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Prioritization of Oil and Gas Fields for Regional 
Groundwater Monitoring Based on a Preliminary 
Assessment of Petroleum Resource Development and 
Proximity to California’s Groundwater Resources

By Tracy A. Davis, Matthew K. Landon, and George L. Bennett

Abstract
The California State Water Resources Control Board 

initiated a regional monitoring program in July 2015 to 
determine where and to what degree groundwater quality may 
be adversely impacted by oil and gas development activities. 
A key issue in the implementation of the regional groundwater 
monitoring program is that each year, detailed characterization 
work can be done in only a few of California’s 487 onshore oil 
and gas fields. The first step in monitoring groundwater near 
petroleum development is to prioritize oil and gas fields using 
consistent statewide analysis of available data that indicate 
potential risk of groundwater to oil and gas development. 

The U.S. Geological Survey compiled data for four 
factors that characterize the intensity of petroleum resource 
development and proximity to groundwater resources: 
petroleum-well density, volume of water injected in oil 
fields, vertical proximity of groundwater resources to oil 
and gas resource development, and water-well density. An 
overall priority ranking for each field was determined by 
computing summary metrics, analyzing statewide distributions 
of summary metrics for all oil and gas fields, using those 
distributions to define relative categories of potential risk for 
each factor, and combining relative risk rankings for different 
factors into an overall priority ranking. This preliminary 
assessment does not represent an evaluation of groundwater 
risk to oil and gas development, which needs to be based on 
detailed analysis and data related to development activities 
including well stimulation, well integrity issues, produced 
water ponds, and underground injection.

Based on the prioritization analysis, 22 percent 
(107 fields) of the total number of oil and gas fields in 
California were ranked as high priority, 23 percent (114 fields) 
as moderate priority, and 55 percent (266 fields) as low 
priority. These results indicate that between 100 and 200 oil 
fields are principal candidates for the next steps in the regional 
monitoring program. The land area of fields that ranked 
high priority accounted for 41 percent of the total field area 

(3,392 square miles). More than half of the high priority fields 
were in the southern San Joaquin Valley and the Los Angeles 
Basin. Some of the larger fields tended to have higher rankings 
because of greater intensity of petroleum development, 
sometimes coupled with proximity to groundwater resources. 

The U.S. Geological Survey, in collaboration with the 
California State Water Resources Control Board and other 
agencies, has begun regional groundwater monitoring near oil 
and gas fields selected for study through the California Oil, 
Gas, and Groundwater cooperative program. Groundwater 
monitoring includes compiling, analyzing, and developing 
three-dimensional visualizations of existing data, including 
geological frameworks, salinity mapping, identification of 
surface features that could potentially affect groundwater 
quality, locations and depths of oil/gas and water wells, 
cataloging well-construction integrity issues, and evaluating 
the directions of groundwater flow. These analyses are 
required to determine where existing wells should be 
monitored and where new monitoring wells may need to be 
drilled.

Introduction
As required by California Senate Bill 4 of 2013 (SB 4; 

State of California, 2013), and detailed in “Model Criteria 
for Groundwater Monitoring in Areas of Oil and Gas Well 
Stimulation” (California State Water Resources Control Board, 
2015), the California State Water Resources Control Board 
(SWRCB) initiated a Regional Groundwater Monitoring 
Program (RGMP) to protect waters designated for any 
beneficial use in the vicinity of oil and gas fields in California, 
while prioritizing the monitoring of groundwater that is or has 
the potential to be a source of drinking water (California State 
Water Resources Control Board, 2017b). Factors considered 
for the RGMP include well stimulation treatments and other 
events or activities that have the potential to contaminate 
groundwater, such as an oil and gas well failure or breach. 
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Fluids produced or introduced in the well stimulation process, 
underground injection control (UIC) wells, and other oil field 
waste management activities such as produced water ponds are 
examined in the RGMP as part of the process of characterizing 
and monitoring groundwater priority zones. 

Accounting for 6 percent of total United States crude oil 
production in 2015, California ranks third in the nation for oil 
production (U.S. Energy Information Administration, 2016). 
Geospatial data and summaries of the nation’s petroleum 
resources are available from the U.S. Geological Survey 
(USGS) Energy Resources Program National Oil and Gas 
Assessment interactive map (U.S. Geological Survey website, 
accessed March 16, 2017, at https://energy.usgs.gov/OilGas/
AssessmentsData/NationalOilGasAssessment.aspx). The 
characteristics of oil and gas fields in California have been 
documented by the California Department of Conservation’s 
Division of Oil, Gas, and Geothermal Resources (DOGGR; 
California Division of Oil, Gas, and Geothermal Resources, 
1982, 1992, and 1998).

California, one of the most populated states in the 
nation, uses more groundwater (and surface water) than any 
other state (Maupin and others, 2014). In 2010, groundwater 
withdrawals in California averaged 12.7 billion gallons per 
day. In many parts of the State, oil and gas resources overlap 
with or are in lateral proximity to groundwater resources; 
this overlap is depicted in figure 1A with the olive- and 
mauve-colored dots representing areas with both oil and gas 
wells and domestic water wells (California Division of Oil, 
Gas, and Geothermal Resources, 2014; Johnson and Belitz, 
2015). Households in some areas depend heavily on water 
from domestic wells; however, irrigation and public supply 
accounted for 69 and 22 percent (by volume), respectively, 
of total fresh groundwater withdrawal in California in 
2010 (Brandt and others, 2014). Some counties, such as 
Kern, Kings, Fresno, and Los Angeles, have the greatest 
groundwater withdrawals in the State as well as the most 
productive oil fields in the State and the Nation (Gautier and 
others, 2004, 2012; Tennyson and others, 2012; Brandt and 
others, 2014; U.S. Energy Information Administration, 2016; 
figs. 1B, C). Reviews of groundwater resources of California 
are provided by the California Department of Water Resources 
(2003, 2016) and Planert and Williams (1995).

 A key issue in the implementation of the RGMP is that 
the State has 487 onshore oil and gas fields, but detailed 
characterization work can only be done in a few fields each 
year. For planning purposes, a prioritization of oil and gas 
fields is needed for consideration in implementing regional 
groundwater monitoring. During 2014–16, the USGS analyzed 
the limited data related to petroleum resource development 
and proximity to groundwater resources in California. This 
analysis uses a consistent approach for all oil and gas fields 
in the State to develop a relative priority ranking (high, 
moderate, and low priority; shown in fig. 2). The prioritization 
does not represent an evaluation of groundwater risk from oil 
and gas development, which needs to be based on detailed 
data analysis from regional monitoring.

Through the California Oil, Gas, and Groundwater 
(COGG) program, the USGS is cooperating collaboratively 
with the SWRCB to implement the RGMP. The COGG 
program is coordinated with other agencies involved in 
managing groundwater and oil and gas resources, including 
DOGGR, the Regional Water Quality Control Boards 
(RWQCBs), the Bureau of Land Management, and local water 
agencies. 

The SWRCB and nine RWQCBs (fig. 2) assist DOGGR 
districts to ensure operators of oil and gas wells adhere 
to state and federal regulations intended to protect waters 
designated for any beneficial use and to promote transparency 
to the public. The DOGGR oversees drilling, operation, 
maintenance, and plugging and abandonment of oil, gas, and 
geothermal wells in California and regulates injection of fluids 
into fields under the UIC program, which includes permitting, 
inspection, and well integrity tests (California Division of Oil, 
Gas, and Geothermal Resources website, accessed January 11, 
2017, at http://www.conservation.ca.gov/dog). The RWQCBs 
have developed programs to monitor and address surface-
water and groundwater issues related to oil and gas production 
activities, including well stimulation treatments, UIC wells, 
produced-water storage and disposal at the surface, and 
aquifer exemptions (Central Valley Regional Water Quality 
Control Board, 2017; Los Angeles Regional Water Quality 
Control Board, 2017). Records pertaining to these activities 
are uploaded by agencies and operators to Geotracker, the 
SWRCB’s data management system for sites that impact or 
have the potential to impact groundwater (California State 
Water Resources Control Board, 2017a).

Purpose and Scope

The purposes of this report are to provide (1) a statewide 
and subordinate regional view of physical characteristics 
that indicate the potential risk to California’s groundwater 
resources from oil and gas resources in the subsurface and 
(2) a comparative analysis of these characteristics to assign 
priority rankings to California oil and gas fields for regional 
groundwater monitoring. 

This report describes which factors were considered 
in the prioritization of oil and gas fields and methods for 
compiling and synthesizing data from various sources, 
calculating each factor, ranking fields by each factor, and 
combining the rankings into an overall priority classification. 
Ancillary well data that were compiled in the process of 
assembling information on petroleum resource development 
were summarized in tables and include drill and abandonment 
dates, number of abandoned wells in each field, volume of 
water produced, net water or steam injection volume, and 
water injection and production volumes for oil and gas wells 
outside field boundaries. Results of statistical analyses that 
quantify the limitations of the statewide datasets are presented 
in tables and described.

https://energy.usgs.gov/OilGas/AssessmentsData/NationalOilGasAssessment.aspx
https://energy.usgs.gov/OilGas/AssessmentsData/NationalOilGasAssessment.aspx
http://www.conservation.ca.gov/dog
https://doi.org/10.3133/sir20185065
https://doi.org/10.3133/sir20185065
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Figure 1.  Groundwater supply and areas of overlap with oil and gas production in California: A, density of domestic water wells and 
locations of California Division of Oil, Gas, and Geothermal (DOGGR) oil and gas wells; B, 2010 groundwater withdrawal per county; and 
C, 2010 groundwater withdrawal per county in selected counties and the locations of DOGGR oil and gas wells. 
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Figure 1.  —Continued
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Figure 1.  —Continued
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Figure 2.  California Division of Oil, Gas, and Geothermal Resources (DOGGR) district boundaries, California Regional Water Quality 
Control Board (RWQCB) boundaries, and the location of oil and gas fields in California.
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Factors discussed in this report are those used in the 
preliminary assessment and do not include all activities 
related to oil and gas development that have the potential to 
contaminate groundwater, such as produced-water storage 
and disposal at the surface. Hydraulic fracturing and acid well 
stimulation were not considered in the prioritization analysis 
described in this report because the RGMP plans to make an 
overall assessment of the effects of oil and gas development 
on groundwater resources, examining several factors in 
addition to those linked to well stimulation treatments. A 
review of the potential risks of oil and gas well stimulation 
in California was carried out by the California Council on 
Science and Technology (2014, 2015).

Conceptual Description of Factors used in 
Prioritization

Four factors that characterize petroleum resource 
development and proximity to groundwater resources were 
included in the preliminary assessment: petroleum-well 
density, volume of water injected into oil and gas fields, 
vertical proximity of oil and gas development to groundwater 
resources, and density of water wells overlying and adjacent to 
fields. These factors can indicate potential risk of groundwater 
contamination by subsurface processes and activities related 
to oil and gas resource development. Although the effects of 
high density of petroleum wells, fluid injection, and vertical 
and lateral proximity of oil and gas resources to groundwater 
resources could interact to potentially increase the risk to 
groundwater quality, these factors were treated as independent 
variables for the purpose of the prioritization analysis. The 
data sources and how each factor was computed are described 
in the “Methods” section.

Petroleum-Well Density
One factor contributing to potential groundwater risk 

that was available for statewide analysis is density of oil and 
gas wells in each field (fig. 3A). Literature on the effects of 
oil and gas development on groundwater quality has indicated 
that leaky wellbores are the predominant pathway allowing 
contamination (Davies and others, 2014; Dusseault and others, 
2014). The petroleum-well density measurement primarily 
reflects that the more oil and gas wells that are present, the 
greater the risk that some may leak and provide potential 
pathways for contaminants mobilized during oil and gas 
development to move to groundwater. In addition, the density 
of injection wells was analyzed (fig. 3B) because injecting 
fluids and gas into the subsurface increases pressures in certain 
zones; this may in turn spread fluids beyond the intended 
injection zones. Similarly, the density of waste-disposal wells 

was also analyzed (fig. 3B) because injection of oilfield wastes 
into the subsurface has the potential to affect groundwater 
quality and because waste injections generally occur above, 
below, or laterally displaced from the main oilfield production 
zones and may be closer to groundwater resources in some 
cases.

Volume of Injection
The volume of injection of fluids into the subsurface 

in or near oil fields was considered a potential risk factor to 
groundwater because injections have the potential to alter 
subsurface fluid movement towards useable groundwater 
and because the injected fluids are sometimes relatively poor 
quality water. Sources of injected waters include produced 
water (often brines) withdrawn along with the extracted 
hydrocarbons in wells withdrawing fluids from oil-bearing 
formations, groundwater withdrawn from non-oil-bearing 
formations, and imported fresh water. Some produced waters 
are mixed with fresh water and treated prior to injection. 

Water is typically injected into formations in oil and gas 
fields for the purposes of subsidence control, enhanced oil 
recovery, and waste disposal (fig. 3B). Categories of injection 
for enhanced recovery include water flooding, steam flooding, 
and cyclic steam injection, the latter involving cyclic injection 
and withdrawal from a single well. Waste disposal is permitted 
only in formations from which no more hydrocarbons can 
be viably recovered and formations that are not potential 
sources of drinking water (U.S. Environmental Protection 
Agency, 2016).

