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Abstract
Accidental releases (i.e., spills) of produced water can occur at any point during oil and gas development operations, poten-
tially resulting in chronic and/or catastrophic loadings of produced water to nearby ecosystems and exposures of human popu-
lations to toxic constituents including trace metals (e.g., arsenic), organic compounds (e.g., benzene), and/or radionuclides 
(e.g., radium). Despite California being one of the largest oil and gas producing states in the USA, no comprehensive reviews 
of produced water spills in the peer-reviewed literature have been published. To address this knowledge gap, produced water 
spill incident data contained within the California HazMat database were synthesized to elucidate trends in produced water 
spills in California. During the period of 2006–2020, a total of 1029 incidents involving produced water spills were reported. 
Despite the potential threat to environmental and human receptors, there are significant knowledge gaps concerning these 
incidents. Specifically, only ~ 6% of spill incidents contained geographic coordinates, greatly hindering assessments of the 
impacts of these events to public health and the environment. Moreover, updated spill volumes are not rapidly retrievable 
from the HazMat database, and during the years 2018–2020 volumes of produced water spilled were underreported in initial 
reports anywhere from 35–2750%. Further, it is unclear if groundwater monitoring is performed following spill events. This 
study highlights significant shortcomings in produced water spill reporting in California and recommends improvements to 
aid future investigations that assess the environmental and public health impacts of spill incidents.
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Introduction

Surface spills and leaks of produced water can occur at any 
time in the oil and gas development process. Releases can 
result from tank ruptures, piping failures, blowouts, other 
equipment failures and defects, overfills, fires, vandalism, 

accidents, or improper operations (NYSDEC 2011). Addi-
tionally, natural disasters (e.g., floods and earthquakes) may 
damage storage and disposal sites or cause containment 
infrastructure to overflow. Once released, these materials 
can run off into surface water bodies, seep into groundwater 
which may serve as drinking water sources, or contaminate 
soil or other environmental media.

Produced water (hereafter meaning any water returned 
by a well during oil and gas development) spills pose a 
wide variety of environmental concerns (Fig. 1). Spills can 
directly introduce contaminants to surface water, with a 
subsequent exposure route to humans through a drinking 
water intake or bioaccumulation in fish. For example, a spill 
of produced water in North Dakota was found to contrib-
ute a substantial loading (28 metric tons) of nitrogen to a 
stream (Cozzarelli et al. 2017). Nitrogen is a notorious con-
taminant of surface waters and excessive loadings to stream 
waters can lead to toxic algal blooms or fish kills (Carpenter 
et al. 1998). In addition to disrupting aquatic food webs via  
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excessive nutrient inputs, produced water spills have been 
found to cause endocrine disrupting activity in aquatic 
communities (Kassotis et al. 2014, 2016, 2020; Cozzarelli 
et al. 2017). Spills of produced water into surface water 
could also result in an accumulation of naturally occur-
ring radioactive material (NORM) (Lauer and Vengosh 
2016; Lauer et al. 2016) or trace metals (Lauer et al. 
2016) in alluvial sediments, which can be subsequently 
mobilized by flood events or anthropogenic activities 
(Steding et al. 2000; Tao et al. 2005; Pizzuto 2014; Rossi 
et al. 2017b).

In addition to impacting surface water and riparian 
ecosystems, spills may also directly impair soil quality 
and directly and/or indirectly affect groundwater quality. 
In particular, spills of produced water on land surfaces 
can greatly enrich topsoil sodium and chloride content 
and increase mortality rates in vegetative communi-
ties (Adams 2011). Furthermore, chemical constituents 
of produced water including trace metals (Chen et al. 
2017; Oetjen et al. 2018), salts, organic compounds (e.g., 
benzene, toluene, ethylbenzene, and/or xylenes) (Gross 
et al. 2013; Shores et al. 2017), and other organic com-
pounds (Drollette et  al. 2015; Cozzarelli et  al. 2017) 
can percolate into groundwater, providing a subsequent 
environmental pathway to aquifers that are currently or 
could in the future be used for drinking water or agricul-
tural irrigation. In agricultural areas, the percolation of 
sodium and chloride is especially troublesome, as it can 
deplete soil nutrients (calcium, magnesium, potassium) 
via exchange reactions (Shanley 1994; Cates et al. 1996; 
Norrström and Bergstedt 2001; Bäckström et al. 2004; 
Rossi et al. 2017a), and excess sodium can negatively 
affect soil structure (Amrhein et al. 1994), reducing soil 
hydraulic conductivity. Moreover, increased soil salinity 

