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ABSTRACT
The proliﬁc Los Angeles basin in California may be the most
petroliferous province on Earth per volume of sedimentary ﬁll.
However, because most exploration in the basin occurred prior
to the advent of modern geochemical methods, genetic relationships among the various petroleum accumulations and their
source rocks have remained speculative. A training set of 24
source-related biomarker and stable carbon isotope ratios for
111 non- or mildly biodegraded oil samples from the basin was
used to construct a chemometric (multivariate statistics) decision tree. The decision tree allows genetic classiﬁcation of
additional oil or source-rock extract samples that might be
collected. The decision tree identiﬁes 6 tribes and a total of 12
genetically distinct oil families. The families have different bulk
properties, such as API gravity and sulfur content, which were
previously explained as resulting from secondary processes,
including thermal maturity or biodegradation. However, the
chemometric assignments are based on genetic properties that
reﬂect distinct organofacies. The oil families occur in different
locations and reservoir intervals in the basin, consistent with
their origins from different organofacies of active source rock.
The source-rock depositional environment for each oil family
can be inferred using biomarker and isotope ratios. The samples
show stable carbon isotope ratios for saturate and aromatic
hydrocarbons that indicate different organofacies of Miocene
marine source rocks. Tribes 1 and 2 straddle the central trough,
mainly occur east of the Newport-Inglewood fault zone (NIFZ),
and show evidence of proximal, clay-rich source rock deposited
under suboxic conditions with elevated angiosperm input.
Tribes 3–6 occur west of the NIFZ and show evidence of more
distal, clay-poor source rock deposited under anoxic conditions.
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Geochemistry and stratigraphy of the oil tribes (1–6 below)
suggest the following source-rock organofacies:
1. Suboxic upper Miocene (Delmontian) proximal clay-rich
shale generated low-sulfur tribe 1 and 2 oil types
(~0.55–1.06 wt. %) east of the NIFZ that show higher
thermal maturity than tribes 3–6. The source rock for tribe 1
was slightly more reducing (lower redox potential or Eh)
than that for tribe 2.
2. Low-sulfur tribe 2 oil (~0.20–0.23 wt. %) is signiﬁcantly
more mature, and the source rock is more clay rich and
received more angiosperm input than tribe 1.
3. Anoxic upper Miocene (middle–upper Puente) distal shale
source rock generated sulfur-rich tribe 3 oil (~1.42–1.58
wt. %) west of the NIFZ. The source rock received less
higher-plant input than the source rocks for tribes 1 and 2.
4. Suboxic–anoxic Mohnian(?) clay-poor shale or marl source
rock generated tribe 4 oil west of the NIFZ. One oil family in
tribe 4 has low sulfur, whereas the other has high sulfur
content. Higher-plant input is comparable to tribe 3.
5. Anoxic middle–upper Miocene (Lower Puente “nodular
shale”) distal shale generated sulfur-rich (~1.24 wt. %) tribe
5 oil to the southwest of the NIFZ.
6. Anoxic middle–upper Miocene (Lower Modelo nodular
shale equivalent) distal shale or marl generated high-sulfur
tribe 6 oil (~2.42 wt. %) to the northwest of the NIFZ at
lower levels of thermal maturity than the other tribes.

INTRODUCTION
The Los Angeles basin (Figure 1) has been described as the
richest petroliferous basin in the world based on the amount of
petroleum relative to the volume of sedimentary ﬁll (Barbat,
1958; Yerkes et al., 1965; Wright, 1987; Price, 1994; Price
et al., 1999). Since the discovery of the Brea-Olinda ﬁeld in
1880 (Biddle, 1991; B-Ol in Figure 1), about 67 additional
ﬁelds have been discovered, including 3 of the 10 largest ﬁelds
in California at Wilmington (1932; 2.98 billion barrels of oil
[bbo]), Huntington Beach (1920; 1.16 bbo), and Long Beach
(0.95 bbo; California Department of Conservation, 2010;
Table 1). Supergiant oil ﬁelds contain at least 1 bbo of estimated
ultimate recoverable petroleum. Geologically, the Los Angeles
basin is among the most thoroughly studied and explored
basins in the world (e.g., Driver, 1948; Edwards, 1951;
Woodford et al., 1954; Barbat, 1958; Yerkes et al., 1965;
Brown, 1968; Gardett, 1971; Hill, 1971; Harding, 1973; Yeats,

1973; Crowell, 1974; Campbell and Yerkes, 1976; Beyer and
Bartow, 1987; Mayer, 1987, 1991; Schwartz and Colburn,
1987; Wright, 1987; Beyer, 1988; Biddle, 1991; Blake, 1991).
It is the classic model of a transform-margin basin (Ingersoll and
Rumelhart, 1999). Despite these facts, surprisingly few data
have been published on the petroleum geochemistry of the
Los Angeles basin. Classic early work by Philippi (1965) was
based on geochemical analyses of 14 rock samples from the
Dominguez and Seal Beach ﬁelds and the Shell 1 Anaheim
Sugar well located east and downdip from the Seal Beach and
Huntington Beach ﬁelds. This work was completed prior to the
widespread use of gas chromatography, Rock-Eval pyrolysis, or
vitrinite reﬂectance (Ro). Signiﬁcant petroleum potential likely
remains, especially in offshore areas of the basin, but little
exploration has occurred since the early 1970s partly due to
high population density. Furthermore, because of the large
number of comparatively small, independent leases, there has
been little impetus to update regional understanding of the
basin using large-scale integrated geochemical studies or
computerized basin and petroleum system modeling.
The purpose of this study was to measure biomarker and
stable carbon isotope ratios for approximately 150 crude oil
samples from the Los Angeles basin to improve understanding
of genetic relationships and to identify oil families that will lead
to the identiﬁcation of petroleum systems. The geochemical
characteristics of each oil sample were evaluated to identify a
training set in which source-related biomarker and stable
carbon isotope ratios were unaffected by secondary processes,
such as extensive biodegradation or thermal maturation. The
training set was used to create a chemometric decision
tree (e.g., Peters et al., 2007, 2008, 2013) that can be used to
classify newly collected samples of crude oil or source-rock
extracts. Map and stratigraphic distributions of the oil families
and their biomarker and isotope compositions were used to infer
the identity and character of their source-rock organofacies.
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REGIONAL GEOLOGY
The Cenozoic geologic history of coastal California was
dominated by evolution from subduction to the present
transform boundary between the North American and Paciﬁc
plates. As part of that process, the Monterey microplate, including the western Transverse Ranges block, was captured
(Nicholson et al., 1994) by the Paciﬁc plate in the early
Miocene (~20 Ma) and rotated clockwise by as much as 95°.
The rotation, which occurred at a midcrustal detachment
Peters et al.
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Figure 1. Map shows six tribes
(tribe 1 = families 11, 12, and 13;
tribe 2 = families 21 and 22; tribe
3 = families 31, 32, and 33; tribe
4 = families 41 and 42; and tribes 5
and 6 were not divided into families) of crude oil samples in the
Los Angeles basin determined by
chemometric analysis of 24
source-related biomarker and
stable carbon isotope ratios (Appendix). Structure-contour map
modiﬁed from Wright (1991) and
used with permission of AAPG
shows base Mohnian (depth in
thousands of feet), which is an
upper Miocene horizon, ca. 14 Ma.
Cross sections AA9 and FF9 are
from Wright (1991) and are shown
in later ﬁgures. Structural elements
are the following: LCF = La Cienegas fault; NIFZ = NewportInglewood fault zone; PVF = Palos
Verdes fault; SM-R = Santa Monica–Raymond fault; WF = Whittier fault. Fields are the following: Alo = Alondra; Ban = Bandini; Bel = Belmont
Offshore; B-Ol = Brea-Olinda; BvH = Beverly Hills; CoW = West Coyote; CvH = Cheviot Hills; Dom = Dominguez; ElS = El Segundo; HB =
Huntington Beach; Hyp = Hyperion; Ing = Inglewood; LA = Los Angeles; LaC = Las Cienegas; LAD = Downtown Los Angeles; LAE = East Los
Angeles; LB = Long Beach; LBA = Long Beach Airport; PdR = Playa del Rey; Pot = Potrero; Ric = Richﬁeld; Rs = Rosecrans (RsE = East
Rosecrans, not shown); Saw = Sawtelle; SB = Seal Beach; SFS = Santa Fe Springs; SV = San Vicente; Tor = Torrance; USt = Union Station; VB =
Venice Beach; Whi = Whittier; Wil = Wilmington.

