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Abstract
Here we analyzed oil samples from 35 wells in the Ceuta Southeast Area (Lake Maracaibo Basin,

north- western Venezuela) in order to evaluate lateral intra-reservoir continuity in the Misoa B4
unit. Biomarkers, isotopic signature, and also V and Ni were examined using gas
chromatography—mass spectrometry (GC-MS), isotope ratio mass spectrometry (IRMS), and
inductively-coupled plasma atomic emission spectroscopy (ICP-AES). Multivariate statistical
analysis was also applied to obtain useful information from geochemical data. On the basis of the
characterization of these samples, we conclude that they all fall into various oil families derived
from two pulses of hydrocarbon generation, migration and accumulation from the calcareous La
Luna source rock, deposited in an anoxic marine environment under reducing conditions. Thus,
these oils are a mixture of an earlier biodegraded, less mature oil charge and a later fresh non-
biodegraded oil recharge. In addition, we applied asphaltene pyrolysis to one (LG-62) of the three
‘‘anomalous” oils. The LG-62 sample was confirmed as an almost ‘ ‘pure” paleobiodegraded end-
member, whereas the VLF-3020 oil was tentatively classified as the unaltered end-member oil-
type. Finally, the GC fingerprints and Fourier Transform Infra Red (FTIR) spectroscopic indices
of the oils were used to detect minor variations in composition that are indicative of reservoir
compartmentalization.
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1. Introduction

The Lake Maracaibo Basin lies in northwestern Venezuela and covers approximately 50,000 km2.
The principal petroleum source rock is the Cretaceous La Luna Formation, although others also
generated hydrocarbons [70,71,75]. The main petroleum accumulations are found in the Eocene
and Miocene deltaic sandstones [72]. In turn, the region known as ‘‘Ceuta” is located near the
Ceuta locality on the southeastern side of the Lake, 90 km southeast of the city of Maracaibo
(Zulia State; see Fig. 1). The ‘‘Ceuta” region has been divided into various areas; one of the most
important of these is ‘‘Area 87, also known as ‘‘Ceuta Southeast”. This area covers approximately
70 km2 and includes the following oilfields: onshore Tomoporo and Franquera and offshore
Tomoporo (also named Lagotreco).



Previous organic geochemical studies ([71,46]; among others) of the oils from the study area did
not reveal great differences with respect to their origin and maturation, thereby suggesting that
they originated from a mature marine source rock (the carbonate La Luna Formation). It has also
been reported (e.g. [25,47]) that Eocene crude oils produced in the southeastern part of Lake
carbons and relatively high concentrations of resin compounds and asphaltenes. This composition
could be explained by the fact that the medium to heavy crude oils produced in the aforementioned
region are a mixture of an earlier charge of Eocene oil, which had been altered by biodegradation,
and a later fresh unaltered oil charge originated from the same source rock (La Luna) during post-
Oligocene times [69,72].

Here we examined a set of 35 samples from oil wells in the Eocene B4 reservoir (~150 °C) (nearly
5000 m depth) of the Tomoporo (8), Lagotreco (19), and Franquera (8) fields. We addressed the
origin, biodegradation, and thermal maturity of these samples and identified contributions of end-
member oil types. Furthermore, we sought to determine intra- and inter-field compositional
changes in samples and thus to evaluate lateral intra-reservoir continuity and, when possible, to
delineate compartments in the study area. This information can be of great use for future EOR
processes and petroleum geochemistry research in Ceuta and other eastern sectors of the Lake
Maracaibo Basin.
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Fig. 1. Sketch map of the Lake Maracaibo region showing the relative position of the Lagotreco,
Tomoporo, and Franquera oilfields.
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2. Geological setting

The geology of northern Venezuela is conditioned by the interaction of the Caribbean, North
American and South American plates [40]. In this general context, various authors
([39,50,43,15,20,44]; among others) have classified the sedimentary column in the eastern part of
the Maracaibo Basin into several tectono-stratigraphic units: (i) a Lower to Upper Cretaceous




passive margin succession; (ii) a transition to a compressive regime in the Late Cretaceous—Early
Paleocene, when collision and obduction of the Pacific volcanic arc overrode the South American
plate and emplaced the Lara nappes; (iii) a Late Paleocene—Middle Eocene foreland basin
succession in front of the volcanic arc; and (iv) a Late Eocene—Pleistocene sequence related to the
collision of the Panama arc with the South American plate.