Vertical Proximity
Vertical proximity of petroleum resource development to 

groundwater resources is a measure of the difference in depths 
at which the two resources occur (fig. 3C). Conceptually, the 
farther apart the oil and gas resources and useable groundwater 
are, the less likely it is constituents from oil and gas 
development will move to groundwater. Oil and gas resources 
are generally considered to be separated from groundwater 
resources by large vertical distances. However, in parts of 
California, oil and gas resources are found at shallower 
depths than is common in other parts of the United States 
(California Council on Science and Technology, 2015; Jackson 
and others, 2015), and consequently, at greater proximity to 
usable groundwater. In areas of the State where oil and gas 
resources are thousands of feet below groundwater resources, 
those groundwater resources should, all other factors being 
the same, be less at risk from oil and gas development than 
in areas where petroleum resources are close to groundwater 
resources.
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Water-Well Density
Water-well density can be considered to be a factor 

influencing groundwater risk from oil field contamination. 
Water-well density is a surrogate measure of potential 
exposure of water users; more wells can indicate more water 
users who could be exposed should groundwater quality be 
degraded (fig. 3D). Additionally, the density of water wells 
overlying and adjacent to oil and gas fields was used to 
identify areas of lateral overlap of oil and gas development 
activities and currently used groundwater resources. There 
is a greater probability of the proximity of oil and gas 
development to private and public supplies of groundwater, 
as well as to human population, in or near fields with higher 
water-well density compared to fields with lower water-well 
density.

Methods
For this study, data on petroleum wells and water wells 

in California were compiled from various sources. The data 
were used to compute petroleum-well density, volume of 
injection, vertical proximity, and water-well density for each 
oil and gas field. Fields were ranked by each factor based 
on the distribution of data for all oil and gas fields, and the 
priority classifications were assigned to fields based on the 
relative potential risk to groundwater near each field using an 
algorithm that considered all available data. 

Sac17-0645_fig 03a
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Figure 3.  Factors that were assessed in the prioritization of oil and gas fields for regional groundwater monitoring: A, oil and gas 
production; B, injection for enhanced oil recovery and waste disposal; C, vertical proximity of petroleum resource development to 
groundwater resources; and D, groundwater withdrawal in and near oil and gas fields.
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Figure 3.  —Continued
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Figure 3.  —Continued
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Figure 3.  —Continued
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Data Available for Priority Assessment

The main sources of data available for the prioritization 
assessment were databases provided by DOGGR, the 
California Department of Water Resources (DWR), and the 
SWRCB’s Division of Drinking Water (DDW).

Three datasets downloaded from DOGGR’s geographical 
information system (GIS) mapping website were used for 
mapping locations of oil and gas wells, administrative 
boundaries of oil and gas fields, and DOGGR districts: All 
Wells, Field Boundaries, and District Boundaries (California 
Division of Oil, Gas, and Geothermal Resources, 2014; Davis 
and others, 2018). The geospatial data were downloaded 
December 29, 2014, from http://www.conservation.ca.gov/
dog/maps/Pages/GISMapping2.aspx and are available at 
https://doi.org/10.5066/F7FJ2DV3. The 2014 DOGGR Field 
Boundaries dataset included 514 oil, gas, and geothermal 
fields in California. Offshore and geothermal fields were 
excluded from this assessment, leaving 487 onshore oil and 
gas fields available for analysis.

The State is divided into six DOGGR jurisdictional 
districts, the boundaries of which generally follow county lines 
(California Division of Oil, Gas, and Geothermal Resources, 
2014; fig. 2). The DOGGR districts are used in this report to 
organize results for oil and gas fields into geographic areas 
and are named by district number and the primary geologic 
basin or region in which oil and gas fields are located: District 
1—Los Angeles Basin, District 2—Ventura Basin, District 
3—Central Coast, District 4—San Joaquin Basin (South), 
District 5—San Joaquin Basin (North/Central), and District 
6—Sacramento Basin.

Water injection and production volumes were compiled 
from DOGGR’s online injection databases available at 
ftp://ftp.consrv.ca.gov/pub/oil/new_database_format/. 
Digital records of water injection and production on a monthly 
basis for all wells were available for the period 1977–2015 
(California Division of Oil, Gas, and Geothermal Resources, 
2015). The DOGGR production and injection database also 
included oil produced, gas produced and injected, and surface 
pressures; however, these attributes are not summarized in this 
report. 

Information about well construction was not included 
in the 2014 DOGGR All Wells dataset and was compiled 
from other sources. The well data used to calculate vertical 
proximity, including oil and gas well depths and water 
well depths, are available online at https://doi.org/10.5066/
F7FJ2DV3 (Davis and others, 2018). Data sources and 
methods used to attribute wells with depth information are 
described in the metadata associated with this data release and 
are discussed only briefly here. 

Scanned images of records for individual oil and 
gas wells, including geophysical logs, well history, well 
completion reports, and correspondences, were viewed on 

DOGGR’s online Well Finder (http://www.conservation.
ca.gov/dog/Pages/Wellfinder.aspx). For oil and gas production 
wells (excluding injection wells), depths to the top of 
perforated intervals (TOP), depths to base of freshwater 
(BFW), and ancillary data were extracted from these well 
records. For injection wells, depths to TOP and BFW 
were included in the data from DOGGR’s California Well 
Information Management System (CalWIMS) database for 
UIC wells. The Microsoft Access database file was received 
from DOGGR on February 28, 2015, and included information 
pertaining to underground injection and well construction for 
28,462 injection wells.

The depth to BFW was often reported in the DOGGR 
UIC database and scanned well records for individual wells on 
the DOGGR Well Finder. The source and methodology of the 
reported depth to the BFW were generally not documented. 
The data for depths to BFW had larger uncertainties than 
the other variables compiled for this analysis. The BFW is 
historically defined by DOGGR and the Bureau of Land 
Management as the depth in a well where the water in 
overlying aquifers has less than or equal to 3,000 milligrams 
per liter (mg/L or parts per million) of total dissolved solids 
(TDS; California Division of Oil, Gas, and Geothermal 
Resources, 1982, 1992, 1998; Bureau of Land Management, 
2001). The depth to the BFW has generally been estimated 
using qualitative interpretations of borehole geophysical logs 
to estimate the depth to the first sandy zone where TDS is 
greater than overlying zones or using water-quality criteria 
such as the presence of high concentrations of individual 
constituents like boron. Some oil and gas fields have field 
rules that define the criteria for estimating base of freshwater, 
but more commonly, specific criteria for determining the 
BFW within fields are not apparent. Additionally, under 
SB 4, the U.S. Environmental Protection Agency (EPA) 
definition of water potentially useful for drinking water as 
less than 10,000 mg/L TDS has been adopted by California 
as the definition for groundwater that needs to be protected 
for beneficial uses. There are few data available on the 
distribution of groundwater having TDS between 3,000 and 
10,000 mg/L. Despite the uncertainties in TDS value, the 
corresponding BFW, and how it is determined, the BFW 
data are an informative and widely available data source 
for evaluating proximity of oil and gas development to 
groundwater resources, if used with appropriate awareness 
of the limitations. It is assumed that the BFW values were 
determined by oil and gas geologists based on knowledge and 
experience. Because the level of knowledge and experience 
is likely to vary, BFW values in individual wells are likely to 
have substantial uncertainties. However, when aggregated at 
oil field scales, the BFW data are likely to preserve regional 
differences that allow comparison of the relative depths of the 
fresh groundwater systems between oil fields.

http://www.conservation.ca.gov/dog/maps/Pages/GISMapping2.aspx
http://www.conservation.ca.gov/dog/maps/Pages/GISMapping2.aspx
https://doi.org/10.5066/F7FJ2DV3
ftp://ftp.consrv.ca.gov/pub/oil/new_database_format/
https://doi.org/10.5066/F7FJ2DV3
https://doi.org/10.5066/F7FJ2DV3
http://www.conservation.ca.gov/dog/Pages/Wellfinder.aspx
http://www.conservation.ca.gov/dog/Pages/Wellfinder.aspx


Methods    13

The DWR provided about 750,000 scanned images of 
drillers’ logs and well completion reports for water wells in 
California. Using a combination of well selection methods, 
well construction and ancillary data were extracted from 
drillers’ logs for about 67,000 wells and entered into a 
geodatabase. Well locations were approximated from the 
Public Land Survey System (PLSS) designation provided 
by DWR for each scanned log. The PLSS designation lists 
the meridian, township, range, and section (MTRS). The 
PLSS grid system in California consists of three meridians—
Humboldt (H), Mount Diablo (M), and San Bernardino 
(S)—and baselines. Each township is identified by township 
and range designations: township designation indicates the 
location north or south of the baseline; range indicates the 
location east of west of the meridian. Each township is divided 
into 36 numbered sections, each approximately 1 square mile, 
which were further divided into 16 quarter-quarter sections. 
Wells were plotted at the center of the section or quarter-
quarter section in which each was located as indicated by 
MTRS and location information from the well completion 
report. If a field boundary intersected or contained the center 
of a section, then the wells in that section were considered 
to overlie the field. The scanned images provided by DWR 
are not a complete inventory of all water wells statewide. 
However, the scanned images and the data extracted 
from them are considered, for this analysis, to be the best 
representation of existing water wells near oil and gas wells.

The DDW database of public supply wells supplemented 
the water well data (data available on the SWRCB’s 
Geotracker at https://geotracker.waterboards.ca.gov/gama/
datadownload). This database included well location and 
ancillary data for about 22,000 public supply wells in 
California, of which 3,672 wells were located in or within 
3.1 miles (5 kilometers) of oil and gas fields (table 1). The 
DDW wells were included in well-density calculations but not 
vertical-proximity calculations because well depth information 
was generally not available for these wells.

Calculation of Variables

The intensity of petroleum resource development 
was characterized for each oil and gas field by assessing 
petroleum-well density and volume of injection, and the 
proximity of oil and gas development to groundwater 
resources was characterized by vertical proximity and water-
well density. Multiple variables were considered for each 
factor (table 2). Petroleum-well density was based on three 
variables: density of all petroleum wells, density of injection 
wells, and density of waste-disposal wells. Volume of 
injection was based on two variables: total volume of water 

or steam injection and total volume of water injection for 
waste disposal only. Vertical proximity was assessed by using 
a combination of five methods for calculating the distance 
separating petroleum and groundwater resources. Water-well 
density considered two variables: the density of water wells 
overlying the field and density of water wells adjacent to each 
oil and gas field.

Petroleum-Well Density
Density of all petroleum wells, density of injection 

wells, and density of waste-disposal wells were calculated as 
the number of wells in a field divided by the area of the field 
expressed in units of wells per square mile (wells/mi2; fig. 4A). 
The well densities were calculated using ESRI ArcGIS tools 
and datasets downloaded from the DOGGR GIS Mapping 
website (Davis and others, 2018). The 2014 DOGGR All 
Wells dataset included the locations, well classification, and 
selected information for over 222,000 new, active, idle, or 
plugged petroleum wells in 3,247 sections in California. 
Onshore oil and gas wells from this dataset that plotted within 
the field boundaries were used in density calculations. There 
were about 13,000 petroleum wells that plotted outside of field 
boundaries (appendix table 1–1).

The three variables of petroleum-well density were 
differentiated by well type as indicated in the “GISSymbol” 
column of the 2014 DOGGR All Wells dataset. Major 
categories of wells used for oil and gas extraction or field 
management and the total number of wells for each category 
are listed in table 1. Petroleum wells were grouped in this 
analysis into three categories: production, injection, and other. 
Wells in all three categories were included in the density of 
all petroleum wells. Production wells were those used for oil 
and (or) gas extraction and included two DOGGR well types: 
oil and gas (OG) and dry gas (DG). Injection wells included 
wells used for water, steam, gas, air, and waste injection 
and included the following DOGGR well types: water flood 
(WF), steam flood (SF), cyclic steam (SC), waste-water 
disposal (WD), gas disposal (GD), gas storage (GS), pressure 
maintenance (PM), air injection (AI) and liquid petroleum 
gas (LG). The density of injection wells included all of these 
injection well types. The density of waste-disposal wells 
included only injection wells with the DOGGR well types WD 
and GD. The GD wells, which were primarily in the Midway-
Sunset field and a few other fields in District 4, represented 
only 4 percent of the waste-disposal wells. Well types SF, 
WF, SC, and AI compose the enhanced oil recovery (EOR) 
category of injection wells. The remaining DOGGR well 
types, dry hole (DH), observation (OB), water source (WS), 
and unknown, were categorized as other.

https://geotracker.waterboards.ca.gov/gama/datadownload
https://geotracker.waterboards.ca.gov/gama/datadownload
https://doi.org/10.3133/sir20185065
https://doi.org/10.3133/sir20185065
https://doi.org/10.3133/sir20185065
https://doi.org/10.3133/sir20185065
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Volume of Injection
Volume of injection was calculated by the sum of 

monthly injection volumes of water and steam, as reported 
for January 1977 through September 2015 in DOGGR’s 
online injection databases (California Division of Oil, Gas, 
and Geothermal Resources, 2015). Similar to the density 
calculations, the two volume variables were differentiated 
by well type. The total volume of water and steam injection 
considered all wells that inject water or steam for the purposes 
of EOR (WF, SF, and SC wells) and waste disposal (WD 
wells). The total volume of water injection for waste disposal 
considered only WD wells. Volumes were reported by well 
in units of barrels, which are equal to about 42 gallons and 
include steam injection. Volumes calculated for each field 
over the approximate 39 years of record were large and are 
therefore presented in this report as million barrels (MMB).