can salinize groundwater sources (Suarez 1989; Schoups 
et  al. 2005), rendering them unsuitable for irrigation 
(Maas 1986). This pathway is particularly pertinent for 
the state of California, as in January 2021, ~ 43,000 new, 
active, or idle oil and gas wells (CalGEM 2021a), ~ 1,200 
oil and gas disposal wells (CalGEM 2021a), and 4000 
storage tanks (CalGEM 2019) are located within the San 
Joaquin Valley (Fig. 2, Fig. S1), one of the most pro-
ductive agricultural regions in the world (Hanak et al. 
2017). In 2019, California (by value) supplied 13.5% of 
US agricultural output, including ~ 75% of the nation’s 
fruits and nuts, ~ 43% of the nation’s vegetables, and 8% 
of the nation’s food grains (USDA ERS 2020), with the 
8 counties of the San Joaquin Valley falling within the 
10 highest agricultural counties in California (by value) 
(CDFA 2020).

California regulations require that any significant or 
threatened release of produced water and hazardous sub-
stances must be reported to the California Office of Emer-
gency Services (CalOES) (19 CCR § 2631 2016). While 
in general, the spill reporting threshold varies by chemi-
cal (e.g., releases of 4.54 kg or more of benzene must be 
reported) (40 CFR § 302 1985), there is no reporting thresh-
old for produced water. Similarly, there are locational dif-
ferences in reporting thresholds, with spills of oil greater 
than 1 barrel being the threshold mandated by the California 
Geologic Energy Management Division (CalGEM, formerly 
DOGGR) outside of the San Joaquin Valley and 5 or 10 bar-
rel thresholds (depending on the oil field) mandated within 
the San Joaquin Valley (PRC § 3233 1996). The CalOES 
maintains a database, known as the HazMat Spill Release 
Reporting Database, with information on the location, size, 
and composition of the spill—whether the spill impacted a 
waterway—and the cause of the spill (CalOES 2021).

spill percolates into 
groundwater, impacting 
drinking or irrigation wells

spill enriches topsoil with 
sodium and chloride, 
harms vegetation

spill impairs surface 
water quality

Fig. 1  Conceptual contamination pathways of produced water spills
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Despite being the 7th largest oil (US EIA 2021a) and 
14th largest gas (US EIA 2021b) producer in the USA in 
2020, few studies (e.g., Caryotakis et al. 2015; Stringfel-
low et al. 2015) have analyzed produced water spills in 
the state of California. Here, an extensive review of acci-
dental releases of produced water is conducted. When 
possible, trends in the state of California are compared to 
comparable data in other major oil/gas producing states 
(e.g., North Dakota). Lastly, recommendations are made 
to improve spill reporting systems in California (as well 
as other oil and gas producing states) that would ensure 
that environmental impacts of produced water spills can 
be adequately assessed and quantified by regulators, risk 
managers, and researchers to minimize human health and 
environmental impacts.

Methods

To quantify the volume and frequency of spills of crude 
oil and produced water in the state of California between 
2006 (the earliest available year of spill reports in the 

HazMat database) and January 1, 2021, the HazMat data-
base was searched for incidents containing the keywords 
“produced water” or “crude oil”. After retrieving the data, 
incidents were manually inspected for suspect data (e.g., 
spills not related to upstream oil and gas activities, or 
spills that were generated from natural oil seepage) using 
the stringr (Wickham 2021) package in R (R Core Team 
2020), and a total of 117 and 63 reports relating to crude 
oil and produced water respectively were eliminated from 
further analysis. Additionally, spills that occurred off-
shore (e.g., discharges from oil platforms and discharges 
related to marine transport) were removed from consid-
eration. All measurement units in spill reports were con-
verted to US customary barrels (42 US gallons, 159 L). 
When the quantity of a spill was reported as either a range 
(e.g., 5–10 barrels) or as an upper bound (e.g., < 1 bar-
rel), the median of the given range was used as the spill 
volume (7.5 and 0.5, respectively, for the two examples 
provided).
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Fig. 2  Locations of new, active, or idle Class II disposal wells (a) 
(CalGEM 2021a), in-service storage tanks (a) (CalGEM 2019), and 
new, active, or idle oil and gas wells (b) (CalGEM, 2021a) as of Janu-

ary 2021. California county lines (USCB 2018) and San Joaquin Val-
ley boundary (Faunt 2012) are provided for location reference



