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Supplementary information to: Investigating the effect of enhanced oil recovery on the
noble gas signature of casing gases and produced waters from selected California oil fields

Geological history

1.1. Fruitvale geological and production history
The Fruitvale Qil Field is located on the southern edge of the Bakersfield arch (a faulted southwest

dipping homocline) and has been in production since 1928 (Preston, 1931). The stratigraphy of interest
in order of increasing depth are the Kern River Formation (Pleistocene), Etchegoin Formation
(Pliocene), Chanac Formation (Pliocene-Miocene) and the Santa Margarita Formation (Miocene)
(Hluza, 1965; CALGEM, 2020a; Supplementary Figure 1a). Qil is mostly produced from the Chanac
Formation, which consists of the Mason Parker, Martin and Kernco reservoirs, and are non-marine
discontinuous fan deposits (Hluza, 1965; DOGGR, 1998). There is also limited production from marine
deposits of the basal Etchegoin Formation and Santa Margarita Sandstone. The oil is thought to have
originated from the Monterey Formation to the west of the field (Lillis and Magoon, 2007). A detailed

geological history can be found in Hluza (1965).

The reservoir has a relatively low salinity of 0.095 Molarity (M) in comparison to other oil fields due
to significant recharge over geological timescales from the Kern River and other streams draining the
Sierra Nevada (McMahon et al., 2018). Average reservoir temperature is thought to be 51.3°C
(CALGEM, 2020b). Oil density (relative to water; given in American Petroleum Institute (API) gravity
units) is 18.5° in the Chanac and Etchegoin and 16.7° in the Santa Margarita reservoir. Porosity within
the reservoirs is ~ 25% (Stephens, et al., 2019). Permeability within the Chanac Formation is between
2-3 millidarcy (mD); however, permeability is significantly higher in the Santa Margarita Formation
where it averages 975 mD (EPA, 2019). There is no evidence of gas cap formation (DOGGR 1998;

CALGEM, 2020a). Average field parameters can be found in Supplementary Table 1.

Injection of fluids for both water disposal and enhanced oil recovery (EOR) began in the 1960s, with a
combination of water flooding (since 1962), cyclic steam injection (since 1964), and water disposal.
Over 87 million m? of water was injected between 1977 and 2018 (CALGEM, 2020b). The majority of
the injected water is produced water from the oil wells; however, there is a small proportion of
wastewater from refineries (Wright et al., 2019). Injection has not caused any significant change in
reservoir salinity (Stephens et al., 2019). A combination of the long production-injection history at the
Fruitvale Oil Field has resulted in temporal variations in the overall hydrocarbon and produced water
production volumes (McMahon et al., 2018). For sample wells that have seen injection, injected

volumes are between 3.01 x10° and 9.71 x10° m?.
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1.2. Lost Hills geological and production history
Oil production at Lost Hills began in 1910. The oil field is located on an asymmetrical northwest doubly

plunging anticline that formed from a fault bend fold initiated by a step in the Lost Hills thrust fault
(Medeweff, 1989). The stratigraphy of the anticline with increasing depth is: alluvium; Tulare
Formation (Pleistocene, fluvial sands and clays); upper Etchegoin Formation (Pliocene, marine
diatomaceous sands and clays); lower Etchegoin Formation (Pliocene, low permeability marine
diatomaceous sands and clays) and; Monterey Formation (Miocene Belridge Diatomite, brown shales
of the Reef Ridge Shale and the Cahn zone (Land, 1984)) (Supplementary Figure 1b). A detailed
geological history for the field can be found in Land (1984). The source rock is believed to be within
the Miocene Monterey Formation, (Philippi, 1965; Kruge and Williams, 1982; Kruge, 1986). Most of
the hydrocarbons found within the formation are solvent extractable, which suggest that the
hydrocarbons have migrated from a different source or they were formed at relatively low thermal
maturity (Claypool et al., 1979). The Belridge Diatomite (304-914 m deep) is the main reservoir unit;
however, there is additional production in both deeper and shallower units, such as the deeper Cahn
zone. During production, no separate gas phase has been encountered in either reservoir (CALGEM,

2020a,b).

