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Chapter 1

Key Terms Definitions

Plant
In the context of a UGS facility, the plant is the part of the facility with surface infrastructure consisting 
of any one or all of components such as compressors, gas processing units, electricity generation 
units, or control room and/or operator office space. 

Pool
A reservoir as defined by the California Division of Oil, Gas, and Geothermal Resources. As used in 
practice by the agency though, a pool may consist geologically of more than one reservoir, such as 
different sandstone strata within a formation.

Pore
The void space within a rock that can be occupied by a fluid. In a sedimentary rock, this space is 
that which is not occupied by the original sediments and any material chemically precipitated after 
deposition of the sediments (cementation).

Process
A long-term or slow change in the system relevant to performance: e.g., corrosion of steel, cement 
degradation, or sand production are some examples of processes relevant to UGS performance. 

Production
Extraction/delivery of fluid (liquid or gas) from the reservoir to the ground surface via a well for the 
purpose of recovering fluids from a natural accumulation. 

Reservoir
A contiguous volume of rock with permeability sufficient to inject and produce or withdraw the fluid 
of interest at a rate that makes doing so economic.

Risk endpoint Value to be protected (e.g., health, safety, containment, non-degradation).

Risk Consequence × Likelihood 

Seal

The rock overlying the reservoir that prevents buoyant fluids of interest, such as stored gas, from 
migrating upward out of the reservoir. This can be either via capillary trapping or low permeability 
(although these typically occur simultaneously because they are both a result of small pore size). 
Synonymous with caprock.

Seismic hazard
Likelihood of an earthquake of a given magnitude on a given fault (or within a given area) within  
a given time. 

Spud To begin drilling a wellbore into the ground.

Subsurface blowout
The uncontrolled flow of gas, liquids, or solids (or a mixture thereof) from a well into the  
subsurface environment.

Threat Qualitative potential for a failure scenario to affect something (synonym here for hazard).

Withdrawal Extraction/delivery of fluid (liquid or gas) from storage in a reservoir to the ground surface via wells. 

1.1 CHARACTERISTICS OF CALIFORNIA UNDERGROUND GAS STORAGE FACILITIES

1.1.1 Abstract

We have identified and searched multiple databases and other public sources to gather 
information to characterize the state of underground gas storage (UGS) in California. Gas 
injection via gas storage wells occurred in 13 facilities in California in 2015 prior to the 
Aliso Canyon well blowout (“well blowouts” in California are defined as ‘‘the uncontrolled 
flow of well fluids and/or formation fluids from the well”; Hauser and Guerard, 1993). 
Gas injection via storage wells ceased in the Montebello facility at the end of 2016 with the 
approval of the operator’s application to inactivate the injection permit. Three of the four 
remaining facilities in southern California store gas in depleted oil reservoirs. The remaining 
facility, along with the one in central and seven in northern California, store natural gas in 
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depleted gas reservoirs. The southern California facilities withdraw original-in-place oil and 
gas condensates in varying ratios relative to stored gas withdrawn. Various aspects of the 
facilities utilizing oil reservoirs differ from those utilizing gas reservoirs. For instance, the oil 
reservoir storage sites have deeper wells installed longer ago, more vertical wells such that 
wellheads are distributed more widely across the field, and they operate at a lower pressure 
as a fraction of the initial pressure.

UGS facilities utilizing depleted gas reservoirs are operated by either an investor-owned 
utility or an independent (non-utility) company. These groups of facilities generally vary 
from each other, with the independent facilities using wells installed more recently, gas 
handling plants farther from the storage well field, and longer pipelines, both connecting 
from the transmission line to the plant and from the plant to the well field. The differences 
between the three groups of facilities (utility-owned depleted oil reservoirs, utility-owned 
depleted gas reservoirs, and independently owned depleted gas reservoirs) provide 
the opportunity to study variations in risk between the groups, and potentially adapt 
approaches to managing risk utilized in one group of facilities to another group.

A substantial portion of the gas stored in southern California has been via wells installed 
six to nine decades ago. It does not appear there is any regulatory limit to the age of a well 
component utilized for UGS. Temporal failure statistics should be developed for various 
components, and utilized to determine the reasonable life expectancy of, and a time-varying 
monitoring schedule for, each type of component.

The data utilized to arrive at these characterizations typically do not have quality flags nor is 
there a public record of data-quality protocols applied. Outliers exist in the data suggestive 
of errors, and there are inconsistencies between data sets that indicate errors. A unified 
database should be developed to avoid these inconsistencies, and a data-quality protocol 
including data-quality flags should be applied to the database. However, while some of 
the data inaccuracies may degrade the precision of UGS characterization in this report, 
the datasets are sufficiently consistent to provide confidence that our characterizations are 
accurate. We have compactly summarized key characteristics of California UGS facilities in a 
risk table presented in Section 1.7.

1.1.2 Introduction

For the purposes of identifying active UGS facilities and characterizing their configuration 
and operation, we selected January 1, 2006 to December 31, 2015 as the ten-year period 
for this study. We selected 2015 as the end year to avoid changes from the prior business as 
usual resulting from the 2015-2016 SS-25 well blowout at the Aliso Canyon facility, referred 
to here as the 2015 Aliso Canyon incident. For instance, more than a year after the blowout 
was stopped, injection in a subset of wells previously used for injection at Aliso Canyon 
recommenced. Consequently, including 2016 and early 2017 in the study period would 
result in mixing a period of operational stability with a period of operational instability, 
resulting in a failure to characterize either. An alternative is to characterize each period 
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separately. However, the utility of characterizing the period of operational instability is 
questionable, because it would not be representative of either the past or the future. For this 
reason the effort was not expended to characterize this period. 

1.1.3 Facilities 

The U.S. Energy Information Administration (EIA) maintains data regarding active UGS 
facilities. We checked the U.S. EIA’s list of such facilities in California for consistency 
against the annual injection databases maintained by California Division of Oil, Gas and 
Geothermal Resources (DOGGR). We also used those databases to identify facilities no 
longer in operation. We queried for any well of type GS (gas storage) with gas injection 
starting from the 1977 database, which is the earliest available, to the 2015 database. 
From the results of these queries, we generated a list of fields where gas storage occurred 
during the 2006 to 2015 study period, and had occurred previous to that period. All fields 
with gas injection via GS wells in that period had such injection in 2015. We term the UGS 
facilities in these fields “active” and facilities in fields with such injections only prior to 2006 
“historic.” Figure 1.1-1 shows the location of both types of field.

(a)
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(b) 
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(c) 

Figure 1.1-1. Fields with historic or active gas storage as of 2015: (a) northern California, (b) 
central California, and (c) southern California. 
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The query results confirmed that each UGS facility on the list available from the U.S. EIA 
was active, and the query identified one additional field (Montebello) with active gas 
storage; injection via GS wells in this field occurred every year from commencement of 
storage operations through 1992. It recommenced in 2011 and continued through the 2015 
end of the study period. We also queried the 2016 injection database and found injection in 
this field via GS wells occurred that year as well.

Given the discrepancy with the list from the U.S. EIA regarding storage in the Montebello 
field, we inquired with DOGGR about the status of this storage operation. In response, 
DOGGR provided a letter stating the gas storage project in this field was terminated on 
December 31, 2016 (DOGGR, 2016). Because this facility was active at the end of the study 
period and beyond, it is included through Section 1.1.3, which discusses the reservoirs 
(pools) within which gas is stored in each facility. It is not considered beyond this because 
the amount of gas transferred through the facility was an order of magnitude smaller than 
the facility with the next smallest gas transferred during the study period. The continued 
low-level operation and final closure of the Montebello facility at the end of 2016 accounts 
for the apparent discrepancy in this report as to the number (13 or 12) of UGS facilities in 
California. 

All of the fields with gas storage had either oil or gas production prior to the commencement 
of storage, i.e., UGS in California is all in depleted hydrocarbon reservoirs (DHRs). While 
active storage occurs in more than one reservoir in some fields, prior production from all 
pools with storage in each field was either of gas or oil. The primary resource type produced 
in each field is listed in Table 1.1-1. The independently operated facilities are those other 
than the facilities operated by PG&E and SoCalGas, which are both regulated utilities.
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Table 1.1-1. Characteristics of UGS facilities with gas injection via wells designated GS  
(gas storage) by DOGGR in California in 2015.

Field1

Capacity (Bcf)2

Start 
year4

Storage 
Pool Type

Colocated 
active 

production
County Owner

2006 2015

Aliso Canyon 82.0 86.2 1973 Oil Oil Los Angeles SoCalGas

Gill Ranch Gas 0.0 20.0 20105 Gas Gas Madera
Gill Ranch LLC (75%), 

PG&E (25%)

Honor Rancho 23.0 27.0 1975 Oil None Los Angeles SoCalGas

Kirby Hill Gas 5.0 15.0 19756 Gas Gas Solano Rockpoint

La Goleta Gas 21.5 19.7 19427 Gas Gas Santa Barbara SoCalGas

Lodi Gas 17.0 17.0 2001 Gas None San Joaquin Rockpoint

Los Medanos Gas 17.4 17.9 1976 Gas Gas Contra Costa PG&E

McDonald Island Gas 82.0 82.0 1962 Gas Gas San Joaquin PG&E

Montebello Unlisted 1956 Oil Oil Los Angeles SoCalGas

Playa del Rey 2.6 2.4 19428 Oil None Los Angeles SoCalGas

Pleasant Creek Gas 2.3 2.3 1962 Gas Gas7 Yolo PG&E

Princeton Gas3 0.0 11.0 20125 Gas None Colusa
AGL (through Pivotal 
Energy Development)

Wild Goose Gas 20.5 75.0 1998 Gas None Butte Rockpoint

Total - independents 42.5 138.0

Total - PG&E 101.7 102.2

Total - N. 144.2 240.2

Total - S. (SoCalGas) 129.1 135.3

Total 273.3 375.5

1 As per DOGGR’s production and injection databases

2 U.S. EIA (2016)

3 Operated under the name “Central Valley”

4 Except as noted, from earliest injection noted is for storage in DOGGR’s annual reports (available at http://www.conservation.
ca.gov/dog/pubs_stats/annual_reports/Pages/annual_reports.aspx)

5 Annual reports after 2009 do not note storage; beginning of storage in this period based on first injection year in DOGGR’s  
injection database.