Vertical Proximity
Vertical proximity was estimated by calculating the 

vertical separation distance between oil and gas development 
and groundwater resources for fields using a combination of 
variables and calculation methods (fig. 5). For all methods, 
vertical proximity is the inverse of the separation distance. 
That is, the smaller the distance between the resources, 
the greater proximity of (or closer) oil and gas production 
activities are to groundwater resources, and therefore, the 
greater potential risk to usable groundwater. Variables used 
to calculate separation distance were depths to TOP and 
BFW extracted from DOGGR well records for oil and gas 
wells, depths to TOP from DOGGR’s UIC database, and 
total well depths (TD) extracted from DWR scanned images 
of well completion reports for water wells. Depth data for 
petroleum and water wells, although painstaking to compile 
into databases, represent best available data for estimating 
vertical proximity on an oil-field scale across the State. The 
availability of data for each of the variables used to calculate 
separation distance, however, varied by oil field, necessitating 
the use of a combination of different calculation methods. 
Statistical summaries of the depth data for each field are 
available in appendix 1 (appendix table 1–3). Statewide, 
the dataset of separation-distance variables included depths 
to TOP for 20,242 oil and gas wells (17,278 injection and 
2,964 production); depths to BFW for 6,202 oil and gas wells 
(5,248 injection and 954 production); and TD for 16,911 water 
wells overlying or adjacent to oil and gas fields (Davis and 
others, 2018). 

The five methods used to calculate separation distance for 
each oil and gas field are shown in figure 5. Each subsequent 
method introduced additional uncertainty making it less robust 

than the previous method; therefore, the method selected to 
define separation distance for each field was the first method 
to have five or more values for depth to TOP for petroleum 
wells, except where noted. Method 1 is the only method for 
calculating separation distance that used data available in the 
same well, which were comparisons of depths to TOP and 
BFW in individual petroleum wells (4,157 of the 20,242 wells 
with depth to TOP also had depth to BFW). For the four 
other methods, data for petroleum wells and water wells were 
compared using a near-neighbor scheme or aggregated at an 
oil-and-gas-field scale. 

For method 1, separation distance for each field was 
calculated by taking the difference between depth to TOP and 
depth to BFW in the same well for all petroleum wells with 
data and then computing the median value:

	 SEP d df TOP BFW M,1
� �� � 	 (1)

where
	 SEPf,1 	 is the separation distance for a field using 

method 1,
	 dTOP 	 is the depth to top of perforated interval for a 

petroleum well,
	 dBFW 	 is the depth to base of freshwater in the same 

petroleum well, and
	 M 	 is the median of all values for the field.

In order to calculate separation distance using method 1, 
each well must be attributed with both TOP and BFW depths. 
This method used an imprecisely defined BFW, likely 
representing the depth to the deepest groundwater resources 
with less than 3,000 mg/L TDS. This depth does not represent 
the depth of currently used groundwater. 

For method 2, separation distance for each field was 
calculated by taking the difference between depth to TOP for 
petroleum wells and TD of the nearest and deepest water well 
within 1.25 miles of the petroleum well and then computing 
the median value:

	 SEP d df TOP TD M,2
� �� � 	 (2)

where
	 SEPf,2 	 is the separation distance for a field using 

method 2,
	 dTOP 	 is the depth to top of perforated interval for a 

petroleum well,
	 dTD 	 is the total well depth of a water well near the 

petroleum well, and
	 M 	 is the median of all values for the field.

https://doi.org/10.3133/sir20185065
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Petroleum wells were matched with the nearest DWR water 
well within 1.25 miles. Sections are not exactly 1 square 
mile, and the distance between their centers, which is where 
water wells are typically plotted, may vary slightly. Using 
the 1.25‑mile search radius allows petroleum wells to be 
matched with water wells in an adjacent section even if the 
center of the adjacent section is greater than 1 mile away from 
the petroleum wells. The deepest water well in a section was 
chosen because the calculated separation distance will be a 
minimum distance and is the most protective of groundwater 
quality. In contrast to method 1, the depth of groundwater 
resources in method 2 was represented by the depths of 
groundwater wells in the area. 

For method 3, separation distance for each field was 
calculated by computing the median depth to TOP for all 
petroleum wells in the field and the median depth to BFW and 
then taking the difference between the two medians:

	 SEP d df TOP M BFW M, , ,3
� � 	 (3)

where
	 SEPf,3	 is the separation distance for a field using 

method 3,
	 dTOP,M 	 is the median depth to top of perforated 

interval for all petroleum wells in a field, 
and

	 dBFW,M 	 is the median depth to base of freshwater for 
all petroleum wells in a field.

This approach has uncertainty because it compares data for 
petroleum wells that were potentially in different parts of an 
oil field with varying land surface elevation. Additional steps 
were taken to evaluate the effects of land-surface variations 
on the statistically aggregated results for the field (see 
appendix 1).

For method 4, vertical separation distance for each field 
was calculated by computing the median depth to TOP for all 
petroleum wells in the field and the median TD for water wells 
within 1.25 miles of the petroleum wells and then taking the 
difference between the two medians:

	 SEP d df TOP M TD M, , ,4
� � 	 (4)

where
	 SEPf,4 	 is the vertical separation distance for a field 

using method 4,
	 dTOP,M 	 is the median depth to top of perforated 

interval for all petroleum wells in a field, 
and

	 dTD,M 	 is the median total well depth for water wells 
near the petroleum wells.

Only one field (Northwest Lost Hills) was attributed 
with vertical separation distance using method 4 (fig. 6A). 
If a field had an overlying water well, the well was usually 
within 1.25 miles of a petroleum well, and method 2 was the 
preferred calculation method.

For method 5, vertical separation distance for each field 
was calculated by computing the median depth to TOP for all 
petroleum wells in the field:

	 SEP df TOP M, ,5
= 	 (5)

where
	 SEPf,5 	 is the vertical separation distance for a field 

using method 5, and
	 dTOP,M 	 is the median depth to top of perforated 

interval for all petroleum wells in a field.

Method 5 used only perforation depths for petroleum wells 
because all other sources of depth data for groundwater 
resources were exhausted. This approach represents the 
maximum distance between groundwater and petroleum 
resources by assuming that freshwater overlies the fields and 
the depth to BFW is shallow in comparison to depths to TOP 
for petroleum wells.

A total of 174 oil and gas fields were attributed with 
separation distance using the following combination of 
calculation methods: 77 fields by method 1, 75 fields by 
method 2, 13 fields by method 3, 1 field (Northwest Lost 
Hills) by method 4, and 9 fields by method 5. Fields for 
which separation distance was attributed using method 1 were 
generally the larger fields throughout DOGGR districts 1, 2, 
and 3 (fig. 6A); fields in districts 4 and 5 that are at the center 
of the Central Valley or on the east side; and most of the fields 
that were attributed for district 6 (fig. 6B). Several fields on 
the west side of the Central Valley in districts 4 and 5 used 
methods 2 and 5, indicating data on the depths of freshwater 
resources in the area were generally not available.

All of the separation distance calculation methods 
make the assumption that the minimum depth of oil and gas 
resources in a particular field can be represented by a summary 
of the depths to TOP for petroleum wells with available data. 
Although there are far more oil and gas production wells 
than injection wells statewide, there were more perforation-
depth data readily available for injection wells. Data for 
the two categories of wells were combined for separation 
distance calculations because of the lack of data available for 
production wells. Generally, injection wells were shallower 
than production wells for each field (see appendix 1 section 
“Comparison of Depths to Top of Perforations for Production 
versus Injection Petroleum Wells” for more information). 
Therefore, by using depths to TOP that are primarily for 
injection wells, the distance between oil and gas development 
and groundwater resources likely was smaller in some cases 
than if more data were available for production wells. 



16    Prioritization of Oil and Gas Fields for Regional Groundwater Monitoring

The separation distance calculation methods also 
assume that the maximum depth of usable groundwater can 
be represented by a summary of depth to BFW for petroleum 
wells or by TD for water wells. Methods 1 and 3 estimate the 
vertical distance between oil and gas resources and brackish 
groundwater, as represented by depth to BFW (assumed to 
be the boundary between waters less than and greater than 
3,000 mg/L TDS), which is generally not currently used but 
could presumably be used as a water source in the future. In 
contrast, methods 2 and 4 estimate vertical distance between 
oil and gas resources and TD of water wells, which generally 
pump fresh groundwater. For fields that have no information 
about the depths of groundwater resources that can be used 
for beneficial uses, method 5 estimates separation distance 
using only the depths to TOP for petroleum wells. The use 
of different attributes to define the depth of groundwater 
resources, including depth to BFW and TD of water wells, 
or using only depths to TOP for petroleum wells to calculate 
separation distance, caused variability in the values between 
different methods in some cases, but did not result in different 
classifications of vertical proximity or the overall priority 
classifications for 56 of 81 fields compared (see appendix 1 
section “Comparisons of Vertical Proximity Classifications 
using Separation-Distance Calculation Methods 1 and 2”).

For 10 fields, the distance between oil and gas resources 
and BFW (method 1) was greater than the distance between 
petroleum resources and currently used groundwater 
(method 2), and the smaller separation values (greater 
proximity) calculated from method 2 were used in the 
prioritization analysis (appendix table 1–7). Results from 
methods 1 and 2 are preferred to results from methods 3, 4, 
and 5. The BFW values that are recorded in wells that also 
have TOP values permit vertical separation distance to be 
calculated in that well using method 1, which is not possible 
with any of the other separation distance calculation methods 
used in this report. Once these vertical separation distance 
values are calculated for the set of wells having both BFW 
and TOP for an oil and gas field, the resulting dataset likely 
represents one of the better-constrained estimates of vertical 
proximity available. For methods 3, 4, and 5, median values 
were used as the summary statistic of grouped data for each 
field. Vertical separation calculated using methods 3 and 
4 may be less reliable than methods 1 and 2 because there 
are topographic features that result in substantial changes 
in land surface elevation within some fields. Comparisons 
of depths between wells or well types in different parts of a 
field may not be appropriate if land surface elevations differ 
substantially. More information about how the aggregation 
of data for each field (regardless of well type or elevation) 
and use of different variables (depths to TOP and BFW, 
and TD) for estimation of the separation of resources can 
cause variations in separation distance values or the vertical 
proximity classification for some fields is included in 
appendix 1.

Water-Well Density
The density of water wells overlying a field was 

calculated as the number of DWR wells plus DDW wells in a 
field divided by the area of the field (fig. 4B). The density of 
water wells adjacent to each oil and gas field was calculated 
as the number of DWR plus DDW wells within 3.1 miles 
(5 kilometers) of the field boundary (buffer) divided by the 
area of the buffer (fig. 4B). Buffers for oil and gas fields often 
overlap with each other; therefore, the same water well may be 
counted in more than one field’s adjacent water-well density.

Active and idle water wells that are used to withdraw 
water for beneficial uses, such as municipal, domestic, 
irrigation, agricultural, and industrial uses, were included in 
the water-well density calculations. Monitoring wells, other 
uncategorized wells (for example, cathodic protection and 
unknown), and wells for which the section was unknown 
were excluded from the dataset. Some of the DDW wells have 
entries for both the raw and treated sample points; treated 
sample points were excluded from the dataset. A statewide 
count of attributed water wells overlying or adjacent to oil 
and gas fields (dataset available at https://doi.org/10.5066/
F7FJ2DV3) is included in table 1. The DWR data included 
16,911 wells overlying or adjacent (within 3.1 miles) to oil 
and gas fields; the DDW data consisted of 3,672 water wells 
overlying or adjacent to oil and gas fields. The calculation 
of water-well densities used the combined DWR and DDW 
dataset; municipal wells were excluded from the DWR data to 
avoid possibly double-counting municipal wells.

Field Rankings by Variable

Oil and gas fields were grouped into three relative 
categories (high, moderate, or low) of potential risk to 
groundwater resources for each variable representing 
petroleum-well density, volume of injection, vertical 
proximity, and water-well density. When describing results 
of the preliminary assessment, fields with vertical proximity 
are categorized as close, moderate, or far for high, moderate, 
or low (respectively) relative categories of potential risk. 
The boundaries between high and moderate categories and 
between moderate and low categories for each variable were 
chosen based on the statistical distribution of values for all 
oil and gas fields. Percentiles (0, 10th, 25th, 50th, 75th, and 
90th), indicating the percent of the distribution that is equal 
to or below it, were calculated to summarize the distribution 
and group fields into the three categories for each variable. 
Percentiles were targeted to delineate the boundaries between 
categories, yet the actual bounding values used were often 
rounded to the nearest whole number. The range of values 
that defined the high, moderate, and low categories for each 
variable and the targeted and actual percentiles that were used 
to define the boundaries between each category are shown 
in table 2.

https://doi.org/10.3133/sir20185065
https://doi.org/10.5066/F7FJ2DV3
https://doi.org/10.5066/F7FJ2DV3
https://doi.org/10.3133/sir20185065
https://doi.org/10.3133/sir20185065
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Figure 4.  Methods for calculating petroleum and water well densities: A, density of all petroleum wells, injection wells, and waste-
disposal wells in the field; and B, density of water wells overlying the field and adjacent to the field.
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Figure 4.  —Continued
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Figure 5.  Methods used to calculate vertical separation distance between petroleum resource development and groundwater 
resources for each oil and gas field in California.
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Figure 6.  Location of oil and gas fields in California and the method number for calculating vertical separation distance for each field 
in A, California Division of Oil, Gas, and Geothermal Resources (DOGGR) districts 1–5 and B, DOGGR district 6. 
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Figure 6.  —Continued

Sac17-0645_fig 06b

S
A

N
 J

O
A

Q
U

I
N

 V
A

L
L

E
Y

121°122°123°124°

40°

39°

38°

Calculation method for separation distance DWR groundwater basins

DOGGR district boundary

County

11

22

NoneNone

Data sources: California Department of Water Resources (DWR), 2003, 2016; 
California Division of Oil, Gas, and Geothermal Resources (DOGGR), 2014

PACIFIC OCEAN

CALIFORNIA

Base modified from U.S. Geological Survey and other Federal and State digital data, 
various scales; Albers Equal-Area Conic projection, standard parallels are 
29°30’ N. and 45°30’ N.; North American Datum of 1983