surface, unroofed the Catalina Schist, now found in
the inner borderland province and the western Los
Angeles basin. The breakaway zone along the
northeastern, trailing edge of the rotated block
has since developed into the Newport-Inglewood
fault zone (NIFZ), a major internal feature of the
Los Angeles basin with right-lateral displacement
(Wright, 1991).
The Los Angeles basin is a rhombohedral petroleum province in coastal southern California
(~2200 mi2 [3541 km2]) that extends beyond the
physiographic margins of the present-day alluvial
plain (Yerkes et al., 1965). The alluvial plain
is bounded by mountains and hills that expose
Mesozoic or older basement rocks and Upper Cretaceous to Pleistocene sedimentary or igneous rocks.
The northwest-trending central trough is approximately 45 mi (72 km) long and 20 mi (32 km)
wide (Figure 1) and contains up to approximately
24,000 ft (7315 m) of late middle Miocene and
younger marine siliciclastic rocks overlying older
118
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Cenozoic sedimentary and/or Mesozoic basement
rocks. The central trough is bordered on the southwest
by the NIFZ, on the north by an east–west-trending
fault and fold belt along the southern Santa Monica
Mountains, and on the northeast by east–westtrending en echelon folds and the Whittier fault zone.
The northwest trend of the NIFZ is characteristic of the San Andreas transform fault system in
other parts of California. The NIFZ is a seismically
active right-lateral, strike-slip fault with estimated
slip rates in the Miocene–Pliocene and Holocene of
0.5 and 2–3 mm/yr (0.02 and 0.08–0.12 in./yr),
respectively (Freeman et al., 1992). The NIFZ has
measured right-lateral displacement of 1–2 km
(3281–6562 ft) in lower Pliocene strata (Yerkes
et al., 1965) and approximately 3 km (9843 ft) in
middle Miocene strata (Hill, 1971). Nine oil ﬁelds
aligned within the NIFZ that are represented by
samples in this study have total cumulative production through 2009 of 3.1 bbo of oil (Table 1).
Also trending northwest, the right-lateral Whittier

Table 1. Cumulative Production and Estimated Ultimate Recovery for Oil Fields in the Los Angeles Basin

The table shows the cumulative production and estimated ultimate recovery (EUR) for oil ﬁelds in the Los Angeles basin for which geochemistry is included in this study
(California Department of Conservation, 2010). The table also includes data for the Brea-Olinda ﬁeld, which was the ﬁrst discovered (1880) ﬁeld in the basin. Sectors
include Central (central trough), Newport-Inglewood fault zone (NIFZ), West (west of NIFZ), and East (east of NIFZ). Fields in each sector are listed in the table from
north to south; gas-to-oil ratio (GOR) was calculated by dividing total gas by total oil for each sector.
Abbreviations: bbl = barrels; Mbbl = thousands of barrels; MMCF = millions of cubic feet

and Palos Verdes faults form the northeastern
and southwestern edges, respectively, of the Los
Angeles basin. The northwestern margin of the
basin consists of a broad anticlinorium called the
western shelf. The southern edge of the rotated
Santa Monica Mountains, the west-trending Santa
Monica–Raymond fault system, forms the northern
edge of the Los Angeles basin. To the southeast, the
basin is bounded by the Santa Ana Mountains and
the San Joaquin Hills.
Neogene structural development of the basin
was preceded by Cretaceous–Paleogene subduction
and complex three-plate interactions (Ingersoll,

2008). Neogene processes included mid-Miocene
to early Pliocene extension, strike-slip fault movement, block rotation, and late Pliocene to presentday north–south compression (Wright, 1991).
Middle Miocene transtensional rifting and block
rotation was associated with major regional subsidence along the length of the San Andreas
transform fault system. By circa 14 Ma, the continental borderland was characterized by closed
deepwater basins and submerged banks. Siliciclastic
sediments from river systems far to the east were
generally trapped in basins close to the shoreline and
only the clay fraction, carried in suspension, reached
Peters et al.
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the Los Angeles basin and other sediment-starved
borderland basins and banks. Along the continental
slope, nutrient-rich marine upwelling was driven by
prevailing winds and produced abundant biogenic
siliceous, calcareous, and phosphatic sediments.
Lipid-rich planktonic debris from nutrient-rich
surface waters was deposited in oxygen-deﬁcient
bathyal sediments where it mixed with siliciclastics
shed into the basin mainly from the north and
northeast during the late Miocene (McCulloh et al.,
1994). Higher-plant debris was deposited mainly in
nearshore settings.
Throughout the middle Miocene, the anoxic
ﬂoor, slopes, and banks of the western and southern
Los Angeles basin received organic, terrigenous-rich
sediments, known in the subsurface as the “nodular
shale.” Outcrop equivalents of the nodular shale include the La Vida Member of the Puente Formation to
the north and, in the Palos Verdes Hills, the Altamira
Shale and Valmonte Diatomite Members of the
Monterey Formation. In parts of the basin, the biogenic sediments rest on siliciclastics and volcanics of
the middle Miocene Topanga Group. Elsewhere, the
nodular shale and its equivalents commonly lie unconformably on Catalina Schist, on metamorphic
rocks similar to those in the Peninsular Ranges to the
south, and rarely on lower Miocene sedimentary rocks.
In an earlier study, Peters et al. (2008) noted
geochemical similarities among the three genetically distinct groups of Monterey oil samples from
different coastal basins offshore California, which
were interpreted to indicate an underlying simplicity resulting from three source-rock organofacies: (1) suboxic clay- and higher-plant–rich
detrital deposits; (2) suboxic-to-anoxic marly,
hemipelagic deposits; and (3) anoxic carbonaterich, pelagic deposits. These three oil groups are
widespread in coastal California as might be
expected if their source rocks were deposited
on low-gradient slopes and in broad depressions similar to those in the present-day Gulf of
California. Peters et al. (2008) concluded that
their geochemical data support the prograding
margin model for the deposition of the Monterey
Formation (Isaacs, 2001) but do not exclude the
banktop–slope–basin model (Hornaﬁus, 1991).
Readers are referred to Peters et al. (2008) for
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additional discussion of the implications of that
work for various depositional models of the
Monterey Formation.
As the proximal sediment traps ﬁlled, siliciclastics spilled into the adjacent basins and built deepsea fans and channels on the abyssal plain. Signiﬁcant
inﬂux of siliciclastics into the Los Angeles basin began
circa 9 Ma, early in the late Miocene. Three primary
submarine fans are recognized within the basin, including the Tarzana, San Gabriel, and Santa Ana fans
(Redin, 1991). The latter two fans merge at the
northeastern edge of the basin and are called the
Puente fan. The upper Miocene sandstones in these
fan systems are diagenetically immature, arkosic, and
susceptible to low-temperature alteration.
The Tarzana fan ﬂowed southward from a
source in the western San Gabriel Range, across the
present San Fernando Valley and Santa Monica
Mountains, and into the northwestern Los Angeles
basin. Uplift of the Santa Monica Mountains at the
end of the Mohnian (~6.5 Ma) cut off the ﬂow of
the Tarzana fan; its ﬁnal phase is the Delmontian
(~6 Ma) Rancho sandstone in the Sawtelle and
Cheviot Hills ﬁelds in the northwestern corner of
the basin. In the northwestern part of the central
trough, sands of the Tarzana fan merged with those
of the Puente fan during most of the late Miocene.
The Puente fan originated primarily from the
north in the eastern San Gabriel Range, but it also
originated from the east and northeast in the Santa
Ana Canyon and Perris block. From circa 8.5 to
7.5 Ma, it brought a major inﬂux of sand into the San
Gabriel Valley, across the ﬂoor of the Los Angeles
basin, and through lower portions of the NIFZ. In
the Puente Hills and north-central part of the
basin, the Soquel Member of the Puente Formation represents this sand unit. During the late
Mohnian and Delmontian (~7.5 to 5 Ma), uplift
along the Whittier fault and its northwestern extension (Alhambra high) formed an intermittent
sill, and sands were funneled through gaps in the
Whittier Narrows area, where upper-fan channels
are preserved. Throughout the remainder of the
basin, widespread Delmontian sandstone bodies are
thinner and less common, and sediments of that age
are predominately silt and clay. Diatomite is also a
signiﬁcant component of the Delmontian sediments.