 Environmental Science and Pollution Research

1 3

Results and discussion

Yearly trends in oil and gas‑related spills

There were a total of 2299 incidents involving a spill of 
crude oil, 1029 incidents involving a spill of produced 
water, and 288 incidents which involved a mixture of these 
two substances whose proportion was undifferentiated. 
Overall, during the period of 2006–2020, the number of 
reported spill incidents involving crude oil or produced 
water appears to be decreasing, with the frequency of inci-
dents involving crude oil exhibiting a relatively sharper 
decline than those involving produced water (Fig. 3). Pre-
vious studies (Caryotakis et al. 2015; Stringfellow et al. 
2015) have also used this database to explore trends in 
spills related to oil and gas activities during the period of 
2006–2014. However, their observations pertaining to the 
frequency and volume of spill incidents are not compared 
to those of this report, as this report considers the same 
data with the addition of the period of 2015–2020.

Of the verified incidents, the majority of produced 
water spills (65%) occurred in Kern County (Table 1). This 

is relatively unsurprising, as Kern County is the largest 
oil and gas producing region in California. For example, 
in 2017, Kern County generated 71% of the oil and 57% 
of the produced water in the entire state (DOGGR 2017; 
Lindsey 2021). The breakdown of crude oil spills on a 
per county basis follows similar trends as those observed 
in the produced water spills (Table 1). Only the top six 
counties (which represent 95% or more of spill incidents), 
ranked by incident counts are presented in Table 1, the 
complete listing of incidents by county is provided in the 
SI (Table S1).

Comparisons to other states

There have been few analyses of yearly trends of produced 
water spill incidents at the state and national level. This is 
likely a result of the difficulty of accessing these data from 
many state agencies (Patterson et al. 2017). In one of the 
few multi-state studies, Maloney et al. (2017) conducted an 
analysis of unconventional oil and gas-related spills for four 
states (Colorado, New Mexico, North Dakota, and Pennsyl-
vania) between 2005 and 2014. While at face value, a direct 
comparison between trends observed in the Maloney et al. 
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Fig. 3  Cumulative totals (a) and yearly counts (b) of the reported number of incidents involving crude oil, produced water, or a mixture of both 
in the CalOES HazMat Spill Release Reporting Database (CalOES 2021)

Table 1  Counts of spills of 
crude oil, produced water, and a 
mixture of both for each county. 
Note: cumulative percentages 
do not add to 100% because 
only the top 6 counties are 
provided for each substance

Crude oil spills Produced water spills Mixture spills

County Count % County Count % County Count %

Kern 1165 51% Kern 665 65% Kern 126 44%
Los Angeles 383 17% Los Angeles 117 11% Los Angeles 77 27%
Santa Barbara 271 12% Santa Barbara 108 10% Santa Barbara 32 11%
Ventura 204 9% Ventura 44 4% Ventura 18 6%
Orange 63 3% Orange 28 3% Monterey 11 4%
Fresno 54 2% Monterey 27 3% Fresno 10 3%
San Bernardino 39 2% Fresno 22 2% Orange 8 3%
Total 2299 95% Total 1029 98% Total 288 98%
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(2017) dataset and those observed in the dataset used in this 
study is complicated by the different periods of observation 
(i.e., 2005–2014 in Maloney et al. (2017) and 2006–2014 
in this study), the timing of spill incidents observed by 
Maloney et al. (2017) generally enables a direct comparison.

