sources of P in
groundwater, such as wastewater releases and residential underground septic tank sys-
tems [24-26, 28, 103, 105-107], there have been limited studies conducted on nonpoint
sources, such as agriculture. However, agricultural activities account for more than 60%
of anthropogenic P additions to the environment through the use of commercial fertiliz-
ers as well as manure from livestock [108]. Globally, 38% of anthropogenic P loads to
freshwater ecosystems are contributed by agriculture [64]. Therefore, we evaluate P
concentrations with respect to land cover/use types, encompassing all P sources from

wastewater to agriculture to evaluate their relative effects.

A potential pathway through which anthropogenic P, including those from fertilizer,

may enter groundwater is oil and gas wells, particularly those that are unplugged and
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leaky. Numerous studies have documented leakage of hydrocarbons and water through
oil and gas wells from deep formations to shallow groundwater aquifers and the atmos-
phere [37, 67]. Studies so far have found that the risk of upward migration of brines and
produced water from oil and gas production is relatively small, especially compared to
surface spills [70, 72, 109-111]. Groundwater samples are typically collected within 200
m of the surface [112], which is shallow relative to depths of most oil and gas activities,
which generally occur at depths greater than 1,000 m [113]. Based on available studies
detailing oil and gas well leakage and the abundance of oil and gas wells in Canada and
the United States [114], oil and gas wells can potentially act as a pathway through which
surface P enters the subsurface. To characterize the potential effects of oil and gas wells
on P concentrations in groundwater, we analyze oil and gas well distributions and avail-

able concentrations of P in groundwater.

In this paper, we: (i) compile available global groundwater P data, (ii) analyze the
extent of elevated P concentrations in groundwater and the spatial distribution of avail-
able data globally, (iii) examine the relationship between dissolved oxygen (DO) and P
concentrations in groundwater, (iv) identify spatial relationships between anthropogenic
sources (crop/pastureland, oil and gas wells) and elevated total P concentrations in
groundwater in Canada and the United States using land use/cover data, and (iv) com-
pare oil and gas well locations to elevated groundwater P concentrations in regions with
high densities of oil and gas wells and P data (British Columbia, Ontario and Alberta,
Canada). These results can be used to guide agricultural and energy policy develop-

ment and inform plans for monitoring of P in groundwater.

3.2. Materials and methods

3.2.1. Global data

We compile 161,321 P measurements using data from 15 government agencies and

eight peer-reviewed studies conducted in 12 different countries (Appendix A: Table S1).



Data is categorized by country/region and P concentration type. Where available, we
provide the groundwater depth ranges at which samples have been collected, the range
of sampling dates, and the phosphorus concentration detection limits (Appendix A: Ta-
ble S2). Samples that report concentrations less than the detection limit are assumed to
have a concentration of 0 mg/L (Appendix A Table S3, Treatment of phosphorus data).
We categorize the measurements based on five different analysis methods: (1) total
phosphorus using molybdate blue and ultraviolet-visible absorption spectroscopy (20%,
TP ICP-OES), (2) total phosphorus as determined by inductively coupled argon plasma
emission spectroscopy (<1%, TP ICP-MS), (3) dissolved orthophosphate as P (78%,
DP), (4) total dissolved P (2%, TDP), and (5) particulate P (<1%) [115] (Appendix A,
Table S4, Treatment of phosphorus data).

3.2.2. Geospatial analysis

We geospatially analyze land use data, TP concentrations in groundwater, and oil
and gas well locations in ArcGIS to determine anthropogenic causes of increased TP
concentrations in groundwater. To identify relationships between anthropogenic sources
and enhanced P concentrations, we use all P concentration types. We analyze land use
types throughout the United States and Canada to evaluate the effects of anthropogenic
activities such as agriculture and oil and gas on P concentrations in groundwater (Ap-
pendix A: Geospatial analysis). We conduct an analysis of oil and gas well proximity
and P concentrations in groundwater in the Canadian provinces of British Columbia (Ap-
pendix A: Analysis of oil and gas well proximity impact on phosphorus concentrations in
British Columbia), Alberta, and Ontario.

3.2.3. Statistical analysis

Due to the non-normality of the P and DO measurements, we use nonparametric
methods to conduct statistical analysis on the data. We use Spearman rank correlation

to measure the degree of association between DO and P measurements, and we use a



chi-square (Chi?) test to compare the distribution of P measurements found at distances
closer to oil and gas wells to P measurements found farther away from oil and gas wells
[116, 117]. For the oil and gas analysis, we analyze the top 30" percentile of P meas-
urements because research has shown that a small percentage, approximately 10%, of

oil and gas wells have reported leakage [67].

3.3.Results
3.3.1. Global distribution of P in groundwater data

Of the 12 countries with P in groundwater data, we find that all countries have
groundwater samples with concentrations >0.1 mg P/L. Figure 2 represents the sam-
pling type and location of the wells used in this paper as well as the overall distribution
of all samples within each country. China and Brazil have the largest percentage of
measurements with concentrations >0.1 mg P/L with 78% and 66%, respectively. Alt-
hough these percentages are subject to bias in the sampling design, the high percent-
ages clearly show that groundwater P contamination is a problem in some parts of China
and Brazil. Wales, Mexico and the United States are also found to have more than 20%
of samples with concentrations >0.1 mg P/L. We find that South Africa and Ireland are

the only countries with less than 10% of samples reporting concentrations >0.1 mg P/L.

The maximum concentration is recorded in Sweden, with a dissolved P concentra-
tion of 793 mg P/L. The maximum reported concentration in the United States is 72.1
mg P/L in Michigan (land use is water) and the maximum reported concentration in Can-
ada is 250 mg P/L in Ontario (land use is settlement). The United States is found to have
the highest sample mean of 0.66 mg P/L, followed by Brazil with 0.64 mg P/L. Brazil is
also found to have the largest sample median with a value of 0.18 mg P/L, followed by
China with a value of 0.16 mg P/L. The Canadian provinces of Quebec (0.09 mg P/L),
Alberta (0.09 mg P/L), British Columbia (0.07 mg P/L) and Manitoba (0.02 mg P/L), as



well as South Africa (0.06 mg P/L), New Zealand (0.03 mg P/L) and Ireland (0.02 mg
P/L), all report mean values less than 0.1 mg P/L.
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3.3.2. Association of dissolved oxygen and phosphorus concentrations in

groundwater

Elevated P concentrations in groundwater have been attributed to anthropogenic
sources [17, 18, 24, 25, 118] and natural processes that govern the movement of P in
the subsurface [119]. Several natural factors including temperature and pH can impact
P concentrations in groundwater, but dissolved oxygen (DO), which affects the ability of
iron oxides to adsorb and retain P [100], has been identified as a primary natural control
on P concentrations in water [100, 120-122]. High DO concentrations in the subsurface
allow for iron oxides to remain stable, but in low oxygen environments, iron oxides can
dissolve, releasing adsorbed P back into the water and increasing P concentrations
[100]. An inverse correlation between DO and P concentrations would therefore indicate

a natural explanation for elevated P concentrations in groundwater.

Using Spearman’s Rank Correlation to judge the degree of association between DO
concentrations and P concentrations, we find that the inverse correlation between DO
and P is weaker for P concentrations >0.1 mg P/L. For the 1,529 available locations with
DO and P concentration data available in Canada and the United States, we find that
the overall correlation between DO and P is -0.61, suggesting a strong inverse relation-
ship as expected. When looking at sites that report P concentrations <0.1 mg P/L only,
we again find a strong inverse relationship between DO and P with a Spearman rank
correlation equal to -0.54. However, for sites that report >0.1 mg P/L, the correlation
between DO concentrations and P concentrations is -0.16, suggesting a very weak in-
verse relationship. Moreover, decreasing the distance from P monitoring sites to
cropland results in an even weaker correlation between DO and P (Spearman rank cor-
relation of -0.11 if there is cropland within 50 m of the P monitoring site), supporting the
notion that enhanced P concentrations in groundwater near cropland is likely linked to

agricultural activities (Appendix A: Table S9).



3.3.3. Land use types linked with higher phosphorus concentrations in

groundwater

There are significant spatial gaps in the current location of P monitoring sites; only
4% of land area in Canada and 0.9% of land area in the United States have at least one
P monitoring site within a 30 km by 30 km area. In Canada, P monitoring sites are rela-
tively dense in British Columbia, Alberta, Manitoba, Quebec, and Ontario with 5%, 14%,
11%, 6%, and 9% of the provinces respectively having at least one monitoring site within
a 30 km by 30 km search area. The maximum P monitoring site density in the United
States is 0.5 P sites/km? in Idaho and the largest in Canada is 1.3 P sites/km? in Alberta

(white circled area in Figure 3).
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Correlations between land use types and areas with high P concentrations in
groundwater may help identify the source of P contamination. Figure 3 shows the land
use map for Canada and the United States and P data collected in these regions sepa-
rated into the CCME TP concentration ranges. According to a point density analysis on
ArcGIS using a search area of 900 km?, we find a high density of elevated P concentra-
tions in Alberta (white circle), Manitoba (red circle), the Southern Ontario/Great Lakes
region and Southern Quebec (black circle) and the urban areas, Vancouver and Victoria,

in British Columbia (blue circle) (Appendix A: Figure S2).

We analyze 24,146 P concentrations located in Canada and the United States to
determine the relationship between land use. We find that 12% (2,899) of all P concen-
trations are >0.1 mg P/L. For the P samples located directly on managed grasslands,
we find that 33% of samples report concentrations >0.1 mg P/L and the “other” category
reports 21% of samples to have >0.1 mg P/L, which are significantly higher percentages
than the total number of samples with >0.1 mg P/L. The remaining land use categories
report having between 11% and 15% of samples >0.1 mg P/L. (Appendix A: Table S12,
Representativeness of land use surrounding P monitoring sites in Canada and the
United States). In other words, P concentrations in groundwater are more elevated than
expected on managed grasslands and “other” (including rocks, ice, and beaches) cate-

gory lands.

3.3.4. Relationship between oil and gas wells and phosphorus concentra-

tions in groundwater

Based on Figure 2 and Appendix A: Figure S4, we select Alberta and Ontario as
regions of focus to identify the potential effects of oil and gas wells on P concentrations
in groundwater. Both Alberta and Ontario have high densities of TP monitoring sites in
addition to high densities of oil and gas wells. Although regions with elevated P concen-
trations in British Columbia do not have oil and gas wells, we evaluate the correlations

between P concentrations and proximity to oil and gas wells in British Columbia as a
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basis for comparison to the Ontario and Alberta correlations (Appendix A: Analysis of oil

and gas well proximity impact on phosphorus concentrations in British Columbia).

There are 609,877 oil and gas wells in the province of Alberta, with all 306 TP mon-
itoring sites located within a 10 km radius of at least one oil and gas well as shown in
Figure 4. The maximum distance from a TP monitoring site to an oil and gas well occurs
at 8.16 km with a TP concentration of 0.001 mg P/L. The maximum TP concentration in
Alberta is found to be 1.67 mg P/L, more than 10 times the required TP concentration
for surface water eutrophication, and this is found at a distance of 0.41 km from an oil
and gas well. In Ontario, there are 26,968 oil and gas wells, the majority (98%) of which
are in the southwestern region of the province (Figure 4). The maximum TP concentra-
tion is more than 600 times the CCME recommendation of 68 mg P/L, and the monitoring
site is located 10.8 km from the nearest oil and gas well. One of the lowest P concen-
trations (0.005 mg P/L) is found at the monitoring site located 428 km, the farthest dis-
tance from an oil and gas well. Based on proximity of high P concentrations to oil and
gas wells, we conduct a Chi? analysis to determine if there are statistical differences

between P concentrations located closer to oil and gas wells.

Conducting a Chi? analysis on the top 30" percentile of TP concentrations using a
90% confidence interval, a = 0.1, we find differences in populations of TP samples col-
lected closer to oil and gas wells in Alberta and Ontario. We use the median distance in
both provinces to select the cutoff distances at which TP monitoring sites are considered
to be located closer to oil and gas wells. For Alberta, the cutoff distance is 0.3 km, and
for Ontario, it is 15 km. In Alberta, 97% of TP monitoring sites within 0.3 km of an oil and
gas well reported TP concentrations >0.1 mg P/L. At distances greater than 0.3 km, only
61% of TP monitoring sites report concentrations >0.1 mg P/L (Appendix A: Table S13).
A similar trend is seen in Ontario where we find 50% of TP concentrations at TP moni-
toring sites within 15 km of an oil and gas well are >0.1 mg P/L. At monitoring sites
located farther than 15 km from an oil and gas well, 33% of TP concentrations are >0.1

mg P/L (Appendix A: Table S14). The increased percentage of TP monitoring sites with
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>0.1 mg P/L found at P monitoring sites that are closer to oil and gas wells in Alberta
and Ontario indicates that oil and gas wells may be acting as a pathway through which

anthropogenic P reaches groundwater.