By the early Pliocene (~4.5 Ma), siliciclastic
sediments of the Puente fan had ﬁlled the San
Gabriel basin and were spilling into the Los Angeles
basin through the Whittier Narrows to spread
broadly across the abyssal plain. Distal sands of the
Puente fan progressively onlapped the western shelf
of the basin throughout late Miocene and Pliocene,
locally interﬁngering with Puente Formation petroleum source rock. By the early Pleistocene, the
northern shoreline of the basin had prograded
southward to and beyond the NIFZ. The depositional environment was inner neritic to nonmarine (Blake, 1991).
Quaternary deformation formed or enhanced
the structural traps that hold most of the oil in the
Los Angeles basin. This deformation resulted in
continued development of the central trough.
Since the end of the Pliocene, the axis of the trough
has been downwarped more than 1 km (3281 ft),
and the ﬂanks were uplifted by a nearly equal
amount. Middle and upper Miocene Puente Formation petroleum source rock is now buried to
depths of 2–7 km (6562–22,966 ft) within the
central trough.
The Puente Formation in the Los Angeles basin
is an equivalent of the Monterey Formation, which
is a major petroleum source rock throughout much
of southern California that was deposited mainly as
distal organic-rich diatomaceous and phosphatic
shale in oxygen-poor, deep-marine silled basins
(Demaison and Moore, 1980; Pisciotto and Garrison,
1981) or in topographic lows on a transgressed slope
(Isaacs, 2001). Anoxic conditions and strong biological oxygen demand associated with upwelling of nutrient-rich water were reinforced by
basin topography. Sulfate-reducing bacteria in
the water column and shallow sediments generated hydrogen sulﬁde. Most sulﬁde combines with
chemically reactive iron in clay-rich sediments to
form pyrite. However, because of low clay content in some areas, much of this sulfur was incorporated into Monterey organic matter during
diagenesis, resulting in type IIS kerogen (atomic
sulfur/carbon > 0.04, >8 wt. % sulfur) that generates sulfur-rich crude oil (>2 wt. % sulfur) (Orr,
1986; Baskin and Peters, 1992).

Crude oil from the sulfur-rich organofacies of
the Puente Formation in the Los Angeles basin
commonly shows high sulfur (>2 wt. %) and high
28,30-bisnorhopane, typical of source-rock anoxia.
Another organofacies of the Puente Formation occurs along the landward, northern ﬂank of the Los
Angeles basin. Unlike the more common distal
organofacies, the landward organofacies is more
clay rich and contains type II and II/III kerogen
that yields low-sulfur crude oil with evidence of
higher-plant input (Jeffrey et al., 1991; McCulloh
et al., 1994).

METHODS
Laboratory Analyses
Detailed procedures used by GeoMark Research,
Ltd. to prepare and analyze the samples are similar
to those in Peters et al. (2007). Brieﬂy, n-hexane
was used to remove asphaltenes from the oil samples. Saturate and aromatic hydrocarbons were
separated by column chromatography using hexane
and dichloromethane, respectively. Stable carbon
isotope ratios were determined using a Finnigan
Delta E isotope-ratio mass spectrometer. Saturate
C15+ biomarkers were analyzed using a HewlettPackard (HP) 7890 gas chromatograph interfaced
to an HP 5975 mass spectrometer. The HP-2 column
(50 m · 0.2 mm internal diameter, 0.11-mm ﬁlm
thickness) was programmed from 150°C to 325°C at
2°C/min. The mass spectrometer was run in selected
ion monitoring mode using mass-to-charge (m/z)
177, 191, 205, 217, 218, 221, 231, and 259 for
saturates and m/z 133, 156, 170, 178, 184, 192, 198,
231, 239, 245, and 253 for aromatics. Response
factors were determined by comparing m/z 221
for a deuterated standard (d4-C29 20R sterane;
Chiron Laboratories, Norway) with terpane (m/z
191) and sterane (m/z 217) standards.
Sample Screening
Samples excluded from the training set include
(1) heavily biodegraded oil (rank 5 or more on
Peters et al.
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additional oil or source-rock extracts that might
be collected.
Chemometric Decision Tree

Figure 2. (A) Quasi-sequential biodegradation scale (modiﬁed
from Peters and Moldowan, 1993, and reprinted with permission by
ChevronTexaco Exploration and Production Technology Company, a division of Chevron USA Inc.) used to select oil samples
for the chemometric training set. (B) Oil samples from Cheviot
Hills (CvH27), Sawtelle North (SwN28), and Wilmington (Wil78;
bottom) ﬁelds that show biodegradation ranks of 0, 1, and 5,
respectively. The Wilmington oil was excluded from the training
set because of the potential for biodegradation of steranes that
were used in the chemometric analysis, but it was later assigned
to family 41 using the chemometric decision tree. PM = 0–10
biodegradation scale of Peters and Moldowan (1993); UCM =
unresolved complex mixture.

the 1–10 scale of Peters and Moldowan [1993];
Figure 2) and (2) highly mature light oil (API > 40°)
or condensate (API > 50°), where biomarkers are
low or absent (e.g., <10 ppm steranes). Sourcerelated biomarker and carbon isotope ratios (see
Appendix) for the remaining 111 non- or mildly
biodegraded oil samples were used as a training
set to construct a chemometric decision tree that
allows genetic classiﬁcation of some samples
that were excluded from the training set and
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Hierarchical cluster and principal component analyses (Pirouette software, Infometrix, Inc.), based on
the source-related data described below, allow rapid assessment of genetic relationships among the
oil samples and can be used to identify 6 distinct
petroleum tribes or 12 families (Figure 3). In this
discussion, a tribe consists of crude oil samples that
are broadly similar in their geochemical characteristics but may have originated from different source
rocks. A family is a generic division of a tribe that
consists of geochemically similar samples that originated from the same or a very similar source rock.
Based on the source-related data, a unique multitiered decision tree was created (InStep software,
Infometrix, Inc.) to categorize additional crude oil
samples from the Los Angeles basin (Figure 4).
Details of the method are described in Peters et al.
(2007). We used geochemical expertise and principal component loadings to select 24 genetic geochemical parameters that differentiate the samples
(see the Appendix). Table 2 includes average values
for several key biomarker and isotope ratios that
are indicative of the source-rock organofacies for
each oil family. Complete data for the samples are
available by subscription from GeoMark Research,
Ltd. (2015).
Four bulk parameters in Table 2 were excluded
from the chemometric analysis because they are
readily altered by biodegradation or extensive thermal maturity: API gravity, sulfur content, saturate/
aromatic hydrocarbon ratio, and the weight percent
<C15 hydrocarbon fraction. Several other parameters
in the table include the methylphenanthrene index
(MPI-1) (Radke et al., 1982) and triaromatic steroid cracking ratio (TAS3[CR]; modiﬁed from
Mackenzie et al., [1981] as described in Peters et al.,
[2005]) and the dibenzothiophene/phenanthrene
(DBT/P) (Hughes et al., 1995), vanadium/nickel
(V/Ni) (Lewan, 1984), and C28/C29 sterane
ratios (Grantham and Wakeﬁeld, 1988).