The permeability and porosity in the Belridge Diatomite are variable due to changes in clay, sand, and
silt content across the formation and the transition of the silica in the diatoms and microplankton from
Opal-A to Opal CT, due to dissolution and reprecipitation (Mizutani, 1977; Pisciotto and Garrison,
1981; Soutar et al., 1981). However, in general they have high porosity (up to 65%) and low
permeability (~0.1 mD; Barry et al., 2018), which results in some difficulties during extraction and a
high density of wells required. Variability in porosity and other reservoir properties, along with
reservoir evolution with production and EOR have resulted in a reservoir temperature range between
44-69 °C and salinities from 0.54 M to 0.6 M (Supplementary Table; 1; CALGEM, 2020a). Oil density is

homogenous across the wells sampled at 23.1 ©, with the exception of LH-O5, which is 21.5 °.

In the Lost Hills Qil Field, the Belridge Diatomite has undergone a mixture of water flooding, CO,
flooding, and hydraulic fracturing since 1962 and the Tulare Formation has been steam flooded since
1964 (Land, 1984). The breakthrough time for this these fluids to the producing wells has been shown
to be less than a month (Zhou et al, 2002). Production within diatomite is also commonly stimulated
by hydraulic fracturing (Jordan and Heberger, 2014). Water disposal at Lost Hills has also increased
from 160,000 m3/yr in 1973 to 4.8 million m3 in 2009 (Gillespie et al., 2019). This disposal was initially
into both the Tulare and Etchegoin Formation; however, from 1990, disposal was solely into the
Etchegoin Formation. With the exception of LH-09, all wells have been subjected to some EOR fluid

injection within 500 m of the well; the amount of injected fluid to these wells varies between 5.1x10*
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-4.7x10” m. Injected volumes in the field have only been digitized since 1977; however, it is estimated

that injection prior to this only accounts for 2% of the total injection in the field.

1.3. Belridge geological and production history
Oil was discovered near North Belridge, California, between 1911 (South Belridge Qil Field) and 1912

(North Belridge Oil Field). The fields were developed on an elongated anticline. Oil and gas producing
wells penetrate into the Tulare Formation (Pleistocene), Belridge Diatomite of the Miocene Monterey
Formation, and the Temblor (Oligocene) Formation (Supplementary Figure 1c). A more detailed
geological history can be found in (Taylor and Soule, 1993; Miller et al., 1990; Fredrich et al., 2000; Hill
et al., 1995, Allan and Lalicata, 2011). Hydrocarbons in the Temblor Formation are thought to be from
Eocene source rocks, whereas oil in the Monterey and Tulare Formations are thought to have sources

from the Monterey Formation to the east of the field (Allan and Lalicata, 2011).

Similarly to within the Lost Hills Qil Field, changes in clay, sand, and silt content across the formation
and the transition from Opal-A to Opal CT of silica in the diatoms and microplankton, have caused
variable porosity and permeability within the Belridge Diatomite Formation (Mizutani, 1977; Pisciotto
and Garrison, 1981; Soutar et al., 1981). Average effective porosity in the Belridge Diatomite reservoir
is 36.7- 55.4% and permeability between 0.1-1 mD (Allan and Lalicata, 2012). Within the Tulare
Formation porosity ranges from 30-40% and permeability from 35- 4000 mD (EPA, 2016). Porosity in
the Temblor Formation is between 10 and 40% and permeability varies from 7-10,000 mD (Downey
and Clinkenbeard, 2005). Qil density within the sampled diatomite reservoir range from 22.2° to 32°
(Table 1), while the shallower formations are expected to have heavier oil (11-15° Smith, 2012).
Measured reservoir fluid salinity were 0.54 -0.65 M and temperatures were 44.8-99.4 °C with the
average temperature of 60.8 °C (Supplementary Table 1; Gannon et al., 2018). Production data are

not consistent with a gas cap present in the Diatomite reservoirs (DOGGR, 1998, CALGEM, 2020).

South Belridge Qil Field has been subjected to steam and water flooding and hydraulic fracturing
(DOGGR, 1998). The field has seen the largest total volume of water and steam injection of the
sampled fields (~1400 million m3 from 1960-2017; CalGEM, 2020a). Water disposal is almost entirely
into the Tulare Formation. 98.2% of injection in the North Belridge Qil Field is for EOR (McMahon et
al., 2018). The sampled wells in North Belridge Oil Field have injected volumes of between 2.24 x10’
to 3.64 x10” m® water within 500 m (CalGEM, 2020a).