In both Alberta and Ontario, TP monitoring sites located close to oil and gas wells
are typically also close to crop/pastureland. In Alberta, 91% (278) of all TP monitoring
sites are found within 1 km of any oil and gas wells, and of these 278 TP monitoring
sites, 269 (97%) are found within 1 km of crop/pastureland. In Ontario, oil and gas wells
are found at greater distances from TP monitoring wells than in Alberta. Only 12% (47)
of all TP monitoring sites are found within 1 km of an oil and gas well, while 49% (196)
of all TP monitoring sites are found within 5 km from any oil and gas wells. Of the 47 TP
monitoring sites within 1 km of an oil and gas well in Ontario, 98% (46) are located within
1 km of crop/pastureland. In both provinces, the proximity of oil and gas wells to
crop/pastureland increases the likelihood that agricultural runoff could reach groundwa-

ter through leaking oil and gas wells.
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3.4.Discussion

3.4.1. Limitations of global samples

Even in tropical regions, such as Brazil and Mexico, where P concentrations in
groundwater are expected to be quite low due to the strong adsorption of P to soil par-
ticles, we find P concentrations >0.1 mg P/L. Although we do not have the detection
limits from the Geological Survey of Brazil, Brazil has been responsible for the largest
amount of deforestation in the Amazon [123]. 66 Mha (8% of Brazil’s land area [124]) of
land has been converted for agricultural use in the decades between 1985 and 2017
[125]. Currently 28% of land in Brazil is used for pasture or agricultural purposes [125].
Moreover, multiple studies in recent years have focused on the degradation of soil and
groundwater quality as a result of excess P application from fertilizers [126-128]. In Mex-
ico, we could not obtain a government database of P concentrations in groundwater,
and the P data we collected was from site-specific peer reviewed studies. These studies
are primarily conducted in areas of concern from P contamination, specifically from
wastewater irrigation, which is suspected to be responsible for increased concentrations
of nutrients in soils [129-132]. In other words, because P contamination from anthropo-
genic sources can be significant, relying on our understanding of natural P controls may

lead to overlooking important anthropogenic groundwater P contamination.

Our database of P in groundwater samples lack data in the majority of South Amer-
ica, Europe and Asia. These regions have significant portions of land use designated to
agricultural activities, a major source of P; 38% in South America [133], 39% in Europe
[134] and 69% in Asia [135], meaning P contamination of groundwater supplies could
be a significant problem. Moreover, there are many regions where high oil and gas well
density coincides with intense agricultural areas such as the Middle East, Europe and
several South American countries including Venezuela [136, 137]. Additional data col-
lection and sampling campaigns in these regions could identify areas with potentially

high P concentrations in groundwater.
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Because the processes that govern N and P movement in the environment differ
considerably, it is challenging to develop a suitable correlation between N and P to infer
P concentrations in groundwater. Nitrogen is soluble in groundwater meaning that its
respective forms, particularly nitrate (NOs.), are highly mobile in the vadose zone and
groundwater aquifers. In contrast, P is not highly soluble in groundwater and due to its
high adsorption affinity in soils, it is difficult for P transport to occur through leaching
through soils [138]. In future studies, with the collection of additional data such as saill
properties, physically-based modeling of water flow and P and N transport through soils

and groundwater aquifers can be used to relate N and P.

3.4.2. High P concentrations in groundwater linked to agricultural areas

The reduction in the strength of the inverse Spearman correlation between DO and
P at P concentrations >0.1 mg P/L indicates that an anthropogenic factor is likely re-
sponsible for the elevated P concentrations. Based on the reduction of the strength of
the Spearman correlation between DO and P with decreased proximity to crop/pas-
tureland and the proximity of a majority of samples with P concentrations >0.1 mg P/L
to crop/pastureland, agricultural areas appear to be linked with elevated P concentra-
tions in groundwater. Beyond DO concentrations, several other natural factors can im-
pact P concentrations in water. The weathering of rocks releases P into terrestrial and
aquatic ecosystems. Because common rocks can have P concentrations that range from
120 ppm to 3,000 ppm [139], geology can significantly influence the concentration of P
in water. Therefore, geological information of the aquifers from which groundwater P
samples are collected is needed to further clarify the impact of anthropogenic activities

on P concentrations in groundwater.
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3.4.3. Isolating the effects of oil and gas wells on P concentrations in

groundwater

Two of the regions with elevated P concentrations in groundwater are also regions
with extensive oil and gas development. In Alberta and Ontario, where enhanced P con-
centrations in groundwater are likely a result of agricultural activity, oil and gas wells
may be exacerbating the problem by acting as an open pathway for P to easily enter
groundwater systems. However, it is difficult to identify relationships because most TP
monitoring sites in Alberta and Ontario coincide with regions with oil and gas develop-
ment. Moreover, in regions with a high density of oil and gas wells, potential contamina-
tion pathways may not necessarily be the nearest oil and gas wells but could be any one
of a set of neighboring wells, some of which may not be documented. To better under-
stand this relationship, additional sampling is needed, especially in areas located far
from oil and gas wells. Moreover, analysis conjunctively exploring the relationship be-
tween other geochemical parameters such as total dissolved solids (TDS) concentra-
tions and P concentrations can help identify the mechanisms behind the relationship

between oil and gas wells and elevated P concentrations in groundwater.

3.4.4. Policy implications

The identification of agricultural land as areas likely to have high P concentrations
in groundwater in Canada suggests there may be policy-based and commercial mitiga-
tion opportunities [15]. Examples of mitigative action include limits on phosphorus appli-
cation to the soil [22, 140] or the use of more advanced fertilizer formulations [141] to
prevent phosphorus overfertilization in agricultural areas which may result in P loss to

runoff and leaching to groundwater.

Currently, there are no legally imposed limits in Canada or the United States to reg-

ulate the amount of phosphorus in drinking water, groundwater or water for use in
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agricultural industries, such as irrigation [31, 82, 142]. Phosphorus limits imposed on
surface water bodies are implemented on a provincial basis in Canada, meaning that
some provinces such as British Columbia and Manitoba have limits, while others, such
as Saskatchewan, do not [143-145]. In Alberta, previously published numerical TP limits
were redacted in 2018 and narrative statements have been developed for lakes, rivers
and other water bodies [146]. The Ontario government has general numeric guidelines
for TP concentrations, which state that TP concentrations should not exceed 0.02 mg
P/L in lakes and 0.03 mg P/L in rivers and streams [147]. TP limits in the United States
are proposed by individual states and approved by the Environmental Protection Agency
(EPA). Currently, 27 states have no criteria for any types of surface waters. Three states
(Minnesota, Wisconsin and New Jersey) have statewide TP criterion for lakes/reservoirs
and rivers/streams but lack TP criteria for estuaries. Florida has a statewide TP criterion
for lakes/reservoirs and estuaries, but only partial TP criteria for rivers/streams, and Ha-
waii is the only state to have a complete numeric TP criterion for all waterbodies. The
US EPA thresholds are generally lower than the CCME recommended range of 0.1 mg
P/L, although some regions and water body types have limits as high as 0.14 mg P/L
[32]. Overall, establishing TP criteria for groundwater would be helpful for maintaining
surface ecological systems and will be an important aspect of establishing robust phos-

phorus monitoring programs.

3.5.Conclusion

In all studied regions (12 countries) around the world, groundwater P concentrations
can be high enough to pose a eutrophication risk to surface waters, which is increasingly
important as ecosystems face stresses from climate change and other anthropogenic
activities. Data from Canada and the United States show weak correlations between DO
concentrations and groundwater P concentrations that indicate external factors are in-
fluencing groundwater TP concentrations. We show there is a positive correlation be-
tween distance to crop/pastureland and elevated groundwater TP concentrations. In ad-

dition, based on the higher TP concentrations we find at monitoring sites located closer
18



to oil and gas wells in Alberta and Ontario, we identify the possibility of oil and gas wells
acting as a pathway for anthropogenic phosphorus from the surface to reach groundwa-
ter. Moving forward, strategic data collection and an understanding of the mechanisms
through which anthropogenic sources of P can contaminate groundwater will be useful
to establish effective monitoring programs and implement mitigation efforts that preserve

water quality and ecosystem health.
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4. Estimating the base of fresh water in California

4.1.Introduction

Groundwater is an essential resource in California and accounts for 40% of the total
annual water supply in the state [89]. In order to develop groundwater sustainability
plans, several groundwater sustainability agencies in California utilize the base of fresh
water concept [41]. The base of fresh water (BFW) is defined as “the depth in a well
where the water in overlying aquifers has less than or equal to 3,000 mg per liter (mg/L
or parts per million) of total dissolved solids” (quoting ref [42]). In California, the BFW
has not been mapped since 1973 and has only been estimated for a portion of the state,
specifically the Central Valley aquifer [52, 93]. When using the BFW for groundwater
management, an inherent assumption is that total dissolved solids (TDS) concentrations
monotonically increase with depth and that groundwater with TDS concentrations above
3,000 mg/L does not require sustainable management (Appendix B: Figure S1). How-
ever, a state-wide assessment of the relationship between TDS concentrations and
depth has not been conducted, and fresh groundwater has been observed below the
BFW [41]. Moreover, brackish water, which is defined as water with TDS concentrations
less than 10,000 mg/L but greater than fresh water, is increasingly becoming economical
to treat and use [48, 54-56]. Therefore, there is a need to understand how TDS varies
with depth and to accurately map the base of fresh and brackish water, including iden-

tifying the limitations of these bases.

In 2014, the Sustainable Groundwater Management Act (SGMA) was signed into
California law. The intention of SGMA is to provide guidance for long term sustainable
groundwater management across the state through the creation of Groundwater Sus-
tainability Plans (GSP) in medium and high priority groundwater basins across California
[91]. In December 2019, the SGMA Basin Prioritization was completed and classified
94 (18%) of the 515 basins as medium or high priority [148]. The basins classified as

medium or high priority are primarily located in the Central Valley [148, 149], an
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agriculturally intensive area that accounts for approximately 75% of California’s ground-
water use [150]. [151] estimate that the Central Valley aquifer system is experiencing a
groundwater loss of 31 mm annually. During recent droughts, parts of the valley sub-
sided by up to 60 cm over the course of a year due to over abstraction of groundwater
[90]. The creation of Groundwater Sustainability Plans (GSP) under SGMA has brought
to light major data and knowledge gaps, including information need to identify ground-

waters to be managed and protected.

Definitions for groundwater quality by TDS concentrations vary depending on the
context of use and the regulating body [46-51]. Generally, the upper limit for “fresh” water
to be used as drinking water for humans is taken to be 1,000 mg/L [53], which serves
as the upper limit for human drinking water according to the California State Water Re-
sources Control Board (SWRCB) [152]. The United States Geological Survey (USGS)
assumed a definition for fresh water as having TDS concentrations <2,000 mg/L for the
1971 and 1973 BFW estimations [52, 93]. Brackish water is considered to have TDS
concentrations greater than fresh water but <10,000 mg/L [54]. There are several uses
for brackish water including drinking water for livestock [94], irrigation for agricultural and
floricultural crops [56, 95] and thermoelectric power generation [55]. The United States
Geological Survey (USGS) classifies water with a TDS concentration >10,000 mg/L as
“highly saline” and water with TDS concentrations >35,000 mg/L as seawater or brine
[53]. Seawater is desalinated to supply fresh water in many parts of the world, including
California [153, 154]. Desalination of brackish water is considerably cheaper than sea-
water due to the lower concentration of impurities that must be removed [54]. Therefore,
replacing the BFW concept with the base of brackish water may ensure that groundwa-

ters usable now and in the future are sustainably managed and protected.

Bases of fresh water are widely being used in groundwater sustainability plans in

California [41]. However, new research suggests there are large volumes of fresh water
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in groundwater aquifers not included in previous estimates [2] and that fresh groundwa-
ter exists below the currently defined BFW in California [41]. Therefore, there may be a
need to consider approaches alternative to using the BFW [155]. One potential approach
is the use of the base of brackish water, which is generally deeper than the BFW provid-
ing a more conservative approach and protecting additional usable groundwater re-
sources. Therefore, we evaluate the TDS data to understand the challenges and uncer-

tainties associated with estimating the base of brackish water.

In this paper, we: (i) develop a framework to estimate the salinity profile and the
BFW water, (ii) estimate the BFW and the base of brackish water, where possible, and
(iii) compare our BFW estimates with USGS-estimated BFWs. We then use our results
to consider the limitations of utilizing the BFW for sustainable groundwater manage-
ment. Overall, our results can be used to guide groundwater policy development that
prevents contamination and ensure the sustainable use of groundwater resources in

California and elsewhere.