The southeastern margin of the Lake Maracaibo is bounded to the north by the Tomoporo fault,
to the west by the Pueblo Viejo fault, to the east by the Moporo-1X structure and, finally, to the
south by the R-5 secondary fault (see Fig. 2; [61]). The XE ‘‘Fallas Principales” Pueblo Viejo
fault belongs to a group of normal faults originated in the Jurassic rifting [63]. However, as it was
reactivated as a result of the emplacement of the Lara nappes [14], it is currently a N-S trending
sinistral transform fault that dips steeply (70°) to the east. The Tomoporo R-1 and R-3 secondary
structures (see Fig. 2) are E-W trending, 55-65° north-dipping echelon normal faults transversal
to the main faults. Both structures were originated by extension during the appearance of the NW—
SE outlying height located in the center of the current Lake Maracaibo Basin, within the period
of active continental drift [2]. The Andean uplift explains the inversion of these latter secondary
faults and the emergence of the antithetic structures associated with them [7]. As a final point, the
Corredor 1, 2 and 3 faults, as well as the Moporo-1X faulting (see Fig. 2), are NW-SE trending
and east-dipping transcurrent sinistral faults, generated as a result of the emplacement of the Lara
nappes. Later on, compressive tectonic stresses in the region currently occupied by the Lake
Maracaibo Basin reactivated and reversed these faults, thereby generating a flower structure [17].
It is feasible that the faults described led to distinct B4 reservoir compartments in our study area,
thus suggesting a subdivision into six blocks (see Fig. 2). Basically, Blocks I, 11, Il and VI are
gently dipping homoclinal blocks, differentiated by dip angles and dip directions of rock strata.
In particular, the strata of Blocks I and 111 show a NE-SW orientation and a 5-7° dip towards the
S-SE [23]. Regarding Block Il, the homoclinal structure also shows a NE-SW orientation, but
this block dips to the northwest [34], whereas Block VI (Franquera) is a W—E trending and steeply
(3°) south-dipping homocline. Finally, two blocks (IV and V) are conformed by an anticlinal
structure: Block 1V with an anticlinal axis that has a SW—NE orientation and flanks dipping
moderately (5-10°) to the NW, SW and SE, and Block V with a N-S axis trend and gently (3-5°)
dipping flanks [14].

The stratigraphic column of Area 8 essentially consists of sedimentary rocks from Cretaceous and
Cenozoic ages (Fig. 3) and displays the following lithological characteristics, from bottom to top:
Rio Negro (coarse-grained, arkosic, and fine-grained sandstones); Apon (grey limestones and
shales); Lisure (sandstones alternating with glauconitic limestones and shales); Maraca
(biomicritic limestones); La Luna (organic matter-rich, black limestones and calcareous clays);
Colén Formation (grey shales); Mito Juan (siltstones); Guasare (limestones and sandstones);
Misoa (fluviodeltaic sandstones, limonites, lutites, and some limestone) beds); Pauji (grey shales);
La Rosa (shales alternating with sandstones); Lagunillas (sandstones and carbonaceous shales);
La Puerta (claystones, sandstones, coal, and conglomerates); Onia (sandstones, claystones and
siltstones) and the El Milagro Formation—coarse-grained sandstones and conglomerates
([82,37,48]; and references herein). The Cogollo Group comprises the Apon, Lisure and Maraca
formations (see Fig. 3). Detailed information on the Cretaceous and Tertiary stratigraphy of the



study area was provided by Boesi et al. [10].

The producing horizon under study is the Eocene Misoa Formation, which can be divided into
several units termed, from top to bottom, Sands ‘‘A”, *“‘B”, and ‘“C” [79]. The Misoa sandstones
in all the units are massive and show good vertical permeability within each unit [81].
Subsequently, ‘‘B” Sands can be divided in nine minor intervals (B1 to B9). These horizons
indicate a transition from a deltaic environment (B6 to B9) to a restricted coastal environment

[76].
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Fig. 2. Structural map of the Ceuta Southeast Area, and situation of the study wells.

3. Samples and methods

First, the 35 oil samples (see Fig. 2) were dehydrated with warm toluene [3]. The API gravity of
each sample was measured using a Rice apparatus [4]. The concentrations of V and Ni were
determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) using a
Perkin Elmer Optima 3000 sequential spectrometer. The sulfur content was obtained following



the ASTM D4294-10 standard procedure [6] by means of an energydispersive X-ray Panalytical
spectrometer (Axios model).