6 Storage activities in the Domengine pool have ceased for several multi year periods since first commencing in 1975; storage in the 
Wagenet pool commenced in 2008.

7 Earlier annual reports do not list any storage, but this start year is also implied by the statement “the field will probably be utilized as 
a gas storage reservoir by Pacific Lighting Corporation” in annual report Volume 26 (1940-41).

8 The annual report for 1942 (DOG, 1942) lists injection in the second half of 1942, but does not note it was for storage, however 
storage in this field is noted in the 1943 annual report (DOG, 1943). Start of storage taken as 1942 based on injection that year.
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All the facilities in central and northern California were developed in former gas fields, as 
was the facility in the La Goleta Gas field in southern California. About half of the facilities 
are in fields with ongoing oil or gas production from other reservoirs.

As shown on Table 1.1-1, storage capacity increased by almost 40% during the 2006 to 
2015 study period. This occurred because of a combination of new facilities, such as the 
Gill Ranch Gas field commencing operation, and existing facilities, such as the Wild Goose 
Gas field expanding. The independent operators constructed almost the entirety of the 
additional capacity, and did so in the Central Valley rather than in the Los Angeles area.

1.1.4 Operation 

Temporal patterns of injection to and withdrawal from storage are the result of operations 
to serve many purposes, as discussed in Chapter 2 and listed in Figure 13 of that chapter. 
These patterns are characterized in this section, and only their relation to heating and 
cooling demand is explored.

Statewide, withdrawal from storage occurred in two peaks annually on average during 
the 2006 to 2015 study period, as shown on Figure 1.1-2, with the larger peak centered 
in January and the smaller centered in August. Injection to storage also occurred in two 
peaks, centered in May and October. The winter peak occurred in every study year, while 
the summer peak only occurred in some years. Injection almost ceased during the winter 
withdrawal peak, but continued through the summer withdrawal peak. As a consequence, 
withdrawal in August was almost equal to injection on average.
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(a)

 (b)
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(c)

 (d)
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(e)

(f)
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(g)

(h)
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(i)

Figure 1.1-2. Monthly injection to and withdrawal from UGS facilities in California from 2006 
to 2015 based on DOGGR’s production and injection database: a) sum of all facilities, (b) sum of 
independently operated facilities, which are all in central and northern California (Gill Ranch 
Gas included because it is part owned by PG&E), (c) PG&E-operated facilities, (d) sum of northern 
California facilities, (e) sum of southern California facilities, which are all operated by SoCalGas, 
(f) La Goleta, which has the lowest ratio of summer to winter withdrawal, (g) Aliso Canyon, 
which is an example of a low summer to winter withdrawal ratio, (h) Honor Rancho, which is an 
example of a high intermediate summer to winter withdrawal ratio, and (i) Playa del Rey, which 
has the highest ratio of summer to winter withdrawal. Summer is the sum of withdrawal in July, 
August, and September. Winter is the sum of withdrawal in December, January, and February. The 
whiskers extend to the minimum and maximum values in the study period.
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This annual pattern of withdrawal and injection was remarkably similar in northern and 
southern California, as shown on Figure 1.1-2 and quantified in Table 1.1-2. The main 
difference is the injection peaks are slightly higher and troughs between peaks slightly lower 
in northern California.

Facilities operated by both PG&E, which is regulated by the CPUC, and independent 
companies not regulated by the CPUC exist in northern California. PG&E’s facilities 
withdrew slightly more gas in the winter peak on average; however, withdrawal from the 
independents varied more between years than did withdrawal from PG&E’s facilities. The 
independent facilities withdrew three times as much gas as the PG&E facilities during the 
summer peak on average; however, withdrawal from PG&E facilities varies more between 
years than did withdrawal from the independent facilities.

The annual pattern of withdrawal and injection varied between facilities. Figure 1.1-2 
shows each of the extremes and examples of intermediate patterns. The annual pattern 
ranges from almost no summer withdrawal to relatively uniform monthly withdrawal and 
injection throughout the year. Table 1.1-2 has the ratio of withdrawal to injection in the 
peak winter and summer withdrawal months of January and August, respectively. Although 
data more frequent than monthly are not publicly available, the closer to unity (one) the 
withdrawal to injection ratio is for a month, the more times wells are likely switched from 
injection to withdrawal and back in the facility, or from non-operation to withdrawal in the 
case of some wells as discussed below.
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Table 1.1-2. Operational statistics from 2006 to 2015 for each UGS facility  
in California active as of 2015.

Field

Average withdrawal
Average withdrawal / 

injection

Winter2 
(Bcf)

Summer3 
(Bcf)

Summer 
/winter

 Of capacity 
annually

 SD4 of 
capacity 
annually

January August

Gill Ranch Gas 4.1 1.3 0.32 0.35 0.62 51 7.9

Kirby Hill Gas 5.9 2.5 0.42 1.08 1.25 32 1.8

Lodi Gas 7.4 6.2 0.84 0.70 1.29 3.0 2.4

Princeton Gas1 3.0 1.1 0.37 0.56 0.77 4.9 2.2

Wild Goose Gas 11.5 1.6 0.14 1.28 1.59 7.8 0.24

Independents 28 11 0.39 0.72 1.08 6.4 1.2

Los Medanos Gas 7.6 1.0 0.13 0.57 0.77 infinite 2.2

McDonald Island Gas 26 2.5 0.10 0.45 0.61 39 0.8

Pleasant Creek Gas 0.80 0.32 0.40 0.55 1.11 62 5.2

PG&E 34 3.9 0.11 0.47 0.58 57 1.2

PG&E and independents 
(northern CA)

62 15 0.24 0.56 0.68 13 1.2

Aliso Canyon 40 6.9 0.17 0.69 0.84 20 0.82

Honor Rancho 12.0 5.1 0.43 0.35 0.62 7.8 1.0

La Goleta Gas 8.9 0.3 0.03 1.08 1.25 27 0.14

Montebello 0.037 0.032 0.86 NA 1.6 1.4

Playa del Rey 0.97 0.96 0.99 1.59 1.95 1.1 0.83

SoCalGas (southern CA) 62 13 0.21 0.76 0.89 19 0.78

Total 120 28 0.23 0.64 0.77 16 0.95

1 Operated under the name “Central Valley”

2 Sum of withdrawal in December, January, and February

3 Sum of withdrawal in July, August, and September

4 Standard deviation

Table 1.1-2 also lists the average withdrawal relative to capacity for each facility during the 
study period, as well as the standard deviation of this value. Figure 1.1-3 shows  
these data plotted against average capacity of each facility from 2006 to 2015. No  
pattern is apparent other than that some of the smaller facilities have substantially  
higher capacity utilization.
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Figure 1.1-3. Annual withdrawal from each facility as a fraction of capacity plotted against 
average facility capacity from 2006 to 2015. Data for facilities operated by independent 
companies are plotted in red and for the investor-owned utilities in black. 

Statewide withdrawal from storage correlates to total heating and cooling demand on a 
monthly basis, as shown in Figure 1.1-4. The majority of the variation in withdrawal from 
storage is correlated to the variation in total monthly heating and cooling demand. The 
remainder of the variation is likely correlated to some of the other purposes for which 
storage is operated, as explained in Chapter 2, Figure 13.
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Figure 1.1-4. Monthly gas withdrawal from storage versus average per capita heating and cooling-
degree days in California in 2006 to 2015. Degree days are a measure of heating and cooling 
demand. Degree heating days for a given day is the base temperature less the average temperature 
for that day, or zero if the average temperature is greater than the base temperature. Degree 
cooling days are the converse. Average per capita degree days by state were downloaded from the 
Climate Prediction Center (CPC) at ftp://ftp.cpc.ncep.noaa.gov/htdocs/degree_days/weighted/
daily_data/. The base temperature used by the CPC in calculating these data was 65° F.

As shown in Table 1.1-1, four of the UGS facilities were developed in oil fields. Production 
of oil along with stored gas withdrawn is reported in each of these facilities in DOGGR’s 
production databases during the study period. The relationship between stored gas 
withdrawal and oil production is shown in Figure 1.1-5a. In addition, production of oil and 
condensate production along with stored gas withdrawal is reported at the La Goleta Gas 
facility. No condensate is produced from storage at La Goleta Gas in three quarters of the 
months with stored gas withdrawal. The relationship between stored gas and condensate 
withdrawal during the other months is shown in Figure 1.1-5b.
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(a)

(b)
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Figure 1.1-5. Monthly oil and gas condensate production versus stored gas withdrawal at (a) 
UGS facilities developed in oil fields, and (b) La Goleta Gas UGS facility. Oil and gas condensate 
are reported together in DOGGR’s production data as both are liquids at surface pressures and 
temperatures and consequently difficult to report separately.