4.2.Methodology

4.2.1. TDS Data

We analyze 216,754 groundwater TDS measurements from five different sources;
(1) the USGS Produced Waters Database (PWD), (2) the Department of California’s
Division of Oil, Gas, and Geothermal Resources (DOGGR) (now California Geologic
Energy Management (CalGEM)) Data Sheets, (3) the USGS Brackish Groundwater As-
sessment (BGA), (4) the Water Quality Portal (WQP), and (5) the USGS Groundwater
Ambient Monitoring and Assessment (GAMA) Program. We use the total well depth as
the depth associated with the TDS measurement [41, 156]. We group TDS measure-
ments by the associated depths: 0-25 m, 25-75 m, 75-150 m, 150-305 m, 305-1,000 m,
1,000-2,000 m, and >2,000 m. Because of the disproportionately large number of TDS
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data closer to the surface with 60% of data located within 75 m of the surface, we divide
the first depth zone (75 m) used by [41] into two distinct depth zones. We select a depth
of 25 m because this splits the available data within 75 m of the surface evenly between
the newly created depth zones (Appendix B: Table S1). The depth of 75 m is chosen
based on the average well depth in the western United States (72 m) [41, 157]. The
remaining depth zones are based on the boundaries of previously studied depths which

aim to have data in the deeper depth zones [41].

4.2.2. Estimation of the base of fresh water

To examine the relationship between TDS measurements and depth, we divide the
area across California into 10x10 km grid sections. To develop a BFW estimation meth-
odology, we choose 20 grid sections across the Central Valley aquifer such that all of
the Central Valley is no more than 50 km from a chosen grid section. We choose the
Central Valley aquifer because of data availability and because the Central Valley aqui-
fer is sufficiently continuous and connected hydraulically such that interpolations can
reasonably be made [158]. Additionally, the Central Valley is an important agricultural
region with large groundwater demands and critically overdrafted groundwater basins
subject to SGMA [159, 160].

Two different methods are tested to determine the set of TDS measurements that
will be used to plot the salinity profiles, determine the relationship between TDS meas-
urements and depth, and estimate the BFW. The first method requires the selection of
all TDS measurements within a specific radius from the center of the grid section using
the Buffer [161] and Spatial Join [162] tools in ArcMap. Selection radii are chosen in two
different manners: (1) selection radii are the same across all grid sections but differ by
depth zone to account for the larger amount of data at depths closer to the surface and
(2) selection radii are based on the density of data and vary with location and depth. To

ensure data is available for each depth zone using the first method, as depth increases
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and the density of TDS measurement decreases, the selection radius increases (see
Appendix B: Table S1). The second method tested to determine salinity profiles is to
select TDS measurement data points that are located closest to the center of the grid
section using the Generate Near Table function in ArcMap. We test two different values
for the number of TDS measurements: 20 and 10. Additionally, we set a 50 km limit on
the search radius for all depth zones except the >2,000 m zone where we set a 100 km
limit to accommodate data sparsity. As the distance between the available TDS meas-
urement location and a grid section increases, the likelihood the data describes the TDS-
depth relationship of that grid section decreases. Therefore, the 50 km search radius is
chosen to ensure that the selected TDS measurements accurately reflect the salinity
profiles of each grid section. For all methods, after selection of the TDS measurements,
we evaluate whether the BFW can be defined and estimate the range in BFW values
(Appendix B: Figure S2).

We use Python to classify the relationship between TDS measurements and depth:
(1) linear and monotonic, (2) nonlinear but monotonic, and (3) nonlinear and nonmono-
tonic (Appendix B: Figure S3). We classify a “linear” relationship as having R>>0.8. To
determine the BFW, we complete a linear regression with the available data and use the
linear equation to estimate the BFW using a TDS limit of 2,000 mg/L to compare to the
USGS-estimated BFW. We also estimate the BFW using a TDS limit of 3,000 mg/L,
which is the definition of fresh water used by DOGGR (now CalGEM) and the Bureau of
Land Management [42], and we estimate the base of brackish water at the specified
TDS limit of 10,000 mg/L. To avoid extrapolating the available data, we only calculate
the base of brackish water in areas where at least one TDS measurement within 100
km of the grid section exceeds 10,000 mg/L. We produce BFW and base of brackish
water estimates in areas of the Central Valley with a linear and monotonic TDS-depth
relationship. We do not determine an equation of best fit to represent TDS measure-
ments with depth in areas with a “nonlinear” (R?<0.8) but monotonic relationship. More-
over, the corresponding areas represent only 1% of the total land area in Central Valley
and 0.1% of the total land area of California. Areas with no data are classified as having
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a total of 10 data points or less within a 50 km search area or lacking TDS concentrations
associated with depths >300 m.

There are 4 different scenarios that are possible while calculating the BFW in the 20
selected grid sections: (1) BFW is undefined due to TDS concentrations >3,000 mg/L
within 25 m of the surface, (2) BFW is undefined due to a nonmonotonic TDS-depth
relationship that may result from outliers in the TDS measurements or too many TDS
measurements being selected, (3) the BFW is undefined because the range in which
the BFW may lie is >900 m, and (4) the BFW is defined.

4.2.3. Comparison of base of fresh water estimates

We use contour maps of the USGS BFW estimates created by Kang et al [41] and
compare to BFW estimations made using a TDS limit of 2,000 mg/L calculated in this
paper. We use the Spatial Join feature in ArcGIS to identify areas where there is an
overlap between the BFW estimations completed by the USGS and the BFW estima-

tions we produce in this paper.

4.3.Results

4.3.1. Estimates of the base of fresh water in the Central Valley using 20

selected grid sections

4.3.1.1. Data within a fixed radius

Using a fixed search radius, we find that some of the 20 selected grid sections have
substantially more data selected than other grid sections (Table 1, Appendix B: Figure
S4-S7 and Table S2). There is a difference of 2,556 TDS measurements between the
grid section with the most (Grid Section 1) and the least (Grid Section 20) TDS meas-
urements selected. Grid section 1 has the most TDS measurements with 2,698 selected
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measurements, and grid section 20 has the fewest measurements with 142 selected
measurements. Only four other grid sections (14, 12, 6, and 5) out of the 20 have more
than 1,000 TDS measurements selected. We find six (30%) of the 20 selected grid sec-
tions have TDS measurements >3,000 mg/L within 25 m of the surface, 8 (40%) of the
20 selected grid sections have a nonmonotonic relationship, and 3 (15%) of the 20 se-
lected grid sections have a BFW range >900 m. Using TDS measurements selected
with a fixed radius by depth only, we can calculate the BFW in three (15%) of the 20

selected grid sections.

Next, we use a radius based on the point density of TDS measurements within range
of the grid section (see Appendix B: Figure S8-10 and Table S3). We find a difference
of 3,812 TDS measurements between the grid section with the largest and the smallest
number of selected measurements (Table 1). Grid section 1, the southernmost selected
grid section in Kern County, has the most selected TDS measurements with 4,414, lo-
cated between 10 km in the two depth zones nearest the surface to 150 km at depths
>2,000 m. Grid section 17, located in Glenn County, has the fewest TDS measurements
selected with 602. The search radius in the counties of Glenn, Butte, Tehama, and
Shasta ranges from 10 km in the two depth zones nearest the surface to 200 km for
depths >2,000 m. We find 11 (55%) of the 20 selected grid sections have TDS meas-
urements >3,000 mg/L within 25 m of the surface, and 8 (40%) of the 20 selected grid
sections have a nonmonotonic TDS-depth relationship. We are able to determine the
BFW in one (5%) of the 20 selected grid sections using TDS measurements obtained

within a radius that varies with depth and location.
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Table 1. Number of selected TDS measurements and ability to determine BFW for each
of the 20 selected grid sections using selection methods that have a variable radius.
Grey highlighted grid sections represent areas where the BFW is calculable according
to the method outlined in Supplementary Material Figure S2. Red highlight represents
the grid section with the smallest number of TDS measurements selected and green
highlight represents the grid section with the largest number of TDS measurements se-
lected. Grid section numbers start at the southern portion of the Central Valley with Grid
Section 1 representing the southernmost grid section and Grid Section 20 representing

the northernmost grid section.
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Method

Variable radius by depth

Variable radius by depth and loca-

tion

Grid [ TDS measure- BFW BEW

County sec. ents Se. BFW depth TDS measure- | BFW depth

scenario| range ments selected |scenario| range

tion lected
(m) (m)
Kern (South) 1 2698 2 N/A 4414 1 N/A
Kern (North) 2 850 1 N/A 2186 1 N/A
Kings 3 444 1 N/A 2534 1 N/A
Tulare 4 666 2 N/A 2963 1 N/A
Fresno (South) 5 1290 1 N/A 2440 1 N/A
Fresno (North) 6 1389 1 N/A 2396 1 N/A
Fresno (East) 7 674 2 N/A 2940 2 N/A
Madera (West) 8 207 1 N/A 2108 1 N/A
Madera (East) 9 209 3 372-1350 1747 2 N/A
Merced 10 205 3 372-1350 1776 2 N/A
Stanislaus 11 687 2 N/A 3027 2 N/A
San Joaquin 12 1489 2 N/A 4142 1 N/A
Yolo (South) 13 643 4 648-1056 1367 2 N/A
Sacramento 14 1109 1 N/A 4368 1 N/A
Yolo (North) 15 340 4 648-1056 980 2 N/A
Sutter 16 203 2 N/A 1312 1 N/A
Glenn 17 159 2 N/A 602 2 N/A
Butte 18 478 2 N/A 1310 2 N/A
Tehama (South)| 19 296 4 278-559 841 4 407-559

Tehama (North) | 20 142 3 293-1235 709 1 N/A
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4.3.1.1. Nearest data

To identify a method that will increase the area in which we can estimate the BFW,
we select the 20 nearest TDS measurements with a 50 km radius of each grid section
(Appendix B: Figure S11-S13). We find a difference of 36 TDS measurements between
the grid section with the fewest and the largest number of selected measurements. The
maximum number of TDS measurements selected from all depth zones using this
method is 120. Grid sections 2, 6, 7, 12, 13, 14, 15, and 16 have the maximum number
of data available (Table 2). Grid section 11, in Stanislaus County, has the fewest data
points within the selected radius with 84. Grid section 11 and 20 are the only grid sec-
tions with less than 100 selected measurements. We find 8 (40%) of the 20 selected
grid sections have TDS measurements >3,000 mg/L within 25 m of the surface, 4 (20%)
of the 20 selected grid sections have a nonmonotonic TDS-depth relationship, and 3
(15%) of the 20 selected grid sections have a >900 m depth range in which the BFW
may be. We can determine the BFW in 5 (25%) of the 20 selected grid sections.

To further increase the likelihood of being able to estimate the BFW, we evaluate
the approach that selects a maximum of the 10 closest TDS measurements in each
depth zone (Appendix B: Figure S14-S16). This corresponds to a maximum of 70 TDS
measurements over the seven depth zones (Table 2). We find that every grid section
reaches the maximum of 70 selected TDS measurements, given the upper limit in
search areas of 50 km radius for the top six zones and 100 km radius for the deepest
depth zone (>2000 km). We find that 5 (25%) of the 20 selected grid sections have TDS
measurements >3,000 mg/L within 25 m of the surface, 3 (15%) of the 20 selected grid
sections have a nonmonotonic TDS-depth relationship, and 1 (5%) of the 20 selected
grid sections has a BFW range >900 m. We can determine the BFW in 11 (55%) of the
20 selected grid sections, which represents the largest number of selected grid sections
for which a BFW can be calculated among the four methods explored here.
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Table 2. Number of selected TDS measurements and ability to determine BFW for each
of the 20 selected grid sections using methods that select the nearest 20 and 10 TDS
measurements to the center of each grid section. Grey highlighted grid sections repre-
sent sections where the BFW is calculable according to the method outlined in Supple-
mentary Material Figure S2. Red highlight represents the grid section with the smallest
number of TDS measurements selected and green highlight represents the grid section
with the largest number of TDS measurements selected. Grid section numbers start at
the southern portion of the Central Valley with Grid Section 1 representing the southern-

most grid section and Grid Section 20 representing the northernmost grid section.
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Method

Variable radius by depth

Variable radius by depth and location

TDS measure- BFW depth [ TDS measure- BFW depth
Grid BFW BFW
County . ments se- ] range ments se- . range
section scenario scenario
lected (m) lected (m)
Kern (South) 1 113 4 945-990 70 4 366-1066
Kern (North) 2 120 1 N/A 70 1 N/A
Kings 3 113 1 N/A 70 1 N/A
Tulare 4 109 3 458-1981 70 4 458-1082
Fresno (South) 5 107 1 N/A 70 1 N/A
Fresno (North) 6 120 1 N/A 70 1 N/A
Fresno (East) 7 120 4 1002-1350 70 4 1012-1350
Madera (West) 8 116 1 N/A 70 1 N/A
Madera (East) 9 102 2 N/A 70 4 633-1350
Merced 10 114 3 372-1350 70 3 372-1350
Stanislaus 11 84 3 976-2133 70 4 976-1078
San Joaquin 12 120 1 N/A 70 4 458-903
Yolo (South) 13 120 2 N/A 70 2 N/A
Sacramento 14 120 2 N/A 70 2 N/A
Yolo (North) 15 120 2 N/A 70 2 N/A
Sutter 16 120 1 N/A 70 4 648-1056
Glenn 17 117 4 407-537 70 4 407-926
Butte 18 117 4 407-537 70 4 407-1027
Tehama (South)| 19 113 4 407-559 70 4 407-559
Tehama (North) [ 20 88 1 N/A 70 4 407-559
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4.3.2. Relationship between TDS and depth