Whole oil gas chromatographic analyses were carried out using a J&W Agilent PONA GC column
(50 m x 0.2 mm i.d.; film thickness 0.25 Im; helium was used as carrier gas) in an HP-6890 Series
instrument with flame ionization detection (FID). The gas chromatograph operating conditions
were as follows: temperature maintained at 35 °C for 15 min, increased from 35 °C to 320 °C at
a rate of 2 °C/min, and maintained at 320 °C for 30 min.
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Fig. 3. Stratigraphic column in the Ceuta Southeast Area. Note: source rocks (black circle) and
reservoir rocks (black square). Depths are expressed in meters. Nondepositional periods shown
by inclined lines.



An aliquot of each sample was fractionated into saturates, aromatics, NSO compounds, and
asphaltenes (SARA method [32]. Briefly, asphaltenes were separated with n-heptane in a 1:40 v/v
ratio using a Whatman’s No. 2 filter paper following the ASTM D3279 standard method [5].
Asphaltenes were then purified several times by Soxhlet extraction with n-heptane until the liquid
obtained was colorless. Soluble remnants (maltenes) were then fractionated into saturated
hydrocarbons, aromatics, and resins by liquid chromatography [16]. Aliphatic hydrocarbons were
eluted with n-hexane, aromatics with toluene, and resins with toluene/methanol (70:30 v/v) using
a column filled with silica- alumina. Later, gas chromatography—mass spectrometry (GC-MS)
analysis on saturated and aromatic fractions was performed using a HP 5890 Series Il gas
chromatograph and an Agilent 5973 N mass spectrometer, operating in ‘‘full-scan” mode. Helium
was used as carrier gas. An HP-5 column (60 m x 0.32 mm i.d., 0.5-Im film w as also used. The
initial oven temperature was 50 °C (held for 2 min), which was ramped at 2.5 °C to reach 300 °C
and then held for 70 min. The mass spectrometer was operated in electron ionization mode (EI)
at 70 eV. It was calibrated daily under autotuning conditions with perfluorotributylamine
(PFTBA), and the chromatograms were acquired in full-scan mode (mass range acquisition was
performed from m/z 45 to 500).

Carbon isotopic determination on saturated and aromatic fractions was performed using a Thermo
Finnigan 1112 elemental analyzer coupled to a Finnigan Mat Delta C mass spectrometer. The
reference materials were USGS 24 graphite, IAEA-CH6 saccharose, IAEA-CH7 polyethylene,
and NBS-22 oil. The 13C/12C ratio is reported in ‘‘d” notation and d13C refers to PDB (Pee Dee
Belemnite). All analyses were performed in duplicate.

The asphaltene fraction of the LG-62 oil was analyzed using combined flash pyrolysis and gas
chromatography with a mass spectrometer detector (Py—GC-MS) in full-scan mode. This analysis
was carried out with a Curie-point Pye-Unicam pyrolyser—operated at 700 °C for 8 s intervals—
and the same GC-MS instruments were used although operational conditions were modified: 40
°C (initial temperature) and final temperature of 260 °C (held for 16 min). Fourier Transform
Infra Red (FTIR) analyses were carried out using a Nicolet 20 SXB apparatus fitted with an
arithmetic coprocessor 1240 and a TGS detector. KBr standard pellets were used, and spectra
from 4000 to 400 cm-1 were recorded with 64 scans and 2 cm-1 resolution. Preparation of the
samples for FTIR analyses and calculation of spectrometric indexes were done following the
procedure described by Permanyer et al. [52]. Finally, we also considered previous data [11]
referred to the non- degraded single oil from a Cretaceous production well (VLF- 3020) in the
Area 8 (see Fig. 2). In regards to statistical treatment of data, a cluster analysis was performed
using the SPSS 13.0 pack- age for Windows. The centroid method was applied. The similarity
percent was used as grouping parameter [62] and was obtained after calculating Euclidean
distances.