1.1.5 Reservoirs (“pools”)

As shown in Table 1.1-3, gas is stored in a single reservoir in most of the facilities and more 
than one reservoir in some of the facilities. DOGGR’s production and injection databases 
list pool names and codes. As defined by DOGGR, the pool “corresponds with the reservoir 
name” (http://www.conservation.ca.gov/dog/Pages/Well-Search.aspx). Geologically some 
of these actually consist of more than one reservoir, such as individual sands within the 
Tulare. This section follows DOGGR’s definition of reservoir as equivalent to pool.

DOGGR’s production and injection databases do not specify which reservoir is used for 
storage in some of the facilities, but the reservoirs utilized in these facilities are apparent 
from California Division of Oil and Gas (DOG, 1982; 1992; DOGGR, 1998). 

Table 1.1-3. Reservoirs (“pools”) in which gas is stored in each facility,  
along with original resource type, discovery year, and geologic information.

Field Area1 Pool1 Type2 Discovered2 Formation2 Age2 Trap2

Aliso Canyon Any Sesnon-Frew Oil 1940 Modelo-Llajas Miocene-
Eocene

Fault, structural

Gill Ranch Gas Any 1st Panoche Gas 1956 Panoche Late 
Cretaceous

Structural, fault

2nd Panoche Gas 1989 Panoche Late 
Cretaceous

Structural, fault

Honor Rancho Southeast Wayside 13 Oil 1956 Modelo Late Miocene Stratigraphic

Kirby Hill Gas Main Domengine Gas 1945 Domengine Eocene Fault

Wagenet Gas 1945 Martinez Paleocene Fault

La Goleta Gas Any Vaqueros Gas 1932 Vaqueros Early Miocene Structural, fault

Lodi Gas Any Domengine Gas 1943 Domengine Eocene Structural

Midland Gas 1953 Mokelumne 
River

Late 
Cretaceous

Structural

Los Medanos Gas Main Main Block-
Domengine 

(Domengine)

Gas 1959 Domengine Eocene Structural

McDonald Island 
Gas

Any No Pool 
Breakdown

Gas 1936 Mokelumne 
River

Late 
Cretaceous

Structural, fault, 
stratigraphic

Montebello West 8th Oil 1939 Puente Late Miocene Structural

1 As per DOGGR’s production and injection database

2 DOG (1982; 1992); DOGGR (1998); note U.S. EIA (2016) lists Wagenet pool as an “aquifer” in recent years and a “depleted field”  
in previous years
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Field Area1 Pool1 Type2 Discovered2 Formation2 Age2 Trap2

Playa del Rey Del Rey 
Hills

No Pool 
Breakdown (Lower)

Oil 1931 Puente Late Miocene Stratigraphic

Pleasant Creek Gas Any Peters Gas 1948 Winters Late 
Cretaceous

Stratigraphic

Princeton Gas Main Kione Gas 1953 Kione Late 
Cretaceous

Structural, 
stratigraphic

Wild Goose Gas Any No Pool 
Breakdown

Gas 1951-1963 Kione Late 
Cretaceous

Structural

1 As per DOGGR’s production and injection database

2 DOG (1982; 1992); DOGGR (1998); note U.S. EIA (2016) lists Wagenet pool as an “aquifer” in recent years and a “depleted field”  
in previous years

Table 1.1-3 lists the type of trap that forms each storage reservoir. All the traps used for 
storage in California involve a rock type that is sufficiently permeable to support prior 
economic production of the oil or gas present (the reservoir or pool), overlain by a rock type 
that has sufficiently small pores (the caprock or seal) to preclude entry of oil or gas below 
a particular pressure, or sufficiently low permeability to preclude the passage of all gas or 
oil out of the trap. The first is termed capillary trapping, and is operative at the microscopic 
level in all the California storage traps. At the macroscopic level, the three main types of 
traps used for storage in California are structural, fault, and stratigraphic. Appendix 1.A has 
further information about these trap types as they occur in the UGS facilities.

In general, the trapping of hydrocarbons over geologic time provides a basis for assuming 
reservoir integrity of UGS. Because all of California’s UGS reservoirs are in DHRs, there is 
a reason to believe the natural system will provide greater sealing capacity and reservoir 
integrity than storage in any other geologic setting. On the other hand, the prior use of 
these reservoirs for oil or gas production left legacy wells in various states of use and 
abandonment. As discussed in Section 1.2, wells are the main concern for leakage from the 
subsurface components of UGS facilities. Prior use of these reservoirs, as well as use for gas 
storage, can also cause damage to the caprock. This reduces the integrity of the original 
system with regard to retention of buoyant fluids, such as stored gas. For example, injecting 
at too high a pressure can create transmissive fractures through the caprock. See Section 1.3 
for further discussion.

Quantitative properties of each reservoir used for storage as of 2015 are listed in Table 
1.1-4. The distribution of porosity and permeability with depth are shown in Figure 1.1-6. 
The oil reservoirs used for gas storage are deeper than the gas reservoirs. The porosity and 
permeability of the former oil reservoirs are lower than those of the gas reservoirs, as is 
typical for sedimentary reservoirs at greater depths, owing to greater consolidation as well 
as secondary effects, such as cementation.
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Table 1.1-4. Quantitative data regarding reservoirs (“pools”) in which gas was stored as of 2015 
(DOG, 1982, and DOGGR, 1992 and 1998). Tubing wellhead pressure statistics are for the 2006  

to 2015 study period discounting reported zero pressures.

Field Area Pool Depth (ft)
Porosity 

(%)
Permeability 

(mD)

Initial 
temperature 

(° F)

Pressure (psi)

Initial
Tubing wellhead

2.5th Median 97.5th

Aliso Canyon Any Sesnon-Frew 9000 17.3-30.3 234 175 3595 210 2280 2843

Gill Ranch 
Gas

Southeast 1st Panoche 5850 NA NA 128 2610 1636 2322 2556

2nd Panoche 6216 32 NA 140 2777 1804 2399 2715

Honor Rancho Southeast Wayside 13 10000 7-26 20 190 4500 75 2730 3401

Kirby Hill Gas Main Domengine 1550-2850 19 NA 97-112 1195 456 1019 1321

Wagenet 2850-5400 20-24 NA 110-140 2205 475 1560 1985

La Goleta Gas Any Vaqueros 3950 22-27 100-500 140-155
1840-
2000

1311 1676 1840

Lodi Gas Any Domengine 2280 25-30 NA 92 987 482 846 1056

Midland 2515 25-30 NA 93 1093 570 931 1154

Los Medanos 
Gas

Main
Main Block-
Domengine 

(Domengine)
4000 30 500 112 1760 689 1390 1579

McDonald 
Island Gas

Any
No Pool 

Breakdown
5220 31-34 1500 142 2350 13151 18501 20631

Montebello West 8th 7650 20-22 80-100 NA 14 63 470

Playa del Rey
Del Rey 

Hills

No Pool 
Breakdown 

(Lower)
6200 21-24 500 210 2750 23 1370 1476

Pleasant 
Creek Gas

Any Peters 2800 31-34 1000 107 1270 944 1206 1238

Princeton Gas Main Kione 2170 27-29 125-320 85 1015 384 1080 1354

Wild Goose 
Gas

Any
No Pool 

Breakdown
2400-2900 30 NA 82-105

1105-
1500

120 1251 1466

1 Casing pressure because tubing pressures other than 0 were reported for fewer than 2% of the well months in the study period
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(a)

(b)

Figure 1.1-6. Depth versus (a) porosity and (b) permeability for gas storage pools in use as of 2015 
(DOG, 1982, 1992; DOGGR, 1998).
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Figure 1.1-7 shows the initial temperature and pressure of the reservoirs used for storage 
as of 2015, as well as statistics for tubing wellhead pressures from 2006 to 2015. Tubing 
wellhead pressure statistics are not shown for McDonald Island, because only a small 
portion of the well-month combinations have wellhead tubing pressure reported.

Not surprisingly, initial temperatures and pressures in the former oil reservoirs are 
higher because they are deeper. The operating pressures in the former oil reservoirs are 
significantly lower relative to the initial pressures than in the gas reservoirs. This may 
result from residual oil saturation in the former oil reservoirs effectively lowering the 
permeability to gas in those reservoirs, as compared to the lack of such interference from 
residual saturation in the gas reservoirs. The consequence of this is that leakage via geologic 
pathways (e.g., along faults) and induced seismicity are less likely in the facilities in former 
oil reservoirs than in former gas reservoirs. This is not to imply that leakage or induced 
seismicity are likely due to storage in former gas reservoirs, because the highest injection 
pressures are below the fracture pressure, and below the initial pressure as well for pools 
deeper than 2700 ft, as shown in Figure 1.1-7.

(a)
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(b)

(c)
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Figure 1.1-7. Depth versus (a) initial temperature, (b) initial pressure and tubing wellhead 
pressures, and (c) tubing wellhead pressures as a % of initial pressure for gas storage pools in use 
as of 2015 (DOG, 1982; DOGGR, 1992 and 1998).

1.1.6 Gas Storage Wells

Wells involved in gas storage were identified as any wells assigned to gas storage pools in 
the 2006 to 2015 DOGGR production and injection databases, without regard to well type. 
Wells assigned to these pools were predominantly of type GS (gas storage), but also of type 
OG (oil and gas production) along with a few of other types.