Specifically, Maloney et al. (2017) found that Colorado, 
New Mexico, and Pennsylvania had no recorded spills in 
2005, thus the reported spill totals for those states during 
that period are directly comparable to those in California for 
the period of 2006–2014. Although North Dakota recorded 
seven spill events in 2005, those seven incidents comprise 
such a small percentage of the total spill events (~ 0.5%) they 
are unlikely to bias any observations and subsequently were 
not removed from the total event number for this compari-
son. Thus, even though Maloney et al. (2017) examined spill 
events between 2005 and 2014, the trends they observed 
actually occurred between 2006 and 2014.

Comparing both the total number of spills and the yearly 
average of spills (total spills divided by the number of years) 
on a per spill category basis, California is second to only 
North Dakota (Table 2). This comparison suggests that 
spill incidents occur relatively more frequently in the state 
of California; however, it is important to note that Maloney 
et al. (2017) only considered spill events involving uncon-
ventional oil and gas activities. Other state databases were 
not consulted to see if this trend persists after removing the 
limitation of considering only unconventional development.

In general, trends in California crude oil and produced 
water spill volumes during the period of 2006–2014 are 
similar to those observed in North Dakota by Maloney et al. 
(2017). Specifically, both spills of produced water and crude 
oil appear to be marked by many incidents of outlying values 
(although the trend is more pronounced in crude oil spills), 
whereas other states’ spill incidents have relatively tighter 
distributions (Fig. 4). While both California and North 
Dakota have relatively similar median values for the vol-
ume of crude oil spilled (3 and 2.50 barrels, respectively) 
(Fig. 4, Table S2), crude oil spills in California exhibit 
more extreme values than those in North Dakota (e.g., a 
maximum of 44,300 barrels vs 2530 barrels, respectively) 
(Table S2). Likewise, the volumes of produced water spilled 

in California span eleven orders of magnitude as compared 
to North Dakota’s seven (Table S2). Thus, both California 
and North Dakota appear marked by both chronic and cata-
strophic spill incidents, with the magnitude of these events 
being larger in California.

Impacts of spill events on drinking water resources

Of the reported spills in the HazMat database, relatively 
few onshore incidents have had documented impacts on 
surface waters. Specifically, 12% of crude oil, 16% of pro-
duced water, and 18% of mixture spills, respectively, have 
affected waterways (Table 3). The proportion of produced 
water spills affecting surface waters appears relatively higher 
than that found by the US EPA in an analysis of hydraulic 
fracturing-related spills in nine states (Arkansas, Colorado, 
Louisiana, New Mexico, Oklahoma, Pennsylvania, Texas, 
Utah, Wyoming) between 2006 and 2012 (12% and 4%, 
respectively) (US EPA 2015). Thus, while the subset of 
incidents affecting state waters is low in comparison to the 
total number of spill incidents, spills in California appear 
to impact surface waters more often than spills associated 
with hydraulic fracturing in other states included in our 
assessment. However, it is important to consider that is not 
a direct comparison, as the spills analyzed in the HazMat 
database were not limited to hydraulic fracturing and instead 
reflect all onshore oilfield activity within California. Cur-
rently, there does not appear to be a comprehensive interstate 
comparison of impacts to surface waters by spills related to 
any onshore oilfield activity, and as such, this seems a topic 
worthy of future research efforts.

Starting in 2016, impacts to drinking water were included 
in California spill reporting and since that time no incidents 
involving crude oil or produced water have been reported 
to impact drinking water (Table 3). However, within the 
reporting of drinking water impacts, there is a discrep-
ancy between crude oil and produced water spills. Specifi-
cally, 80% of reported crude oil spills indicated that it was 
unknown if they impacted drinking water, whereas 80% of 
produced water spills were conclusively reported to have had 

Table 2  Comparison of total 
spills and average spills per year 
for each spilled material during 
the period of 2006–2014. Spill 
data for Colorado, New Mexico, 
North Dakota, and Pennsylvania 
from Maloney et al. (2017)

State Period of analysis Crude oil Produced water

Total spills Avg 
yearly 
spills

Avg spill 
volume 
(bbl)

Total spills Avg 
yearly 
spills

Avg spill 
volume 
(bbl)

California 2006–2014 1536 183 50.1 740 82 262
Colorado 2006–2013 48 6 19.6 29 4 42
New Mexico 2006–2014 121 14 41.2 138 15 81.5
North Dakota 2005–2014 2624 263 12.5 1538 154 42.9
Pennsylvania 2006–2014 18 2 8.43 215 24 34.1
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no impact on drinking water (Table 3). The driver of this 
discrepancy is not apparent from the collected data.