Because selection of the 10 nearest TDS measurements to the center of each grid
section results in the largest area where a BFW can be estimated, we use this method
to determine the TDS-depth relationship throughout California. To account for high TDS
concentrations at the surface we determine the relationship between TDS and depth
using all depth zones and depth zones deeper than 25 m. We find that excluding TDS
measured at depths deeper than 25 m does not lead to substantially greater areas in
which a BFW can be calculated (Appendix B: Table S4). In both cases (with and without
measurements in the top 25 m), we determine the TDS-depth relationship (Appendix B:
Table S4). We find that in 20% (84,850 km?) of California, there is a linear and monotonic
relationship between TDS measurements and depth. Where a linear relationship is de-
fined as an R? value >0.8 for the TDS measurements selected in all depth zones. In 7%
(31,506 km?) of California, we find groundwater has a “nonlinear” (R?<0.8) but mono-
tonic relationship between TDS measurements and depth (Figure 5) and 23% (98,584
km?) of California, by area, is lacking sufficient TDS measurement data to determine the
BFW. (We define areas lacking sufficient data as having less than 11 TDS measure-
ments within the defined search radius or lacking TDS measurements associated with
depths >300 m.) In the Central Valley, 3% of the valley’s total area does not have suffi-
cient data for BFW calculations. Across California, 49% (209,026.76 km?) of the state’s
area has sufficient data but a nonlinear and nonmonotonic TDS-depth relationship, and
the BFW concept may not be appropriate for identifying groundwater subject to man-

agement and protection in these areas.
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Figure 5. TDS-depth relationship by grid sections in California. Areas with a
linear (R?>0.8) and monotonic relationship are in green, nonlinear (R?<0.8)
and monotonic in blue, and insufficient data in white. Areas in grey have a

nonlinear nonmonotonic TDS-depth relationship.

4.3.3. Maps of base of fresh (TDS<3,000 mg/L) and brackish (TDS<10,000

mg/L) water

We calculate the BFW and the base of brackish water using data from the nearest
10 TDS measurements to the center of each grid section. Focusing on the Central Val-
ley, we can calculate the BFW and the base of brackish water in 22% (10,461 km?) of
the valley, which accounts for 2% of the total area of California (Figure 6A). We estimate
the shallowest BFW to be 155 m and the shallowest base of brackish water to be 691
m. The deepest BFW is 590 m and 59% of BFW estimates are deeper than 400 m.
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Additionally, all base of brackish water estimates exceed 400 m in depth and 68% of
estimates are deeper than 1,000 m. The deepest base of brackish water estimate is
1,845 m. Where we calculate the BFW and the base of brackish water, an additional
volume of at least 8,377 km?3 is managed and protected when using the base of brackish

water compared to our estimated BFW, calculated using a TDS limit of 3,000 mg/L.

4.3.4. Comparison between our estimated base of fresh water values and

previously-estimated bases of fresh water

We compare our BFW estimates for the Central Valley (Figure 6A) with the USGS-
estimated BFW contours (both based on a TDS limit of 2,000 mg/L) [2] in 22% (10,552
km?) of the Central Valley. We find that the USGS-estimated BFW is deeper in 65%
(6,841 km?) of this estimated area and shallower in 35% (3,637 km?) of the estimated
area (Figure 6B). The largest difference between our BFW and the USGS-estimated
BFW is found to be 801 m where the USGS-estimated value is deeper than our esti-
mated BFW. In areas of the Central Valley where the USGS estimates are deeper than
our estimates, 57% of areas have a difference greater than 100 m, and in areas where
the USGS estimates are shallower than the BFW estimated in this paper, 19% have a
difference greater than 100 m. Where the USGS estimate is shallower than our esti-
mates, the largest difference is 140 m. The USGS-estimated BFW is deeper than our
estimated BFW in a majority of the area for which we calculate the BFW. The areas
where our estimated BFW are deeper than the USGS-estimated BFW are found in re-
gions of the Central Valley located north of Fresno County, whereas the areas where
the USGS estimates are deeper are found in Fresno, King, Tulare, and Kern counties
(Figure 6B). We find the USGS-estimated BFW conservatively protects more than
1,000 km? of groundwater when compared to our estimated BFW. We cannot estimate
the BFW in the majority (85%) of the Central Valley due to a nonlinear and nonmonotonic
TDS-depth relationship. Therefore, our results cannot be used to determine if the USGS-

estimated BFW is a conservative option for groundwater management and protection.
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Figure 6A. Maps of the base of fresh water
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Figure 6B. Differences between the USGS-estimated BFW and the BFW estimated in this
paper using TDS <2000 mg/L
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Figure 6. Maps of the base of water (Panel A) using TDS<2,000 mg/L (left), TDS < 3,000 mg/L
(center), and TDS < 10,000 mg/L (right). Differences between the USGS-estimated BFW and
our estimated BFW using TDS<2,000 mg/L (Panel B). In Panel B, green/yellow areas show
where the USGS-estimated BFW is deeper and red/orange areas show where the USGS-es-

timated BFW is shallower, compared to our BFW estimate using TDS<2,000 mg/L.
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4.4.Discussion

Anthropogenic contamination on the ground surface from sources such as agricul-
ture can impact groundwater quality [163]. Although we do not find a noticeable impact
in the ability to determine the TDS-depth relationship when removing TDS measure-
ments taken in the first 25 m of the surface, the impact of agriculture on groundwater
quality is site-specific [164] and it has been hypothesized that irrigated agriculture may
be responsible for the salinization of groundwater deeper than 25 m in the San Joaquin
Valley [165, 166]. Based on our dataset of TDS measurements, anthropogenic contam-
ination may affect depths up to 75 m deep as TDS measurements range from 0.06 mg/L
to 14,000,000 mg/L between 50 and 75 m of depth. Additional sampling and analysis
are needed to identify areas with naturally high TDS concentrations near the surface
and areas affected by anthropogenic contamination. Removal of high TDS measure-
ments in areas with contamination could assist in clarifying the TDS-depth relationship

and subsequently determining where the BFW is located.

Although we find that the USGS-estimated BFW appears to be a conservative option
for groundwater management and protection, this comparison may not be representa-
tive as we are only able to estimate the BFW in 22% of the Central Valley and only 2%
of California. Nevertheless, the USGS-estimated BFW is deeper than our estimated
BFW in the counties of Fresno, King, Tulare, and Kern, where many critically overdrafted
groundwater basins are found, and possibly protects more than 1,000 km? of ground-
water when compared to our estimated BFW using TDS measurements. Therefore, in
some regions, the use of the USGS-estimate BFW may be beneficial, indicating the

importance of methods catered to local hydrogeological conditions and data availability.

Even with a large data set of 216,754 TDS measurements, we are unable to esti-
mate the BFW across 75% of California’s area. There are data limitations that prevent

characterization of the TDS-depth relationship in 23% of the state. Moreover, even
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where there is sufficient data, the BFW (or base of brackish water) concept may not be
appropriately applied for groundwater management because the TDS-depth relationship

is nonmonotonic, which is the case for a majority (52%) of the state.

Given the challenges to estimating the BFW across California and the limitations of
the BFW concept in general, there may be a need for alternative approaches to define
groundwater subject to management and protection. One approach may be to use the
more conservative base of brackish water instead. However, estimating the base of
brackish water is challenging because of data gaps and is likely to contain large uncer-
tainties. Nevertheless, the deeper depths associated with the base of brackish water
would lead to management and protection of more potentially usable groundwater — both
fresh and brackish. Additional studies with new TDS measurement and other hydroge-
ological and subsurface data are needed to fully evaluate BFW and alternative strate-
gies, such as the base of brackish water, to determine groundwaters to be managed

and protected in California and elsewhere.
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5. General Discussion

5.1. Usefulness of geospatial and statistical analysis in identifying anthropo-

genic groundwater contamination

Our results demonstrate that the combination of geospatial and statistical analysis
is useful for managing and visualising large sets of groundwater contamination data.
Although we are able to draw conclusions in regions with sufficient data, we also identify
areas where data availability is limited. These data limitations affect the ability to utilize

geospatial analysis accurately on a global scale.

5.1.1. Limitations of current available data

Effective monitoring of groundwater and the ability for researchers and regulators to
access groundwater data are essential for data-driven, science-based sustainable
groundwater management strategies. Unfortunately, establishing a robust groundwater
monitoring system is not a cheap or easy task with a single groundwater monitoring well
costing approximately $100,00 USD [167]. As a result, there are gaps in existing moni-
toring programs in many countries, and some countries lack groundwater monitoring
networks altogether. A 2020 study published by the International Groundwater Re-
sources Assessment Centre reported that of the 185 countries where we find ground-
water P concentrations to be lacking, 115 (62%) do not have an established groundwa-
ter monitoring program [168]. Even in countries with groundwater monitoring networks,
only 51% have a web-based data portal to access the data collected [168]. Therefore,
there is a need for new groundwater monitoring networks and expansions in existing

networks, along with platforms for data accessibility.

In Canada, where groundwater management is conducted on a provincial basis, we

find that groundwater monitoring systems vary significantly among and within
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provinces/territories. Saskatchewan does not test for P in groundwater while Manitoba'’s
groundwater monitoring system was implemented to understand water supply capacity
and to monitor groundwater levels, not to monitor anthropogenic impacts on groundwa-
ter. Thus, many of the groundwater monitoring wells in Manitoba are installed in aquifers
that are covered by thick clay or till sediments, meaning anthropogenic contamination of
these aquifers is most likely not occurring from surface activities [169]. Alberta, British
Columbia, Ontario, and Quebec have comparatively dense P monitoring systems in
place, but placement of these sites are based on accessibility and existing monitoring
well locations [170]. Potentially because of inaccessible terrain, there is an underrepre-
sentation of monitoring networks in natural land use types such as treed areas and wet-
lands across these provinces, and Canada as a whole. Moreover, provinces are respon-
sible for choosing the type of contaminants to monitor and in the specific case of P, the
analysis method. Beyond designing and implementing groundwater monitoring systems,
provinces are also responsible for regulating and managing groundwater withdrawal and
for approving well licenses that specify the rate, duration, quantity and/or the purpose of
groundwater extractions [171]. Except for Quebec and British Columbia, all provinces
implemented a licensing system for groundwater extractions by 1972. Quebec began
licensing in 2004 [171] and although British Columbia began requiring licenses for
groundwater withdrawal in 2016 [172], only 20% of groundwater users have registered
since the law was implemented 4 years ago [173]. This uncoordinated and inconsistent
data collection makes cohesive groundwater management difficult. Cooperation be-
tween provinces and the federal government could produce more sustainable ground-

water management for all Canadians.

Groundwater monitoring in the United States is conducted by monitoring networks
operated at federal, state, and local levels [174, 175]. However, not all monitoring wells
collect data on water quality and wells that do monitor for water quality may not test for
all contaminants. The National Ground-Water Monitoring Network compiles groundwa-

ter data from across the United States and covers 17,145 monitoring wells. Only 19%
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(3,290) of monitoring wells in the database collect groundwater chemistry data, the rest
only monitor water levels [176]. Even in California, a state with complex groundwater
laws and large groundwater demands, there are spatial gaps in the available data. A
2016 report found that for the Sustainable Groundwater Management Act to ensure sus-
tainable management, additional steps must be taken to expand current groundwater
monitoring networks in the state [177]. Effective and sustainable groundwater manage-
ment requires sufficient data and existing monitoring networks need to be expanded to
fill critical data gaps. With adequate funding and cooperative data collection across the
country, researchers can utilize the data to provide the results necessary to implement

sustainable groundwater management.

For regulators to implement effective and sustainable groundwater management, it
is necessary to have an in-depth understanding of the hydrogeology. A current lack of
available data, and inconsistencies in the available data between, and within, countries
means it is difficult to identify and isolate existing problems. However, there are many
challenges that regulators face when designing a groundwater monitoring network. First,
the purpose of the groundwater monitoring network determines the number of wells re-
quired, sampling frequency, and the depth at which these wells must be drilled [178]; a
groundwater monitoring network designed for monitoring anthropogenic P contamina-
tion may not be adequate for monitoring groundwater depths. Second, groundwater
monitoring wells are expensive. A groundwater monitoring system in South Korea with
a target of 0.1 monitoring wells/km? was estimated to cost nearly 800 million USD over
a 50-year lifetime [179]. Based on contamination modelling, a density of 0.1 monitoring
wells/km? is recommended to ensure adequate information is collected with the lowest
number of wells [180]. With an area of nearly 10 million km?, roughly 100 times larger
than South Korea, a groundwater monitoring system in Canada with a similar coverage
of 0.1 monitoring wells’lkm? would be significantly more expensive than the estimated
800 million USD budget proposed for the South Korean monitoring network. Because

the cost to implement a robust groundwater monitoring system is so high, it is necessary
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to use modelling that optimizes the placement and density of wells based on the sam-
pling requirements of the region [181-184]. Finally, as with any subsurface activity,
groundwater monitoring wells can have a potential environmental impact. Drilling
through the earth’s crust creates a pathway for surface contamination to reach the sub-
surface [185]. Moreover, the average lifetime of a groundwater monitoring well is 30
years [179], after which they must be appropriately decommissioned to prevent future
contamination of groundwater and remove the physical obstruction a well may pose on
the surface [186]. Ultimately, a global standardization of groundwater monitoring is not
possible as individualized monitoring networks by region ensures a customized data
collection campaign that focuses on the needs of the region, environmentally and eco-
nomically. However, ensuring there are some monitoring wells in each region that collect
data on all contaminants and groundwater levels would make it simpler to collect and

analyze data which is essential for identifying regions of concern.