Table 1.1-5 shows the count of wells connected to gas storage pools in 2015 by the decade 
each well was spudded (drilling commenced). Spud dates are considered rather than 
well completion or work-over dates for several reasons. The meaning of spud date is 
more consistent than well completion date. This is because various activities can follow 
installation of the most critical components for well integrity, for instance well stimulation. 
Consequently, the spud date may be closer in time to when the critical components were 
installed, but even if it is not, its meaning is clearer. Of course, this would be irrelevant if 
the spud date were typically much earlier than the date(s) on which the critical components 
were installed. However, well completion dates are typically within a few weeks to a few 
months after the spud date. As gas storage wells have been installed in California across 
almost a century, as discussed below, the time spans of interest between wells is years to 
decades rather than weeks or months. With regard to work-over dates, the original well 
construction date is more relevant for gas storage wells in California because, as discussed 
below, pressure data suggest they were all withdrawn or injected through annulus between 
the tubing and production casing, as well as via the tubing. Consequently, the production 
casing and cement between that casing and the wall of the boring are the most important 
components for preventing leakage. It is rare that both of these are completely replaced, and 
such replacement is not known to have occurred in any gas storage wells in California.

Almost all the wells in former gas reservoirs were spudded in the same decade as storage 
commenced or later. In contrast, more than half the storage wells in former oil reservoirs 
were spudded in decades prior to the decade in which storage commenced. The wells in the 
independently operated facilities are the newest, because they are all in former gas fields 
and storage operations commenced later than in the other facilities. The other facilities 
commenced operation around the middle of the 20th century. The wells in PG&E’s facilities 
were generally installed in the decade storage operations commenced or shortly after. In 
contrast, most of the wells in southern California were spudded for oil production prior 
to commencement of storage operations and are therefore older than the storage wells in 
northern California. These wells were repurposed for gas storage. More than 20% of the 
wells in southern California were spudded about 80 years ago, and one well was spudded 
about 90 years ago. Age alone does not appear to be a primary causal factor in chronic well 
leakage, but age can play a role in capacity and injectivity of the reservoir (see Section 1.3). 
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Rather, well leakage correlates with various well construction features, such as deviation 
from vertical and extent of cementing (Watson and Bachu, 2007). Because DOGGR does 
not have a database of such features, however, they are not analyzed in this report. Age also 
does not correlate to blowouts from inactive wells. It does correlate to blowouts from active 
wells perhaps, because it correlates to the amount of mechanical work done on the well by 
production and injection (Jordan and Carey, 2016), as discussed further below.

Table 1.1-5. Count of wells connected to (perforated or screened in) gas storage pools in 2015 by 
spud decade (NA = spud date not available). Pink highlighting indicates more than 50% of the 
wells in the field or total were spudded in that decade. Orange indicates 25% to 50% and yellow 

indicates 10% to 25%. Boxed decades indicate when gas storage commenced in each field.

Field
# of wells spudded in decade

NA 1920s 1930s 1940s 1950s 1960s 1970s 1980s 1990s 2000s 2010s

Gill Ranch Gas 12

Kirby Hill Gas1 3 12 3

Lodi Gas 1 1 22 2

Princeton Gas 1 1 1 2 8

Wild Goose Gas 3 10 4

Independents 0 0 0 1 2 1 3 1 3 46 29

Los Medanos Gas 14 6 1

McDonald Island Gas 2 4 6 61 6 9

Pleasant Creek Gas 2  4 1

PG&E 0 0 2 6 0 6 79 6 15 1 1

North 0 0 2 7 2 7 82 7 18 47 30

Aliso Canyon 1 33 20 33 8 9 9 2

Honor Rancho 1 16 3 16 1 1 3

La Goleta Gas 1 3 4 6 4

Playa del Rey 3 41  3 3 4

South/SoCalGas 4 1 45 37 42 6 53 11 10 14 5

Total 4 1 47 44 44 13 135 18 28 61 35

1 Because storage in the Wagenet pool commenced in 2008, and there are almost the same number of wells in the Domengine pool, 
nine years was used as the basis.

Table 1.1-6 shows the average volume of gas transferred annually (injected plus withdrawn) 
by well spud decade during the study period. A higher proportion of gas was transferred 
via wells spudded prior to commencement of storage in former oil reservoirs than gas 
reservoirs. A substantially higher portion of gas transferred in southern California was 
via older wells than in northern California. This was most pronounced in the Playa del 
Rey field, where more than four fifths of the gas transferred was via wells spudded in the 
1930s. In contrast, gas transferred at the independent facilities was via much newer wells 
constructed for storage. As shown in Table 1.1-5, older wells were still in use as of 2015.
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Table 1.1-6. Average gas transferred (sum of injected and withdrawn) annually from 2006 to 2015 
by spud decade (NA = spud date not available). Pink highlighting indicates more than 50% of the 

gas transferred was via wells spudded in that decade. Orange indicates 25% to 50% and yellow 
indicates 10% to 25%. Boxed decades indicate when gas storage commenced in each field.

Field
Average gas transferred annually by well spud decade (Bcf)

NA 1920s 1930s 1940s 1950s 1960s 1970s 1980s 1990s 2000s 2010s

Gill Ranch Gas 9.4

Kirby Hill Gas1 3.0 15.6 1.1

Lodi Gas 40.4 3.2

Princeton Gas 4.7

Wild Goose Gas 12.8 29.7 7.3

Independents       3.0  12.8 85.6 25.6

Los Medanos Gas 14.4 5.3 0.0

McDonald Island Gas 1.2 1.3 6.2 49.8 5.3 8.7 0.1

Pleasant Creek Gas 0.7  1.5 0.3

PG&E   1.2 2.0  6.2 65.6 5.3 14.0 0.1 0.3

North   1.2 2.0  6.2 68.7 5.3 26.8 85.7 26.0

Aliso Canyon 0.0 24.7 9.4 0.1 47.3 7.2 16.3 11.1 0.2

Honor Rancho 1.0 22.1 1.5 25.7 2.1 0.0

La Goleta Gas 1.8 4.2 5.8 6.3 5.9

Playa del Rey 5.9  0.0 1.3 0.5

South/SoCalGas 1.0 1.8 10.1 30.5 37.7 1.7 78.9 8.5 18.4 11.5 0.2

Total 1.0 1.8 11.3 32.5 37.7 7.9 147.5 13.9 45.2 97.3 26.2

1 Because storage in the Wagenet pool commenced in 2008, and there are almost the same number of wells in the Domengine 
pool, nine years was used as the basis.

Table 1.1-7 shows that the average volume of gas transferred (injected and withdrawn) per 
well per month gas was transferred by spud decade. The wells in the independent facilities 
have higher average gas transferred per month they are operating than do wells in PG&E’s 
facilities. These wells were built for storage. The average gas transferred per month via 
wells constructed before storage is relatively constant across PG&E’s facilities and those in 
southern California. Particularly noteworthy is the moderate average monthly flow through 
a well spudded in the 1920s, along with moderate flow via wells spudded in the 1930s in 
the McDonald Island Gas and La Goleta Gas facilities.
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Table 1.1-7. Average volume of gas transferred (sum of injected and withdrawn) per well per 
month gas was transferred during 2006 to 2015 by spud decade ((NA = spud date not available)). 

Pink highlighting indicates more than 250 million scf of gas transferred per well per month on 
average. Orange indicates 100 to 250 million scf and yellow indicates 20 to less than 100 million 

scf per month. Boxed decades indicate when gas storage commenced in each field. Averages are 
weighted by the number of wells performing transfers.

Field
Average gas transferred per well month by spud decade (million scf)

NA 1920s 1930s 1940s 1950s 1960s 1970s 1980s 1990s 2000s 2010s

Gill Ranch Gas 150

Kirby Hill Gas1 53 89 7

Lodi Gas 537 315

Princeton Gas 78

Wild Goose Gas 1326 1037 94

Independents       53  1326 527 119

Los Medanos Gas 261 282 3

McDonald Island Gas 0.1 1 64 90 51 38 5

Pleasant Creek Gas 5  36 1

PG&E   0.1 3  64 118 51 129 4 1

North   0.1 3  64 116 51 318 488 115

Aliso Canyon 20 144 102 0.1 213 44 708 226 2

Honor Rancho 128 397 66 161 25 0.5

La Goleta Gas 16 90 303 159 394

Playa del Rey 14  0.2 24 4

South/SoCalGas 128 16 22 164 230 29 211 39 640 157 2

Average 128 16 11 153 230 46 154 43 429 407 111

1 Because storage in the Wagenet pool commenced in 2008, and there are almost the same number of wells in the Domengine 
pool, nine years was used as the basis.

Figure 1.1-8 shows the percent of total gas transferred during the study period via each well 
versus that well’s spud date. It also indicates the ratio of withdrawal and injection at each 
well. As indicated above, wells used in the Playa del Rey field were predominantly spudded 
in the 1930s. Figure 1.1-8 indicates most of those wells had similar volumes of gas injected 
as withdrawn. The wells spudded longest ago are in the La Goleta field, and also had similar 
volumes of gas injected as withdrawn. Study of steam flood versus cyclic steam wells finds 
the latter blowout after a significantly smaller volume of fluid transferred than the former, 
perhaps because more mechanical work is done on the latter as a result of switching 
frequently between injection and withdrawal. The blowout rate per fluid volume transferred 
was five times higher for cyclically operated relative to continuously operated wells, which 
was significant (Jordan and Benson, 2009). It is unknown if this difference exists for gas 
storage wells operated cyclically versus continuously. It is suggestive that SS-25 in the Aliso 
Canyon facility was one of the few old wells that was operated cyclically. Most other wells of 
the same vintage were used only for withdrawal.
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Figure 1.1-8. Percent of total gas transferred via each well versus its spud date. The size of the 
symbol indicates the ratio of withdrawal and injection in each well, with larger symbols indicating 
more equal injection and withdrawal.