4. Results and discussion
4.1. Oil characteristics
4.1.1. Bulk geochemical data

The bulk composition, total sulfur, and API gravities of the 35 oil samples are shown in Table 1.
Group type analyses indicated that the Lagotreco and Tomoporo (Area 8 South) samples present
similar compositions: the aliphatic-hydrocarbon fraction (SAT) ranged from 30% to 37% (except
LG-33 — 47% — and LG-62 — 24%), aromatics in the 30-35% range (excluding LG-33), and a
polar fraction (POL) between 27% and 34% (except LG-33 and LG-62 once again, as well as
TM-33). The Franquera oils had an almost identical composition: 31-34% of saturated
hydrocarbons, as well as slightly low resins plus asphaltenes (26-29%) and high aromatics
content (39— 41%) compared to most samples from the other two fields examined. These values
are typical of apparently normal crude oils [74]. The API gravity varied from 18° to 20° for the
Franguera samples, whereas most samples from (Lagotreco and Tomoporo) showed similar
gravities of around 30°. Three ‘‘anomalous” oils (TM-33, LG-62 and LG-33 oils having 23°, 21°
and 35°, respectively) have also to be considered apart. High sulfur contents (1.2—2%) were
observed in all the samples.

Table 1
Bulk composition, total sulfur content (wt.%), API gravities and d13C values (%o) in whole oil and SARA
fractions (wt.%) for the samples.

SAT ARO POL SAT/ARO °API St d"c d®Caro d®Csat
d"Cres
FR-03 32 41 27 0.78 19 1.85 -26.63 -26.44 -26.81 -26.67
FR-05 35 39 25 0.88 20 1.79 -26.55 -26.49 -26.71 -26.64
FR-06 34 40 26 0.88 19 1.83 -26.50 -26.50 -26.86 -26.60
FR-07 30 a1 29 0.73 18 211 -26.48 -26.35 -26.72 -26.68
FR-08 31 42 27 0.74 20 2.04 -26.58 -26.36 -26.84 -26.65
FR-13 33 40 27 0.82 19 1.89 -26.61 -26.43 -26.79 -26.66
FR-19 33 41 26 0.80 19 1.91 -26.53 -26.48 -26.70 -26.62
FR-22 32 40 28 0.80 18 1.94 -26.52 -26.51 -26.88 -26.61
LG-00 36 31 33 1.16 28 1.71 -26.44 -26.33 -26.72 -26.59
LG-01 36 34 30 1.06 28 1.65 -26.51 -26.47 -26.90 -26.50
LG-04 35 31 34 1.13 30 1.80 -26.45 -26.41 -26.70 -26.52
LG-29 35 33 32 1.06 30 1.26 -26.63 -26.33 -26.79 -26.47
LG-32 35 35 30 1.00 28 1.65 -26.66 -26.39 -26.84 -26.59
LG-33 47 27 26 1.74 35 1.22 -26.48 -26.31 -26.79 -26.58
LG-48 35 32 33 1.09 28 1.41 -26.69 -26.45 -26.77 -26.56
LG-61 36 31 33 1.16 30 1.71 -26.66 -26.48 -26.87 -26.61
LG-62 24 34 42 0.71 21 1.39 -26.80 -26.50 -26.90 -26.70
LG-63 34 33 33 1.03 28 1.74 -26.55 -26.35 -26.65 -26.46
LG-66 36 33 31 1.09 30 1.70 -26.49 -26.31 -26.79 -26.63
LG-73 34 34 32 1.00 30 1.79 -26.42 -26.50 -26.89 -26.64
LG-78 37 31 32 1.19 29 1.40 -26.54 -26.31 -26.70 -26.66
LG-83 34 34 32 1.00 30 1.82 -26.42 -26.31 -26.85 -26.69

LG-91 36 31 33 116 29 1.74 -26.45 -26.40 -26.85

-26.53



LG-96 34 32 34 1.06 28 1.69 -26.49 -26.48 -26.72 -26.67
LG-97 35 32 33 1.09 29 1.71 -26.50 -26.46 -26.79 -26.58
LG-98 34 34 32 1.00 30 1.67 -26.61 -26.49 -26.79 -26.66
LG-99 34 35 31 0.97 30 1.78 -26.52 -26.45 -26.75 -26.61
TM-07 37 33 30 1.12 29 0.91 -26.69 —-26.46 -26.74 -26.46
TM-10 36 34 30 1.06 30 1.84 -26.60 -26.44 -26.69 -26.53
TM-11 34 32 34 1.06 28 1.78 -26.62 -26.41 -26.84 -26.57
TM-12 35 33 32 1.06 30 1.80 -26.57 -26.38 -26.82 -26.46
TM-13 37 36 27 1.03 29 1.81 -26.64 -26.32 -26.80 -26.61
TM-31 36 35 29 1.03 30 1.75 -26.64 -26.42 -26.87 -26.59
TM-32 36 34 30 1.06 29 1.79 -26.56 -26.37 -26.80 -26.45
TM-33 33 34 36 0.99 23 1.76 -26.58 -26.49 -26.80 -26.56
VLF-3020 81 14 5 5.83 42 0.30 — — — —
4.1.2. Carbon isotope results