5.2.Managing anthropogenic impacts on groundwater

Identifying anthropogenic activities that have a potentially negative impact on
groundwater quality introduces new opportunities for mitigative actions that could pre-
vent contamination of groundwater aquifers around the world. This thesis focuses pri-
marily on anthropogenic groundwater pollution from agriculture and oil and gas devel-
opment, two activities that have been identified as consequential contributors to ground-
water pollution [5, 6, 187, 188]. Moreover, globally 70% of all freshwater withdrawals are
used for agriculture while 19% are used for industrial purposes including energy gener-
ation [189]. Over-abstraction of groundwater as a result of these industries poses a risk
to both groundwater quality and quantity [188].

In agricultural areas, there are several techniques and mitigation efforts that could
be implemented to protect groundwater from nutrient pollution. Good management prac-

tices including proper irrigation techniques, and managing fertilizer, pesticide, and land
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use are all essential components to preventing agricultural contamination of groundwa-
ter. Focused irrigation that prevents overwatering ensures pesticides and fertilizers are
not lost to the environment through runoff or leaching and reduces water use [188, 190,
191]. While managing fertilizer use by conducting soil tests for nutrients, customizing
fertilizer applications based on crop needs, and ensuring fertilizers are properly stored
reduces the risk excess nutrients will be lost to the environment [65, 190, 191]. Finally,
understanding the geochemical qualities of aquifer systems can help regulators estab-
lish recommendations based on the region as storage capacity of the aquifer, unsatu-
rated zone travel time, and aquifer residence times are all important when determining
the contamination risk and the capability of an aquifer to naturally attenuate contamina-
tion [192]. Agricultural areas are necessary to meet the food demands of a growing pop-
ulation and focusing on better management of these areas will be essential for preserv-

ing groundwater quality in the future.

Oil and gas development is a necessary part of the global landscape, fossil fuels
still account for 80% of total energy consumption [193] and petroleum is used to produce
many everyday products including plastics, electronics, textiles, and other household
products including dish detergents and non-stick pans [194]. Therefore, mitigating the
environmental impacts of this industry are essential for sustainable groundwater man-
agement. Developing effective mitigation strategies requires a full understanding of the
pathways through which groundwater contamination is occurring. Currently, it is under-
stood that unplugged or leaky oil and gas wells can leak gases and other hydrocarbons
from deep underground formations to shallow groundwater aquifers and the atmosphere
[37, 67]. We hypothesize that anthropogenic contamination from the surface can also
reach groundwater aquifers through these pathways. Unfortunately, leaky oil and gas
wells are difficult to identify due to the high density of oil and gas wells in most areas
with oil and gas development and the wide range of factors that may contribute to a well
being leaky [37-39, 42, 195, 196]. Targeted case studies that include field sampling of

groundwater could identify contamination plumes resulting from leaking oil and gas
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wells. Examining these contamination plumes will help regulators to better identify which

wells are responsible for anthropogenic contamination of groundwater.

5.3. Sustainability of current groundwater management

Current groundwater management does not sufficiently prevent gaps in groundwa-
ter monitoring around the world, making it difficult for regulators to ensure sustainable
groundwater use. A lack of existing monitoring for certain contaminants and the slow
movement of groundwater through the subsurface means that potential problems occur-
ring in groundwater aquifers now may not be identified in a timely manner. Because
remediating groundwater is an expensive and time-consuming process and contami-
nated groundwater aquifers can be impossible to restore for human consumption, im-

plementing groundwater management that prevents contamination is crucial [197].

Globally, sustainable groundwater management requires countries to implement
regulations on P, a previously overlooked contaminant. A lack of monitoring regarding
certain types of contamination overlooks the interconnectedness of groundwater with
other essential earth systems. Groundwater pollution is capable of affecting oceans,
rivers, lakes, and the atmosphere if not properly managed [58]. Additionally, it is im-
portant for agencies to continue to update groundwater regulations as new research,
such as the work done in this thesis, identifies previously understudied contaminants
(phosphorus) and unregulated contamination pathways (oil and gas wells). Even in re-
gions like California where there is existing legislation to sustainably manage ground-
water, there is a lack of data - a major barrier to effective groundwater management.
Many countries are trying to implement sustainable groundwater policies and there re-
main many challenges to overcome to achieve global groundwater governance in a sus-

tainable manner.
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6. General Conclusions

6.1. Summary of results

In this thesis, we conduct a geospatial and statistical analysis using large datasets
of phosphorus (P) and total dissolved solids (TDS) concentrations in groundwater to
identify previously unstudied pathways through which anthropogenic contamination may
be occurring and discuss the ability for current legislation to adequately preserve

groundwater quality.

Our global collection of data on P concentrations in groundwater shows that every
country with available data reports P concentrations may pose a eutrophication risk to
surface waters. Moreover, we find that several regions with significant agricultural activ-
ity, including South America, Europe, and Asia, are lacking data on P concentrations in
groundwater. These data gaps are concerning because our geospatial analysis of land
use in Canada and the United States, shows that agricultural regions are likely respon-
sible for elevated P concentrations in groundwater. We also show that that oil and gas
wells may be acting as a previously unidentified pathway through which surface P is
contaminating groundwater, exacerbating the impacts of agricultural P inputs. The re-
sults from this section of the thesis can be used to implement more effective manage-

ment of P inputs, considering agricultural and oil and gas wells.

In California, we use available TDS measurements to plot salinity profiles and de-
termine a method to estimate the BFW, where possible. Although we find that the exist-
ing USGS-estimated BFW appears to be a conservative option for groundwater man-
agement, we are only able to produce estimates for the BFW in 2% of California. Even
with a large dataset of 216,754 TDS measurements, we encounter data limitations that
prevent estimation of the BFW in 23% of the state. We also find that the assumptions

governing the BFW for use in groundwater management are not valid in a majority (52%)
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of California. Given the challenges in estimating the BFW and the limitations embedded
in the BFW concept in general, it may be necessary to implement alternative approaches

to define depths at which groundwater is managed and protected.

6.2.Limitations and recommendations

This thesis identifies oil and gas wells as a potential previously unstudied pathway
through which anthropogenic contamination of groundwater may occur and highlights
oversights in current groundwater management efforts. There are many opportunities
and avenues to expand on the findings. The following recommendations or continued

research could provide additional insights into groundwater contamination.

Conducting a field sampling campaign aimed at producing independent data that
can be used to verify and validate existing government records would reduce any errors
and ensure that all data collected could be utilized in the analysis. For example, with
regards to the P data, there were several samples that reported orthophosphate con-
centrations higher than total phosphorus concentrations, a phenomenon that is physi-
cally impossible. In Canada, it would be valuable to conduct sampling in the northern
regions of Manitoba, Ontario, and Quebec. The northern portions of these provinces is
relatively untouched by anthropogenic activities and comparing contaminant concentra-
tions in relatively natural aquifers to aquifers with similar hydrogeologic properties over-
laid by anthropogenic activities could elucidate the impact of anthropogenic activities on

groundwater quality.

Similarly, additional sampling campaigns in under-represented regions of the world
that have heavy agricultural influences including Asia, South America and Africa could
provide valuable insights on the link between crop/pastureland and P concentrations in
groundwater. Even within Canada and the United States, increased sampling in areas
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that are typically more difficult to access and have therefore remain unassessed is nec-

essary to provide sufficient data in regions with minimal anthropogenic impacts.

Moreover, although this thesis identifies leaking oil and gas wells as a potential
pathway for anthropogenic phosphorus to reach groundwater, additional analysis of the
oil and gas wells in Alberta and Ontario with close proximity to groundwater samples

with high concentrations of P and other contaminants are needed.

A multi-scale assessment that synthesizes global, regional, and local studies can
help in developing effective groundwater management practices and facilitate
knowledge transfer. For California, we show that it may be valuable to replace the BFW
concept with an alternative approach to delineating groundwater to be managed and
protected. Such challenges to using the BFW likely exist in many other regions around
the world. If regulators choose to rely on the BFW, BFW estimates should be updated
more frequently, and the definition should be regularly updated to include higher TDS
groundwater (e.g., up to 10,000 mg/L) depending on the technology and economics of
the time and location. Continual improvements to groundwater management with new
monitoring and data are needed to ensure that groundwater resources are available and

protected for future generations.
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Appendix A: Groundwater phosphorus concentrations: global distribution and

links with agricultural and oil and gas activities

Treatment of phosphorus (P) data

Phosphorus (P) is naturally reactive meaning that in biological systems, phosphorus
is found in the form of phosphates and the two terms (phosphorus and phosphate) are
often used interchangeably [198]. All concentration data is converted to mg P/L to com-
pare the different types of concentrations reported in the literature (Table S1). Many
countries in the world have recommendations for surface water that are expressed as
mg P/L. In Canada, the Canadian Council for Minsters of the Environment (CCME) [30]
voluntary recommendations consider surface waters that have TP concentrations
greater than 0.1 mg P/L “hyper eutrophic”, which is the most severe classification of
nutrient pollution. The CCME recommendations are consistent with lake quality models
that have found TP concentrations ranging from 0.035 and 0.1 mg P/L to cause eutroph-
ication in surface waters [83]. The United States Environmental Protection Agency
(EPA) approves TP limits set by individual states; these limits are region specific and
based on the type of water body. Because they are site specific, TP limits in the United
States for freshwater lakes range from 0.005 mg P/L in California to 1 mg P/L in Arizona
[85]. The voluntary recommendations by the CCME are chosen for this paper because

they cover lakes and rivers and fall within the range of TP limits in other jurisdictions.

Analysis methods for peer-reviewed papers and studies were included in the mate-
rials and methods sections of the publications. To determine analysis methods for gov-
ernment agencies, we contacted individuals responsible for the monitoring of phospho-
rus in groundwater at the respective agency. The raw data consist of 12 different con-
centration types: total phosphorus, phosphorus as inorganic phosphate, phosphorus as
P, dissolved phosphorus, total dissolved phosphorus, total filtered phosphorus, particu-
late phosphorus, total recoverable P, orthophosphate as P, orthophosphate, dissolved

orthophosphate as P and inorganic phosphorus. Table S1 presents the total number of
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samples collected in each country by original sampling type. To facilitate comparisons,

we combine P concentration data based on the analysis method of the groundwater

sample (Table S4). This simplification results in 5 sample analysis methods: (1) total

phosphorus using molybdate blue and ultraviolet-visible absorption spectroscopy (20%,

TP ICP-OES), (2) total phosphorus as determined by inductively coupled argon plasma

emission spectroscopy (<1%, TP ICP-MS), (3) dissolved orthophosphate as P (78%,
DP), (4) total dissolved P (2%, TDP), and (5) particulate P (<1%) [115] (Table S4).

The 5 different final methods chosen for this paper are based on the analysis method

used on the sample:

1.

78

Total phosphorus (TP ICP-OES): acid digestion of sample using sulphuric
acid, calculation of P concentration using molybdate blue reaction (Many
samples (20%) are analyzed using ICP-OES, while a small portion (<1%) are
analyzed using ICP-MS. All of the samples analyzed using ICP-MS were
taken in Alberta from the Alberta Groundwater Observation Well Network and
range in date from June 10, 2010 to February 12, 2014. All of the samples
measured with ICP-MS were also analyzed using ICP-OES.)

Total phosphorus as determined by inductively coupled argon plasma emis-
sion spectrometry (TP ICP-MS): acid digestion of sample using sulphuric
acid, calculation of P concentration using inductively coupled argon plasma
emission spectrometry

Dissolved orthophosphate (DP): no digestion, calculation of concentration
using molybdate blue reaction

Total dissolved phosphorus (TDP): sample is filtered through 0.45 um mem-
brane, acid digestion of sample using sulphuric acid, calculation of P concen-
tration using molybdate blue reaction

Particulate phosphorus: calculated value of TP minus DP



To estimate the extent of P pollution in groundwater worldwide, we characterize P
concentration data as greater or less than 0.1 mg P/L. Total P concentrations are theo-
retically largest in any water sample as this value consists of all P in the sample, includ-
ing organic and inorganic P compounds. This means that using TP ranges for other
concentration types may underestimate P pollution. For example, orthophosphate as P
concentrations are expected to be lower than TP values. However, measurement meth-
ods for the calculation of DP tend to overestimate P concentrations in the sample [199].
Although there is some uncertainty, we look at all data types globally, and we remove
sites where any concentration type, except TP measured by ICP-MS, is larger than TP
ICP-OES as this is physically impossible.