0 25 5012.5 KILOMETERS

0 20 4010 MILES

Redding

San Diego

SacramentoSacramento

Los Angeles

San FranciscoSan Francisco

Map
area

EXPLANATION

District 6District 6

District 5District 5

District 3District 3

MENDOCINO COMENDOCINO CO

N
A

PA
 C

O
N

A
PA

 C
O

SO
LA

N
O

 C
O

SO
LA

N
O

 C
O

SONOMA CO

SONOMA CO

MARIN CO

MARIN CO

HUMBOLDT COHUMBOLDT CO
TRINITY COTRINITY CO

TEHAMA COTEHAMA CO

GLENN COGLENN CO

COLUSA COCOLUSA CO
YOLO COYOLO CO

SANTA CLARA COSANTA CLARA CO

SAN M
ATEO CO

SAN M
ATEO CO

SAN
FRAN-
CISCO CO

SAN
FRAN-
CISCO CO

ALAMEDA CO
ALAMEDA COCONTRA COSTA CO

CONTRA COSTA CO

LAKECO

LAKECO

SIERRA CO
SIERRA CO

NEVADA CO
NEVADA CO

PLACER COPLACER CO

EL DORADO

COEL DORADO

CO

AMADOR

COAMADOR

CO

CALAVERAS

CO
CALAVERAS

CO

SACRAMENTO CO
SACRAMENTO CO

SAN JO
AQUIN

 CO

SAN JO
AQUIN

 CO

STANISLAUS

STANISLAUS

Y
U

B
A

 C
O

Y
U

B
A

 C
O

SU
T

T
E

R
 C

O
SU

T
T

E
R

 C
O

BUTTE CO

BUTTE CO
PLUM

AS CO

PLUM
AS CO

SacramentoSacramento

San FranciscoSan Francisco

B



22    Prioritization of Oil and Gas Fields for Regional Groundwater Monitoring

The range of values that defined each category was 
chosen based on the data distribution shown in histograms 
(figs. 7A–D) and the occurrence of natural breaks, or inflection 
points, in the data. One method for dividing up the fields into 
three categories is to rank the fields by each variable and place 
the lowest ranked one-third of the fields in the low category, 
the middle one-third in the moderate category, and the upper 
one-third in the high category. Another method is to use the 
interquartile range for the moderate category, the lower quarter 
of fields for the low category, and the upper quarter of fields 
for the high category. However, more than half of the fields 
had values of zero for some variables, such as density of 
injection wells and total volume of water or steam injection 
(figs. 7A, B). These variables had left-skewed distributions 
with 50 percent or more of the data having the lowest values 
and a long right tail, for some variables exceeding a range of 
three or four orders of magnitude (for example, total volume 
of water or steam injection had a 50th percentile value of 
6.7 MMB, 90th percentile of 140 MMB, and maximum of 
18,178 MMB). Therefore, the targeted boundary between the 
low and moderate categories was shifted up from the 25th 
or 33rd percentile to the 50th (median) or 75th percentile, 
depending upon which value was closest to break points, or 
inflection points, where the frequency of occurrence of higher 
values decreased substantially. The targeted range of values 
defining the low-risk category was the 0th (minimum) to 
50th percentile for density of all petroleum wells, density of 
injection wells, density of waste-disposal wells, and density of 
water wells overlying the field (table 2). The 50th percentile 
to maximum of separation distance was the targeted range 
of values for defining the low-risk category of inversely-
proportion vertical proximity. The range of values defining 
the low category for total volume of water or steam injection, 
total volume of injection for waste disposal, and density of 
water wells adjacent to field was targeted as the minimum 
to 75th percentile. The boundary between the moderate and 
high categories was approximated by the 90th percentile for 
all variables except vertical proximity, so that the high range 
included only the top 10 percent of fields and the moderate 
range included 15–40 percent of the fields. For vertical 
proximity, the boundary between moderate and high risk-
categories was approximated by the 25th percentile of the 
separation distance values, so that 25 percent of the fields 
would be in each of the high and moderate categories and 
50 percent of the fields would be in the low category. The 
values that delineated the boundaries between categories 
were often rounded from the targeted percentiles resulting in 
variations in the percentages of fields in each category.

Determining Overall Priority Classifications

Oil and gas fields were ranked for each of the individual 
variables measuring the intensity of oil and gas development 
activities and proximity to groundwater resources. From 
these rankings, a summary classification of high, moderate, 
or low priority was assigned to each oil and gas field. A 
hierarchy based on the expected effect on the imminence of 

groundwater contamination that each of the factors represents 
was developed to determine the order in which they were 
considered (fig. 8). The decision process that was used for 
classifying all oil and gas fields is shown in more detail in 
figure 8. 

The ranking for the factor petroleum-well density was 
determined by the highest ranking assigned among the three 
density variables: density of all petroleum wells, density of 
injection wells, and density of waste-disposal wells. Similarly, 
the ranking for volume of injection was determined by the 
higher ranking assigned between the two volume variables: 
total volume of water or steam injection and total volume of 
water injection for waste disposal only. The ranking for the 
factor water-well density was determined by rankings for 
densities of water wells overlying and adjacent to fields: fields 
ranked high in overlying water-well density or moderate in 
overlying density and high in adjacent water-well density 
were ranked high, fields that had low overlying and adjacent 
water-well densities were ranked low, and all other fields were 
ranked moderate. 

For assignment of the summary priority, vertical 
proximity was considered first, followed by injection volume, 
petroleum-well density, and lastly water-well density (fig. 8). 
Fields that had petroleum resource development closest to 
groundwater resources (vertical separation distance of 1,000 ft 
or less) were categorized as high priority for the purpose of 
identifying where regional groundwater monitoring should 
be implemented first. Fields that had the greatest injection 
volumes (top decile of all fields) were classified as high 
priority. For the other fields, combinations of injection 
volume, petroleum-well densities, and overlying and adjacent 
water-well densities were considered. Fields were not assigned 
to a lower summary priority classification than their ranking 
for the injection volume factor; however, some fields had 
lower summary priority classifications than their ranking for 
the petroleum-well density factor. For example, fields that 
ranked high for petroleum-well density and low for injection 
volume were classified as moderate for summary priority. This 
is because fields with these characteristics generally had high 
petroleum-well density owing to small field size but contained 
few oil and gas wells overall (appendix table 1–1), had no 
records of water injection, and vertical proximity of resources 
was unknown or considered low risk.

Water-well density was factored in to the classifications 
to determine if a field that had intermediate rankings for other 
factors would be moved into the low or high summary priority 
category. The rankings for variables measuring water-well 
density (densities of water wells overlying and adjacent to 
fields) were applied to the overall priority classifications based 
on the algorithm shown in figure 8. Fields ranked moderate 
for injection volume, moderate for petroleum-well density, 
and high for water-well density (either overlying or adjacent) 
were classified as high for summary priority because there 
is potentially substantial lateral overlap of resources. Fields 
ranked low for injection volume, moderate for petroleum-well 
density, and low for overlying and adjacent water-well density 
were classified as low for summary priority. 

https://doi.org/10.3133/sir20185065
https://doi.org/10.3133/sir20185065
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Figure 7.  Distribution of data for individual variables calculated for California oil and gas fields in the preliminary assessment of petroleum resource development and proximity 
to groundwater resources: A, density of all petroleum wells, injection wells, and waste-disposal wells; B, total volume of water and steam injection and volume of water injection 
for waste-disposal; C, vertical proximity using combined methods, method 1, and method 2; and D, density of overlying water wells and adjacent water wells. Sa
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Figure 7.  —Continued
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Figure 8.  Decision process and hierarchy of factors considered as part of the prioritization analysis in which California oil and gas fields are classified as high, moderate, low 
priority for regional groundwater monitoring.
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Fields were ranked by each factor into the high, moderate, and low categories 
for potential risk to groundwater resources using the threshold values listed in 
table 3. Rankings were then combined to determine the overall priority 
classification for each oil and gas field by using the decision process and 
hierarchy of factors shown in this figure.

Vertical proximity classification has an inverse relation with separation distance: 
smaller distances correspond to greater proximity and higher potential risk 
categories. The injection-volume classification was determined by the higher 
ranking of the two volume calculations: total volume of water or steam injection 
and total volume of waste-water injection. The petroleum-well density 
classification was determined by the highest ranking of the three well density 
calculations: all petroleum wells, injection wells, or waste-disposal wells. The 
water-well density classification was determined using a combination of 
rankings for overlying and adjacent water-well densities.  
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Results of the Preliminary Assessment 
of Factors for Prioritization

For each of the variables representing petroleum-well 
density, around 10 percent of the fields were in the high 
category, around 40 percent were in the moderate category, 
and around 50 percent were in the low category (table 2). The 
90th percentile was chosen as the moderate-high boundary 
for the variables representing petroleum-well density because 
the data spanned a wide range and some fields having values 
greater than the 90th percentile had dramatically larger 
petroleum-well densities than most of the fields (fig. 7A). The 
90th percentile selected as the boundary between the high 
and moderate categories was rounded from 6.3 wells/mi2 to 
6 wells/mi2 for density of injection wells and rounded from 
1.6 wells/mi2 to 2 wells/mi2 for density of waste-disposal 
wells. Less than half of the oil and gas fields contained 
injection wells; therefore, the boundary between the moderate 
and low categories for both the density of injection wells and 
density of waste-disposal wells was the smallest non-zero 
value (0.02 wells/mi2), equal to the 53rd and 58th percentiles, 
respectively. The 50th percentile approximated a change in the 
frequency distribution of petroleum-well density values, with 
a relatively large number of fields having densities less than 
10 wells/mi2.

For each of the variables representing volume of 
injection, around 10 percent of the fields were in the high 
category, around 15 percent were in the moderate category, 
and around 75 percent were in the low category (table 2). 
The percentiles for total volume of water or steam injection 
and total volume of water injection for waste disposal were 
calculated from the 464 fields that had data. About half of 
the fields had water or steam injection, and total volumes of 
water injection per field were much greater than volumes of 
waste-water disposal (fig. 7B). The 23 fields that did not have 
any injection or production records available online were 
generally small (up to 3 mi2), contained few wells, and were 
mostly abandoned (fields coded as “na” for injection-volume 
variables; appendix table 1–1); these fields were grouped 
into the low risk category for each of the injection-volume 
variables. The 75th percentile was used for the boundary 
between low and moderate categories for total water or steam 
injection and for volume of waste-water injection because it 
was close to a substantial change in the frequency distribution 
for water injection volumes by field and therefore represented 
a logical threshold for separating fields with lower values from 
those with higher injection volumes (fig. 7B).

About 36 percent of the oil and gas fields were 
assessed for vertical proximity (174 of the 487 fields; fig. 6) 
based on median vertical separation distance between 
petroleum resource development to groundwater resources. 
Separation distance was calculated for oil and gas fields 
with sufficient data using a combination of five methods. 
Separation values from each method, the principal method 

used to define separation, and the resulting classification for 
vertical proximity for each of the 174 fields are presented 
in table 3. Separation distance values were positive if 
petroleum development activities were generally deeper 
than groundwater resources and negative if petroleum 
development activities were shallower than groundwater 
resources. Note that greater potential risk to groundwater 
resources is represented by greater values for the density and 
injection-volume variables, whereas greater potential risk is 
represented by smaller values for vertical separation (that is, 
less distance between petroleum resources and groundwater 
resources, or greater proximity). Separation distance values 
were generally greater as calculated from method 2 than from 
method 1 (fig. 7C). Values for vertical separation had a broad 
distribution, with the most frequently occurring values in 
the central part of the distribution and a longer right tail of 
large separation values (lowest proximity) than the left tail 
(greatest proximity). 

The values that defined the boundaries between ranges 
were round numbers close to the 50th and 25th percentiles 
for the combination of all methods applied and for methods 1 
and 2 (the primary methods that were used to define median 
separation distance for the fields; fig. 7C). The proportion of 
total number of fields with vertical proximity in each of the 
high-, moderate-, and low-risk categories and the proportion 
of total fields in each district and statewide are listed in 
table 4. About 23 percent of fields with oil and gas resources 
closest to groundwater resources (separation distance less than 
1,000 feet [ft]) were classified in the high-risk category for 
vertical proximity, which corresponds to 8 percent of the total 
487 fields (table 4). The next approximately one-third of fields 
with vertical separation distance between 1,000 to 3,000 ft 
were in the moderate-risk category, and the 44 percent of the 
fields with separation greater than 3,000 ft were in the low-risk 
category. The true threshold at which groundwater throughout 
California is less vulnerable to oil and gas development is 
unknown. A vertical distance of 3,000 ft was used in this 
study, classifying about half of the fields with sufficient depth 
data in the low-risk category for vertical proximity.

For density of water wells overlying the field, 10 percent 
of the fields were in the high category, 34 percent were 
in the moderate category, and 56 percent were in the low 
category (table 2). For density of water wells adjacent to 
the field, 12 percent of the fields were in the high category, 
11 percent were in the moderate category, and 77 percent 
were in the low category. About two-thirds of the oil and gas 
fields had at least one overlying water well and nearly all 
fields had at least one adjacent water well within 3.1 miles 
of field administrative boundaries (fig. 7D). Densities of 
overlying water wells were generally greater than densities of 
adjacent water wells. This difference was likely not because 
of greater water use within field boundaries compared 
to just outside the fields, but because water wells were 
plotted at the center of the section in which they are located 
(see “Methods” section titled “Calculation of Variables”). 
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A buffer may contain part of a section, but the wells in that 
section were not included in the well-density calculation 
unless the buffer passed through the center of the section. 
Conversely, administrative boundaries for oil and gas fields 
often traced along section boundaries or bisected a section, 
resulting in more water wells being included in the well 
density overlying the field. Water-well densities spanned a 
relatively narrow range of values compared to the petroleum-
well densities (fig. 7D). Values near the 90th percentiles were 
selected as the boundary between the moderate and high 
categories for density of overlying water wells and density 
of adjacent water wells because use of the 90th percentiles 
resulted in a clear separation of fields having substantially 
higher well densities. For overlying water-well density, the 
50th percentile approximated the boundary between low and 
moderate categories, above which the frequency of occurrence 
of values gradually declined. In contrast, the 75th percentile 
approximated the boundary between low and moderate 
categories for adjacent water-well density, because it was an 
approximate inflection point in the frequency distribution of 
adjacent well-density values.