The similar isotopic compositions of the 35 samples (whole oil, saturates, aromatics, and NSO
compounds; see Table 1) suggests that these oils derived from the same source rock; in fact, the
standard deviations are close to analytical error (0.5%o). As shown in the Sofer diagram [68] (Fig.
4), d13C values for the oils from the Ceuta Southeast Area indicate a common marine source of
organic matter. Although these data must be interpreted with care as biodegradation and
maturation may alter the carbon isotopic signature [55], this carbon isotope results do not seem

affected by biodegradation and/or maturation degree as reported in similar cases (e.g., [9]).
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Fig. 4. Sofer isotopes diagram for the Lagotreco, Tomoporo and Franquera aromatic and saturate fractions.



4.2. Biodegradation of oils

Initially, and given the relatively low proportion of saturates and high contents of aromatic and
polar compounds in all the samples (see Table 1), these oils may all have undergone
biodegradation [27]; for instance the saturate-to-aromatic ratio is below 1 in many samples. In
addition, the results of specific gravity (<35° API) also support the notion of biodegradation
processes or perhaps the presence of a mixture of a more biodegraded crude oil and unaltered oil
which arose as a result of convection or diffusion in the reservoir [45]. This latter hypothesis about
mixtures is coherent with the influence of two main events of oil generation and expulsion from
the main source rock (La Luna) on the SE area of Lake Maracaibo Basin. These events implied a
first charge of oil in the middle Eocene, which was later biodegraded at the end of Eocene after a
basin uplift accompanied by an erosive period. Afterwards, a second charge with highly mature
fresh non- biodegraded oil took place during the Neogene—Quaternary when the Lake Maracaibo
Basin swung S-SE as a consequence of the initial uplift of the Venezuelan Andes [71,25], thereby
burying the Misoa B4 reservoir once again. These two generation pulses may explain the presence
of low API crude oils in the study area in spite of high API (35° and more) crudes as it could have
been expected beforehand. In this regard, whole oil gas chromatography of the samples from Area
8 shows unaltered or slightly altered isoprenoids and a negligible loss of n-alkanes between n-
C10 and n- C20 (see Fig. 5aand b).

Moreover, here we introduce the ratios biphenyl vs. triaromatic steroid 28R (BP/TA28R) and
norpristane vs. C23 tricyclopolyprenane (norPr/23T) for the first time to compare the relative
magnitude of each oil charge in the mixed oils of interest. Notably, the paleobiodegraded oil
reached level 6 or higher, according to the Peters and Moldowan scale, as shown by the presence
of several 25-norhopanes and the absence of biphenyl or norpristane—the latter two usually
degraded at level 5 of the same scale [64,55]. Therefore, on the basis of the observation of
norPr/23T and BP/ TA28R ratios close to zero (see Table 2), the LG-62 oil could be considered
an almost ‘‘pure” paleobiodegraded end-member. In contrast, the VLF-3020 single oil [11] may
represent the unaltered oil charge.

In this case, mixed oils with the highest secondary recharge gave the highest values of the two
aforementioned ratios. Therefore, the novel graphical representation of norPr/23T vs. BP/ TA28R
shown in Fig. 6 is useful to classify samples into the following two groups: (i) Lagotreco and
Tomoporo mixed oils (except TM-33, LG-62 and LG-33, which again are considered
‘‘anomalous” oils); and (ii) samples from the Franquera oilfield.
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Last, the presence of 25-norhopanes in the m/z 177 fragmentograms of the samples (Fig. 7a; peak
identifications are in dix A) indicated a heavy level of biodegradation according to the scale
defined by Peters et al. [55]. In fact, as previously reported in literature (see [38]; PhD Thesis),
the presence of 10- desmethylhopanes in our samples has not been associated with comingled
production. Thus, we conclude that paleobiodegraded oil (Eocene pulse) was mixed with
unaltered oil (post-Oligocene pulse).
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Fig. 5. (a), (b) and (c) Respectively, whole oil gas chromatograms for LG-78, FR-03, and LG-62 samples.