RESULTS AND DISCUSSION
Family Assignments and Map Distributions
Hierarchical cluster analysis of the 24 selected
biomarker and isotope ratios identiﬁes six genetically distinct oil tribes (Figure 3). Principal component analysis further differentiates the tribes
into 12 families that were used to create the
chemometric decision tree (Figure 4). Tribes 1
and 2 occur mainly east of the NIFZ (Figure 1),
and tribes 3–6 occur to the west of that fault. Each
family shows different ranges of values for key
biomarker and isotope ratios that can be used to
interpret source-rock depositional environment
or organofacies (Table 2). They also show different bulk properties, including API gravity, sulfur
content, saturate/aromatic hydrocarbon ratio, and
wt. % <C15 fraction in different areas and reservoir intervals within the basin, consistent with
their origins from distinct organofacies, as discussed below.
The results of the chemometric study are
surprising, because most previous work concluded
that differences in the bulk properties of oil samples from the Los Angeles basin are due to secondary processes, such as biodegradation or thermal
maturity (e.g., Jeffrey et al., 1991). However, in
a short abstract based mainly on sulfur content,
McCulloh et al. (1994) concluded that crude oil
compositions in the basin are also determined by
kerogen composition. Basin location inﬂuenced
the composition of kerogen in the source-rock depositional setting and the availability of iron to
sequester microbial hydrogen sulﬁde as pyrite,
especially prior to 6.5 Ma. At the distal edge of the
basin, far from terrigenous input (the major iron
source), type IIS kerogen was inferred to generate
sulfur-rich oil at low thermal maturity. Along
the landward (northerly) basin ﬂank, kerogen
with lower sulfur content (types II and II/III) was
inferred to generate low-sulfur oil.
In the following section, selected biomarker
and isotope ratios (Table 2) are used to describe the
source-rock depositional environment for each oil
family. Stable carbon isotope ratios for the saturate
and aromatic fractions of the oil samples indicate

Miocene source rock dominated by marine organic
matter input (Figure 5). Miocene oil samples are
characterized by stable carbon isotope ratios (d13C)
more positive than -23.5‰ (Chung et al., 1992).
Differences in the d13C of Miocene source-rock
extracts and related oil compared with other
samples from California are reﬂected in the isotope
composition of kerogen above and below the basal
Neogene boundary (Jones, 1987; Peters et al.,
1994, Andrusevich et al., 1998). With a few exceptions, oil samples from tribes 1 and 2 originated
from a more proximal, clay-rich (e.g., elevated
18a-trisnorheohopane/17a-trisnorhopane [Ts/Tm],
low norhopane/hopane [C29 /H] and DBT/P;
Table 2), and oxic source-rock depositional setting (e.g., low C35/C34S and 28,30-bisnorhopane/
hopane [BNH/H]) that received more terrigenous
organic matter, including more vascular plant and
angiosperm (ﬂowering vascular plant) input (elevated C19/C23 and oleanane/hopane [Ol/H], respectively; Figure 6) than tribes 3–6. Peters et al.
(2005) and references therein describe how these
biomarker ratios in crude oil can be used to describe the source-rock depositional environment,
including relative oxicity, lithology, and organic
matter input. Additional key references for interpretation of each biomarker parameter are given
in the discussion below and in the footnote for
Table 2.
Based on their distributions, tribes 1 and 2
originated from the central trough east of the NIFZ,
whereas tribes 3–6 originated from depocenters to
the west of the NIFZ (Figure 1). Samples from
tribes 1 and 2 occur in updip pools along inferred
migration paths that radiate from deeply buried
source rock in the central trough. Tribe 2 samples
show high thermal maturity based on MPI-1 and
TAS3(CR) (Table 2). Tribes 3–5 include samples
from the giant Wilmington, Long Beach, and
Huntington Beach ﬁelds. Wilmington and the
adjacent oil ﬁelds, including the Long Beach,
Huntington Beach, and Seal Beach ﬁelds, encompass no more than 10% of the basin area, yet they
contain about 5.2 bbo or about 58% of the total
conventional petroleum resource (Wright, 1991).
Tribe 6 occupies the northwestern portion of the
study area and shows lower thermal maturity than
Peters et al.
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Figure 3. Hierarchical cluster analysis of source-related
biomarker and isotope ratios identiﬁes six tribes (dashed
similarity line) of crude oil samples from the Los Angeles basin.
Samples are identiﬁed by tribe and family in Table 2. Analytical
repeatability (dashed repeatability line) is based on four oil
samples from overlapping depths (2518–3060 ft [767–933 m])
in different wells within the Long Beach ﬁeld (LB498, LB499,
LB500, and LB501). Samples with cluster distances greater
than the repeatability line are geochemically distinct. NIFZ =
Newport-Inglewood fault zone.

the other samples. These conclusions are discussed
below in more detail.
Geochemical Characterization of the Oil
Families
Tribe 1
Families 11, 12, and 13 (6, 8, and 19 samples,
respectively; Table 2) are geochemically similar but
are widespread to the east of the NIFZ. Family 11
samples straddle the southeastern portion of the
central trough along a northeast–southwest trend
(Figure 1). Three samples occur in the West
Coyote ﬁeld (CoW546, CoW547, and CoW548)
to the northeast, and the other three samples occur
in the Seal Beach (SB448), Long Beach Airport
(LBA492), and Belmont Offshore (Bel542) ﬁelds
to the southwest. Unlike nearly all other tribe 1 oil
samples, the sample from Belmont Offshore appears to have migrated across the NIFZ from the
central trough. Family 12 mainly consists of samples from the Santa Fe Springs ﬁeld (SFS457,
SFS460, SFS461, SFS487, SFS488, SFS572, and
SFS573), but it also includes one sample from the
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Figure 4. Chemometric decision tree for Los Angeles basin oil
families based on soft independent modeling of class analogy
(SIMCA) using biomarker and isotope data for the 111 crude oil
samples in the training set. Tribe 1 contains families 11, 12, and 13;
tribe 2 contains families 21 and 22; tribe 3 contains families 31, 32,
and 33; and tribe 4 contains families 41 and 42. Families were not
differentiated for tribes 5 and 6.

Sawtelle ﬁeld (Saw575) far to the northwest. Based
on the anomalous location of Saw575, we suspect a
labeling problem and that it may actually represent
an oil sample from elsewhere in the basin. However, we cannot reject this sample based on the
available data. Family 13 oil samples show a curved
distribution around the northwestern, northern,
and northeastern portions of the central trough
in multiple ﬁelds (Figure 1), including Whittier
(Whi42, Whi581, Whi582, and Whi583), Santa Fe
Springs (SFS456 and SFS571), Los Angeles (LA467
and LA470), East Los Angeles (LAE468 and
LAE469), Potrero (Pot475), Inglewood (Ing484,
Ing485, Ing554, Ing556, and Ing557), Downtown
Los Angeles (LAD559), Richﬁeld (Ric563), and
Union Station (USt578).
The source rock for tribe 1 was deposited under
slightly more reducing depositional conditions than
that for tribe 2 (e.g., C35/C34S, ~0.71–0.81 versus
~0.61–0.64, respectively; Table 2). Elevated C35
hopanes are typical of petroleum generated from
source rock deposited under reducing to anoxic
conditions (Peters and Moldowan, 1991). Tribe 1
also shows signiﬁcantly higher DBT/P than tribe 2
(~0.18–0.21 versus ~0.05–0.07), indicating a relatively clay-poor source rock (Hughes et al., 1995).
The source rock for tribe 1 received less angiosperm input than tribe 2 based on lower Ol/H
(~0.143–0.260 versus 0.298–0.516, respectively;
Moldowan et al., 1994).
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6
8
19
5
6
8
5
15
8
7
10
14

Sulfur, wt. %

28.2 – 5.9 (5) 1.00 – 0.06 (4)
32.6 – 2.0 (6) 0.55 – 0.00 (1)
30.2 – 4.5 (13) 1.06 – 0.91 (7)
35.3 – 4.5 (5) 0.20 – 0.01 (3)
32.6 – 2.1 (6) 0.23 – 0.12 (6)
23.5 – 0.0 (1) 1.42 – 0.44 (2)
—
—
—
1.58 – 0.00 (1)
26.8 – 0.0 (1) 0.57 – 0.00 (1)
25.9 – 8.7 (4) 3.22 – 0.62 (2)
30.8 – 2.1 (3) 1.24 – 0.98 (3)
26.0 – 6.5 (7) 2.42 – 0.34 (7)

API Gravity

1.25 – 0.13 (5)
1.33 – 0.08 (6)
1.31 – 0.21 (15)
1.89 – 0.21 (5)
1.57 – 0.13 (6)
0.91 – 0.04 (2)
—
0.98 – 0.00 (1)
0.90 – 0.00 (1)
0.52 – 0.08 (7)
1.05 – 0.42 (5)
0.80 – 0.23 (12)

Saturates/
Aromatics
39.9 – 3.8 (5)
47.4 – 4.5 (6)
44.2 – 5.6 (15)
58.9 – 6.5 (5)
55.4 – 5.1 (6)
30.1 – 6.9 (2)
—
20.2 – 0.0 (1)
42.3 – 0.0 (1)
30.4 – 5.4 (7)
45.3 – 22.1 (5)
32.4 – 9.7 (12)

% <C15 Fraction

Bulk Properties for Nonbiodegraded Samples

1.08 –
1.12 –
1.13 –
1.49 –
1.39 –
0.99 –
1.04 –
1.13 –
1.07 –
1.03 –
1.02 –
0.86 –