Results of the Prioritization Analysis
The prioritization analysis is a statewide reconnaissance 

assessment of potential risk to groundwater from oil and gas 
development using existing data for the purpose of identifying 
where regional monitoring should be implemented first. A 
preliminary analysis of petroleum resource development 
and the proximity to California’s groundwater resources was 
followed by classification of oil and gas fields into overall 
priority classes. 

Petroleum resource development and proximity to 
groundwater resources were assessed for oil and gas fields 
using a combination of rankings of calculated values for 
variables delineating petroleum-well density, volume of 
injection, vertical proximity, and water-well density. Based 
on variable-specific rankings for density of all petroleum 
wells (fig. 9A), injection wells (fig. 9B), and waste-disposal 
wells (fig. 9C), 84 fields had high petroleum-well density, 
218 fields had moderate petroleum-well density, and 185 fields 
had low petroleum-well density (table 5). Based on variable-
specific rankings for total volume of water and steam injection 
(fig. 9D) and total volume of waste-water injection (fig. 9E), 
62 fields were classified in the high category for volume of 
injection, 75 fields had moderate volume of injection, and 
350 fields had low volume of injection. Of the 174 fields with 
vertical separation distance values, 39 fields were classified 
in the high-risk category for vertical proximity of oil and gas 
resource development to groundwater resources (greatest 
proximity), 58 fields were in the moderate-risk category, 
and 77 fields were in the low-risk category (table 4; fig. 11). 

Based on rankings for density of water wells overlying the 
field (fig. 9F) and density of water wells adjacent to the field 
(fig. 9G), 67 fields had high water-well density, 158 fields had 
moderate water-well density, and 262 fields had low water-
well density. Only four fields had no overlying or adjacent 
water wells; two of these fields were categorized as high 
priority based on high petroleum-well density and moderate 
volume of injection. Calculated values for the individual 
variables and the rankings for factors used in the prioritization 
analysis are listed in tables 6A–C. 

The prioritization of fields for regional groundwater 
monitoring resulted in 107 fields classified as high overall 
priority, 114 fields as moderate priority, and 266 fields as 
low priority (table 5; fig. 10). On an area-weighted basis, 
41 percent of the aggregated field area ranked high priority, 
30 percent ranked moderate, and 29 percent ranked low. Of the 
107 high priority fields, 39 fields (36 percent) were classified 
as high priority based on vertical proximity, 42 fields were 
classified as high priority based on high volume of injection, 
and the other 26 fields classified as high priority had moderate 
volume of injection coupled with high petroleum-well density 
or had a combination of moderate and high risk classifications 
for petroleum-well density and water-well density (table 6A; 
fig. 8). Often, fields that had petroleum resource development 
vertically closest to groundwater resources also had high 
petroleum-well density: 28 of 39 of the fields that had the 
greatest vertical proximity also had high petroleum-well 
density or high volume of injection. 

Fields were classified as having overall moderate or 
low priority primarily based on a combination of moderate 
and low rankings for three of the major factors considered: 
volume of injection, petroleum-well density, and water-
well density (table 6B, C; fig. 8). A total of 43 fields that 
had moderate injection volume were classified as moderate 
priority (table 6B). For the 337 remaining fields that had 
low injection volume, overall priority classifications were 
based on rankings for well densities: 71 fields were classified 
as moderate priority based on a synthesis of rankings for 
petroleum-well density and water-well density; 183 fields 
that had low petroleum-well density were classified as low 
priority (table 6C); and 83 fields that had moderate petroleum-
well density and low water-well density were classified as 
low priority. Whereas petroleum resource development and 
vertical proximity often co-occurred, high water-well density 
was generally not in areas with greatest density of oil and 
gas production activities. Only 13 fields had high water-
well density and also were ranked high for either volume of 
injection or petroleum-well density. On average, low priority 
fields presented the least amount of risk to groundwater 
resources based on low volume of injection and low or 
moderate petroleum-well density (table 6C). Results of the 
prioritization analysis, including maps of fields, their priority 
classification, and rankings for each factor, are summarized in 
more detail by DOGGR district.

https://doi.org/10.3133/sir20185065
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Figure 9.  California oil and gas fields showing rankings for each of the variables: A, density of all petroleum wells; B, density of 
injection wells; C, density of waste-disposal wells; D, total volume of water and steam injection; E, total volume of water injection for 
waste disposal; F, density of water wells overlying the field; and G, density of water wells adjacent to the field.
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Figure 9.  —Continued
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Figure 9.  —Continued
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Figure 9.  —Continued
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Figure 9.  —Continued
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Figure 10.  Overall priority classification for oil and gas fields in A, California Division of Oil, Gas, and Geothermal Resources (DOGGR) 
districts 1–5 and B, DOGGR district 6.
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Figure 10.  —Continued
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Figure 11.  Vertical separation distance values calculated using a combination of methods for each oil and gas field with sufficient 
data by California Division of Oil, Gas, and Geothermal Resources (DOGGR) district: A, district 1; B, district 2; C, district 3; D, district 4; 
E, district 5; and F, district 6.
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Figure 11.  —Continued
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District 1 (Los Angeles Basin)

District 1 covers the southern end of California from the 
international boundary to San Bernardino County (fig. 12A). 
The 67 oil and gas fields in district 1 represent the smallest 
aggregated field area of the districts (214 mi2; table 5) and are 
primarily within the coastal plain of Los Angeles and Orange 
Counties. The Los Angeles Basin is centered on a northwest-
trending syncline bordered by the Newport-Inglewood fault 
zone in the southwest and the Whittier fault zone in the 
northeast (Beyer, 1995). There is a long history of intensive 
oil and gas development in the Los Angeles Basin. Gautier 
and others (2012) estimated a mean of 3.2 billion barrels 
of remaining oil in the most productive oil fields in the Los 
Angeles Basin. Enhanced oil recovery techniques have been 
used in many of these fields to recover remaining oil. The Los 
Angeles Basin coincides with the Coastal Plain of Los Angeles 
and Coastal Plain of Orange County groundwater basins, 
which are separated by the Los Angeles-Orange County 
line (California Department of Water Resources, 2016). The 
northeastern parts of these coastal groundwater basins are 
considered to have higher recharge to underlying deposits, and 
the central and western parts of the groundwater basins are 
areas in which groundwater percolation is impeded by lower 
permeability deposits and groundwater is confined (California 
Department of Water Resources, 2015). Eleven district 1 fields 
are in or near the San Gabriel Valley groundwater basin and 
Upper Santa Ana Valley groundwater basin in San Bernardino 
and Riverside Counties (fig. 12A).

For district 1, 37 percent of the fields (25 fields) were 
classified as high priority, 19 percent (13 fields) were 
moderate, and 43 percent (29 fields) were low (table 5). 
High overall priority classification was primarily based on 
high intensity of petroleum resource development and, for a 
few fields, vertical proximity to groundwater resources. Of 
the 25 fields in district 1 classified as high overall priority, 
24 fields had high petroleum-well density and moderate or 
high volume of injection, 4 fields had close vertical proximity 
of resources, and none had high water-well density (table 6A; 
figs. 12A–E). For fields with high volume of injection, oil field 
injection volumes were predominantly for the purposes of 
enhanced oil recovery. High-priority fields were generally the 
largest fields that accounted for the majority of the district’s 
field area. By area, 79 percent of the total area of district 1 oil 
and gas fields was classified as high priority, 7 percent was 
moderate, and 14 percent was low (table 5). Otherwise, fields 
had physical characteristics that indicated moderate to low 
risk to groundwater resources. Vertical proximity of petroleum 
resource development to groundwater resources was most 
frequently moderate and low. Water-well density was typically 
low in and near oil and gas fields, particularly at fields along 
the edges of the groundwater basins.

Petroleum resource development in district 1 was 
relatively far from groundwater resources compared to oil 
and gas fields in other districts. Of the 67 fields in district 

1, 4 fields were classified in the high-risk category based on 
vertical proximity, 16 fields were in the moderate category, 
13 fields were in the low category, and 34 fields had 
insufficient data to evaluate this factor (table 4; fig. 12D). 
Median vertical separation distances for district 1 fields 
were typically between 1,000 and 8,500 ft (fig. 11). Many 
of the smaller fields had insufficient data to evaluate vertical 
proximity and had low intensity of petroleum resource 
development based on low petroleum-well density and little or 
no water injection compared with larger fields. The availability 
of depth to BFW data was greater in district 1 than in most 
other districts (except district 6): vertical separation distance 
for almost half of the fields was calculated using BFW data, 
and these fields were mostly in the moderate risk category 
for vertical proximity (figs. 6 and 11). Water-well density for 
the fields was most frequently low (fig. 12E); water wells 
were primarily public supply wells located in the central 
part of the Coastal Plain of Los Angeles and Coastal Plain 
of Orange County groundwater basins, whereas oil and gas 
fields are located along the edges of the groundwater basins. 
High overall priority classification for district 1 fields was 
based on the intensity of oil and gas development, and with 
the exception of a few fields with close vertical proximity to 
groundwater resources, these fields were not classified as high 
risk based on proximity to groundwater resources.

District 2 (Ventura Basin)

District 2 encompasses Ventura County and the western 
part of Los Angeles County in southern California. The 
70 fields in district 2 have an aggregated field area of 309 mi2 
in the coastal valley and surrounding foothills of the western 
Transverse Ranges between the Topatopa Mountains in the 
north and the Santa Monica Mountains in the south (fig. 13A). 
The Ventura Basin is the main structural downwarp that 
formed in the major fold and thrust belt system, trapping oil 
accumulations along several anticlinal structures that have 
varying degrees of deformation (Keller, 1995). Cumulative 
production in Ventura Basin through 1990 was approximately 
2,640 million barrels of oil, 4.64 trillion cubic feet of gas, 
and 160 million barrels of total natural gas liquids. District 2 
fields are primarily in or near the Santa Clara River Valley, a 
few fields are in Ventura River Valley, Los Posas Valley, San 
Fernando Valley, Simi Valley, Conejo, Pleasant Valley, Ojai 
Valley, and Upper Ojai Valley groundwater basins, and two 
fields are in Montecito and Carpinteria groundwater basins 
in Santa Barbara County. The other oil and gas fields in the 
Santa Barbara coastal plain are part of the Ventura Basin but 
are within the boundary of district 3. The most productive 
groundwater aquifers of the Santa Clara River Valley 
generally consist of layers of alluvium deposited between 
the Pliocene and Holocene epochs with groundwater present 
under unconfined, semi-confined, and confined conditions 
(California Department of Water Resources, 2015).
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For district 2, 19 percent of the fields (13 fields) were 
classified as high priority, 30 percent (21 fields) were 
moderate, and 51 percent (36 fields) were low (table 5; 
fig. 13A). High overall priority classification was primarily 
based on high petroleum-well density, including some of 
the highest densities of injection wells and waste-disposal 
wells in the state. Eleven of the 13 high-priority fields in the 
district had high petroleum-well density and high or moderate 
volume of injection wells (table 6A; figs. 13B, C). Densities 
of injection and waste-disposal wells in the State were up to 
43 wells/mi2 (San Miguelito field) and 11 wells/mi2 (Placerita 
field), respectively. Other than injection wells used for EOR 
or waste disposal, district 2 contained about 35 percent of the 
gas storage wells and more than half of the dry hole wells 
in California. Although well densities were high for some 
fields in the district, fields were more frequently classified as 
moderate and low overall priority. By area, 23 percent of the 
total area of district 2 oil and gas fields was ranked as high 
priority, 52 percent was moderate, and 24 percent was low. 
The percentage of moderate-priority fields (by count and by 
area) in district 2 was greater than for other districts. Moderate 
overall priority classification was characterized by moderate 
petroleum-well density, moderate and low volume of injection, 
moderate and low vertical proximity of resources, and low 
water-well density. This combination may indicate that most 
fields in district 2 were small, produced little petroleum, and 
did not have petroleum resource development near where 
groundwater resources are currently used. 

Median vertical separation distances for fields varied 
throughout district 2, but most oil and gas fields in the district 
were deep and had large vertical distances from groundwater 
(fig. 13D). Of the fields in district 2, 5 fields were classified 
in the high-risk category for vertical proximity, 6 fields were 
in the moderate category, 15 were in the low category, and 
44 fields had insufficient data to evaluate vertical proximity 
(table 4). Median vertical separation distance (shown in 
fig. 11) varied from a potential overlap of resources to 7,900 ft 
separation. Water-well density was low for most fields 
throughout the district (fig. 13E). Many of the groundwater 
wells were in the alluvial groundwater basins in the center 
of the valleys, whereas oil and gas fields were more often 
in the mountainous regions outside or at the edges of the 
groundwater basins.