The wells vary from vertical to directional. Wellheads for the former are necessarily 
dispersed, while the latter are typically clustered. There is a higher proportion of wells 
that predate storage in former oil reservoirs than gas reservoirs, and consequently a higher 
proportion of vertical wells, as shown in Figure 1.1-9. This is in indicated by the more 
dispersed wellhead locations at Aliso Canyon than at McDonald Island, even though they 
have similar capacities and number of wells, and drilling one well per pad at Aliso Canyon 
is more expensive than at McDonald Island due to the contrast in topographic relief. This 
expense was born during the development of oil production in Aliso Canyon, because 
directional drilling technology was not economically competitive at that time. Some of the 
wells that predate storage in former oil reservoirs were used solely for withdrawal as of  
2015, while a smaller portion of wells in former gas reservoirs are operated in this manner.
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 (a) 

(b) 

Figure 1.1-9. Gas storage well use during 2006 to 2015, status as of 2015, and wellhead locations 
in (a) the Aliso Canyon field and (b) the MacDonald Island Gas field along with locations of oil and 
gas production-related wells. The latter may be active (meaning producing), idle, or abandoned 
(generally plugged).
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The wellhead locations shown in Figure 1.1-9 are those in DOGGR’s AllWells Gridpoint 
Statistical Interpolation (GIS) layer. However, the field area in this layer is different from 
that listed in DOGGR’s production and injection database for some wells identified as 
involved in gas storage. Examples are shown in Table 1.1-8 

Table 1.1-8. Example wells listed in a different area in DOGGR’s production  
and injection database (pro/inj db) than in its AllWells GIS layer.

API # Field
Area 

Pro/inj db1 AllWells

03714015 Playa del Rey Del Rey Hills Venice 

03712719 Montebello West Main 

03707615 Honor Rancho Southeast Main 

The blowout of well SS-25 in the Aliso Canyon facility (2015 Aliso Canyon incident) was 
at least partially due to withdrawal and injection through the production casing, as well 
as the tubing (refer to the side bar regarding this blowout for a discussion of why injection 
and withdrawal through the production casing was a substantial contributing factor to the 
event). As such, the full injection and withdrawal pressure, and the swings between the 
two, were imposed on the production casing, which is the outermost casing over most of 
the length of the well. This both imposes work (deformation caused by pressure) on this 
casing and the surrounding cement seal, where present, along with resulting in a blowout 
if this single barrier should fail. In order to assess how common this well configuration and 
operation was across UGS wells in California, the monthly casing and tubing pressures in 
DOGGR’s production database for the study period were compared.

Setting aside for now the reported zero tubing wellhead pressures, most casing wellhead 
pressures are 90% to 110% of tubing wellhead pressures in DOGGR’s production database 
for the study period. For example, Figure 1.1-10 shows the monthly casing versus tubing 
wellhead pressures in Aliso Canyon UGS wells for the study period in DOGGR’s production 
database. This indicates that both the tubing and the annulus between the tubing and 
the production casing are connected to the storage reservoir. A review of a sample of well 
records suggests this is likely via sliding sleeve valves (SSVs) installed in most wells a short 
distance above the packer. The packer is the seal between the tubing and production casing, 
typically a relatively short distance above the portion of the well connected to the storage 
reservoir.
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(a)

(b)

Figure 1.1-10. Monthly wellhead casing versus tubing pressure in the Aliso Canyon storage facility 
from the DOGGR production database for 2006 through 2015: (a) data and initial storage zone 
pressure (note that data are at wellhead while initial pressure is in the storage reservoir), (b) and 
% histogram.
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The occurrence of high casing pressures with zero tubing pressure shown in Figure 1.1-
10 appears likely to be inaccurate. A zero tubing pressure would indicate either complete 
pressure depletion in the storage reservoir or closure of a valve in between the reservoir 
and the tubing pressure gage on the wellhead. The former is not possible in a facility that 
still stores working gas. A review of the records for one well with such a reported pressure 
combination, API# 0370072, indicates a zero tubing pressure is unlikely to be possible, and 
is unlikely to be possible in combination with a high casing pressure.

The well API# 0370072 has tubing. The record does not indicate there is a valve to close 
the tubing between the storage reservoir and the wellhead. The annulus between the tubing 
and production casing is sealed by a packer above the interval connected to the reservoir 
in which gas is stored. Consequently, it does not appear possible to have pressures in the 
annulus indicative of storage reservoir pressures at the same time as zero pressure in the 
tubing.

The same casing pressure is reported to four significant digits (2447 psi) from August 
2008 through April 2009. Given the variation in the gas stored in the facility during this 
time, and the number of significant figures in the reported data, it seems unlikely these 
data are accurate. Given both of these findings (likely inaccuracy of reported zero tubing 
pressures and repeated casing pressure values from month to month), the data cannot 
be taken as accurate for any particular well. However, in aggregate, these problems are 
sufficiently infrequent that the overall findings are accurate regarding pressures, and the 
well configuration they imply.

1.1.7 Surface Infrastructure

As shown in Figure 1.0-1., gas storage facility infrastructure consists of the pipeline 
between the transmission pipeline and the facility, termed the interconnect in this report; 
the gas handling plant(s), consisting primarily of compressors, expanders, and processing 
units; and pipelines between the gas handling plant(s) and the wells, termed flowlines 
in this report. Fewer data are publicly available regarding this surface infrastructure 
than the subsurface infrastructure at gas storage facilities. This includes data on both the 
configuration of the infrastructure and its operation.

The public can view the location of natural gas transmission pipelines through the National 
Pipeline Mapping System (pipelines distributing gas to customers, such as to residences, are 
distribution rather than transmission pipelines, and so are not shown). However, the public 
viewer only shows the pipelines in views with scale smaller than 1:50,000. It also does 
not provide for downloading the pipeline location data, which are needed for performing 
analysis.

The precise location data are available to “government officials and pipeline operators” 
as stated on the home page of the National Pipeline Mapping System. As such, some of 
the government employee members of the team conducting this independent scientific 
assessment applied for and were provided these data under the condition that they not 
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share the data in raw form nor publicize more detailed images than available on the public 
viewer. Figure 1.1-11 shows examples of the pipeline maps at storage facilities from the 
public viewer.

(a) 
�

(b) 
�

Figure 1.1-11. Sample map views of underground gas storage facilities at the highest resolution 
available: (a) Aliso Canyon, and (b) MacDonald Island.
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The pipeline location data appear complete in terms of the sources and flowlines, with 
two caveats and two exceptions. The first caveat is that only one flowline is generally 
shown to each well pad, whereas there may actually be two, one for injection and one for 
withdrawal. The second caveat is that almost none of the flowlines from the edge of well 
pads or manifolds to the actual wellhead is included. The two exceptions are that the data 
do not include flowlines to some of the well manifolds and pads in the Aliso Canyon, Honor 
Rancho, and Playa del Rey fields. Conversely, all the SoCalGas facilities and none of the 
others show pipeline locations within the gas handling plants.

Table 1.1-9 lists the total source and field pipeline lengths available in the National Pipeline 
Mapping System data as provided in spring 2017. The independently operated facilities 
have the highest average pipeline length per capacity and average gas transferred. This is 
primarily owing to long source pipelines. The other two facilities with the most pipeline per 
capacity and average gas transferred are the smallest facilities in northern and southern 
California. For these facilities, the high ratios result primarily from the amount of flowlines.



52

Chapter 1

Table 1.1-9. Source and field pipeline lengths from the National Pipeline Mapping System as 
of spring 2017. Lengths per capacity and average annual gas transferred (sum of injected and 
withdrawn) are also provided. Pipeline to capacity and average annual gas transferred ratios 
greater than one mi./Bcf are highlighted in pink, between 0.5 and one mi./Bcf in orange, and 

between 0.2 and 0.5 mi./Bcf in yellow.