Ro Eq., %

TAS3(CR)

Ts/Tm

C24/C23

Shale

C29/H

DBT/P

Carbonate

C35/C34S

BNH/H

Redox

V/Ni

CV

C28/C29 St

Terrigenous

C19/C23

0.017
0.012
0.067
0.115
0.014
0.020
0.008
0.018
0.017
0.016
0.022
0.016

Ol/H

Angiosperms

0.18 0.98 – 0.13 0.12 – 0.02 0.50 – 0.03 0.77 – 0.05 0.49 – 0.01 0.18 – 0.09 0.81 – 0.08 0.17 – 0.08 0.70 – 0.23 (4) -1.60 – 0.32 1.73 – 0.04 0.016 – 0.003 0.143 –
0.16 1.00 – 0.11 0.14 – 0.05 0.55 – 0.04 0.86 – 0.03 0.46 – 0.02 0.18 – 0.15 0.71 – 0.03 0.18 – 0.01 0.36 – 0.48 (3) -1.62 – 0.12 1.69 – 0.05 0.023 – 0.002 0.219 –
0.14 1.01 – 0.10 0.16 – 0.05 0.63 – 0.09 0.94 – 0.08 0.45 – 0.02 0.21 – 0.13 0.76 – 0.09 0.21 – 0.04 0.00 – 0.00 (7) -1.89 – 0.51 1.60 – 0.07 0.035 – 0.014 0.260 –
0.19 1.26 – 0.13 0.19 – 0.04 0.83 – 0.22 0.88 – 0.05 0.42 – 0.03 0.05 – 0.05 0.64 – 0.09 0.21 – 0.08 0.00 – 0.00 (3) -2.04 – 0.29 1.61 – 0.03 0.047 – 0.008 0.516 –
0.08 1.19 – 0.05 0.21 – 0.03 0.59 – 0.04 0.90 – 0.03 0.43 – 0.01 0.07 – 0.01 0.61 – 0.03 0.15 – 0.02 0.00 – 0.00 (5) -1.74 – 0.42 1.70 – 0.02 0.029 – 0.003 0.298 –
0.10 0.92 – 0.07 0.08 – 0.01 0.42 – 0.04 0.74 – 0.04 0.54 – 0.03 0.32 – 0.11 0.87 – 0.06 0.32 – 0.08 0.45 – 0.15 (4) -1.88 – 0.43 1.66 – 0.04 0.016 – 0.004 0.131 –
0.08 0.95 – 0.06 0.07 – 0.01 0.42 – 0.02 0.72 – 0.04 0.56 – 0.01 0.25 – 0.07 0.88 – 0.02 0.34 – 0.02 0.41 – 0.03 (3) -2.40 – 0.19 1.58 – 0.03 0.019 – 0.002 0.140 –
0.15 1.01 – 0.10 0.06 – 0.01 0.34 – 0.01 0.70 – 0.05 0.57 – 0.02 0.33 – 0.11 0.89 – 0.07 0.28 – 0.01 0.70 – 0.00 (1) -2.13 – 0.19 1.65 – 0.03 0.013 – 0.002 0.116 –
0.18 0.97 – 0.12 0.08 – 0.04 0.41 – 0.07 0.85 – 0.06 0.57 – 0.07 0.30 – 0.10 0.95 – 0.05 0.32 – 0.05 0.26 – 0.29 (5) -2.63 – 0.50 1.58 – 0.03 0.016 – 0.002 0.141 –
0.10 0.95 – 0.07 0.09 – 0.01 0.43 – 0.02 0.99 – 0.09 0.51 – 0.03 0.71 – 0.19 0.96 – 0.11 0.26 – 0.09 1.80 – 0.32 (2) -1.48 – 0.59 1.64 – 0.09 0.017 – 0.005 0.139 –
0.17 0.93 – 0.12 0.08 – 0.05 0.42 – 0.14 0.74 – 0.06 0.54 – 0.04 0.25 – 016 0.83 – 0.10 0.55 – 0.32 0.13 – 0.26 (4) -1.52 – 0.31 1.54 – 0.09 0.030 – 0.009 0.171 –
0.11 0.82 – 0.08 0.07 – 0.02 0.44 – 0.05 0.80 – 0.03 0.54 – 0.02 0.55 – 0.21 0.88 – 0.13 0.32 – 0.10 0.75 – 0.74 (8) -0.94 – 0.24 1.44 – 0.07 0.024 – 0.005 0.142 –

MPI-1

Maturity

Parameters are described in Peters et al. (2005). Families 11, 12, 13, 21, and 22 are mainly to the east of the Newport-Inglewood fault zone, whereas the remaining seven families are to the west of the fault zone. Only nonbiodegraded samples
(biodegradation rank = 0 on the Peters and Moldowan [1993] scale) were used for average API gravity, sulfur content, saturate/aromatic hydrocarbons, <C15 fraction, and V/Ni ratio (numbers of samples for average values are in parentheses). The
DBT/P and V/Ni ratios were not used in the chemometric analysis.
Abbreviations: BNH/H = 28,30-bisnorhopane/hopane (Katz and Elrod, 1983); C19/C23 = C19/C23 tricyclic terpanes (cheilanthanes; Zumberge 1987); C24/C23 = C24 tetracyclic/C23 tricyclic terpanes (Peters et al., 2005); C28/C29 St = C28/C29 steranes
(Grantham and Wakeﬁeld, 1988); C29/H = C29 30-norhopane/C30 hopane (Clark and Philp, 1989); C35S/C34S = C35 homohopane 22S/C34 homohopane 22S (Peters and Moldowan, 1991); CV = canonical variable = -2.53 d13Csaturate + 2.22
d13Caromatic - 11.65 (Sofer, 1984); DBT/P = dibenzothiophene/phenanthrene (Hughes et al., 1995); MPI-1 = methylphenanthrene index = 1.5(2-MP + 3-MP)/(P + 1-MP + 9-MP) (Radke et al., 1982); Ol/H = oleanane/C30 hopane (Moldowan et al.,
1994); Ro Eq. = equivalent vitrinite reﬂectance (Boreham et al., 1988); TAS3(CR) = (C20 + C21) / (C20 + C21 + C26 + C27 + C28) triaromatic steroids from m/z 231 mass chromatogram [also called TA(I)/TA(I + II), as modiﬁed from Mackenzie et al.
(1981) by Peters et al. (2005)]; Ts/Tm = C27 22,29,30-trisnorneohopane/22,29,30-trisnorhopane (McKirdy et al., 1983); V/Ni = vanadium/nickel (Lewan, 1984).

11
12
13
21
22
31
32
33
41
42
5
6

Number
of
Family Samples

Table 2. Bulk Properties and Selected Biomarker Ratios That Indicate Source-Rock Organofacies for 12 Los Angeles Basin Oil Families

Figure 5. Sofer (1984) plot
suggests marine source rock for
all six oil tribes in the Los Angeles
basin. The 13C-rich isotopic
compositions of the oil samples
are consistent with Miocene
source rock, as discussed in the
text.