4.3. Depositional environment and organic matter source

High sulfur contents and V/Ni ratios (around 8; see Tables 1 and 2) indicate that all the samples
derived from source rocks deposited in a marine carbonate environment under reducing
conditions [35]. In fact, during the deposition of carbonate facies, bacterial sulfide is not fully
sequestered by iron, and thus nickel ions precipitate in metal sulfides rather than form
organometallic compounds. In contrast, stable vanadyl ions show the opposite behavior, leading
to high V/Ni ratios [21]. Although V and Ni concentrations can be influenced by petroleum post-
accumulation processes, the V/Ni ratio itself tends to be constant as a result of the structural
similarities of organometallic compounds that contain these two metals [36]. However, compared
to the remaining samples, the TM-07 oil exhibited abnormal V and Ni concentrations, which can
be explained by its high clay content [38].

The n-alkane distributions for all the mixed oils were almost identical and typical of marine
precursor organic matter [55]: unimodal type with maximum peaks below n-C20 (Fig. 5).
Pristane/phytane ratios (Table 2) averaging 0.95 indicate that these samples were generated from
organic matter deposited in a marine environment under oxygen-deprived conditions [74].
Although the relative proportions of pristane and phytane are governed by complex processes
([18] and references therein), the Pr/Ph ratio can be used here to indicate the depositional
environment. As previously reported by Hunt [31], the Pr/n-C17 and Ph/n-C18 ratios (Table 2)
suggest that all the samples can be grouped into the zone that corresponds to oils generated from
mature type Il kerogen (Fig. 8a). In addition, both the dibenzothiophene/phenanthrene ratio and
the total sulfur content (St) are used as paleodepositional-environmen tal indicators of
sedimentary rocks [30]. In this context, all our samples were found to lie within the marine
carbonate/mixed marine field (Fig. 8b).

Biomarker distributions also denoted a common origin for all the samples. Fig. 7b shows a
representative terpanogram of sam ples from Area 8 (peak identifications of terpanes are provided
in Appendix A). This m/z 191 mass fragmentogram displays a high relative abundance of the C23
tricyclopolyprenane with respect to the C24 homolog (see Table 2) and other counterparts,
thereby pointing to an organic matter source deposited in a carbonate marine environment [55].
Moreover, C26/C25 tricyclopolyprenane ratios of around 0.8 (see Table 2) confirm that the mixed
oils were generated from a marine carbonate source rock deposited under anoxic conditions [55].
In these oils, the high abundance of tricyclopolyprenanes can be explained both by a high maturity
of the second pulse [77] and by the high degree of biodegradation experienced by the first one
[80]. In addition, C31R/C30 hopane ratios exceeding 0.3 (see Table 2) are also indicative of oils
deriving from organic matter deposited in a carbonate marine environment under reducing
conditions [55]. Furthermore, all the samples showed 18a(H)-22,29,30 trisnorneohopane/17a(H)-
22,29,30 tris- norhopane ratios (Ts/Tm) lower than 1 (see Table 2), indicating again that these
samples were derived from a carbonate source rock deposited in a reducing environment [65].
Finally, given the preceding results and the fact that the marine-origin oils of the Lake Maracaibo



Basin commonly lack oleanane (e.g., [71], the presence of this non-hopanoid triterpene in our
samples is inconclusive and could be explained by an exogenous input during petroleum
migration and accumulation in the Misoa B4 reservoir [54]. However, the interference of 25-
norhomopanes cannot be ruled out [1]. Fig. 9 presents a representative m/z 217 fragmentogram
of saturates (peak identifications of steranes are provided in Appendix A). The high abundance
of C27 regular steranes compared to the C28 and C29 homologs indicates a marine carbonate
source rock [66]. Such a source facies for our mixed oils is also denoted by the low values (<0.26)
of the diasteranes/regular steranes ratio (see Table 2).

Table 2
Geochemical indicators of source depositional environment for saturates and aromatics in samples from
the Ceuta Southeast Area.