District 3 (Central Coast)

District 3 includes counties along the central coast 
of California from Santa Barbara to Santa Clara County 
(fig. 10A). The 39 fields in the district have an aggregated field 
area of 264 mi2 (table 5). There were about 12,600 DOGGR 
oil and gas wells in the district, including 11,000 production 
wells and 1,350 injection wells (table 1). Injection wells 
are primarily steam injection, water flood, and waste 
disposal. District 3 fields are primarily in the Santa Maria 
Basin (Stanley, 1995) that coincides with the Santa Maria, 
San Antonio Creek Valley, and Santa Ynez River Valley 

groundwater basins; in the Cuyama Basin (Tennyson, 1995) 
that coincides with the Cuyama Valley groundwater basin; 
and in the Salinas Basin (Stanley, 1995) that coincides with 
the Salinas Valley groundwater basin in the north portion 
of the district (California Department of Water Resources, 
2016). There are a few fields along the Santa Barbara coastal 
plain, some of which are gas fields or used for gas storage. 
Much of the petroleum that has been produced is from 
reservoirs in Miocene sandstones, and indications of oil and 
gas at the surface, such as tar sands and seeps, are known in 
certain areas. In the Santa Maria Basin, oil accumulations are 
generally heavy and from reservoirs in the Miocene Monterey 
Formation trapped in anticlines or by an unconformity and 
from Pliocene sandstone reservoirs above an unconformity 
(Tennyson, 1996). In the Salinas Basin, fields such as San 
Ardo, Paris Valley, and King City fields have oil trapped 
in anticlines; the other fields in the Salinas Basin have 
stratigraphic petroleum traps (Stanley, 1995). The source 
rock for petroleum in the Salinas Basin is believed to be the 
Monterey Formation, from which heavy oil, minor amounts of 
gas, and large volumes of water have been produced.

For district 3, 36 percent of the oil and gas fields 
(14 fields) were classified as high priority, 21 percent (8 fields) 
were moderate, and 44 percent (17 fields) were low (table 5; 
fig. 14A). District 3 contains the fewest number of fields 
among all the districts, but some fields are larger, giving an 
aggregated field area (264 mi2) that is greater than the 67 fields 
in district 1 (214 mi2). By area, 80 percent of the total area of 
district 3 oil and gas fields ranked as high priority, 7 percent 
was moderate, and 13 percent was low. High priority fields 
in district 3 were generally characterized as large fields with 
moderate to high petroleum-well density. Because the fields 
were larger (up to 60 mi2) and had moderate to high density of 
injection wells, fields also tended to have high water injection 
volumes (total and waste-disposal). Twelve of the fourteen 
high priority fields were in the high risk category for water 
injection volumes and included fields with some of the highest 
waste-water disposal volumes in the State (table 6A). The rest 
of the 25 fields classified as moderate and low priority were 
small compared to other fields in the district (field areas less 
than 5 mi2) and mostly had moderate to low petroleum-well 
density, low volume of injection, unknown vertical proximity, 
and moderate to low water-well density (tables 6A–B). 

Of the fields in district 3, 2 fields were classified as high 
risk based on vertical proximity, 7 fields were moderate, 
1 field was low, and 29 fields had insufficient data to evaluate 
this factor (table 5; fig. 14D). District 3 fields had mostly 
low water-well density (26 fields), some fields had moderate 
density (13 fields), and no fields in the district had high 
water-well density (fig. 14E). There were a couple fields 
(Santa Maria Valley and Cat Canyon) in the middle of the 
Santa Maria groundwater basins that had several overlying 
water wells, yet had low or moderate water-well density 
and moderate risk from vertical proximity; these fields were 
classified as high priority based on high volume of injection 
rather than proximity of petroleum resource development to 
groundwater resources.
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Figure 12.  Oil and gas fields in district 1, Los Angeles Basin, showing classifications for A, overall priority; B, petroleum-well density; 
C, volume of injection; D, vertical proximity; and E, water-well density.
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Figure 13.  Oil and gas fields in district 2, Ventura Basin, showing classifications for A, overall priority; B, petroleum-well density; 
C, volume of injection; D, vertical proximity; and E, water-well density.
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Figure 13.  —Continued
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Figure 13.  —Continued
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Figure 14.  Oil and gas fields in district 3, Central Coast, showing classifications for A, overall priority; B, petroleum-well density; 
C, volume of injection; D, vertical proximity; and E, water-well density.
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District 4 (South San Joaquin Basin)

District 4 encompasses the south zone of the San Joaquin 
Basin in central California that is bounded by the Temblor 
Range in the west and by the Sierra Nevada in the east (for 
description of south, central, and north zones, see Hosford 
Scheirer, 2007). The boundary within the San Joaquin Basin 
between district 4 and district 5 is defined by the Kern-Kings 
County line and Tulare-Fresno County line (fig. 10A). The 
102 fields of district 4 have an aggregated field area of 962 mi2 
(table 5). District 4 fields are within the southern part of the 
San Joaquin Valley groundwater basin (fig. 15A; California 
Department of Water Resources, 2016). The southern San 
Joaquin Valley groundwater basin is composed of eroded 
materials from the surrounding mountains that deposited into 
the valley, primarily Coast Range alluvium underlain by the 
Corcoran Clay confining unit on the western side of the valley 
and alluvium from the Sierra Nevada on the east side (Faunt, 
2009; California Department of Water Resources, 2015). 
Other alluvial deposits include flood-basin deposits along 
the axis of the valley and buried-river channel deposits of 
Pleistocene age.

For district 4, 40 percent of the fields (41 fields) were 
classified as high priority, 28 percent (29 fields) were 
moderate, and 31 percent (32 fields) were low (table 5; 
fig. 15A). District 4 contained almost half of the fields that 
had high overall priority classifications for the state, and 
these fields accounted for a majority of the aggregated field 
area. By area, 70 percent of the total area of district 4 oil and 
gas fields ranked as high priority, 24 percent was moderate, 
and 6 percent was low. High overall priority classification 
in the district was characterized by commonly co-occurring 
high petroleum-well density, high injection volume, and high 
vertical proximity of petroleum resource development to 
groundwater resources (figs. 15B–D). District 4 also had the 
most fields with high water-well density (fig. 15E), next to 
district 6. Some areas within the district, such as the center of 
the groundwater basins, had fields classified as high priority 
based on moderate petroleum-well density and high water-
well density. Fields that had small vertical separation distance 
between petroleum and groundwater resources were located 
along the western and eastern edges of the San Joaquin Valley, 
and fields that had moderate and great separation distances 
were located on the valley floor where groundwater use was 
the highest.

Vertical proximity of petroleum resources to groundwater 
resources in district 4 was classified as close for 23 fields, 
moderate for 14 fields, far for 23 fields, and 42 fields had 
insufficient data to evaluate vertical proximity (table 4; 
fig. 15D). There were seven fields in the State that had median 
vertical separation distance less than 0 ft, indicating potential 
overlap of oil and gas resources and groundwater resources; 
six of these fields were located in district 4 (the other field is 
Piru in district 2; table 6A), and with the exception of one field 

(South Belridge), are located along the east side of the Kern 
County groundwater basin (fig. 15D). Some fields in which 
hydraulic fracturing and well stimulation have been used 
(California Council on Science and Technology, 2015) were 
among the fields in the high risk category based on vertical 
proximity. For example, median vertical separation distances 
for North Belridge, South Belridge, and Lost Hills fields were 
470 ft, –312 ft (overlap), and 432 ft, respectively (fig. 11). In 
contrast, separation distance for Elk Hills field was greater: 
median distance between petroleum resource development and 
groundwater resources was 5,505 ft. The EOR injection wells 
in the Elk Hills field were deeper (6,300 ft median depth to 
TOP) than in the other district 4 fields; however, perforation 
depths for waste-disposal wells were much shallower (608 ft 
median depth to TOP; appendix table 1–3). The proportion 
of fields (with available data) in the high-risk category for 
vertical proximity was 20 percent or less for each district, 
with the exception of district 4, where 38 percent of the 
fields were classified in the high-risk category for vertical 
proximity (table 4). Small separation distances between 
petroleum resource development and groundwater resources, 
in combination with high petroleum-well density and injection 
volume, resulted in district 4 having the highest percentage of 
fields classified as high priorities for consideration for regional 
monitoring than any of the other districts.

District 5 (North/Central San Joaquin Basin)

District 5 encompasses the north and central zones of the 
San Joaquin Basin from Kings County to Stanislaus County 
(fig. 10A). There are 41 oil and gas fields in the district; these 
fields have an aggregated area of 425 mi2 (table 5). There are 
about 14,000 DOGGR new, active, idle, and plugged oil and 
gas wells in the district, of which about 12,000 are oil and gas 
production wells and about 1,500 are injection wells (table 1). 
In the north zone of the of the San Joaquin Basin, fields in 
Madera, Merced, and Stanislaus Counties and a few fields in 
Fresno County produce nonassociated gas from Cretaceous, 
Eocene, and Miocene sandstones (Hosford Scheirer, 2007). 
In the central zone of the basin, oil and gas fields are located 
in Fresno, Kings, and San Benito Counties. District 5 fields 
are within the San Joaquin Valley groundwater basin and 
in nearby basins to the west, such as the Gilroy-Hollister 
Valley and Kettleman Plain groundwater basins (California 
Department of Water Resources, 2015; fig. 16A). The north 
zone coincides with the Delta-Mendota, Madera, Chowchilla, 
Merced, Turlock, and Modesto subbasins, which compose part 
of the San Joaquin River hydrologic region. The Tulare Lake, 
Westside, and Kings groundwater subbasins, along with the 
Kern County, Tule, and Kaweah subbasins included in district 
4 (fig. 15A), compose part of the Tulare Lake hydrologic 
region and account for about 38 percent of average annual 
groundwater extraction in the State (California Department of 
Water Resources, 2015). 
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For district 5, 24 percent of the fields (10 fields) 
were classified as high priority, 24 percent were moderate 
(10 fields), and 51 percent were low (21 fields; table 5; 
fig. 16A). Fields that had high overall priority classification 
accounted for almost half of the aggregated field area for 
the district. By area, 46 percent of the total area of district 
5 oil and gas fields was ranked as high priority, 22 percent 
was moderate, and 32 percent was low. High overall priority 
classification was primarily based on either high volume of 
injection or high vertical proximity of resources, and these 
fields were located in the central zone of the San Joaquin 
Basin (exception is the Hollister field, which is outside the 
basin boundary). Although most injection wells were water 
flood and steam injection (table 1), injection volumes were 
predominantly waste-water disposal (tables 6A–C); exceptions 
were Coalinga, East Extension of Coalinga, and North Tejon, 
which had injection for both EOR and waste disposal. For 
a few fields in the western region of Kings groundwater 
subbasin, high priority classifications were based on moderate 
petroleum-well density in an area with high water-well 
density. Fields in district 5 were more frequently characterized 
by moderate or low petroleum-well density (39 of 41 fields) 
and low volume of injection (30 fields; figs. 16B, C). Eleven 
of the 13 gas fields in the district and located in the north 
zone of the San Joaquin Basin were classified as low priority 
based on low intensity of petroleum resource development 
with almost no water injection and moderate to low water-well 
density (table 6C).

Vertical proximity of petroleum resource development to 
groundwater resources in district 5 was classified as close for 
3 fields, moderate for 3 fields, far for 10 fields, and 25 fields 
had insufficient data to evaluate (table 4; fig. 16D). Two of 
the fields that ranked in the high-risk category for vertical 
proximity (Hollister and Pyramid Hills) were classified in 
the low and moderate categories for all of the other factors 
(table 6A). The third field in the high-risk category, Coalinga, 
also had high petroleum-well density and volume of injection. 
One of the high-priority fields in the district, Kettleman North 
Dome, was classified in low category for vertical proximity 
(7,444 ft median separation distance) and in the high category 
for total volume of waste-water disposal (39 MMB). However, 
vertical separation distance was calculated using mostly 
production well data for which median depth to TOP was 
8,300 ft, whereas median depth to TOP for waste-disposal 
wells was much shallower at about 1,100 ft (appendix 
table 1–3). Results from preliminary assessment of petroleum 
resource development at Kettleman North Dome suggest there 
may be few injection wells injecting large volumes of waste-
water and at shallower depths than reflected in the vertical 
proximity assessment. This comparison of TOP-depths by 
well type exemplifies how the vertical proximity analysis 
does not represent separation distance of groundwater from 
all petroleum development activities within a field and further 
investigation is necessary on a field scale for evaluating 
vulnerability of groundwater to oil and gas development.

District 6 (Sacramento Basin)

District 6 covers the northern part of California, bounded 
in the west by the Pacific Ocean and in the north and east 
by the State boundaries (fig. 2). The boundary in central 
California between district 5 and district 6 is roughly defined 
by the Stanislaus-San Joaquin County line. District 6 also 
borders the northern end of district 3 near the San Francisco 
Bay region. Collectively, the 168 oil and gas fields in district 6 
represent the largest area of any district (1,216 mi2). District 6 
fields are primarily within the Sacramento Basin and are 
generally used for developing natural gas resources; 11 fields 
are outside of the basin and in or near the coastal valleys to 
the west of the basin. Hosford Scheirer and others (2007) 
estimated a mean of 534 billion cubic feet of natural gas and 
323 thousand barrels of natural gas liquids in the Sacramento 
Basin that are recoverable; more than 80 percent of the 
natural gas is contained in the Upper Cretaceous rocks of the 
Dobbins-Forbes and Winters-Domengine petroleum systems. 
More than 9 trillion cubic feet of natural gas have already been 
produced in the basin. The Sacramento Basin coincides with 
the Sacramento Valley groundwater basin and the northern 
subbasins of the San Joaquin Valley groundwater basin 
(fig. 17A; California Department of Water Resources, 2016). 
Primary groundwater producing formations in the Sacramento 
Valley groundwater basin are composed of alluvial fan 
deposits and volcanic flow deposits derived from erosion of 
the Coast Ranges and Klamath Mountains to the northwest 
and west, Lassen Peak to the northeast, and the Sierra Nevada 
to the east (California Department of Water Resources, 2015). 
The few fields outside of the Sacramento Basin are within the 
boundaries of the coastal Eureka Plain and Eel River Valley 
groundwater basins of Humboldt County, and in or near Santa 
Rosa Valley, Suisun-Fairfield Valley, Petaluma Valley, Clayton 
Valley, Pittsburg Plain, Livermore Valley, and Half Moon Bay 
Terrace groundwater basins surrounding the San Francisco 
Bay region (California Department of Water Resources, 2015).