Field
2015 

capacity  
(Bcf)

Average 
annual  

transferred 
2006-2015 

(Bcf)

Pipeline length

(mi.) By capacity By transferred

(mi./Bcf) (mi./Bcf)

Field1 Source Total Field Source Total Field Source Total

Gill Ranch Gas 20.0 18.9 5.0 26.4 31.4 0.25 1.32 1.57 0.26 1.40 1.66

Kirby Hill Gas 15.0 21.9 1.9 5.7 7.6 0.13 0.38 0.51 0.09 0.26 0.35

Lodi Gas 17.0 43.6 6.2 30.2 36.4 0.36 1.78 2.14 0.14 0.69 0.84

Princeton Gas 11.0 11.6 1.1 14.1 15.2 0.10 1.28 1.38 0.09 1.21 1.31

Wild Goose Gas 75.0 49.7 12.6 24 36.6 0.17 0.32 0.49 0.25 0.48 0.74

Total - independents 138.0 145.7 26.8 100.4 127.2 0.19 0.73 0.92 0.18 0.69 0.87

Los Medanos Gas 17.9 19.7 1.7 0.2 1.9 0.09 0.01 0.11 0.09 0.01 0.1

McDonald Island Gas 82.0 72.6 6.2 18.4 24.6 0.08 0.22 0.30 0.09 0.25 0.34

Pleasant Creek Gas 2.3 2.4 2.1 0.6 2.7 0.93 0.27 1.20 0.87 0.25 1.12

Total - PG&E 102.2 94.7 10.0 19.2 29.2 0.10 0.19 0.29 0.11 0.20 0.31

Total - N. 240.2 240.4 36.8 119.6 156.4 0.15 0.50 0.65 0.15 0.50 0.65

Aliso Canyon* 86.2 116.3 15.9 3.7 19.6 0.18 0.04 0.23 0.14 0.03 0.17

Honor Rancho* 27.0 51.4 6.1 0.2 6.3 0.23 0.01 0.23 0.12 0.00 0.12

La Goleta Gas 19.7 24.0 4.3 0 4.3 0.22 0.00 0.22 0.18 0.00 0.18

Playa del Rey* 2.4 7.7 4.7 2.5 7.2 1.96 1.04 3.00 0.61 0.32 0.93

Total - S. (SoCalGas) 135.3 199.4 31.0 6.4 37.4 0.23 0.05 0.28 0.16 0.03 0.19

Total 375.5 439.8 67.8 126.0 193.8 0.18 0.34 0.52 0.15 0.29 0.44

*Flowlines to some well manifolds or pads were not available in the data, so the flowline total shown is smaller than actual

1 Only a single flowline shown between the handling facility and each well manifold or pad typically shown in the data, whereas there is some 
evidence for separate injection and withdrawal lines to each. So totals may be systematically only roughly half of the actual flowline length. 
Pipelines with gas handling facilities, available for some facilities, are not included. Pipelines from manifolds or the edge of well pads to 
wellheads generally not included in NPMS GIS layer.

While the National Pipeline Mapping System data table has fields for diameter, this field was 
empty for most of the pipelines associated with storage facilities. There was no data field for 
other relevant physical attributes, such as pipeline material and year of installation. We did 
not find any such data available from any other source.

We did not identify any data source listing the locations of gas handling plants in each 
storage facility. However, we identified their location using aerial imagery, such as that 
visible in Figure 1.1-11. This was facilitated by use of the pipeline location data as the gas 
handling plants sit between the connection and flowlines typically.
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Table 1.1-10 lists the position of the gas handling facilities relative to the storage well 
fields. The average distance between the handling plants and the edge of the well field is 
more than an order of magnitude greater for the independently operated facilities than 
for the others. The average distance of PG&E and SoCalGas’s gas handling plants from the 
associated well field is the same small value. Closer proximity between the gas handling 
plant, which includes the operation center, and the well field increases the risk that an 
incident with one can negatively impact the other. For instance, a well blowout near an 
operations center could require the evacuation of that center and require shutdown of gas 
handling equipment (such as compressors) to reduce the likelihood of an explosion. More 
discussion of fire and explosion hazard and risk is provided in Sections 1.2 and 1.4.

Table 1.1-10. Distance and direction from the edge of the storage well field to the gas handling 
plant in each facility. Zero indicates the handling plant is within the well field.

Field
Handling plant center to well field edge

Distance (km) Direction

Gill Ranch Gas 0 -

Kirby Hill Gas 0.7 SW

Lodi Gas 6.5 W

Princeton Gas 0.9 N

Wild Goose Gas 8 NE

Average - independents 3.2 -

Los Medanos Gas 0.3 E

McDonald Island Gas 0 -

Pleasant Creek Gas 0.4 E

Average - PG&E 0.2 -

Aliso Canyon 0.2 S

Honor Rancho 0 -

La Goleta Gas 0.5 NE

Playa del Rey 0 -

Average - SoCalGas 0.2 -

1.1.8 Groundwater

Table 1.1-11 lists the minimum, estimated, and maximum number of groundwater wells of 
various types within DOGGR’s administrative area for each gas storage reservoir based on 
California Department of Water Resources (DWR; 2017). This dataset lists over 900,000 
wells. The DWR estimates there are one to two million groundwater wells in the state 
(http://water.ca.gov/groundwater/wells/index.cfm), so DWR (2017) may have data on 
nearly all wells to half of all wells. Consequently, the values in Table 1.1-11 are likely a bit low.

DOGGR’s administrative area for each field is larger than the area underlain by the storage 
pools. How much larger cannot be judged precisely because the footprint of stored gas 
in each pool is not publicly available to our knowledge. However, DOGGR did map the 
known footprint of producible hydrocarbons in 1973/74, which is available as a GIS layer 
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(ftp://ftp.consrv.ca.gov/pub/oil/GIS/Shapefiles/1973and1974ProductiveLimits.zip). 
For the seven field areas with storage for which this footprint is shown, the administrative 
area used for searching for groundwater wells was two times or less as large for five of the 
fields. The wellheads involved in gas storage in the study period were within the 1973/74 
productive footprint for three of these, and up to tens of meters outside the footprint for the 
other two. The two facilities with administrative to productive area ratios larger than two 
have wellheads involved in storage in the study period that are hundreds of meters outside 
of the footprint. For these facilities, this distance was a third to a half of the equivalent 
radius of the productive footprint area, indicating that the productive limits have expanded 
substantially.

So the number of groundwater wells listed in Table 1.1-11 is greater than those that are 
directly overlying a gas storage pool. However, the search area is reasonable given the 
lateral migration potential of leaked gas.

Table 1.1-11. Estimated number of groundwater wells within DOGGR’s administrative area for 
each gas storage pool (DWR, 2017). Well locations are by section in the data source. Minimum 

is the sum of wells in sections completely within the gas storage pool administrative area. 
Maximum is the sum of wells in all sections partially or wholly within the gas storage pool 

administrative area. Estimated is the sum of wells apportioned by the portion of each section 
within the gas storage pool administrative area. Well categories are generally arranged from most 

to least hazardous with regard to gas entry to the well based on the likely surface infrastructure 
attached to the well and proximity of people to that infrastructure. Well sums greater than 90 

are highlighted in pink, 30 to fewer than 90 in orange, and ten to fewer than 30 in yellow. Blank 
indicates no wells. Zero indicates fewer than 0.5 wells.

Facility

Independents PG&E SoCalGas

TotalGill 
Ranch 
Gas

Kirby 
Hill 
Gas

Lodi 
Gas

Princeton 
Gas

Wild 
Goose 

Gas

Los 
Medanos 

Gas

McDonald  
Island Gas

Pleasant 
Creek 
Gas

Aliso 
Canyon

Honor 
Rancho

La 
Goleta 

Gas

Playa 
del 
Rey

Unknown

Max. 4 18 15 1 9 33 2 13 1 96

Est. 4 14 8 1 8 33 1 2 1 72

Min. 4 14 5 1 4 33 0 0 1 62

Public supply

Max. 1 1 3 1 1 5 12

Est. 0 1 3 1 0 1 5

Min. 0 0 3 0 0 0 3

Domestic

Max. 2 8 268 12 2 11 12 6 4 31 356

Est. 2 2 157 10 1 9 10 4 1 8 203

Min. 2 0 75 8 1 4 6 2 0 0 98

1 Also includes air conditioning, fire or frost protection, golf course irrigation, power generation, and landscape irrigation because like industrial supply wells as 
these are likely to be connected to vessels in proximity to people and water from them is unlikely to be drunk

2 Also includes dewatering, injection, extraction, soil vapor extraction, sparge, remediation because like remediation wells as these are likely to be connected to 
vessels but in less proximity to people than the industrial category and water from them is unlikely to be drunk
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Facility

Independents PG&E SoCalGas

TotalGill 
Ranch 
Gas

Kirby 
Hill 
Gas

Lodi 
Gas

Princeton 
Gas

Wild 
Goose 

Gas

Los 
Medanos 

Gas

McDonald  
Island Gas

Pleasant 
Creek 
Gas

Aliso 
Canyon

Honor 
Rancho

La 
Goleta 

Gas

Playa 
del 
Rey

Industrial1
Max. 2 2 11 15

Est. 2 2 5 8

Min. 1 1 0 2

Remediation2

Max. 8 48 56

Est. 8 3 11

Min. 8 0 8

Stock, dairy

Max. 1 1

Est. 0 0

Min. 0

Irrigation

Max. 20 1 59 19 1 1 1 11 3 4 120

Est. 20 1 32 14 0 1 0 7 1 2 78

Min. 20 1 18 12 3 54

Monitoring, 
piezometer, 
temporary

Max. 3 1 1 1 6 44 3 8 94 19 180

Est. 3 1 1 1 6 42 2 4 33 7 100

Min. 3 1 1 1 6 15 1 0 0 3 31

Instrument

Max. 1 4 3 3 4 5 20

Est. 1 4 2 2 4 4 17

Min. 0 4 1 0 3 4 12

Abandoned, 
destroyed

Max. 2 2

Est. 2 2

Min. 2 2

Total

Max. 29 29 344 45 4 34 93 20 6 19 210 25 858

Est. 29 18 197 37 3 30 89 12 4 8 57 12 496

Min. 29 16 98 33 2 19 57 5 2 0 3 8 272

1 Also includes air conditioning, fire or frost protection, golf course irrigation, power generation, and landscape irrigation because like industrial supply wells as 
these are likely to be connected to vessels in proximity to people and water from them is unlikely to be drunk

2 Also includes dewatering, injection, extraction, soil vapor extraction, sparge, remediation because like remediation wells as these are likely to be connected to 
vessels but in less proximity to people than the industrial category and water from them is unlikely to be drunk

The well types are generally listed from most to least hazardous if free gas enters the well. 
This ordering is based upon likely surface infrastructure attached to the well, the proximity 
of people, and use of the water. Public supply and domestic wells are the most likely to 
be connected to water storage vessels at the surface, to be located close to people, and 
to produce water consumed by people. The explosion hazard from accumulation of gas 
in these wells along with the hazard of consuming water with changed quality is highest 
for these wells. Between them, water from each public supply well is consumed by more 
people than from domestic wells, and so more people would be exposed to water quality 
changes due to entry of gas into the aquifer in the vicinity of a public supply wells than near 
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a domestic well. Additional discussion of the likelihood and consequences of natural gas 
leakage into underground sources of drinking water (USDW) wells is provided in Section 
1.2.10. 