BP/TA28 norPr/23  Ts/Tm Pr/Ph  V/Ni \ Pr/n- Ph/n- 26/25T 24/23T DBT/P Dia/ST 31R/30H
R T Cu7 Cis
FR-03 1.00 2.00 0.50 0.93 7.66 349.74 0.31 0.44 0.76 0.47 0.71 0.22 0.37
FR-05 1.00 1.90 051 0.93 7.86 325.46 0.40 0.42 0.73 0.42 0.71  0.22 0.43
FR-06 1.00 1.90 0.49 1.00 7.68 337.73 0.32 0.45 0.78 0.43 0.70 0.22 0.42
FR-07 0.80 2.00 0.50 0.98 7.69 411.04 0.41 0.41 0.79 0.49 0.70 0.23 0.38
FR-08 1.10 2.10 052 0.94 7.78 394.04 0.40 0.50 0.82 0.46 0.71  0.25 0.45
FR-13 0.90 1.95 0.48 091 7.36 353.63 0.38 0.42 0.80 0.46 0.73 0.20 0.40
FR-19 1.05 2.05 0.51 0.93 7.46 339.34 0.39 0.47 0.87 0.45 0.74 0.20 0.38
FR-22 0.95 1.95 047 091 7.58 381.47 0.36 0.45 0.86 0.45 073 0.21 0.40
LG-00 2.46 4.56 0.47  0.97 8.30 342.00 0.35 0.48 0.81 0.43 0.93 0.23 0.42
LG-01 2.50 4.59 0.49 0.96 8.51 304.84 0.34 0.42 0.78 0.50 0.90 0.23 0.38
LG-04 2,57 4.41 0.48 0.96 9.24 306.75 0.34 0.43 0.85 0.42 091 0.23 0.42
LG-29 2.59 4.42 0.48 0.96 7.10 236.26 0.32 0.42 0.76 0.48 091 024 0.41
LG-32 2.46 4.54 0.48 0.93 8.54 296.64 0.33 0.40 0.88 0.47 091 0.25 0.41
LG-33 4.00 8.00 0.55 0.90 8.70 15199 0.31 0.48 0.78 0.40 1.01 025 0.45
LG-48 2.58 4.48 0.48 0.97 8.06 273.04 031 0.45 0.72 0.41 091 0.24 0.40
LG-61 2.58 4.50 0.48 0.98 8.48 285.96 0.38 0.48 0.79 0.45 0.90 0.25 0.41
LG-62 0.20 0.10 0.38 0.98 7.18 337.99 0.34 0.43 0.83 0.43 0.80 0.23 0.43
LG-63 2.45 4.42 0.49 0.98 8.51 337.90 0.40 0.43 0.82 0.43 0.92 0.20 0.42
LG-66 2.52 4.49 0.49 0.94 8.59 299.12 0.36 0.42 0.81 0.46 092 021 0.43
LG-73 2.48 4.43 0.47  0.94 8.40 363.21 0.36 0.47 0.74 0.41 0.92 0.25 0.44
LG-78 2.50 4.50 0.48 0.93 7.45 247.36 0.34 0.44 0.81 0.50 0.90 0.23 0.38
LG-83 257 4.42 0.49 0.98 8.52 372.73 0.40 0.47 0.79 0.44 091 0.24 0.45
LG-91 241 4.57 0.47  0.95 8.41 317.38 0.40 0.46 0.80 0.45 091 0.20 0.38
LG-96 2.47 4.43 0.49  0.95 8.25 357.73 0.35 0.50 0.79 0.48 0.93 0.22 0.43
LG-97 2.50 4.52 0.48 0.95 8.33 338.18 0.40 0.41 0.80 0.50 092 021 0.42
LG-98 2.48 4.41 0.48 0.96 8.43 33341 041 0.42 0.79 0.42 0.89 0.22 0.42
LG-99 251 4.43 0.49 0.96 8.33 38192 0.35 0.49 0.84 0.45 091 0.22 0.42
TM™M-07 2.59 4.47 0.47  0.96 7.37 142.15 0.38 0.41 0.71 0.42 092 021 0.44
TM-10 2.50 4.45 0.47  0.98 7.48 325.47 0.36 0.43 0.82 0.48 0.90 0.23 0.43
T™M-11 2.45 4.57 0.49 0.93 7.46 339.50 0.38 0.46 0.80 0.47 091 0.24 0.42
TM-12 2.49 4.48 0.49  0.99 7.40 326.72 0.33 0.43 0.78 0.48 091 021 0.44
T™M-13 2.48 4.41 0.49  0.96 7.58 329.74 0.39 0.48 0.75 0.44 092 021 0.45
T™M-31 251 4.55 0.46 0.94 7.71 263.68 0.37 0.47 0.82 0.45 0.83 0.20 0.42