For district 6, 2 percent of the fields (4 fields) were 
classified as high priority, 20 percent (33 fields) were 
moderate, and 78 percent (131 fields) were low (table 5; 
fig. 17A). District 6 had the most oil and gas fields of the 
districts by count and area, but these fields are mostly used for 
gas extraction and have comparatively less intense petroleum 
resource development, characterized by moderate to low 
petroleum-well density (fig. 17B), virtually no injection 
for enhanced oil recovery, and comparatively low injection 
volume for waste-water disposal (fig. 17C). By area, 5 percent 
of the total area of district 6 oil and gas fields ranked as high 
priority, 40 percent was moderate, and 55 percent was low. 
High overall priority classification was based on vertical 
proximity (two fields), water-injection volume (one field), or 
moderate petroleum-well density in areas with high water-well 
density (one field; table 6A). More than half of the fields in the 
state with high water-well density were in district 6, and the 
majority of these fields were classified as low priority based 
on low volume of injection and low petroleum-well density. 
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Fields in which there were injection activities (gas storage or 
waste disposal) were classified as high or moderate priority, 
based on lateral proximity to currently used groundwater 
resources. In general, injection volumes in the district were 
low relative to other districts: only 8 district-6 fields were 
classified as high or moderate for injection volumes.

For district 6 oil and gas fields, 2 fields were classified 
in the high-risk category for vertical proximity, 12 were in 
the moderate-risk category, 15 were in the low-risk category, 
and 139 had insufficient data to evaluate (table 4; fig. 17D). 
Few fields in district 6 were attributed with vertical proximity, 
because fields generally consisted of oil and gas production 
wells, for which there was a lack of available depth data 
(table 1; appendix table 1–3). Where known, petroleum 
resource development was generally thousands of feet deeper 
than groundwater resources: median vertical separation 
distance ranged from 927 ft to 9,506 ft (fig. 11). 

Whereas district 6 fields generally had moderate to low 
potential risk to groundwater sources based on volume of 
injection, petroleum-well density, and vertical proximity, 

the majority of fields (131 of 168 fields) were characterized 
by moderate to high water-well density (table 5; fig. 17E). 
Fields in California that had high density of overlying or 
adjacent water wells were located in the Sacramento and San 
Joaquin Valleys (figs. 11F, G), and more than half of the fields 
classified in the high-risk category for water-well density 
were in district 6. Because water wells were generally present 
throughout the State (fig. 1A), and all potentially beneficial-
use waters adjacent to oil fields have protected-groundwater 
status in California, water-well density was only a deciding 
factor in the overall priority classification for fields that had 
intermediate rankings for other factors. As a result, 27 of the 
37 fields in district 6 that had high water-well density were 
low priority for regional monitoring based on low volume 
of injection and low petroleum-well density (tables 5 and 
6C). However, 32 fields were classified as moderate priority 
because they had moderate petroleum-well density (sometimes 
coupled with moderate injection volume) and moderate to high 
water-well density (table 6B). 
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Figure 15.  Oil and gas fields in district 4, San Joaquin Basin—South, showing classifications for A, priority; B, petroleum-well density; 
C, volume of injection; D, vertical proximity; and E, water-well density.
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Figure 16.  Oil and gas fields in district 5, San Joaquin Basin—North/Central, showing classifications for A, priority; B, petroleum-well 
density; C, volume of injection; D, vertical proximity; and E, water-well density.
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Numbers in water-well density indicate the field codes

EXPLANATION

Water-well density
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Figure 17.  Oil and gas fields in district 6, Sacramento Valley, showing classifications for A, priority; B, petroleum-well density; 
C, volume of injection; D, vertical proximity; and E, water-well density.
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Numbers in volume of injection indicate the field codes
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Summary
The California State Water Resources Control Board 

(SWRCB) initiated a Regional Groundwater Monitoring 
Program (RGMP) to protect waters designated for any 
beneficial use in the vicinity of oil and gas fields in California, 
while prioritizing the monitoring of groundwater that is or 
has the potential to be a source of drinking water. The pace of 
implementation of the RGMP across the 487 onshore oil and 
gas fields has been limited in that detailed characterization 
work can only be done in a few fields each year. For 
program planning purposes, a prioritization of oil and gas 
fields is needed for consideration in implementing regional 
groundwater monitoring. In cooperation with the SWRCB, the 
USGS characterized, assessed, and classified oil and gas fields 
(1) individually with respect to key factors contributing to the 
potential risk to California’s groundwater resources from oil 
and gas resources in the subsurface, and (2) comparatively 
assigning overall prioritization rankings to California oil and 
gas fields for regional groundwater monitoring.

California’s 487 onshore oil and gas fields, covering an 
aggregated field area of 3,392 square miles, were prioritized 
for regional groundwater monitoring using a statewide 
systematic analysis of the relative intensity of petroleum 
development and proximity to groundwater resources. High 
priority was assigned to fields with the greatest intensity of 
oil and gas development measured by petroleum-well density 
and volume of injection, often coupled with proximity to 
groundwater resources as measured by vertical proximity 
of petroleum resources to groundwater resources and by 
water-well density overlying and adjacent to the field. The 
prioritization of fields for regional groundwater monitoring 
resulted in 107 fields (22 percent) classified as high overall 
priority, 114 fields (23 percent) as moderate priority, and 
266 fields (55 percent) as low priority (table 5; fig. 10). On 
an area-weighted basis, 41 percent of the aggregated field 
area ranked high priority, indicating that the largest fields 
tend to have the most oil and gas development activities. 
More than half of the high priority fields were in the southern 
San Joaquin Valley and the Los Angeles Basin. Moderate-
priority fields (30 percent of aggregated field area) generally 
had intermediate characteristics and further analysis of each 
of these fields is needed to determine if they would be better 
classified as low or high priority for regional groundwater 
monitoring. The 266 low-priority fields accounted for 
29 percent of the aggregated field area, indicating the smallest 
fields generally did not have high intensity of petroleum 
resources. About half of the low priority fields (131 of 
266 fields) were located in district 6, which is the largest of 
the districts and contains mostly gas fields. Low priority is 
based on low to moderate intensity of oil and gas activities, 
and low to moderate horizontal or vertical proximity to 
groundwater resources.

The prioritization does not represent an assessment 
of groundwater risk from oil and gas development, which 
needs to be based on detailed analysis of data from regional 

groundwater monitoring near the oil fields selected for study 
in the future. Rather, this analysis identifies between 100 
and 200 oil fields that are principal candidates for the next 
steps in the regional groundwater monitoring program. The 
next steps can include compiling, analyzing, and developing 
three-dimensional visualizations of existing data, including 
geological frameworks, salinity mapping, identification of 
surface features that could potentially affect groundwater 
quality, locations and depths of petroleum and water wells, 
cataloging well-construction integrity issues, and evaluating 
groundwater-flow directions. These analyses and data 
are required to determine where existing wells should be 
monitored and where new monitoring wells may need to 
be drilled. The U.S. Geological Survey, in collaboration 
with the State Water Resources Control Board and other 
agencies, has begun the next steps of the regional groundwater 
monitoring through the California Oil, Gas, and Groundwater 
cooperative program.
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In the preliminary assessment of petroleum resource 
development and proximity to groundwater resources, 
data and supporting information related to the variables 
measuring petroleum-well density, volume of injection, 
and vertical proximity were compiled for reference and to 
evaluate results of the assessment. Data were compiled from 
databases available during 2014–15 from the California 
Division of Oil, Gas, and Geothermal Resources (DOGGR). 
Raw data (with the exception of injection volumes) are 
available in the U.S. Geological Survey data release at  
https://doi.org/10.5066/F7FJ2DV3.

Petroleum-Well Density 

Data related to petroleum-well density that were 
summarized for each oil and gas field were the total number 
of petroleum wells by well type, number of abandoned wells, 
and age of wells as reported in the 2014 DOGGR All Wells 
dataset (appendix table 1–1). The minimum and maximum 
well spud dates (marking the beginning of well drilling) or 
completion dates and well abandonment dates were calculated 
for petroleum wells for each oil and gas field. Dates were 
not available for every well; therefore, the dates represent 
estimates of well ages. 

Petroleum wells outside field boundaries were assigned 
to the nearest oil and gas field. Total wells nearby each oil 
and gas field and the maximum distance of the wells from the 
nearest field’s boundary are listed in appendix table 1–1. Wells 
outside field boundaries were not included in calculations of 
petroleum-well density.

Generally, the well type listed in the “GISSymbol” 
column of the 2014 DOGGR All Wells dataset were used to 
classify each well (see table 1 for well types). Wells that did 
not have a specified well type were classified as unknown; 
well types may be found on the DOGGR Well Finder website 
at http://maps.conservation.ca.gov/doggr/. Wells can have 
more than one well type or the well type changes over time. 
For example, a cyclic steam (SC) well is a type of oil and gas 
extraction well that uses cycles of steam injection followed 
by production to increase productivity and may be coded as 
SC or oil and gas production (OG). Production wells that have 
been converted to injection wells were coded as OG wells or 
as an injection well, such as water flood or waste disposal. 
Therefore, injection in a field may not be evident in current 
well counts and densities, but would likely be evident in the 
volumes of injection. 

Volume of Injection

Volumes of water and steam injection for each oil and gas 
field were compiled, along with the years of injection for each 
field, and information on injection for petroleum wells outside 
field boundaries (appendix tables 1–1 and 1–2). Injection and 
production volumes were compiled from DOGGR’s online 
injection and production databases (California Division of Oil, 
Gas, and Geothermal Resources, 2015). Although volume of 
water produced in each field was not part of the prioritization 
analysis, total water production volumes were presented in 
the ancillary dataset and include water production volumes 
for wells outside field boundaries. The years of recorded 
production and injection correspond to the minimum and 
maximum year of any recorded volume for that field. 

Water production and injection records are not 
released to the public for wells with confidential status and 
consequently were not available for inclusion in the production 
and injection volume calculations. Petroleum wells that meet 
the criteria for confidentiality are exploratory wells or wells 
for which there are extenuating circumstances preventing 
the well operator from having the competitive advantage of 
using information obtained from the well. At the time of this 
study, there were 180 confidential wells located throughout 
the State, and they were primarily active and new production 
wells drilled for exploratory purposes or using new technology 
(confidential well list accessed December 16, 2015, at  
ftp://ftp.consrv.ca.gov/pub/oil/new_database_format/).

Some wells outside field boundaries had production 
and injection records for 1977–2015; maximum distance 
of production and injection from nearest field boundary 
was 8 miles and 12 miles, respectively. Wells outside field 
boundaries were included in calculations for total injection 
volumes for the nearest field (appendix tables 1–1 and 1–2).

About 57 injection wells had recorded water injection 
outside oil and gas fields, and they plotted near the boundaries 
of 14 fields (appendix table 1–2). Total water injected outside 
field boundaries during 1977–2015 is 583 million barrels 
(MMB), which is less than 1 percent of the total water and 
steam injected in the State (about 85 billion barrels). Recorded 
injection was primarily for waste-water disposal wells, yet 
enhanced oil recovery wells near five fields (Arroyo Grande, 
Casmalia, Edison, Raisin City, and San Ardo) had recorded 
injection. Of the total waste-water disposal outside field 
boundaries, 345 MMB were injected within 2 miles of the 
Lost Hills field, and 172 MMB were injected within 8 miles of 
the San Ardo field. 
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There was reported water production from about 
75 production wells that plotted nearby 98 fields. Total water 
produced outside field boundaries during 1977–2015 was 
95 MMB, which was less than 0.1 percent of the total water 
produced in the State (about 96 billion barrels). Of the total 
water production outside fields, about 91 MMB were produced 
within 2 miles of the Lost Hills field, and 3 MMB were 
produced within 2 miles of the Raisin City field. 

Vertical Proximity

Variables included in the calculations of vertical 
proximity were depth to top of perforated intervals (TOP) 
for petroleum wells, depth to base of freshwater (BFW) for 
petroleum wells, and total well depth (TD) for water wells. 
The availability of depth data varied between fields and 
between categories of wells (production versus injection, for 
petroleum wells), and required combining depth data and 
calculation methods to estimate vertical proximity for oil and 
gas fields. The depth of oil and gas development may vary 
within a field, in which case compilation and averaging of 
depths on a field scale may not represent vertical proximity for 
the entire field. Perforation depths depend on several factors, 
including the use of each well and regional geology. Samples 
of depth data for wells were tested for statistical differences 
based on well categories for oil and gas fields with sufficient 
data (5 or more data points for each group compared). 
Differences in the availability of data for variables, perforation 
depths based on well category, and land surface elevations 
were evaluated for potential biases when assessing vertical 
proximity for fields. Percentiles and number of available 
depth data for petroleum and water wells are presented in 
appendix table 1–3. Summary statistics were presented for all 
water wells and petroleum wells with depth data, and depth 
to TOP data for petroleum wells were divided into categories: 
production, injection, and the sub-categories of injection 
(waste-disposal wells versus all other injection types “non-
waste-disposal wells”). 