Tribe 2
Families 21 and 22 (ﬁve and six samples, respectively) straddle the northern and central portions of the central trough, respectively. Family
21 occurs in a limited area to the northeast
of the depocenter and consists of samples from
the Bandini (Ban471, Ban472, and Ban541), La
Cienegas (LaC558), and Downtown Los Angeles
(LAD560) ﬁelds. Family 22 samples occur mainly
to the west of the central trough and east of the
NIFZ in the Rosecrans (Rs564 and Rs565) and
East Rosecrans (RsE566, RsE567, and RsE568)
ﬁelds, but Family 22 also includes one sample
from the Santa Fe Springs ﬁeld (SFS570) to the
east of the central trough.
Family 21 shows higher average C19/C23 and
Ol/H ratios than any other family (~0.047 and
0.516, respectively; Table 2), indicating abundant
higher-plant and angiosperm input to the source
rock (Zumberge, 1987; Moldowan et al., 1994).
Family 22 also shows high average C19/C23 and Ol/H
(~0.029 and 0.298, respectively) compared with
most other families. Average C19/C23 and Ol/H show
a strong correlation for tribes 1–4 based on the data in
Table 2 (coefﬁcient of determination, R2 = 0.93).
Families 21 and 22 are more thermally mature
than the other oil families and show the highest
MPI-1 and TAS3(CR) (~1.39–1.49, and 0.19–0.21,
respectively; Table 2). Based on the calibration of
Boreham et al. (1988), families 21 and 22 have
an average equivalent Ro of approximately 1.26%
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and 1.19%, respectively, whereas all other families have R o in the range of approximately
0.82%–1.01% (Table 2). Consistent with high
thermal maturity, these two families show lower
sulfur content (~0.20–0.23 wt. %) and higher API
gravity (~32.6°–35.3°), saturate/aromatic ratios
(~1.57–1.89), and <C15 fraction (~55.4%–58.9%;
Table 2) than the other families. Note that all
calculations of average API gravity, sulfur, saturate/
aromatic, <C15 fraction, and V/Ni in Table 2 are
based on only the nonbiodegraded samples in each
family. Families 21 and 22 show very low DBT/P
(~0.05–0.07), and families 11, 12, and 13 also show
low values (~0.18–0.21; Table 2) compared with
the other oil families. Values of DBT/P less than
1.0 typify shale source rock (Hughes et al., 1995).
Therefore, the source rocks for tribes 1 and 2 were
proximal clay-rich shales, whereas the other tribes
originated from distal, less clay-rich source rocks, as
discussed below.
Tribe 3
Families 31, 32, and 33 (8, 5, and 15 samples,
respectively) occur along a northwest–southeast
trend to the southwest of the central trough and
west of the NIFZ. Unlike the proximal sourcerock setting for tribes 1 and 2, tribe 3 source rock
was deposited in a more distal setting. The source
rock for tribe 3 received relatively less clay (lower
Ts/Tm, ~0.34–0.42 [McKirdy et al., 1983] and
C24/C23, ~0.70–0.74 [Peters et al., 2005]) and

Figure 6. Oleanane/hopane
and C19/C23 tricyclic terpane ratios are indicative of higher-plant
input during source-rock deposition (Peters et al., 2005). High
oleanane/hopane ratios for the
Los Angeles basin oil samples
(especially tribes 1 and 2) are
consistent with angiosperm
input to Cenozoic source rock
(Moldowan et al., 1994).

more carbonate (higher C29/H, ~0.54–0.57 [Clark
and Philp, 1989] and DBT/P, ~0.25–0.33 [Hughes
et al., 1995]). Also, the source rock was deposited
under more reducing conditions (C35/C34S,
~0.87–0.89 [Peters and Moldowan, 1991] and
BNH/H, ~0.28–0.34 [Katz and Elrod, 1983]) in
a more marine setting (canonical variable [CV],
~-1.88 to -2.40; Sofer, 1984) with less angiosperm input (Ol/H, ~0.116–0.140; Moldowan
et al., 1994; Table 2). Except for the average MPI-1
for family 33 (~1.13), low MPI-1 and TAS3(CR)
(~0.99–1.04 and ~0.06–0.08, respectively; Table 2)
suggest that tribe 3 is generally less mature than
tribes 1 and 2.
Family 31 occurs in various widespread ﬁelds
including Seal Beach (SB449), Wilmington
(Wil455, Wil528, Wil587, and Wil593), Torrance
(Tor474), Dominguez (Dom482), and Huntington Beach (HB552). Family 32 occurs in a limited
area within the Wilmington ﬁeld (Wil453, Wil454,
Wil586, Wil590, and Wil591). All samples in
family 32 from Wilmington ﬁeld and 14 of 15 family
33 samples from Long Beach ﬁeld (LB447, LB494,
LB495, LB496, LB497, LB498, LB499, LB500,
LB501, LB502, LB503, LB504, LB505, and
LB507) were biodegraded due to shallow stratigraphic positions within these ﬁelds (3537–4990
and 2147–3059 ft [1078–1521 and 654–932 m],
respectively). Therefore, average bulk parameters

for nonbiodegraded family 32 oil are not included
in Table 2. Family 33 has only one nonbiodegraded oil sample from a wildcat well (LB585;
10,580 ft [3225 m]) to the northwest of the Long
Beach ﬁeld near the Dominguez ﬁeld, which limits
the reliability of the reported bulk parameters
(Table 2).
Tribe 4
Families 41 and 42 (8 and 7 samples, respectively)
occur west of the NIFZ along a northwest–southeast
trend parallel to the coastline and east of the
Palos Verdes Fault (PVF in Figure 1). Family 41
occurs in a limited area deﬁned by samples from
the Wilmington (Wil79, Wil82, Wil83, Wil458,
Wil459, and Wil595) and Torrance (Tor473 and
STo486) ﬁelds. As with family 33, only the deepest
oil sample in family 41 (Wil595; 5600 ft [1707 m])
is nonbiodegraded, thus precluding average bulk
parameters. Family 42 occurs to the northwest of
family 41 and consists of samples from the Venice
Beach (VB450 and VB579), Potrero (Pot476), Playa
del Rey (PdR477), Hyperion (Hyp491), El Segundo
(ElS490), and Alondra (Alo540) ﬁelds.
Families 41 and 42 appear to be less mature
than tribes 1 and 2. For example, families 41 and 42
have signiﬁcantly lower MPI-1 (~1.03–1.07) and
TAS3(CR) (~0.08–0.09) than tribes 1 and 2. Bulk
parameters for family 41 are limited to only one
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nonbiodegraded sample and may be unreliable.
However, family 42 also shows lower API gravity
(~25.9°), saturate/aromatic ratio (~0.52), and <C15
fraction (~30.4%; Table 2) than tribes 1 and 2.
Unlike tribes 1 and 2, family 42 shows high sulfur
content (~3.22 wt. %) and DBT/P (~0.71; Table 2).
Crude oil from carbonate source rock typically
shows DBT/P ratios > 1 (Hughes et al., 1995). The
high DBT/P value for family 42 compared with
the other families suggests a clay-poor shale or
marl source rock. Elevated C35/C34S for families 41
and 42 (~0.95–0.96) is consistent with a more
reducing to anoxic source-rock depositional setting
compared to the other families. High V/Ni for
family 42 (~1.80) is consistent with anoxia (Lewan,
1984), but V/Ni for family 41 is low (~0.26;
Table 2).

Tribe 5
Tribe 5 consists of one family (10 samples) from
the Huntington Beach (HB451, HB463, HB464,
HB465, HB466, and HB553), Wilmington (Wil489,
Wil527, and Wil588), and Torrance (Tor576) ﬁelds.
Tribe 5 shows source (e.g., Ts/Tm ~0.42; C29/H
~0.54; CV ~-1.52; Ol/H ~0.171) and maturity
parameters (MPI-1 ~1.02; TAS3[CR] ~0.08) similar
to tribes 3 and 4. However, tribe 5 shows unusually
high BNH/H (~0.55; Table 2). Curiale et al. (1985)
observed a correlation between high BNH, high
benzothiophene, and other chemical characteristics
of Monterey-equivalent crude oil that indicate
siliciclastic-deﬁcient source rock.
The relationship between C19/C23 and Ol/H
for tribes 5 and 6 differs from that for the other oil
families. For each C19/C23 ratio, the Ol/H ratios for
tribes 5 and 6 are somewhat less than the trend
exhibited by the other families. We conclude that
higher-plant contributions to the source rocks
for tribes 5 and 6 comprised proportionally less
angiosperm input than that for the other tribes.
Tribe 6
Tribe 6 consists of one family (14 oil samples)
from El Segundo (ElS5 and ElS551), Beverly
Hills (BvH26, BvH478, BvH543, and BvH544),
Cheviot Hills (CvH27 and CvH479), Sawtelle
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(SwN28 and Saw480), San Vicente (SV483 and
SV569), Inglewood (Ing555), and Playa del Rey
(PdR561) ﬁelds. Tribe 6 is thermally less mature
than the other oil families based on low MPI-1 and
TAS3(CR) (~0.86 and 0.07, respectively), and the
equivalent Ro based on MPI-1 is 0.86% (Boreham
et al., 1988; Table 2). Tribe 6 and family 42 show
similar bulk parameters, including high sulfur
content (~2.42 and 3.22 wt. %, respectively), low
API gravity (~26.0° and 25.9°, respectively),
low saturate/aromatic ratios (~0.80 and 0.52,
respectively), and low <C15 fraction (~32.4 and
30.4, respectively). Compared with the other
samples, tribe 6 and family 42 also show elevated
DBT/P (~0.55 and 0.71, respectively; Table 2).
Values of DBT/P greater than 1.0 typify carbonate
source rocks (Hughes et al., 1995), and we interpret the relatively high values for tribe 6 and
family 42 to indicate clay-poor shale or marl rather
than typical shale lithology. For tribe 6 and family
42, elevated V/Ni (~0.75 and 1.80, respectively)
and high sulfur content (2.42 and 3.84 wt. %, respectively; Table 2) compared with the other families are consistent with more reducing conditions
during source rock deposition and/or lower thermal
maturity. Based on a more positive CV (approximately -0.94; Table 2), the source rock for tribe 6
contained more terrigenous organic matter input
than the source rocks for the other oil families.
Tribe 6 shows lower C28/C29 sterane ratios
(~1.44) than the other oil families (~1.54–1.73;
Table 2). The C28/C29 sterane ratio for marine
petroleum increased through geologic time due to
diversiﬁcation of phytoplankton assemblages, including diatoms, coccolithophores, and dinoﬂagellates in the Jurassic and Cretaceous (Moldowan
et al., 1985; Grantham and Wakeﬁeld, 1988). The
C28/C29 sterane ratio has been used to distinguish
Upper Cretaceous and Cenozoic oil from Paleozoic
or older oil (Grantham and Wakeﬁeld, 1988). The
authors observed that the C28/C29 sterane ratios for
crude oils from marine source rocks with little or no
terrigenous organic matter input are <0.5 for lower
Paleozoic and older oils, 0.4–0.7 for upper Paleozoic
to Lower Jurassic oils, and greater than approximately 0.7 for Upper Jurassic to Miocene oils. The
low C28/C29 sterane and low Ol/H ratios for tribe 6