From the data contained within spill incident reports, 
it is not clear what exactly is included in the definition of 
“drinking water” and it is also not clear how impacts are 
determined. It is likely that this requirement comes from 42 
USC § 11004 (2010), which stipulates an applicable state 

agency must notify community water systems if a spill has 
impacted their source waters. Presumably, drinking water 
wells and groundwaters with < 3000 mg/L of total dissolved 
solids (TDS) (SWRCB 1988) would fall within this label; 
however, of the 2893 spill incidents examined, only two 
incidents contain any mention of “groundwater” or “ground 
water.” To determine if spills of any material in the state of 
California have impacted drinking water wells, the entire 
HazMat database (regardless of spill material) was searched 
for “e” (the most commonly used letter in the English lan-
guage, which should return the largest number of results) 
in 2016–2020. This search returned 1000 results per year 
(the maximum allowed) for a total of 5000 incidents, of 
which a total of 28 incidents reported drinking water was 
impacted. Of those, only two incidents mentioned a well and 
the remainder largely contained mentions of reservoirs or 
rivers being impacted. Only one of these incidents contains 
a mention of a state agency field verifying the impact to 
drinking water. This finding strongly suggests that impacts 
to drinking water appear to be self-reported by the party 
responsible for the spill.

While it seems reasonable that water resources in prox-
imity to crude oil and produced water releases are moni-
tored following an incident, the existence of monitoring 
activities is impossible to confirm using the information 
provided in the HazMat database. Moreover, it is not 
clear if groundwater monitoring is conducted following 

Fig. 4  Comparison of spill 
volumes on a per spill cat-
egory basis for the period of 
2006–2014. Data for Colorado, 
New Mexico, North Dakota, 
and Pennsylvania were taken 
from Maloney et al. (2017)
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Table 3  Counts of crude oil, produced water, and mixture spills and 
documented impacts to waterways or drinking water. Note: due to 
rounding, percentages may not add to 100%

Spills impacting 
water count (%)

Spills impacting 
drinking water count 
(%)

Crude oil
Yes 273 (11.9) 0 (0)
No 2002 (87.1) 106 (19.9)
Unknown 24 (1.0) 426 (80.1)

Produced water
Yes 159 (15.5) 0 (0)
No 861 (83.7) 189 (81.5)
Unknown 9 (0.9) 43 (18.5)

Mixture
Yes 52 (18.1) 0 (0)
No 217 (79.5) 38 (37.6)
Unknown 7 (2.4) 59 (60.8)
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spill events. While the 2014 amendment to The Lempert-
Keene-Seastrand Oil Spill Prevention and Response Act 
expanded the definition of “waters of the state” to “any 
surface water, including saline waters, marine waters, and 
freshwaters, within the boundaries of the state” (Commit-
tee on Budget and Fiscal Review 2014), groundwater is 
not considered a water of the state. Thus, it is possible 
that impacts to groundwater resulting from spill events 
are not as closely monitored (if at all) as those to sur-
face waters. This does not appear to be an issue unique 
to the state of California; however, as a national-scaled 
assessment undertaken by the US EPA on hydraulic frac-
turing-related spills only found one spill incident during 
the period of 2006–2012 that was reported to impact a 
groundwater receptor (US EPA 2015). This may reflect the 
relative difficulty of documenting groundwater impacts; 
while transport times to surface waters are generally fast 
(i.e., occurring over hours to days), subsurface transport 
times can take upwards of years. Additionally, observing 
impacts to groundwater resources is wholly dependent on 
a spill occurring in an area with monitoring infrastructure.