Industrial supply and remediation wells are also likely to have vessels connected to them 
that are in proximity to people, but the water from them is not consumed. Between them, 
industrial wells and associated vessels are more likely to be near people than remediation 
wells because some of the latter occur in relatively de-occupied brownfields undergoing 
remediation. Remediation, stock, and irrigation wells may have tanks or other vessels 
connected to them, in decreasing order of likelihood. They are also less likely to be in 
proximity to people, again in decreasing order of likelihood. Monitoring wells do not have 
tanks. While they may be in proximity to people, the total amount of energy they can release 
upon explosion is limited due to their limited volume. Instrument and abandoned wells 
likely do not have tanks or other vessels connected to them, have even smaller volumes near 
the ground surface for gas accumulation than the monitoring wells, and a lower likelihood 
of gas entering that volume.

Lodi Gas has the largest number of domestic wells by an order of magnitude and irrigation 
wells by a factor of two. However, the gas storage wells at this facility are clustered, like at 
many other facilities. Consequently, estimating the number of groundwater wells at risk 
of gas intrusion by using the administrative areas may overestimate the number of wells at 
such facilities. However, without digitizing the directional surveys for each well, defining 
the position of the aquifers accessed by the groundwater wells, and performing a three-
dimensional spatial buffering of the gas supply wells relative to these aquifers, it is not 
clear that clustering at the surface translates to a smaller hazard footprint relative to the 
administrative area compared to facilities with numerous vertical gas storage wells. Also, 
the above concerns only leakage from gas storage wells. The administrative area is a more 
appropriate relative area for assessing the number of groundwater wells at risk of intrusion 
by gas leaking along geologic pathways.

While Table 1.1-11 presents estimates of the absolute number of groundwater wells,  
Table 1.1-12 lists the number of wells per unit of storage capacity in 2015. This provides 
some perspective on the risk of leakage from storage wells to groundwater relative to the 
benefit of storage.
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Table 1.1-12. Estimated number of groundwater wells overlying gas storage pools per 2015 storage 
capacity (DWR, 2017). Well sums greater than nine are highlighted in pink, from three to eight 

in orange, and from one to two in yellow. Blank indicates no wells. Zero indicates fewer than 0.05 
wells. See Table 1.1-1 for footnotes and caption for more details.

Facility

Independents PG&E SoCalGas

TotalGill 
Ranch 
Gas

Kirby 
Hill 
Gas

Lodi 
Gas

Princeton 
Gas

Wild 
Goose 

Gas

Los 
Medanos 

Gas

McDonald  
Island Gas

Pleasant 
Creek 
Gas

Aliso 
Canyon

Honor 
Rancho

La 
Goleta 

Gas

Playa 
del 
Rey

Unknown

Max. 0.2 1.2 0.9 0.1 0.5 0.4 0.9 0.7 0.4 0.3

Est. 0.2 0.9 0.5 0.1 0.4 0.4 0.4 0.1 0.4 0.2

Min. 0.2 0.9 0.3 0.1 0.2 0.4 0.0 0.0 0.4 0.2

Public supply

Max. 0.1 0.1 0.0 0.4 0.0 0.3 0.0

Est. 0.0 0.0 0.0 0.2 0.0 0.0 0.0

Min. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Domestic

Max. 0.1 0.5 15.8 1.1 0.0 0.6 0.1 2.7 0.1 1.6 0.9

Est. 0.1 0.1 9.2 0.9 0.0 0.5 0.1 1.7 0.0 0.4 0.5

Min. 0.1 0.0 4.4 0.7 0.0 0.2 0.1 0.9 0.0 0.0 0.3

Industrial1
Max. 0.2 0.1 0.6 0.0

Est. 0.2 0.1 0.2 0.0

Min. 0.1 0.1 0.0 0.0

Remediation2

Max. 0.7 2.4 0.1

Est. 0.7 0.2 0.0

Min. 0.7 0.0 0.0

Stock, dairy

Max. 0.1 0.0

Est. 0.0 0.0

Min. 0.0 0.0

Irrigation

Max. 1.0 0.1 3.5 1.7 0.0 0.1 0.0 4.9 0.1 0.2 0.3

Est. 1.0 0.1 1.9 1.3 0.0 0.0 0.0 3.1 0.0 0.1 0.2

Min. 1.0 0.1 1.1 1.1 1.3 0.0 0.0 0.1

Monitoring, 
piezometer, 
temporary

Max. 0.2 0.1 0.1 0.0 0.3 0.5 0.0 0.3 4.8 7.9 0.5

Est. 0.2 0.1 0.1 0.0 0.3 0.5 0.0 0.1 1.7 2.8 0.3

Min. 0.2 0.1 0.1 0.0 0.3 0.2 0.0 0.0 0.0 1.3 0.1

Instrument3

Max. 0.1 0.2 0.0 0.1 0.2 2.1 0.1

Est. 0.0 0.2 0.0 0.1 0.2 1.8 0.0

Min. 0.0 0.2 0.0 0.2 1.7 0.0

Abandoned, 
destroyed

Max. 0.2 0.0

Est. 0.2 0.0

Min. 0.2 0.0

Total

Max. 1.5 1.9 20.2 4.1 0.1 1.9 1.1 8.9 0.1 0.7 10.7 10.4 2.3

Est. 1.4 1.2 11.6 3.4 0.0 1.7 1.1 5.4 0.0 0.3 2.9 5.0 1.3

Min. 1.5 1.1 5.8 3.0 0.0 1.1 0.7 2.2 0.0 0.0 0.2 3.3 0.7
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Lodi Gas has the largest number of domestic wells relative to capacity by a factor of five. 
Playa del Rey has the most total monitoring and remediation wells relative to capacity by a 
factor of two. Lodi Gas has the most groundwater wells relative to capacity, with Playa del 
Rey, Pleasant Creek Gas, and Princeton Gas following.

Table 1.1-13 lists the maximum perforation depths for each groundwater well type in each 
facility. The maximum perforation depth is shown rather than an average or other statistical 
measures, because the maximum depth provides the best measure of water that can 
potentially be utilized, and for many well types in many facilities, there are in any event too 
few data available to justify use of other statistical measures.
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Table 1.1-13. Maximum perforation depth (ft) in each well type in each facility (bottom of 
perforation interval (BPI)) (DWR, 2017). The maximum and estimated numbers of wells from 

Table 1.1-11 are repeated in this table for ease of comparison. The shading of these numbers is the 
same as in Table 1.1-11. BPI availability for less than a quarter of wells are highlighted in pink, 

from a quarter to less than half in orange, and from a half to less than three quarters in yellow. See 
Table 1.1-11 for footnotes and caption for more details.

Facility

Independents PG&E SoCalGas

Gill 
Ranch 
Gas

Kirby 
Hill 
Gas

Lodi 
Gas

Princeton 
Gas

Wild 
Goose 

Gas

Los 
Medanos 

Gas

McDonald  
Island Gas

Pleasant 
Creek 
Gas

Aliso 
Canyon

Honor 
Rancho

La 
Goleta 

Gas

Playa 
del 
Rey

Unknown

Est. # 4 14 8 1 8 33 1 2 1

Max. # 4 18 15 1 9 33 2 13 1

BPI # 2 2 0 0 3 0 0 8 1

% with 
BPI

50% 11% 0% 0% 33% 0% 0% 62% 100%

Max. BPI 
depth 
(ft)

803 7 426 312 45

Public supply

Est. # 0 1 3 1 0 1

Max. # 1 1 3 1 1 5

BPI # 0 0 2 1 1 5

% with 
BPI

0% 0% 67% 100% 100% 100%

Max. BPI 
depth 
(ft)

120 100 135 1270

Domestic

Est. # 2 2 157 10 1 9 10 4 1 8

Max. # 2 8 268 12 2 11 12 6 4 31

BPI # 2 5 136 2 0 8 7 5 4 30

% with 
BPI

100% 63% 51% 17% 0% 73% 58% 83% 100% 97%

Max. BPI 
depth 
(ft)

240 195 480 250 320 290 279 145 482

Industrial1

Est. # 2 2 5

Max. # 2 2 11

BPI # 1 2 10

% with 
BPI

50% 100% 91%

Max. BPI 
depth 
(ft)

270 120 505
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Facility

Independents PG&E SoCalGas

Gill 
Ranch 
Gas

Kirby 
Hill 
Gas

Lodi 
Gas

Princeton 
Gas

Wild 
Goose 

Gas

Los 
Medanos 

Gas

McDonald  
Island Gas

Pleasant 
Creek 
Gas

Aliso 
Canyon

Honor 
Rancho

La 
Goleta 

Gas

Playa 
del 
Rey

Remediation2

Est. # 8 3

Max. # 8 48

BPI # 0 48

% with 
BPI

0% 100%

Max. BPI 
depth 
(ft)