Canada, Ireland, and Mexico all report P concentrations below the detection limit.
Because we treat values below the detection limit as zeros, this may impact the results
of the data analysis. A small percentage of samples in Canada (11%) and Mexico (2%)
have concentrations below the corresponding detection limit. Studies find that for data
with a small percentage (<10%) of values below the detection limit, there is little bias
introduced by replacing values with zeros [200]. For Ireland, where the majority (58%)
of samples are below the detection limit, the mean and the median P concentrations are
biased low for all methods. However, the analysis conducted in Ireland consists mainly
of sorting data by greater and less than 0.1 mg P/L. Because the detection limitin Ireland
is 0.007 mg P/L, our findings should remain the same with regards to the percentage of

samples that pose a eutrophication risk.

Geospatial analysis

We determine well density for oil and gas wells and P sampling locations using the
Point Density tool in ArcMap. Based on the 30 m spatial resolution of the Canadian land
use and United States land cover data and the abundance of oil and gas well location
data, we choose a rectangular search area of 100 km? for the Neighborhood setting with

a length and width of 10 km. Due to the data sparsity of P monitoring sites, we use a
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search area of 900 km? for the Neighborhood in the calculation of TP monitoring site
density with a length and width of 30 km. We also use the ArcMap tool, Near, to calculate
the closest distance between TP monitoring sites and oil and gas wells and the Buffer
tool to calculate the land use types within specified radii. Because the main transport
mechanism for phosphorus is sediment transport of adsorbed P [201, 202], P transport
can vary from a few km via runoff to hundreds of km if the high P sediment reaches a
river. We choose radii of 0.5, 1, 10 and 50 km based on our analysis of DO concentra-
tions and enhanced P concentrations with respect to crop/pastureland distance (Table
S8) and findings from other studies [202, 203].

We use all types of P concentrations for our analysis because total phosphorus (TP)
measurements are an important measure of lake health [204], but other P concentration
types such as TDP and orthophosphate determine the amount of biologically available
P. Therefore, other P concentration types besides TP are important indicators of eu-
trophication potential. Because P recommendations for surface waters in Canada and
the United States are stated in terms of TP, we use only the TP concentrations for the
oil and gas analysis in Alberta and Ontario. Additionally, all sites in Ontario test for TP,
and a majority of sites in Alberta (54%) test for TP. Moreover, the environmental limits
in both provinces are stated using TP concentrations. In British Columbia, all P concen-
trations collected are in terms of TDP. Therefore, we compare TDP concentrations to
TP ranges, which is a conservative approach given dissolved P concentrations only rep-

resent a fraction of TP concentrations.

For Canada, we use the land use open source geographic information data set col-
lected from the Government of Canada website [205]. For the United States, we use the
United States Geological Survey (USGS) land cover data [206]. There are some land
use classifications excluded from our land use data, primarily a differentiation between

forest types and a direct classification for animal feedlots, golf courses, and residential
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yards, which are sources of non-point P pollution. The managed grassland category for
Canadian land use includes “natural shrubs for cattle grazing” [207] and the USGS land
cover data includes a classification for “Agricultural and Developed Vegetation” that has
been reclassified to cropland [206]. Different forest types may also affect P concentra-
tions in groundwater although this data is not available in the Canadian land use data
and is beyond the scope of this paper, which focuses on anthropogenic impacts.

We translate the land cover data to land use data to develop one unified set of land
use types for data from the two countries. We convert land cover and land use data
using a key-word search criterion based on the chosen land use (Table S5). The chosen
land use categories are: unclassified, other, settlements, roads, water, forest, wetland,
cropland, grassland (managed), and grassland (unmanaged). Settlements are de-
scribed as “built up and urban areas” [207], managed grassland is classified as “natural
grass and shrubs used for cattle grazing” [207], while unmanaged grasslands are areas
with no anthropogenic use. The “other” category encompasses rocks, beaches, ice and
other barren land. There is uncertainty in the conversion of land cover to land use be-
cause some Canadian land use categories, such as forests, are not named similarly in
the USGS land cover data while other Canadian categories, such as roads, are not
available in the USGS land cover data.

We obtain data for the location of the oil and gas wells from the British Columbia Oil
and Gas Commission Open Data Portal Well Surface Hole Locations (accessed July
2021), the Alberta Energy Regulator ST37 List of Wells in Alberta Shapefile (accessed
October 2019) and the Qil, Gas and Salt Resources Library of Ontario (accessed July
2020). All oil and gas wells, including those that are active, abandoned, and orphaned,
are considered, assuming all wells can act as a pathway through which P could reach

groundwater aquifers.
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We consider the top percentiles of P measurements within a specified radius from
oil and gas wells (Table S6). For example, in British Columbia, the top 30" percentile is
93 P measurements (30%), the top 20" percentile is 59 P measurements (19%), and
the 10" percentile is 25 P measurements (8%). To ensure we have a sufficiently large
dataset within all radii considered for our statistical analysis, we use the top 30" percen-

tile of P measurements.

Conversion between phosphorus concentration types

We find that 0.8% (1,257) of sites we analyze are tested for more than one type of
P concentration. We analyze the ratios for TP (ICP-MS):TP (ICP-OES) at 146 sites and
for DP:TP (ICP-OES) at 929 sites. Particulate P: TP (ICP-OES) is collected at six sites
in total and has the smallest range with two orders of magnitude difference between the
highest and lowest ratios. The largest ratio recorded from the data is TP (ICP-MS):TP
(ICP-OES) with a value of 27.8 and the lowest ratio is DP: TP (ICP-OES) with a value of
4.0 x 10¢ (Table S7 and Table S8). Because these ratios are highly variable, it is difficult

to create a universal conversion factor between different types of P concentration data.

Representativeness of land use surrounding P monitoring sites in Canada and
the United States

We find significant relationships between land use and P concentrations, especially
when we compare the data to P measurements throughout the province. Within a 1 km
radius of P monitoring sites in Canada, the proportion of areas designated as crop/pas-
tureland are over-represented by more than +15% when compared to overall provincial
land use in all provinces with available data (Alberta, Manitoba, Ontario, and Quebec),
except British Columbia (over-represented by +8%). Settlements within a 1 km radius of
P monitoring sites are also over-represented when compared to overall provincial land
use in British Columbia (+23%), Ontario (+14%), and Quebec (+8%). In all provinces,

natural land use types, such as forests are under-represented when compared to overall
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provincial land use: British Columbia (-32%), Alberta (-30%), Manitoba (-14%), Ontario
(-18%), and Quebec (-10%) (Table S10). In the United States, the only land use type
that is substantially under-represented is unmanaged grasslands with a 19% difference
from overall land use composition. Forests and settlements in the United States are
slightly over-represented when compared to overall land use with a difference of 11%
and 5%, respectively (Table S11). The discrepancy in the land use within a 1 km radius
of P monitoring sites and overall national land use is larger in Canada than the United

States.

The distribution of sample locations by land use is not proportional to nation-wide
land use distributions as some countries, including Canada, select sites for P monitoring
in groundwater based on accessibility and existing monitoring site networks [170]. Other
countries, like Sweden [208], utilize land use as a criterion for selection of groundwater
monitoring sites. Therefore, in Canada, the under-representation of natural land use
types such as forested areas and wetlands may be a result of inaccessible terrain or
lack of existing groundwater sampling infrastructure and need. Sampling campaigns in
these regions could prove beneficial to characterize P concentrations in groundwater in

areas that are generally undisturbed by anthropogenic activities.

Analysis of oil and gas well proximity impact on phosphorus concentrations in
British Columbia

British Columbia is selected to provide context for the analysis in Ontario and Al-
berta. Previous studies have found that population growth and urban development are
the main drivers of P pollution in the southern portion of British Columbia, where ele-
vated P concentrations are found and there is no oil and gas development (Figure 2 and
Figure S4) [209].

In British Columbia, there are 34,890 oil and gas wells, the majority (99%) of which

are in the northeastern region of the province (Figure S4). Because the elevated P
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concentrations are found in the southern portion of the province and oil and gas wells
are found in the northeastern portion of the province, we expect no to very weak rela-
tionships between oil and gas wells and elevated P concentrations. We conduct an anal-
ysis using all oil and gas wells and all TDP concentrations across the entire province.
(We conduct the analysis with TDP concentrations as all concentrations in the province
are reported in terms of TDP.) The maximum TDP concentration in British Columbia is
5.76 mg P/L and the monitoring site is located 11.4 km from the nearest oil and gas well
in the southwest of the province near Abbotsford, a prominent agricultural area. This
finding may be an indication that the oil and gas well is exacerbating groundwater P
contamination in the area but additional data collection and analysis is needed to obtain
a statistically significant relationship. At 171.9 km, the farthest distance from an oil and
gas well, the TDP concentration is 0.1 mg P/L, above the CCME recommendation for
surface waters. We find that 9% (28) TDP monitoring sites are within 1 km of any oil and
gas well, 9% (28) TDP monitoring sites are within 5 km of any oil and gas well, and 47%
(147) TDP monitoring sites are within 1 km of crop/pastureland. Of the 28 sites found
within 1 km of any oil and gas well, 20 (71%) are found within 1 km of crop/pastureland.
Therefore, we find a strong link between crop/pastureland and elevated P concentra-

tions.

We conduct a Chi? analysis of the top 30" percentile of TDP concentrations in British
Columbia, but we do not find a statistical difference in the populations of TDP samples
using the median distance of 26 km (Table S15). This finding is consistent with our hy-
pothesis that based on the available P monitoring site and oil and gas well distributions,
we are unable to find statistically significant link leaking oil and gas wells to elevated
TDP concentrations in British Columbia. In contrast, in Alberta and Ontario where
crop/pastureland are co-located with oil and gas wells, we are able to find statistically
significant relationships using the Chi?2 method. Overall, our finding suggest that oil and
gas wells may be acting as a pathway for anthropogenic P to reach groundwater.
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Table S1. Sources of data collected and number of data points available by P concentration type

Source

Type

TP
(mglL)

Phospho-
rus as
Phosphate
(mglL)

Phos-
phorus
as P
(mglL)

DP
(mglL)

DP
(uglL)

TDP
(mg/L)

Total
Fil-
tered

(mg/L)

Partic-
ulate

(mg/L)

Total
Re-
cover-
able P

(ug/L)

Ortho-
phospho-
ate
as P
(mg/L)

Ortho-
phos-
phate
(mg/L)

Dis-
solved
Orthoph-
ophate
as P
(mglL)

Inor-
ganic

(mg/L)

Total

Brazil

Geological Survey of
Brazil

5202

5202

Canada

Alberta Groundwater
Observation Well
Network

Alberta Agriculture
and Forestry (Batter-
sea area data)
Alberta Agriculture
and Forestry (BMP
project)

Alberta Agriculture
and Forestry (feedlot
groundwater study)
Alberta Agriculture
and Forestry (small-
plot manure study)
British Columbia
Provincial Ground-
water Observation
Well Network
Manitoba Ground-
water Management
Provincial Ground-
water Monitoring
Network (Ontario)
Quebec Environ-
ment

475

154

264

70

3243

3807

312

3730

19

41

892

275

154

264

146

185

264

825

240

1135

949

493

792

825

310

3243

892

7537

1466

China

Spatial distribution
and sources of
groundwater phos-
phorus in Dezhou
Region

27

27

27

27

108

Ireland

85




Environmental Pro-
tection Agency (Ire-
land)

8505

8505

Mexico

The effects of
wastewater irrigation
on groundwater
quality in Mexico

A survey of ground-
water quality in Tu-
lum region, Yucatan
Peninsula, Mexico

12

39

13

25

39

New Zealand

National Groundwa-
ter Monitoring Pro-
gramme (NGMP)

2990

Northern Ire

land

Department of Agri-
culture, Environment
and Rural Affairs

834

75

1159

2068

South Africa

National Groundwa-
ter Quality Monitor-
ing Project
(NGwQMP)

104194

104194

Sweden

Geological Survey of
Sweden

6059

74

18

564

7920

14635

United States

Water Quality Data
USA
Characterization of
Groundwater Phos-
phorus Input to
Torch Lake
National groundwa-
ter monitoring net-
work (NGWMN)

811

43

467

408

259

61

29

1478

43

557

Germany

Umweltbundesamt |

4504

4504

Wales

Natural Resources
Wales

118

TOTAL

30328

3730

288

1341

275

451

18

146

112282

7962

3017

1135

157983
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Table S2: Available depth and date ranges and phosphorus detection limits by data source.