(~1.44 and 0.142, respectively; Table 2) may indicate an older Miocene source rock than that for
the other oil families, because these ratios are
known to have increased with diversiﬁcation of
phytoplankton and angiosperms, respectively
(Grantham and Wakeﬁeld, 1988; Moldowan et al.,
1994).
Stratigraphic Distribution
The stratigraphic position of oil samples in each
family provides circumstantial evidence as to the
identity of each family’s source rock. For example,
the vertical distribution of comparatively lowsulfur family 13 (tribe 1) and high-sulfur tribe 6
oil samples along cross section AA9 (Figure 7)
suggests that family 13 originated from Delmontian
black shale near the top of the organic-rich Miocene
section, whereas tribe 6 originated from stratigraphically deeper anoxic distal shale or marl
(lower Modelo nodular shale equivalent). Our
interpretation is consistent with earlier work based
on mainly sulfur content. Based on bulk (e.g., API
gravity and sulfur content) and isotopic compositions, McCulloh et al. (1993) concluded that
low-sulfur crude oils near the eastern part of cross
section AA9 (Figure 1) originated from low-sulfur
kerogen in mature Mohnian through Repettian
shale located in the northernmost central trough.
Jeffrey et al. (1991) concluded that high-sulfur oil
(>2 wt. %) near the western part of cross section

AA9 originated from the thermally mature lower
Mohnian basal unit of the Modelo Formation
(nodular shale equivalent).
Likewise, the distributions of families 11 (tribe
1), 31, and 32 (tribe 3) and tribe 5 along cross section
FF9 from Wright (1991) (Figure 8) suggest that lowsulfur family 11 oil originated from Delmontian
black shale east of the NIFZ and that high-sulfur
tribe 5 oil originated from nodular shale in the basal
Puente Formation west of the NIFZ. Families 31 and
32 occur at intermediate stratigraphic positions
west of the NIFZ corresponding to Mohnian and
Delmontian units, respectively. Our results expand
upon earlier interpretations. McCulloh et al.
(1993) concluded that low-sulfur oil near the
western part of cross section FF9 (Figure 1) originated from lower Mohnian Puente Formation
source rock in the central trough; they also concluded that high-sulfur oil originated from the
lower Mohnian basal unit of the Montereyequivalent (nodular shale) on the southwestern
shelf and migrated northeastward into traps to the
west to the NIFZ.
Our results parallel those from coastal
California (Peters et al., 2008) and the San Joaquin
basin (Zumberge et al., 2005; Peters et al., 2013),
where various genetically distinct Miocene oil
families retain the geochemical ﬁngerprint of
the vertical and lateral organofacies variations in
their source rocks and generally occur at similar
stratigraphic levels. Figure 9 summarizes the

Figure 7. Stratigraphic positions of family 13 and tribe 6
suggest upper Miocene (Delmontian) and middle–upper
Miocene (lower Modelo nodular
shale equivalent) source rocks,
respectively. Section AA9 (see
Figure 1) modiﬁed from Wright
(1991) and used with permission
of AAPG. Structural features are
the following: LCF = La Cienegas
fault; NIFZ = Newport-Inglewood
fault zone; PVF = Palos Verdes
fault. Stratigraphic units are the
following: Bc = undifferentiated
metamorphic basement; D = Delmontian; Mo = Mohnian (base is the contoured horizon in Figure 1); P = Pico Formation; Q = Quaternary;
R = Repetto Formation; Tt = Topanga Formation. Total horizontal length is approximately 4 mi (~6.4 km).
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Figure 8. Stratigraphic positions of families 11, 31, and 32
and tribe 5 suggest upper Miocene (Delmontian) and
middle–upper Miocene (lower
Puente nodular shale) source
rocks, respectively. Locations for
samples from families 31 and 32
suggest source rocks at depths
between these two intervals.
Section FF9 (see Figure 1) was
modiﬁed from Wright (1991) and
used with permission of AAPG.
Structural features are the following: AN = Anaheim nose;
NIFZ = Newport-Inglewood fault
zone; PVF = Palos Verdes fault;
WF = Whittier fault. Stratigraphic units are the following: Bc = undifferentiated metamorphic basement; D = Delmontian; K = Cretaceous;
L = Luisian; m = undifferentiated Delmontian-Mohnian; Mo = Mohnian (base is the contoured horizon in Figure 1); P = Pico Formation;
Pg = Paleogene; R = Repetto Formation (u, m, l = upper, middle, lower); Tm = Monterey Formation; Tt = Topanga Formation; v = volcanic.
One family 11 sample (Bel542 at 4954 ft [1510 m]) occurs west of the NIFZ at Belmont Offshore. Total horizontal length is approximately
5.8 mi (~9.3 km).

results in the context of regional stratigraphy of the
Los Angeles basin. Data from Kaplan et al.
(2000) indicate that the middle–upper Miocene
section contains source rock due to high total organic carbon (~4 wt. %) and type I–II oil-prone
kerogen. Earlier work shows that the shallower
Pliocene and Pleistocene units in Figure 9 cannot
be source rock owing to low thermal maturity
(Philippi, 1965).

clay-poor shale or marl generated tribe 4 oil to the
west of the NIFZ. Higher-plant input was comparable to tribe 3. Anoxic and distal middle–upper
Miocene shale (lower Puente nodular shale) generated tribe 5 oil to the southwest of the NIFZ. Anoxic
and distal middle–upper Miocene (lower Modelo
nodular shale equivalent) clay-poor shale or marl
generated tribe 6 northwest of the NIFZ at lower
levels of thermal maturity than the other families.

Inferred Source-Rock Intervals

Example of Use of the Decision Tree

Based on the above results, the following interpretations can be made for the origins of the oil tribes.
All of the oil tribes originated from different organofacies within Miocene marine source rock that
received both phytoplankton and ﬂowering-plant
input. Tribes 1 and 2 originated from suboxic and
proximal upper Miocene (Delmontian) shale in the
central trough east of the NIFZ. Tribe 2 is signiﬁcantly more mature, and the source rock was more
clay rich and received more angiosperm input than
tribe 1. Anoxic and distal upper Miocene (middle–
upper Puente) shale source rock received less
higher-plant input than tribes 1 and 2 and generated
tribe 3 oil to the west of the NIFZ. Anoxic Mohnian(?)