Thus, it appears that this reporting does little to high-
light impact on groundwater receptors. From publicly 
available documents, there appears to be no protocol for 
a third party (i.e., an agency with regulatory authority) 
to verify impact to drinking water resources following a 
spill event. Thus, the determination of impact to drinking 
waters appears reliant on self-reporting. Furthermore, as 
California drinking water sources are defined as having 
less than 3000 mg/L TDS (SWRCB 1988), it is likely that 
impacts to underground sources of drinking water hav-
ing between 3001 and 10,000 mg/L TDS go unreported. 
This is especially pertinent in the western San Joaquin 
Valley, where a large amount of oil and gas infrastructure 
is located (Fig. 2 and Fig. S1) and TDS levels in ground-
waters range from ~ 3000 to 10,000 mg/L (DiGiulio et al. 
2021). If this is the case, then it would be inconsistent with 
both California Underground Injection Control program 
regulations and the US Safe Drinking Water Act, which 
prohibits the migration of injected fluids (i.e., produced 

waters) into groundwaters having less than 10,000 mg/L 
TDS.

Inconsistencies in spill volume reporting

Prior to the adoption of the WellSTAR system, the CalOES 
conveyed information on spills originating from or asso-
ciated with an oil or gas operation to CalGEM for entry 
into the California well information management system 
(CalWIMS) database. Currently this information does not 
appear to be publicly accessible via the WellSTAR data-
base which superseded CalWIMS in early 2018. It is pos-
sible that this information is contained within individual 
well reports, but an extensive review of these records was 
beyond the scope of our study. Regardless, operators often 
submit corrections to CalOES after a spill takes place and 
these corrections are not always entered into either Cal-
GEM’s database or the CalOES database that is available 
online. CalGEM often coordinates with operators after 
spills, especially for large spills or when spills impact 
waterways, but there is no formal mechanism for conveying 
this information back to CalOES (Stringfellow et al. 2015). 
As a result, some of the data in the CalGEM database is not 
in the CalOES database. Similarly, searches of the CalOES 
HazMat database often give an incorrect picture of the mag-
nitude of produced water spills.

A detailed examination of produced water spills during 
the period of 2018–2020 highlights the inaccuracy of spill 
volumes reported in the publicly-accessible CalOES HazMat 
database (Fig. 5). Specifically, summing the total amount 
of incidents in the CalOES database that designate distinct 
volumes of crude oil or produced water (i.e., the volume 
reported represents only crude oil or produced water, not a 
mixture of the two), calculates a collective volume of ~ 6800 
barrels of crude oil and ~ 16,500 barrels of produced water 
that was spilled. However, performing the same calculation 
with the volumes from the updated incident reports indicates 
that the total volume of produced water spilled per year in 
2018, 2019, and 2020 are 35%, 1,286%, and 2,750% higher, 
respectively (Fig. 5).

Fig. 5  Comparison of the total 
reported volumes of crude oil 
and produced water in the initial 
(gray) and updated (black) 
CalOES spill incident reports 
per year with annotated percent 
increases of the total after 
reporting updates
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In one notable example, a spill due to steam injection 
that occurred during 2019 in Kern County (CalOES Con-
trol # 19–6568), the final volume of spilled produced water 
is three orders of magnitude higher (~ 11,600 bbls) than 
that reported in the initial spill report (~ 6 bbls). A review 
of the associated Notice of Violation (V19-0017) and the 
associated spill report both contain no mention of a ground-
water monitoring plan. The nearest well in the California 
Groundwater Ambient Monitoring and Assessment Program 
system (Well ID L10007494132-CYM-24R2D, ~ 2.4 km 
(1.5 miles) north of the expression) (SWRCB 2021) was 
installed at approximately the beginning of this spill event 
(October 2019). However, the installation of this monitoring 
well was associated with the investigation of groundwater 
impacts from produced water disposal into unlined produced 
water ponds at the McKittrick 1 and 1–3 facility, with its 
construction ordered in a plan dated September 3, 2019, 
(Kennedy-Jenks 2019). Thus, from a review of readily acces-
sible public documents, no groundwater monitoring appears 
to have been ordered to investigate the potential groundwater 
impacts of this large spill event.

This comparison of volumes in the database and vol-
umes contained within updated incident reports only con-
siders spills that segregated the amounts of crude oil and 
produced water and did not report spills as a mixture of the 
two substances. This inconsistency in reporting increases 
uncertainty in understanding human exposure pathways and 
environmental impacts from these incidents (Stringfellow 
et al. 2015). In addition to the inconsistencies in release 
volumes, operators are not required to report whether a 
spill was associated with well stimulation or any other spe-
cific operation type nor do the reports contain an American 
Petroleum Institute (API) number, which could be used to 
link the spill to well stimulation records or other activities 
(Stringfellow et al. 2015). In their report, Caryotakis et al.  