Source Type Depths Avail- Depth Range Detecti_on Limits Detection Limits Date
able? (m) Available? (mg/L) Range
Brazil
Geological Survey of Brazil G | No N/A No N/A 1962-2019
Canada
Alberta Groundwater Observation Well Network G Yes 3-189 No N/A 2006-2013
Alberta Agriculture and Forestry (Battersea area data) 1S Yes 1-35 No N/A 1998-2001
Alberta Agriculture and Forestry (BMP project) 1S Yes 0.03-4 Yes 0.005 2009-2012
Alberta Agriculture and Forestry (feedlot groundwater study) IS No N/A No N/A 1996-2000
Alberta Agriculture and Forestry (small-plot manure study) 1S No N/A No N/A 1998-1999
British Columbia Provincial Groundwater Observation Well Network G No N/A Yes 0.001 1985-2019
Manitoba Groundwater Management G Yes 5-190 No N/A N/A
Provincial Groundwater Monitoring Network (Ontario) G No N/A Yes 0.0005-0.5 2002-2016
Quebec Environment G No N/A Yes 0.03 1978-2014
China
Spatial distribution and sources of groundwater phosphorus in Dezhou Region 1S | Yes 2-40 No N/A N/A |
Ireland
Environmental Protection Agency (Ireland) G | No N/A Yes 0.007 2010-2018 |
Mexico
The effects of wastewater irrigation on groundwater quality in Mexico 1S Yes 7-37 Yes 0.005-0.01 1995
A survey of groundwater quality in Tulum region, Yucatan Peninsula, Mexico 1S No N/A No N/A 2017
New Zealand
National Groundwater Monitoring Programme (NGMP) G | No N/A No N/A N/A |
Northern Ireland
Department of Agriculture, Environment and Rural Affairs G | No N/A Yes 0.015 2015-2018 |
South Africa
National Groundwater Quality Monitoring Project (NGwQMP) G | No N/A Yes 0.001-0.2 1971-2018 |
Sweden
Geological Survey of Sweden G | No N/A No N/A 1995-2019 |
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United States

Water Quality Data USA G No N/A Yes 0.004-0.01 1930-2015
Characterization of Groundwater Phosphorus Input to Torch Lake 1S Yes 1.5-3 No N/A 2005
National groundwater monitoring network (NGWMN) G No N/A Yes 0.005-0.01 1975-2018
Germany
Umweltbundesamt G | No N/A Yes 0.005-0.01 1989-2017 |
Wales
Natural Resources Wales G | No N/A Yes 0.001-0.02 2002-2019 |

G = government database

IS = individual study

88



Table S3: Countries with data below the detection limits. Samples that report concentrations less than detection limits are assumed to
have a concentration of 0 mg/L.

Country Belgw-Detection Number of Below-Detection % of Samples th_at are be-

amples? Samples low detection
Brazil No 0 0
Canada Yes 1,796 "
China No 0 0
Ireland Yes 4,925 58
Mexico Yes 1 2
New Zealand No 0 0
Northern Ireland No 0 0
South Africa No 0 0
Sweden No 0 0
United States No 0 0
Germany No 0 0
Wales No 0 0
Total 6,722
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Table S4. Number of measurements by phosphorus concentration types based on analysis method of sample and the statistics for each
country and each sample type by country. Rows highlighted in grey show country totals and rows highlighted in grey show provincial
totals for Canada. Monitoring sites where any concentration type (other than TP ICP-MS) is greater than TP are removed as this is

physically impossible.

Sample T'?r:“;Pr;ﬁ_')ES T:’m'g";;ms (mg;'; " (ngD:/L) Pﬁmi;r:;rt:ztues TOTAL Mean Median Max Min
Location (mg p/L)
Brazil 5202 0 0 0 0 5,202 0.642 0.18 156 0.00
Canada 9460 146 6804 159 6 18,047 0.220 0.02 250 0.00
Alberta 963 146 2163 159 6 4,011 0.090 0.031 7.165 0.00
Mean 0.204 0.118 0.077 0.058 0.071
Median 0.07 0.04 0.02 0.02 0.01
Max 3.922 0.905 7.165 0.542 0.282
Min 0 0.0000036 0 0 0.001
British Columbia 0 0 3243 0 3,243 0.073 0.02 5.76 0.00
Mean 0.073
Median 0.02
Max 5.76
Min 0
Manitoba 0 0 892 0 0 1,784 0.017 0.071 1.67 0.00
Mean
Median
Max
Min
Ontario 3807 0 3730 0 0 7,537 0.370 0.013 250 0.00
Mean 0.715 0.018
Median 0.02 0.01
Max 250 6.18
Min 0 0
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Quebec
Mean
Median
Max
Min
China
Mean
Median
Max
Min
Germany
Mean
Median
Max
Min
Ireland
Mean
Median
Max
Min
Mexico
Mean
Median
Max
Min
New Zealand
Mean
Median
Max
Min

Northern Ireland

91

1447
0.094
0.05

11.9

27
0.312
0.24
1.49

8505

0.020
0.02
4.6

51
0.272
0.08
4.273

0.018
0.02

0.023

0.014
834

19
0.055
0.15
0.34

27
0.014
0.04
0.11

4504
0.375
0.03
58
0.005

12
0.370
0.04
3.082

0.003
0.00
0.005
0.001
1234

27
0.196
0.13
0.69
0.04

2990

0.061

0.03
8.9

1,466

108

4,504

8,505

63

2,996

2,068

0.094

0.130

0.375

0.020

0.237

0.061

0.175

0.05

0.155

0.03

0.019

0.08

0.03

0.05

1.49

5.8

4.6

4.273

8.9

32

0.00

0.04

0.01

0.00

0.00

0.00

0.00




Mean
Median

Max

Min

South Africa
Mean
Median

Max

Min

Sweden
Mean
Median

Max

Min

United States
Mean
Median

Max

Min

Wales

0.260
0.02
32

6059
0.126
0.01
25.4

1321
1.092
0.04
721

28,220

146

0.118
0.05
19.5

0.002

104194

0.063

0.01
372.781
0

8558

0.265
0.02
793

1059
0.055
0.00
13.8
0
118
126,512

18
0.562
0.01

0.0015

6,437

104,194

14,635

2,788

118
161,321

0.063

0.208

0.658

0.249
0.126

0.014

0.015

0.02

0.0798
0.014

372.781

793

721

3.82
793

0.00

0.00

0.00

0.01

92




Table S5. Key word search criteria for conversion of USGS land cover to chosen land use categories

Key words Land Use Category
Swamp*, riparian, bog, marsh, floodplain Wetland
Forest, recently logged, recently burned, recently chained Trees
Shrubland, badland, grassland Grassland (unmanaged)
Developed, urban Settlements
Vineyards, crop Cropland
Open water Water
Barren, geysers, dune, tundra, beach, rock, cliff Other
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Table S6. Specified radius of selection for P concentration percentiles from oil and gas wells.

Radius Total Numbe_r of P -I;-)Z?'t:eor: h -I;-)Z?'czeor: h -I;-)Z?'c:;eor: h
concentrations . . .
tile tile tile
British Columbia
0-5 km 28 2 5 8
5-10 km 57 5 12 18
10-15 km 32 1 6 10
15-20 km 16 1 3 5
20-30 km 37 3 7 11
30-40 km 8 0 1 2
40-50 km 16 1 3 5
50-75 km 41 3 7 11
75-100 km 60 8 12 18
>100 km 15 1 3 5
Total 310 25 59 93
Alberta
0-0.1 km 33 3 6 10
0.1-0.2 km 30 3 7 9
0.2-0.3km 36 3 7 11
0.3-0.4 km 56 5 10 18
0.4-0.5km 51 5 10 15
0.5-0.6 km 16 1 3 5
0.6-0.7 km 22 2 4 5
0.7-0.8 km 10 1 2 3
0.8-0.9 km 15 1 3 4
0.9-1 km 11 1 2 3
>1km 26 2 5 8
Total 306 27 59 91
Ontario
0-1 km 47 10 10 14
1-2 km 46 5 10 14
2-3 km 50 5 10 15
3-4 km 29 3 6 9
4-5km 24 2 5 7
5-6 km 27 2 7 9
6-7 km 15 1 3 4
7-8 km 13 1 2 4
8-9 km 11 1 2 3
9-10 km 21 2 4 6
10-15 km 44 4 9 13
15-50 km 52 5 12 17
> 50 km 25 2 5 7
Total 404 43 85 122
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Table S7: Ratio of phosphorus testing methods to TP (ICP-OES)

Ratio Number of Sites Max Min Std Deviation Std Error Average |
TP(ICP-MS).TP (ICP-OES) 146 27.8 0.0003 3.147 0.260 1.26
DP:TP (ICP-OES) 929 1.0 0.000004 0.260 0.009 0.18
TDP:TP (ICP-OES) 176 1.0 0.0067 0.317 0.024 0.52
Particulate P:TP (ICP-OES) 6 0.7 0.0058 0.343 0.140 0.29

Table S8: Distribution of the ratio values for different phosphorus testing methods Ratios of DP/TP
(ICP-OES), TDP/TP (ICP-OES) and Particulate/TP (ICP-OES) that are greater than 1 are removed

from the calculations as this is physically impossible.

Count Count

Ratio TP(ICP-MS)/TP Ratio TDP/TP (ICP- | Particulate/TP

Value ((ICP-OES)) Value | DP/TP(ICP-OES) oes() (ICP-OES)
0-0.25 26 0.05 482 20 1
0.25-0.50 16 0.1 75 8 2
0.50-0.75 25 0.5 247 58 1
0.75-1 44 1 125 90 2
1-2.5 28
2.5-5 2
5-10 1
10-20 3
>20 1

Table S9: Spearman’s rank correlation between dissolved oxygen (DO) and phosphorus (P) concen-

trations based on proximity to crop/pastureland.

Correlation Correlation Correlation
(all) Count % (P conc Count % (P conc Count %
<0.1) >0.1)

All -0.61 1529 -0.54 1159 -0.16 370
Crop in 50 km -0.61 1514 99 -0.54 1147 99 -0.14 367 99
Crop in 10 km -0.63 1473 96 -0.55 1122 97 -0.17 351 95
Cropin 1 km -0.63 1440 94 -0.55 1094 94 -0.17 346 94
Crop in 500 m -0.61 1300 85 -0.53 975 84 -0.12 325 88
Crop in 50 m -0.61 984 64 -0.46 669 58 -0.11 315 85
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Table S10: Land use comparison in Canadian provinces based on land use surrounding TP monitor-
ing sites where orange is minimally (-5-15%) underrepresented, red is significantly under-represented

(>-15%), light blue is minimally (5-15%) over-represented, and dark blue is significantly (>15%) over-

represented.
50 km 10 km 1 km 0.5 km
Differ- Differ- Differ- Differ-
Land Use % ence % ence % ence % ence
British Columbia

Unclassified 0% 0% 0% 0% 0% 0% 0% 0% 0%
Wetlands 5% 1% -4% 1% -4% 1% -4% 1% -4%
Water 3% 3% 0% 5% 2% 5% 2% 5% 1%
Grassland (managed) 0% 1% 0% 2% 2% 1% 1% 1% 0%
Cropland 1% 3% 2%
Grassland (unmanaged) 1% -1%
Forest 77%
Roads 0%
Settlements 0%
Other 12%

Alberta
Unclassified 0%
Wetlands 18%
Water 5%
Grassland (managed) 7%
Cropland 21%
Grassland (unmanaged) 0%
Forest 45%
Roads 1%
Settlements 1%
Other 2%

Manitoba
Unclassified 0%
Wetlands 349
Water 19%
Grassland (managed) 0%
Cropland 9%
Grassland (unmanaged) 0% 0%
Forest 36% | 26% -10%
Roads 0% 2% 1% 3%
Settlements 0% 1% 1% 29
Other 1% | 0% 1% 0% 1%

Ontario
Unclassified | 0% | o% 0% | 0% 0% | 0% 0% | 0% | 0%
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Wetlands 24%
Water 19% 9% -10% 5% -14% 5% -14%
Cropland 5%
Grassland (unmanaged) 1% 0% 0%
Forest 50% 44% -6%
Roads 0% 2% 1%
Settlements 1% 4% 3%
Other 0% 0% 0%
Quebec
Unclassified 0% 0% 0% 0% 0%
Wetlands 6% 3% -3% 4% -5%
Water 15% 7% -8% 6% -9%
Grassland (managed) 0% 0%
Cropland 2%
Grassland (unmanaged) 1%
Forest 64%
Roads 0%
Settlements 0%
Other 1%
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Table S11: Land use comparison in United States based on land use surrounding TP monitoring sites
where orange is minimally (-5-15%) underrepresented, red is significantly under-represented (>-15%),

light blue is minimally (5-15%) over-represented, and dark blue is significantly (>15%) over-repre-

sented.
USA 50 km 10 km 1 km 0.5 km
Land Use % % Difference % Difference % Difference % Difference

Unclassified 0% 0% 0% 0% 0% 0% 0% 0% 0%
Wetlands 6% 3% -3% 3% -3% 3% -3% 3% -3%
Water 6% 4% -2% 3% -2% 6% 1% 7% 1%
Grassland (managed) 0% 0% 0% 0% 0% 0% 0% 0% 0%
Cropland 24% 27% 3% 25% 1%
Grassland (unmanaged) 29%

Forest 29%

Roads 0%
Settlements 6%

Other 1% 2% 0% 3% 2% 4% 3% 4% 3%
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Table S12: Comparison of the percentage of P concentrations >0.1 mg P/L located directly on each
land use type. Land use highlighted in red represents a >15% difference from the total percentage of
all P concentrations >0.1 mg/L and land use highlighted in orange represents a 5-14% difference from

the total percentage of all P concentrations >0.1 mg/L.