Some samples were excluded from the training set,
because either they were unavailable at that time
or they were highly mature or heavily biodegraded.
The chemometric decision tree (Figure 4) can be
used for the genetic classiﬁcation of such samples,
provided that their source-related biomarker and
isotope parameters are not too heavily altered. The
conﬁdence level calculated by the decision tree
analysis allows the interpreter to assess whether
samples have been too altered to allow reliable assignment of genetic afﬁnity. As a test, the same 24
biomarker and stable isotope parameters used to
construct the decision tree (Figure 4) were used to
predict the genetic afﬁliations of 11 mildly to
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Figure 9. Stratigraphic occurrence can be used to infer the
source rock for oil families 5, 6,
11, 13, 31, and 32 in the Los
Angeles basin (stratigraphy
modiﬁed from Blake, 1991). See
Figures 1, 7, and 8 for locations of
stratigraphic sections. Symbols
for oil families are consistent
among these ﬁgures. The
Modelo Formation is Mohnian–
Delmontian (~13.8–4.5 Ma;
Wright, 1991) brown-to–brownish
gray diatomaceous shale with
interbedded sandstone. The
phosphatic nodular shale in the
Puente Formation contains up
to 10 wt. % total organic carbon
(TOC) (Walker et al., 1983). Marine
slightly reducing Monterey-equivalent shale (Mohnian–Delmontian Puente Formation) contains 2–18 wt. % TOC with an average of 4 wt. %,
deposited under marine anoxic conditions based on a compilation of data from Global Geochemistry Corporation (Kaplan et al., 2000) and
represents a major source-rock interval (Philippi, 1965). The base Mohnian (bold) is the contoured horizon in Figure 1. NIFZ = Newport-Inglewood
fault zone; Topg. Cyn. = Topanga Canyon; Topanga Gp. = Topanga Group [Topanga Canyon, Conejo Volcanics, and Calabasas formations];
Vol. Sd. = volcanic-rich sandstone.

heavily biodegraded oil samples from the Los
Angeles basin (Table 3). For one sample in which
the sterane ratios were clearly altered (Saw481,
biodegradation rank = 6), mean ﬁll values were
substituted for each sterane parameter. Steranes in
crude oil having rank 6 or higher have been heavily
biodegraded (Figure 2), which thus limits their use

for oil–oil correlation. Samples having more than
four altered biomarker parameters owing to extreme biodegradation cannot be reliably classiﬁed.
The map locations and predicted family for each of
the 11 samples (Table 3) are consistent with the locations of other samples in those families, suggesting
that these assignments are geologically reasonable.

Table 3. Location, Depth, Biodegradation Rank (Peters and Moldowan, 1993), Predicted Family, and Conﬁdence in Family Assignment for
11 Mildly to Heavily Biodegraded Oil Samples from the Los Angeles Basin, California
Sample

Longitude

Latitude

Depth, ft (m)

Rank

Family

Conﬁdence

Saw481
Wil78
Wil85
HB462
Wil531
Wil532
Wil533
Wil536
Wil592
LB6
LB506

-118.4555
-118.2464
-118.2361
-118.044
-118.1796
-118.1625
-118.1624
-118.1942
-118.1577
-118.1896
-118.1694

34.0586
33.78629
33.7863
33.6626
33.7594
33.7406
33.7413
33.7524
33.7532
33.8238
33.8056

—
—
—
1600 (488)
3894 (1187)
4896 (1492)
5500 (1676)
4663 (1421)
—
—
2982 (909)

6
5
5
5
5
5
5
5
5
4
1

6
41
41
32
41
41
41
41
41
5
33

0.814
0.987
0.935
0.923
0.958
0.985
0.992
0.960
0.989
0.971
0.969

The family for each sample was assigned using the chemometric decision tree (Figure 4). Conﬁdence level was calculated based on a probability cutoff (e.g., if the probability
cutoff for family membership is 0.99, then 99% of the samples will be properly predicted).
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CONCLUSIONS
Chemometric analysis of 24 source-related biomarker and stable carbon isotope ratios for 111
non- or mildly biodegraded oil samples identiﬁes
six genetically distinct Miocene tribes (12 families)
in the Los Angeles basin. These families occur in
different parts of the basin and exhibit different
bulk properties, such as API gravity and sulfur
content, which were strongly inﬂuenced by secondary processes, such as thermal maturity or
biodegradation. However, biomarker and isotope
compositions resist secondary processes and are
principally controlled by the organic matter input
and depositional environment of the source rock.
Stable carbon isotope data for saturate and
aromatic fractions of the samples are consistent
with Miocene source rocks deposited in a marine
setting. Most oil samples in tribes 1 and 2 occur to
the east of the NIFZ (families 11–13 and 21–22),
and tribes 3–6 (families 31–33, 41–42, 5, and 6)
occur to the west of the NIFZ. Biomarker and
isotope ratios and distinct stratigraphic occurrence for the oil samples help to identify the
source rock organofacies for each oil family. As
previously observed for Miocene oil samples from
the San Joaquin basin in California, oil samples
from the Los Angeles basin retain the geochemical
ﬁngerprint of the vertical and lateral organofacies
variations within their speciﬁc Miocene source
rocks. Tribes 1 and 2 originated from proximal shale
source rock in the central trough that was deposited
under suboxic conditions with elevated siliciclastic
and higher-plant input. Tribes 3–6 originated from
distal shale or marl organofacies to the west of the
NIFZ that were deposited under generally more
reducing to anoxic conditions.
The results of this study demonstrate the power
of combined biomarker, isotope, and chemometric
analysis to improve understanding of variations in
crude oil composition that result from differing organofacies within a single source rock.
Hierarchical cluster analysis and principal component analysis allowed the deﬁnitive classiﬁcation
of 111 non- or mildly biodegraded oil samples from
the study area. The resulting families were used as a
training set to construct a chemometric decision
132
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tree that can be used to assign (1) genetic afﬁnities
and (2) a level of conﬁdence in the classiﬁcation for
any additional samples of crude oil or source-rock
extract that become available. Many oil samples
from the Los Angeles basin that have undergone
signiﬁcant alteration by secondary processes still
can be reliably classiﬁed using the chemometric
decision tree, as long as most of the selected biomarker and isotope parameters remain unaltered.

APPENDIX
The parameters used for the chemometric analysis include
16 terpane, 5 sterane, and 3 stable carbon isotope ratios.
Complete data are available by subscription from GeoMark
Research, Ltd. (2015). Terpane ratios include C19/C23, C22/
C21, C24/C23, and C26/C25 tricyclic terpanes; C26/Ts; C24
tetracyclic terpane/C23 tricyclic terpane (Tet/C23); C27
tetracyclic terpane/C27 tricyclic terpane (C27T/C27); 28,30bisnorhopane/hopane (BNH/H); C29 30-norhopane/hopane
(C29/H); C30 diahopane/hopane (X/H); oleanane/hopane
(Ol/H); C31 homohopane 22R/hopane (C31R/H); gammacerane/
C31 homohopane 22R (Ga/C31R); C35 homohopane 22S/C34
homohopane 22S (C35S/C34S); C27 18a-trisnorneohopane/
17a-trisnorhopane (C27 Ts/Tm); and C29 18a,30-norneohopane/
17a,30-norhopane (C29 Ts/Tm). The sterane ratios include
steranes/hopanes (S/H); %C27, %C28, and %C29 steranes
(e.g., %C27 = %C27/[%C27 to %C29] based on 5a,14b,
and17b steranes from m/z 218); and the diasterane ratio
(S1/S6). The S/H ratio consists of 15 sterane peaks from
m/z 217 (13b,17a diacholestane 20S; 13b,17a diacholestane
20R; 5a cholestane 20S + 5b cholestane 20R; 5a,14b,17b
cholestane 20R + 13b; 17a diastigmastane 20S; 5a,14b,17b
cholestane 20S; 5a cholestane 20R diastigmastane; 5a
ergostane 20S; 5a,14b,17b ergostane 20R + 5b ergostane
20R; 5a,14b,17b ergostane 20S; 5a ergostane 20R; 5a
stigmastane 20S; 5a,14b,17b stigmastane 20R; 5a,14b,17b
stigmastane 20S + 5b stigmastane 20R; and 5a stigmastane
20R) divided by 16 hopane peaks from m/z 191 (C27 Ts and
Tm; 28,30-bisnorhopane; C29 Ts and Tm; hopane; and C31 to
C35 22S and 22R hopanes). The S1/S6 ratio consists of 13b,
17a diacholestane 20S/5a cholestane 20R. The stable carbon
isotope ratios include d13Csaturate, d13Caromatic, and the canonical variable (CV), where CV = -2.53 d13Csaturate + 2.22
d13Caromatic - 11.65 (Sofer 1984). Many of these parameters
are discussed in Peters et al. (2005).
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