(2015) attempted to link spill incidents to well activities but 
were unable to due to the lack of this information.

Spill occurrence by volume of material released

Using the final volumes from the spill reports, cumulative 
distribution functions for each substance were generated. 
In general, a broad trend emerges; while numbers of spills 
of produced water are relatively low compared to spills of 
crude oil (Fig. 6), typical volumes of produced water spills 
are substantially larger than typical volumes of crude oil 
spills (Fig. 6). Specifically, 50% of crude oil spills involve 
roughly four or less barrels of material, whereas 50% of 
produced water spills involve 20 or less barrels of material. 
This discrepancy becomes even more pronounced when con-
sidering a higher percentage of incidents, as 75% of crude 
oil spills are ~ 10 barrels or less and 75% of produced water 
spills are ~ 100 barrels or less. In general, trends in the fre-
quency of produced water spills on a per volume basis gener-
ally seem to follow trends noted by the US EPA in a multi-
state analysis of hydraulic fracturing-related spills during 
the period of 2006–2015 (US EPA 2015).

CalGEM recently released a discussion draft rule that 
aims to better ensure health and safety protection during oil 
and gas development operations. These rules propose insti-
tuting statewide volume thresholds for spills of crude oil and 
produced water (0.5 and 10 barrels, respectively) that occur 
within 976 m (3200 ft) of a sensitive receptor (e.g., resi-
dences, education resources, health care facilities) (CalGEM 
2021b). However, the selected thresholds appear to introduce 
an inconsistency in spill reporting. Specifically, considering 
crude oil spill volumes over the period 2018–2020, approxi-
mately 13% of crude oil spills would be below the proposed 
threshold. Moreover, approximately 38% of produced water 
spills are less than the proposed 10-barrel threshold. Thus, 
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it appears that twice as many produced water spills may 
not meet the reporting threshold as compared to crude oil 
spills. Instituting a 2-barrel reporting threshold for produced 
water spills appears to correct this inconsistency, causing the 
proposed thresholds to have consistent impacts on reporting 
frequencies for both crude oil and produced water spills. 
This would only be true for areas in which sensitive recep-
tors exist. In the western margins of the San Joaquin Valley, 
which are relatively sparsely populated, oil and gas infra-
structures may lie outside of setback mitigation zones and 
thus not be subject to the proposed rules.

It is possible that the volumes reported here inflate the 
physical volume of crude oil spilled, as some spill reports 
indicated that the responsible party was able to recover 
the spilled oil. For consistency, spill volumes reflecting 
how much material was recovered are not reported, as this 
appeared to be the exception rather than the norm when 
considering all of the substances. While there are mentions 
of produced water being recovered, due to the less viscous 
nature of water, it is likely that relatively substantial amounts 
of produced water could infiltrate into soil/sediments or be 
transported to connected hydrologic systems. In short, the 
discrepancies reported here may be even more exaggerated 
when considering in situ conditions.

Inconsistencies in location reporting

Regulation 19 CCR § 2631(b) (2016) stipulates that per-
sons reporting spills of hazardous materials must provide an 
exact location of the release. While locations are reported 
in the spill reports, the geographic specificity of this report-
ing ranges from approximate to exact. For example, in spill 
reports the location of a spill is designated in numerous 
ways, including roadways (e.g., “Sesnon Rd”), coordinates 
(e.g., “Lat 35.120038, Lon -119.440154”), physical land-
marks (e.g., “near Well #22HX.34”), cross streets (e.g., 
“Hwy 65 × Merced Ave”), addresses (e.g., “3646 West 
Reward Rd”), and PLSS township and range, among others. 
Only ~ 6% (n = 180) of the incident reports of crude oil and 
produced water spills during the period of 2006–2020 pro-
vide last-long coordinates of the spill location. Furthermore, 
within these reports, coordinates are reported in a variety of 
formats (e.g., decimal degrees, degrees, minutes, seconds) 
and mostly along with other location data (e.g., addresses, 
PLSS township, and range) prohibiting a rapid removal of 
exact location data. Consequently, to properly locate the 
majority of these incidents for any geospatial analysis or 
mapping requires cross-referencing with other documenta-
tion (e.g., CalGEM Notice of Violations). This variability 
in specificity hinders the ability to conduct comprehensive 
spatial analyses of produced water and crude oil spills. This 
observation is not unique to this study, as Caryotakis et al. 