1.4. Orcutt geological and production history
Oil was first discovered in the Orcutt Oil Field in 1901, and the production in the field began shortly

after (Isaacs, 1992). It was originally named the ‘Santa Maria Oil Field’ and changed its name to ‘Orcutt
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Oil Field’ due to the discovery of a much larger field nearby. The Santa Maria basin is defined by west-
northwest trending open fold and some narrow closely spaced fold, with sub parallel Cenozoic age
faults (Namson and Davis, 1990). The Orcutt Oil Field lies on one of these anticlines, known as the
Orcutt Anticline, which is a broad flat crested asymmetrical anticline and is likely a fault bend fold from
the Pruisana —Solom Thrust (Namson and Davis, 1990). Additional second order folds, which initiated
6-3 Ma, are present because of continued shortening (Woodring and Bramlette, 1950; Isaacs, 1992;
Namson and Davis, 1990). Notably, there are numerous west-northwest trending high angle faults
cut the anticline, the most important being the Orcutt fault, which is a reactivated normal fault that
created an ideal trap for the oil. The stratigraphy of interest in ascending order consists of: 1) early-
mid Miocene Point Sal Formation (marine facies consisting of siltstone mudstone and thin
sandstones); 2) Miocene Monterey Formation (shale, cherts and diatoms); 3) late Miocene- early
Pliocene Sisquoc Formation (diatom rich and includes Tinsquaic sandstone and the basin facies); 4)
mid-late Pliocene Foxen Formation (mud and silt stones); 5) late Pliocene-Pleistocene Paso Robles
Formation (sand gravel and clays) 6) recent Pleistocene deposits (Orcutt sands, terraces and alluvium)(
Supplementary Figure 1d; Woodring and Bramlette, 1950; Isaacs, 1992). The Monterey Formation
consists of 3 members, i) lower phosphatic shale and porcelaneous shale, ii) mid chert and cherty
shales, iii) upper-procelaneous shale and diatomaceous strata. Qil is thought to have been generated
in Monterey Formation within the syncline between the Orcutt and Lompoc Oil Fields, where they
diagenetic grade and thermal maturity potential is greatest (Pisciotto, 1981; Isaacs and Tomson,
1990). Within the Orcutt Oil Field, most of the production is from the fractured rocks within the
Monterey Formation (75%), with limited production from other fractured rocks (2%). The remaining
production is from the Point Sal Formation and Sisquoc Formation, which act as conventional

reservoirs (Crawford, 1971; DOGGR, 1991, 1992).

Reservoir temperatures vary from 49-71 °C across the reservoir, due to changes in reservoir properties
(e.g., porosity) and differential production and EOR. Qil density is also variable between 14- 27.5 °
across the reservoir; however, the samples were largely homogenous at 21.4 ° with only 0-02 at 22.9
°(Table 1). Well logs from the Orcutt Qil Field give average temperatures for the Monterey Formation
at 60 °C, Point Sal Formation at 74 °C and Sisquoc Formation at 42 °C. Salinities in the formation waters
are 0.72 M, 0.48 M and 0.18 M for the Monterey, Point Sal and Sisquoc, respectively (CALGEM, 2020a,
Seitz 2021). Porosity in the different formations vary from 15-70% and permeability is thought to be
~5-10 mD (Beyer et al., 1985; Carpenter, 2016) There is no evidence for gas nor a secondary gas cap

within the field (CALGEM, 2020b).

Cyclic steam injection into the diatomite in the Monterey Formation at Orcutt Qil Field began in 2005

and now about 96 wells in the field are using this technique (Elias et al., 2010; Pacific Coast Oil Trust,
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2020). During this process, steam is injected into the reservoir and left to soak for a few days before
the well is produced by flowing the hot oil and water to the surface, and repeated. Additionally, since
2009, the Sisquoc Formation has been water flooded in order to maintain reservoir pressure. 0-02
and 0-06 have not been affected by injection, the remaining wells have with between 2.0x10° —
9.8x10’ m*® injected within 500 m of the wells. Hydraulic fracturing was allegedly trialled in the oil

field in 1991 (Kamori and Hauksson, 1992).
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