Total P Concentration
Land Use Catego 9 Count 9

gory Count o (mglL) %o

0,
Wetlands 716 3% <0.1 606 85%
>0.1 110 15%
Water 328 1% <0.1 291 89%
>0.1 37 11%
<0.1 197 67%

0,
Cropland 6,861 28% <0.1 5,893 86%
>0.1 968 14%

0,
Grassland (unmanaged) 627 3% <0.1 568 91%
>0.1 59 9%

0,
Forest 6,390 26% <0.1 5,707 89%
>0.1 683 11%
Roads 3,682 15% <01 3,277 89%
>0.1 405 11%

0,
Settlements 4,920 20% <0.1 4,450 90%
>0.1 470 10%
Other 326 1% <0.1 258 79%
>0.1 68 21%

0,
Total 24,146 100% <01 21,247 88%
>0.1 2,899 12%
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Table S13: Chi? analysis for top 30" percentile of TP concentrations reported at monitoring sites in

Alberta using various distances and a values. Null hypothesis (Ho): there is no difference between the

two populations.

. Median

Distance <0.1mgP/L | >0.1mgPIL % > than 0.1 mg P/L Total (m‘;d;;l_)
<0.30 km 1 29 97 30 0.21
>0.30 km 14 47 61 61 0.19
P value = 0.07 a=0.05 > Accept H, a= 0.1 > Reject H,
<0.50 km 14 49 78 63 0.19
>0.50 km 1 27 96 28 0.28
P value = 0.03 a = 0.05 > Reject H, a = 0.1 > Reject H,
<0.75 km 14 59 81 73 0.18
>0.75 km 1 17 94 18 0.29
P value = 0.16 a = 0.05 > Accept H, a = 0.1 > Accept H,
<1.0 km 15 68 82 83 0.21
>1.0 km 0 8 100 8 0.18
P value = 0.19 a = 0.05 > Accept H, a = 0.1 > Accept H,
<2.0 km 15 72 83 87 0.21
>2.0 km 0 4 100 4 0.18
P value = 0.37 a = 0.05 > Accept H, a =0.1-> Accept H,
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Table S14: Chi? analysis for top 30" percentile of TP concentrations reported at monitoring sites in
Ontario using various distances and a values. Null hypothesis (Ho): there is no difference between the

two populations.

. Median

Distance <0.1mgP/L | >0.1mgPIL % > than 0.1 mg P/L Total (m‘;d;;l_)
<0.30 km 3 1 25 4 0.03
>0.30 km 65 58 47 123 0.08
P value = 0.15 a=0.05 > Accept H, a= 0.1 > Accept H,
<0.5 km 4 1 20 5 0.03
>0.5 km 64 58 48 122 0.08
P value = 0.34 a=0.05 > Accept H, a=0.1 > Accept H,
<1.0 km 11 3 21 14 0.03
>1.0 km 57 56 50 113 0.10
P value = 0.01 a=0.05 > Reject H, a=0.1 > Reject H,
<2.0 km 20 8 29 28 0.04
>2.0 km 48 51 52 99 0.10
P value = 0.06 a =0.05 > Accept H, a =0.1 > Reject H,
<15 km 52 51 50 103 0.10
>15 km 16 8 33 24 0.05
P value = 0.1 a =0.05 > Accept H, a =0.1 > Reject H,
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Table S15: Chi? analysis for top 30" percentile of TP concentrations reported at monitoring sites in
British Columbia using various distances and a values. Null hypothesis (Ho): there is no difference

between the two populations.

. Median

Distance <0.1mgP/L | >0.1mgPIL % > than 0.1 mg P/L Total (m‘;dpa;l_)
<0.30 km 3 5 8 8 0.1
>0.30 km 27 58 92 85 0.11
P value = 0.87 a=0.05 > Accept H, a= 0.1 > Accept H,
<10 km 12 14 22 26 0.1
>10 km 18 49 78 67 0.14
P value = 0.08 a=0.05 > Accept H, a= 0.1 > Reject H,
<20 km 14 27 66 41 0.1
>20 km 16 36 69 52 0.14
P value = 0.57 a = 0.05 > Accept H, a =0.1-> Accept H,
<26 km 16 33 67 49 0.1
>26 km 14 30 68 44 0.11
P value = 0.48 a = 0.05 > Accept H, a =0.1-> Accept H,
<50 km 22 37 63 59 0.1
>50 km 8 26 76 34 0.16
P value = 0.35 a = 0.05 > Accept H, a =0.1-> Accept H,

Table S16. References used for data.

References
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S.J. Rodvang, et al. (2002). Groundwater quality in the eastern portion of the Lethbridge Northern Irrigation District: 1995 to
2001. Alberta Agriculture, Food and Rural Development, Lethbridge, Alberta, Canada
Olson, B., et al. (2005). "Soil and Groundwater Quality under a Cattle Feedlot in Southern Alberta." Water Quality Research
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Qil, Gas & Salt Resources Library, (2019). Petroleum Data. Government of Ontario.
Moreau-Fournier, M.; Reeves, R.R.; Reshitnyk, L.; Daughney, C.J. 2010
Incorporation of New Zealand regional authority state of the environment groundwater quality data into the GNS Science Ge-
othermal-Groundwater Database Lower Hutt, N.Z.: GNS Science. GNS Science report 2010
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200 m: maximum samp- Iy ———
ling depth (groundwater) . —_— L jrqundwater
300 m: average oill

and gas well depth (ON)

1,000 m: average oil
and gas well depth (AB)

Oil and/or Gas

2,000 m: average oil
and gas welldepth (BC) |

Figure S1: Schematic of a cross section of a typical oil and gas well (white) with depths in the Canadian provinces of British Columbia,

Alberta, and Ontario and the maximum sampling depth for a groundwater sample collected for analysis in this paper (dark blue). Red

represents oil and/or gas-containing pools/formations and the blue represents groundwater. The gray layers represent low permeability

formations that act as barriers to vertical flow.
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Figure S2. Point density of TP monitoring sites with concentrations greater than 0.1 mg P/L in a search area of 30 km by 30 km.
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Figure S3. Point density of oil and gas wells in Canada and the United States in areas where the point density of all TP monitoring

sites is >0 wells per 900 km?.
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Figure S4. Well density map of all oil and gas wells in British Columbia with P concen-
tration values separated by CCME concentration range. The dotted red lines on the
scatter plots represent the CCME “hyper-eutrophic” P concentration of 0.1 mg P/L.
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Figure S5: Frequency histogram of phosphorus (P) measurements by concentration

range in British Columbia (blue), Alberta (orange), and Ontario (green). The P concen-

tration type is TP for Alberta and Ontario and is TDP for British Columbia.
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Appendix B: Estimating the base of fresh water in California

Table S1. Comparison between the data available in the depth zones used by Kang et al

(2020) and the depth zones used in this paper.

Kang et al., 2020 This paper
Depth Zone Count % Depth Zone Count %
0-25 62667 28.9%
0-75 130796 60.3% 25-75 68129 31.4%
75-150 45200 20.9% 75-150 45200 20.9%
150-305 32753 15.1% 150-305 32753 15.1%
305-1000 6729 3.1% 305-1000 6729 3.1%
1000-2000 729 0.3% 1000-2000 729 0.3%
>2000 547 0.3% >2000 547 0.3%
All data 216754 100% All data 216754 100%

Table S2. Selection radii implemented for TDS data selection changing with depth zone.

Depth Zone Selection Radius
(m) (km)
0-25 10
25-75 10
75-150 30
150-305 30
305-1,000 60
1,000-2,000 90
>2,000 120
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Table S3. Selection radii implemented for TDS data selection changing with depth zone

and location.

Grid Section and Selection Radius

(km)
Depth Zone (m) 17,18, 19, 20 489 10,11, 12,13, 1,2,3,5,6,7
0-25 10 10 20
25.75 10 10 20
75-150 20 20 20
150-305 20 20 20
305-1,000 60 60 40
1,000-2,000 90 90 90
>2,000 200 150 100

Table S4. Comparison between TDS-depth relationship by area using all TDS measure-

ments associated with depths >25 m and TDS measurements at all depths.

TDS measurements > 25 m in

All TDS measurements

depth
(k) % (k) %
Linear 88,597.5 20.9% 84,850.5 20.0%
Nonlinear monotonic 30,298.9 7.1% 31,506.0 7.4%
Nonlinear nonmonotonic 206,258.9 48.6% 209,026.8 49.3%
Insufficient data 98,812.7 23.3% 98,584.7 23.3%
Total 42,3967.9 100% 42,3967.9 100%
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Figure S1. lllustration of the difference between monotonic (left images) and nonmon-

otonic (right images) TDS-depth relationships.
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Choose grid section (1-20)

[[F: There are TDS measurements >3.000| ELSE: sort data (lowest depth to highest
mg/L within 25 m of the surface depth)

;s - Find the shallowest depth at which a
—<— BEW e (S 1) TDS measurement >3,000 mg/L

IF: all TDS measurements less than the
shallowest depth at which a TDS
measurement >3,000mg/L have a
concentration <3,000 mg/L we can
assume the TDS-depth relationship is
monotonic

ELSE: BFW is undefined due to a
nonmonotonic TDS-depth relationship.
May be caused by outliers in the data or

too many TDS measurements selected
(Scenario 2)

714 M »
Determine the shallowest depth at which The BEW liesin the depth range

) : between the last TDS measurement
the last TDS 111e§fgl/1_1fmeut is <3,000 <3,000mg/L and the first TDS

measurement >3.000 mg/L

IF: BFW is undefined range is too large
to define if the calculated depth range
>900m (Scenario 3)

ELSE: BFW is defined (Scenario 4)

Figure S2. Flow chart illustration of the process used to determine if the BFW can be
calculated from the selected TDS measurements for each of the 20 grid sections selected

in the Central Valley.
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> Choose grid section

[ |

IF: number TDS measurements ELSE IF: there are no TDS | ELSExcalciifite R* |
3 . N measurements associated with
selected in all depth zones <11 depths >300m | l I
IF: R>=0.8 | | IF: R2<0.8 |
Insuffient data: cannot Insuffient data: cannot
determine TDS-depth determine TDS-depth
o relationship relationship | Forall 7 depth zones: |
Perform a linear regression

using selected TDS
measurements in all depth zones
and calculate the base of water
using TDS limits 0f2,000 mg/L,
<€—— | 3.000mg/L, and 10,000 mg/L

IF: there are less than 2 selected
TDS measurements in depth
zone (next depth zone)

ELSEIF: all TDS
measurements selected in a
depth zone are the same (next
depth zone)

ELSE: perform a linear
regression to calculate the slope
within the depth zone

IF: the slope within all depth

(monotonic)

— ELSE: (nonmonotonic)

Figure S3. Flow chart illustration of the Python code used to determine TDS-depth re-
lationships for grid sections in California.
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O Selected grid sections
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Figure S4. Locations of the 20 selected grid sections in Central Valley.
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Figure S5. Salinity profiles of 20 selected grid points obtained using varying radius with

depth only (grid sections 1-8).
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Figure S6. Salinity profiles of 20 selected grid points obtained using varying radius with
depth only (grid sections 9-16).
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Figure S7. Salinity profiles of 20 selected grid points obtained using varying radius with

depth only (grid sections 17-20).
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Figure S8. Salinity profiles of 20 selected grid points obtained using varying radius with

depth and location (grid sections 1-8).
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Figure S9. Salinity profiles of 20 selected grid points obtained using varying radius with

depth and location (grid sections 9-16).
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Figure S10. Salinity profiles of 20 selected grid points obtained using varying radius
with depth and location (grid sections 17-20).
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Figure S11. Salinity profiles of 20 selected grid points obtained using the nearest 20
TDS measurements (grid sections 1-8).
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Figure S12. Salinity profiles of 20 selected grid points obtained using the nearest 20

TDS measurements (grid sections 9-16).
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Figure S13. Salinity profiles of 20 selected grid points obtained using the nearest 20

TDS measurements (grid sections 17-20).
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Figure S14. Salinity profiles of 20 selected grid points obtained using the nearest 10

TDS measurements (grid sections 1-8).
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Figure S15. Salinity profiles of 20 selected grid points obtained using the nearest 10

TDS measurements (grid sections 9-16).
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Figure S16. Salinity profiles of 20 selected grid points obtained using the nearest 10
TDS measurements (grid sections 17-20).
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