The Wilcoxon rank-sum test (equivalent to the Mann-
Whitney test) was used to evaluate the differences between 
two groups of data (Helsel and Hirsch, 2002). Nonparametric 
rank-based methods were used for statistical analysis because 
these techniques are generally not affected by outliers and 
do not require that the data follow a normal distribution 
(Helsel and Hirsch, 2002). The significance level (p) used 
for hypothesis testing was compared to a threshold value 
(α) of 5 percent (α=0.05) to evaluate whether the relation 

was statistically significant (p≤α). All statistical analyses 
were done using R, version 3.1.2 (The R Foundation for 
Statistical Computing). For fields that had p≤0.05, the relative 
percent difference (RPD) of the median values for the two 
groups was calculated. The RPD is defined as the difference 
between the two values divided by the mean of the values 
and expressed as a percentage. RPD was used to identify the 
fields with greatest differences between the two groups of 
data compared. A positive RPD between the two groups of 
data compared indicates the median value for the first group 
was greater than the median value for the second group, 
and a negative RPD indicates the first group had a smaller 
median value. Variability in TOP-depth values within a field 
was estimated using the interquartile range (IQR), defined 
as the 75th percentile minus the 25th percentile (Helsel and 
Hirsch, 2002).

Land surface elevations (LSEs) were attributed for all 
petroleum and water wells in each field using the California 
National Elevation Dataset and ESRI ArcGIS software, 
and summary statistics are presented in appendix table 1–4. 
Differences in well elevations within a field and between well 
categories can indicate differences in regional geology, which 
were considered in the evaluation of grouping depth data by 
field to calculate vertical separation distance. For instance, 
vertical separation may be inaccurate as calculated when 
comparing the depth to TOP for a petroleum well located in 
the mountains with depth to BFW for a petroleum well or total 
well depth for a water well located in a valley. Water wells did 
not have exact well locations and were plotted at the center 
of the section in which they were located as indicated by the 
location information in well completion reports. Multiple 
water wells within a field often had the same elevation 
attributed. Initial results of Wilcoxon rank-sum tests were 
significant for even the slightest differences in land surface 
elevation between the water wells and petroleum wells, and 
therefore are not presented in this report. Results of statistical 
tests comparing LSE for petroleum wells with depth to TOP 
versus petroleum wells with depth to BFW are also not 
presented. Most fields for which vertical separation distance 
was calculated by pooling TOP-depth and BFW-depth data 
(method 3) did not have sufficient data to run statistical tests. 
Variability in LSEs, as measured by the IQR, between wells 
in a field for categories of wells (water wells and petroleum 
wells) are included in appendix table 1–4. The measured 
variability in LSEs for water wells in a field may be less than 
if LSE was attributed to water wells using more precise well 
locations.

https://doi.org/10.3133/sir20185065
https://doi.org/10.3133/sir20185065
https://doi.org/10.3133/sir20185065


Appendix 1. Statistical Summaries of Data used to Calculate Factors    113

Comparison of Depths to Top of Perforations for 
Production versus Injection Petroleum Wells

For the assessment of vertical proximity in each field, the 
depth at which petroleum resource development is prevalent 
in each field was estimated using depths to TOP for both 
production wells and injection wells. Whereas the injection 
well depths are almost a complete record of injection depths in 
each field, the production well depths are a randomly-selected 
and spatially-distributed sample of depths for all production 
wells. As a result, 84 percent of the 174 fields with sufficient 
data to assess vertical proximity had at least one injection 
well with depth to TOP, compared to only 47 percent of the 
total 487 oil and gas fields having contained injection wells. 
Because there were more injection well TOP-depths readily 
available for the assessment of vertical proximity, vertical 
proximity of injection activities to groundwater resources 
was predominate in the calculation of median vertical 
separation distance. 

Statewide, the total number of TOP-depths for injection 
wells greatly exceeded the number for production wells; 
however, more fields had a greater number of TOP-depths for 
production wells than for injection wells. Of the 174 fields 
assessed for vertical proximity, 96 fields had more production 
well TOP-depths, 74 fields had more injection well TOP-
depths, and 4 fields were equal (appendix table 1–3). The 
fields with more TOP-depth data for injection wells than for 
production wells had a total of about 16,800 depths and the 
majority of these data are concentrated in a few fields. Fields 
that accounted for about 67 percent of the injection well data 
in the state are South Belridge (4,002 TOP-depths), Midway-
Sunset (2,611 TOP-depths), Lost Hills (1,559 TOP-depths), 
Kern River (1,275 TOP-depths), Coalinga (1,162 TOP-
depths), and Wilmington (1,044 TOP-depths).

For a field-scale estimate of vertical proximity based 
on median separation distance, vertical proximity is largely 
dependent on well perforation depths for the well category 
with more data. Statistical tests comparing well perforation 
depths for injection and production wells for fields with 
sufficient data indicated that well perforation depths were 
statistically different (p≤0.05) between the two well categories 
for about half (37 fields) of the 71 fields tested (appendix 
table 1–5). Of the 37 fields, TOP-depths were deeper for 
production wells than for injection wells (RPD>0) in 26 fields, 
and TOP-depths were shallower for production wells than 
for injection wells (RPD<0) in 11 fields. Examples of fields 
that had the greatest absolute RPD between median depths 
are Asphalto (RPD=164 percent), Kettleman North Dome 
(RPD=153 percent), Ojai (RPD=−110 percent), Helm 
(RPD=108 percent), Oxnard (RPD=107 percent), Edison 
(RPD=101 percent), and Rose (RPD=100 percent) fields. 
On average, these fields had deeper perforation depths for 
production wells than for injection wells except for the Ojai 
field; median depth to TOP at Ojai was 948 feet (ft) for 
production wells and 3,285 ft for injection wells. 

For a few fields that had statistically different depths to 
TOP for production and injection wells, the depth of petroleum 
resource development as characterized by median depth to 
TOP for injection and production wells may be biased towards 
the well category with more depth data. For 33 of the 37 fields 
with statistically different samples of data (p≤0.05), median 
TOP-depth for petroleum wells was closer to median TOP-
depth for the well category with more depth data (appendix 
table 1–5). As an example, the Asphalto field has median 
depth to TOP of 720 ft for injection wells, median depth to 
TOP of 7,354 ft for production wells, and median depth to 
TOP of 750 ft for the combination of well categories. There 
were more depths to TOP values available for injection wells 
(19 values) in this field than for production wells (6 values), 
and consequently vertical proximity of injection activities to 
groundwater resources was predominate in the calculation of 
median vertical separation distance (−750 ft). In contrast, the 
Ten Section field had more depth data available for injection 
wells than production wells, yet median TOP-depth of all 
petroleum wells (7,790 ft) was closer to median TOP-depth 
of production wells (8,076 ft) than to median TOP-depth of 
injection wells (3,087 ft). The interquartile range of TOP-
depths for injection wells showed relatively large variability 
in the data (IQR=5,262 ft; appendix table 1–3). Variability in 
well perforation depths for injection wells suggests multiple 
injection zones at different depths within the field. Variability 
in depths may also indicate differences in land surface 
elevations, but in the Ten Section field, LSE only varied by 
about 20 ft for injection wells (appendix table 1–4). 

Comparison of Depths to Top of Perforations for 
Waste-Disposal versus Non-Waste-Disposal 
Wells

Additional comparisons of TOP-depths for waste-
disposal wells and all other types of injection wells (non-
waste-disposal), indicated that for fields with production, 
injection for enhanced oil recovery, and injection for waste 
disposal, the calculated median separation distance for a field 
may not characterize the proximity of groundwater resources 
to each of these activities. Well perforation depths for waste-
disposal wells (including waste-water disposal, WD, and gas 
disposal, GD, well types) and non-waste-disposal injection 
wells (including WF, SF, SC, GS, and LG well types) were 
statistically different (p≤0.05) for most of the fields tested 
(25 of the 29 fields; appendix table 1–6). Of the 25 fields 
with different depths, median TOP-depth was deeper for 
waste-disposal wells than for non-waste-disposal wells 
(RPD>0) in 14 fields, and median TOP-depth was shallower 
for waste-disposal wells than for non-waste-disposal wells 
(RPD<0) in 11 fields. In general, there more depths to TOP 
for non-waste-disposal wells than for waste-disposal wells 
(23 of the 29 fields compared; appendix table 1–6), and 
were predominate in calculation of median depth to TOP for 
injection wells in each field. 
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Examples of fields that had the greatest absolute RPD 
between median depths for waste-disposal wells and non-
waste-disposal wells are Elk Hills (RPD=−165 percent), 
Edison (RPD=115 percent), North Belridge 
(RPD=−113 percent), South Mountain (RPD=103 percent), 
and Ten Section (RPD=−102 percent) fields. In the example 
of the Ten Section field in which there was variability in 
TOP-depths for wells in the injection well category, grouping 
wells into the sub-categories resulted in greater precision of 
average well depths. There was a large spread of perforations 
depths for injection wells at Ten Section (IQR=5,262 ft), 
yet variability for TOP-depths in each of the sub-categories 
was comparatively small: median depth to TOP was 2,540 ft 
for waste-disposal wells (IQR=197 ft) and 7,796 ft for other 
injection wells (IQR=51 ft; appendix table 1–3). Even though 
there were more depths to TOP for waste-disposal wells than 
non-waste-disposal injection wells and more depths to TOP for 
injection wells than production wells at this field, the depths 
of waste-disposal wells were outweighed in the combination 
of depths for injection wells and production wells (median 
TOP-depth for production wells was 8,076 ft). Median 
vertical separation distance for the Ten Section field (6,072 ft 
separation, appendix table 1–5) was biased to non-waste-
disposal injection activities and production activities in zones 
deeper than average TOP-depths for waste-disposal wells.

Comparisons of Vertical Proximity Classifications 
using Separation-Distance Calculation 
Methods 1 and 2

Separation distance values and vertical proximity 
classifications were compared between calculation methods 1 
and 2, which were considered the most robust of the methods 
and provided median separation distance values for the most 
fields (see “Methods” section “Calculation of Variables” for 
a description of the five methods used to calculate vertical 
proximity). Of the 81 fields that had separation distance values 
calculated from both method 1 and method 2 and for which 
a comparison could be made, 25 fields were classified into 
different categories (close, moderate, and far) for vertical 
proximity depending on the calculation method. A comparison 
of the separation distance values between methods 1 and 
2 showed that more fields would be classified as “far” for 
vertical proximity of petroleum and groundwater resources 
based on method 2 calculations, and fewer fields would be 
classified as “moderate” and “close.” The vertical separation 

distance determined from calculation method 1 was used 
in the prioritization analysis in most cases. For fields that 
had different vertical proximity classifications based on 
varying values between the two methods, the classification 
representing greater potential risk to groundwater resources 
was used in the overall prioritization analysis. The overall 
priority classification for fields rarely changed by differing 
vertical proximity classifications between the two methods.

Generally, median separation distance calculated from 
method 1 for each field was less than the median distance 
calculated from method 2 (72 out of 81 fields compared; 
appendix table 1–7). Of the 25 fields with differing vertical 
proximity classifications between the two methods, 22 fields 
had a higher ranking (less distance between resources) using 
vertical separation values determined from method 1 than 
from method 2. Most often the higher ranking for method 1 
was moderate (16 fields), and the other 6 fields were ranked 
high using method 1. The vertical separation distance between 
petroleum and groundwater resources would be expected to 
be smaller as calculated from method 1 than from method 2, 
because method 1 uses depths to BFW to characterize the 
depth of groundwater resources, and depths to BFW are 
typically deeper than the TD of groundwater wells used in 
method 2 (fig. 5). Variations in separation distance values 
between the two methods can also be attributed to differences 
in the depths to TOP that were included in each calculation 
method. More depths to BFW were available for injection 
wells than for production wells, and in effect, greater weight 
was given to injection wells in method 1 calculations than in 
method 2 calculations. 

Only the three fields Coalinga, Livermore, and Orcutt 
had a lower ranking for vertical proximity (greater distance 
between resources) using separation distance values 
determined from method 1 than from method 2 (appendix 
table 1–7). In the example of the Coalinga field, median 
TD of water wells overlying the field was 600 ft (calculated 
from data for 47 water wells), whereas the median depth to 
BFW was 270 ft (calculated from data for 586 petroleum 
wells; appendix table 1–3). One explanation for the depth to 
BFW being shallower than water well depths is that depths 
to BFW reported in well records were sometimes a single 
value applied to petroleum wells throughout the field rather 
than values determined from each well’s geophysical logs. 
For these three fields, the vertical proximity classification for 
method 2 was used in the prioritization analysis so that values 
that are most protective of groundwater quality are used in the 
prioritization of oil fields.
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The overall priority classification of a field was only 
affected by the vertical proximity ranking for fields with 
petroleum resource development closest to groundwater 
resources (fig. 8). The variability in results from each 
calculation method mostly affected the overall priority 
classification of fields that had separation distance values 
near the boundary between close and moderate classifications 
(1,000 ft median separation distance; table 2). Vertical 
proximity classifications varied between close and moderate 
between the two methods for eight fields: Coalinga, Fruitvale, 
Jasmin, Livermore, Malton-Black Butte Gas, Poso Creek, 
Rosedale Ranch, Round Mountain (appendix table 1–7). 
Several of the fields that had median separation distance near 
the classification boundary were ranked high for petroleum-
well density and volume of water injection and would be 
classified as high overall priority based on rankings for factors 
other than vertical proximity. Only the Jasmin, Livermore, 
and Malton-Black Butte Gas fields would have a different 
overall priority classification based on differing vertical 
proximity classifications for method 1 and method 2; these 
fields would be classified as moderate priority if the lower 
ranking classification for vertical proximity had been used in 
the prioritization analysis. These three fields had moderate 
petroleum-well density, low to moderate volume of injection, 
and moderate to high water-well density (table 6). Of the 
81 fields compared, 31 percent had differing vertical proximity 
classifications between method 1 and method 2, and using the 
higher ranking of the two classifications in the prioritization 
analysis resulted in high overall priority classifications than 
would have been assigned based on the other factors assessed 
for less than 4 percent of the compared fields. 
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