(2015) came to a similar conclusion when reviewing spill 
data between 2006 and 2014 and recommended that spill 
locations be provided in a coordinated format.

Conclusions and recommendations

In conclusion, it is difficult to adequately analyze crude 
oil and produced water spill incidents in the state of Cali-
fornia using the current publicly available spill-reporting 
database. Information on spills was time-consuming to 
gather; the HazMat database needed to be queried for 
the term of interest (e.g., “produced water”), the returned 
results required removal of incidents that were extraneous 
to queried terms, spill volumes needed to be converted 
to a consistent measurement unit and final spill volumes 
needed to be retrieved by manually searching incident 
numbers. These observations were not unique to this inves-
tigation. In particular, Caryotakis et al. (2015) described 
the HazMat spill database as “incomplete, disorganized, 
and difficult to analyze effectively.” Moreover, when con-
sidering states to include in their analysis of spill inci-
dents, Patterson et al. (2017) eliminated eleven states from 
contention due to the data being too difficult to obtain or 
not being able to link wells to unconventional oil and gas 
activity. As California at this time was the second highest-
produced water generator, and fourth highest oil producer, 
it is possible that California was one of these 11 states that 
were considered but not included due to the difficulty of 
data access.

Once the data is collected, additional data sources (e.g., 
CalGEM notice of violations) often must be located to link 
extra information such as the type (conventional or uncon-
ventional) of oil and gas operations that the spill event was 
associated with (Caryotakis et al. 2015; Stringfellow et al. 
2015). Furthermore, to estimate more accurate release 
volumes of spill incidents, the updated incidents must be 
manually accessed on a case-by-case nature, requiring a 
substantial amount of time. Lastly, in general, the location 
data included in spill reports are inadequate to undertake a 
comprehensive geospatial analysis of spill incidents. GPS 
coordinates are the exception rather than the norm and one 
of the most common location designators reported (PLSS 
township and range) is limited to a spatial resolution of 
one square mile (Caryotakis et al. 2015). Furthermore, 
incident reports contain no mention of monitoring activi-
ties following releases, thus it is nearly impossible for out-
side parties to determine environmental impacts associated 
with a particular spill event. Due to these limitations, it is 
currently not possible to evaluate the potential impact of 
crude oil and produced water spills on public health.

This investigation highlights opportunities for agencies 
with jurisdiction to improve the current spill reporting 
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system in the state of California. To address the current 
lack of up-to-date volumes of crude oil and produced water 
released during spill incidents, the HazMat database could 
be restructured to focus on the accessibility and clarity of 
data. CalOES could require operators to submit separate 
volumes of spill substances (i.e., distinct volumes of pro-
duced water, and crude oil), in standardized measurement 
units (e.g., bbls) and ensure that these data are contained 
within one comprehensive spill report. These changes 
would eliminate the need to standardize data and provide 
regulators and researchers with up-to-date volumes for 
each spill incident without needing to manually review 
each spill incident.

Another improvement would be for CalOES to require 
operators to include the coordinates in a consistent con-
vention (e.g., decimal degrees, degrees, minutes, seconds) 
of any location of a crude oil or produced water spill. 
Recording these data in specific latitude and longitude 
fields within the incident report would provide the infor-
mation necessary to enable more thorough geospatial anal-
yses of spill events and more robust evaluations of impacts 
to human and environmental receptors. For example, areas 
in which spill events are more likely to occur could be 
highlighted via statistical modeling. Additionally, precise 
reporting of the spill event location would enable targeted 
field campaigns to determine if spill events have impaired 
nearby ecosystems. These efforts could be further aided 
by requiring the installation of monitoring equipment fol-
lowing a spill exceeding a volume threshold.
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