26

Irrigation

Est. # 20 1 32 14 0 1 0 7 1 2

Max. # 20 1 59 19 1 1 1 11 3 4

BPI # 20 0 17 11 0 1 0 11 1 3

% with 
BPI

100% 0% 29% 58% 0% 100% 0% 100% 33% 75%

Max. BPI 
depth 
(ft)

510 693 400 200 870 136 440

Monitoring, 
piezometer, 
temporary

Est. # 3 1 1 1 6 42 2 4 33 7

Max. # 3 1 1 1 6 44 3 8 94 19

BPI # 3 1 1 1 4 3 3 8 83 13

% with 
BPI

100% 100% 100% 100% 67% 7% 100% 100% 88% 68%

Max. BPI 
depth 
(ft)

50 16 285 540 24 16 240 50 100 113

Instrument3

Est. # 1 4 2 2 4 4

Max. # 1 4 2 2 4 4

BPI # 1 2 2 3 1 3

% with 
BPI

100% 50% 100% 150% 25% 75%

Max. BPI 
depth 
(ft)

250 250 500 500 360 400

For well type-facility combinations with ten or more wells, a review of maximum perforation  
depth histograms indicates that the distribution of these depths is long-tailed (left-skewed). 
In only one case, though, is the deepest perforation depth in a well population more than 
300 ft deeper than the next deepest perforation depth in that population. This occurred at 
the La Goleta facility. As shown by Table 1.1-14, this facility is not in a groundwater basin. 
This is apparently because of its proximity to the coast and associated saltwater intrusion 
based on the limits of the groundwater basin located just inland. The deep well, which is for 
public supply, is located toward the inland edge of the facility. 
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Table 1.1-14. Basin, sub-basin, and basin prioritization for implementation  
of the Sustainable Groundwater Management Act at each facility.

Facility
Bulletin 118 - 2016 update (DWR, 2016)

Prioritization1

Basin Sub-basin

Gill Ranch Gas San Joaquin Valley Delta-Mendota High

Kirby Hill Gas Suisun-Fairfield Valley Suisun-Fairfield Valley Very low

Lodi Gas San Joaquin Valley Eastern San Joaquin Valley High

Princeton Gas Sacramento Valley Colusa Medium

Wild Goose Gas Sacramento Valley East Butte Medium

Los Medanos Gas None

McDonald Island Gas San Joaquin Valley Tracy Medium

Pleasant Creek Gas Sacramento Valley Yolo High

Aliso Canyon None and San Fernando Valley None and San Fernando Valley Medium

Honor Rancho Santa Clara River Valley Santa Clara River Valley East Medium

La Goleta Gas None

Playa del Rey Coastal Plain of Los Angeles Santa Monica and West Coast Medium

1 From CASGEM Groundwater Basin Prioritization Results – Abridged Sorted by Overall Basin Score,” version 
05262014, available at http://www.water.ca.gov/groundwater/casgem/pdfs/lists/StatewidePriority_
Abridged_05262014.xlsx

A few of the facilities are located in high-priority basins with regard to implementation 
of the Sustainable Groundwater Management Act, as shown in Table 1.1-14. Most of the 
remaining facilities are located in medium priority basins.

Table 1.1-15 provides various depths relevant to the extent of and risk to fresh groundwater 
and potential underground sources of drinking water (groundwater with <10,000 mg/L 
total dissolved solids (TDS), although other factors, like the presence of minerals, can 
exclude waters that meet the TDS criterion). As shown, in some facilities, gas storage occurs 
above the base of fresh groundwater, while in others it occurs a short distance below. Any 
leakage from these facilities via geologic pathways through the caprock is likely to impact 
fresh groundwater. The table also lists the percentage of the fresh groundwater thickness 
that has groundwater wells. This provides some indication of the opportunity to replace 
groundwater impacted by a leak, such as from a storage well, with groundwater from 
another zone in the section.
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Table 1.1-15. Depth of water table, base of fresh water (BFW), various total dissolved solids 
(TDS) concentrations, and various other depths regarding gas storage and groundwater well 

perforations. Storage within fresh water highlighted in pink, storage less than 1,000 ft deeper than 
freshwater in orange, and between 1,000 and 2,000 ft in yellow.

Field
Fall 2015 water 

table (ft)1 BFW (ft)2 TDS (mg/L; ft) Min. average 
storage pool 

(ft)

Min. average 
storage pool less 

max. BFW (ft)

Max. perf. depth of public, 
domestic, or irrigation well

Min. Max. Min. Max. ~2,000 <10,0003 >10,0003 (ft) % of max. fresh water

Gill Ranch 
Gas

60 140 650 950 6004 5,850 4,900 510 51%

Kirby Hill 
Gas

Not available 250 1,850 5,425 1,550 -300 195 11%

Lodi Gas 130 180 1,700 2,485 2,515 2,280 -205 693 24%

Princeton 
Gas

0 20 1,375 1,870 2,170 300 400 21%

Wild Goose 
Gas

20 20 1,000 2,500 2,400 1,400 Perf. depths not available

Los 
Medanos 
Gas

Not available 835 2,140 4,000 4,000 1,860 320 15%

McDonald 
Island Gas

Not available 50 100 5,220 5,220 5,120 290 290%

Pleasant 
Creek Gas

80 110 1,150 2,270 2,800 530 870 36%

Aliso 
Canyon

Not available Not available 4,150 5,179 9,000 BFW not available No wells

Honor 
Rancho

Not available Not available 10,000 10,000 BFW not available 145 BFW not available

La Goleta 
Gas

Not available No fresh water 3,950 3,950 3,950 1,270 No freshwater

Playa del 
Rey

Not available 700 8006 6,200 6,200 5,400 No wells

1 2016011_011439 version of measurements and contours downloaded from https://gis.water.ca.gov/app/gicima/

2 As listed in DOGGR’s field rules for each field available at http://www.conservation.ca.gov/dog/field_rules on August 18, 2017

3 As listed in DOG (1982; 1992), and DOGGR (1998)

4 Page (1973)

5 Berkstresser (1973)

6 DWR, Southern District (1961)
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1.1.9 Findings, Conclusions, and Recommendations

Data Quality in DOGGR’s Public Datasets

Finding: Information regarding quality control for public datasets relevant to underground 
gas storage is not available. Aspects of the data suggest quality control processes are not 
uniformly applied. For instance, well API# 03700722 has high casing and zero tubing 
pressures at times when its configuration suggests this is not possible. It also has the same 
casing pressure reported to four significant figures monthly from August 2008 through 
April 2009. While there appears to be sufficient consistency within the data to provide 
for accurate characterization of gas storage across the state, the narrower the focus, such 
as upon a single well, the less accurate the data can be presumed. This can interfere with 
understanding the risk of events at particular wells and other facilities of interest. As 
another example of data inconsistencies, some data regarding the same feature varies 
between publicly available datasets. For instance, well API #03714015 is in the Del Rey 
Hills area of the Playa del Rey field, which has gas storage, in DOGGR’s production and 
injection database, but is in the Venice area, which does not have gas storage, in DOGGR’s 
AllWells file. The uncertainty created by such inconsistencies has various implications—for 
instance, whether this well accesses the gas storage reservoir or not affects the LOC risk of 
that storage. As with the previous finding, though, these inconsistencies do not appear to be 
sufficiently frequent to preclude accurate characterization of UGS in California.

Conclusion: While DOGGR’s public databases provide a wealth of information on UGS 
wells, this study finds that there are various obvious inconsistencies between and apparent 
inaccuracies within these databases, which suggests that either quality control processes 
do not exist or are not uniformly applied. We could not find information regarding quality 
control for these public datasets relevant to underground gas storage. (See Conclusion 1.21 
in the Summary Report.)

Recommendation: We recommend that quality control plans need to be made available if 
they exist, or need to be created if they do not exist. DOGGR needs to check for consistency 
between datasets and correct inconsistencies. In the longer-term, DOGGR should 
develop a unified data source from which all public data products are produced. (See 
Recommendation 1.21 in the Summary Report.)

Storage in depleted oil versus gas reservoirs and independent versus utility operated

Finding: Storage in depleted gas reservoirs (primarily in northern California) differs from 
storage in depleted oil reservoirs (only in southern California) in a variety of ways, including:

• Well age and orientation

• Wellhead distribution

• Reservoir depth, initial pressure, and temperature
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• Reservoir operating pressure relative to initial pressure

• Compounds in produced gas

Storage by independent operators differs from storage by PG&E, both in depleted gas 
reservoirs, in a variety of ways, including:

• Well age

• Interconnect length per capacity and gas transferred

• Location of gas handling plant relative to wells

Conclusion: The systematic physical and operational differences between storage in 
depleted oil and gas reservoirs, and independent versus utility operated in depleted gas 
reservoirs as practiced, may result in significantly different risk profiles between these types 
of storage fields. 

Recommendation: Characterize gas storage risk in depleted oil versus gas reservoirs, and 
independent versus utility operated in depleted gas reservoirs, to determine if there are 
generic differences, such as by simulating well blowouts for each. Identification of such 
differences might lead to different mitigation approaches in each setting, and identify 
practices that could be transferred between settings. 

Storage wells in southern California

Finding: Almost two thirds of the wells used for storage in southern California were 
spudded six to nine decades ago. Two fifths of stored gas was transferred via these wells.

Conclusion: There does not appear to be any limit on the age of well components used for 
gas storage in the state.

Recommendation: Determine the reasonable life expectancy of a well component given its 
operation and maintenance, and determine a monitoring and testing schedule that varies 
based on the temporal failure rate distribution of that type of component.