TM-32 2.46 4.39 0.47 1.00 8.05 350.65 0.38 0.44 0.85 0.46 0.88 0.20 0.43



T™M-33 1.60 2.90 0.46  0.99 7.61 334.80 0.31 0.41 0.77 0.44 0.77 0.22 0.41

VLF- 9.00 11.00 0.63 1.00 8.15 — 0.31 0.39 0.80 0.40 127 020 —
3020

Notes: V contents expressed in ppm; BP/TA28R = Biphenyl to C2s 20R triaromatic steroid; Ts/Tm = 18a(H)-22,29,30

trisnornechopane/17a(H)-22,29,30 trisnorhopane; Dia/ ST = diasterane ratio; norPr/23T = norpristane to Cas-tricyclopoliprenane;
DBT/P = dibenzothiophene/phenanthene; and 26/25T = Cas-tricyclic terpanes/Cazs-tricyclic terpane.

The relative abundance of the methyldibenzothiophene isomers (MDBT) in all the mixed oils
varied in the following order: 4 > 2 +3 ~ 1 (Fig. 10a and b, peak identifications of aromatics are
in Appendix A). Thus, neither sample clearly showed the usual distribution pattern for the MDBT
homologs corresponding to the carbonate lithology, with the co-eluting isomers (2and 3-methyl)
being the least abundant [29]. Although alternative explanations for this MDBT pattern cannot be
dismissed, the most probable scenario requires a parallel 4-/1-MDBT rise with increasing
maturation [57]. Otherwise, additional explanations include a lateral change in source-rock
lithology [19] and/or selective water washing of the MDBT isomers [24].

4.4. Thermal maturity

Several molecular maturation  parameters  (bishomohopane  isomerization  ratio,
methylphenanthrene index, and sterane isomerization ratios; among others) for saturated and
aromatic fractions separated from the samples are listed in Table 3. Nevertheless, it must be
pointed out that these parameters (perhaps with the only exception of the methylphenanthrene
ratio) could not be applicable given the previously established mixture of a palaeobiodegraded oil
charge (Eocene) and the fresh oil charge (postOligocene); that is to say, regular steranes,
triterpanes, and triaromatic steroids were not fully removed in the first biodegraded oil [55].

The bishomohopane isomerization ratios (%22S) showed an average value of 0.59 (Table 3),
therefore all the samples reached the equilibrium stage (vitrinite reflectances exceeding 0.6%;

[41]

The sterane isomerization ratios (%20S and %bb; see Table 3) rose from 0 to 0.55 and from 0—
0.51t0 0.7, respectively, with increasing thermal maturity [55]. Most of the mixed oils (except LG-
62) showed %20S and %bb ratios averaging about 50%, which would be indicative of a thermal
maturity level equivalent to the onset of peak oil generation. In contrast, LG-62 oil displayed
lower % 20S and %bb values (43%) than the other samples. Assuming that the LG-62 oil has a
very low charge of post-Oligocene fresh unaltered oil, the latter values support a maturation level
equivalent to 0.63% within the early oil window [31] and very close to the Eocene oil generation
pulse. Also, all the samples showed %20S and %hbb ratios with a strong positive linear correlation,
suggesting vertical migration through faults rather than ‘‘geochromatograph y” during migration
in the study area [55]. This observation is in accordance with the literature [71].
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Fig. 7. (a) and (b) Respectively, m/z 177 and m/z 191 ion fragmentograms showing 25-norhopane and terpane
distributions for the characteristic LG-78 sample.
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The characteristic triaromatic (TA) steroid peaks were identified in the m/z 231 fragmentograms
for the samples from the Ceuta Southeast Area (Fig. 11a). According to Peters et al. [55], an useful
maturity parameter (the TA ratio; see Table 3) has been applied in this case. Variations in the
values of this ratio between most of the samples were relatively small (see Table 3). Most of the
mixed oils showed similar values (about 0.4), thus corroborating the presence of mature oils in



the Misoa B4 reservoir; however, LG-62 and LG-33 samples showed distinctive values (0.31 and
0.51), indicating lower and higher maturation levels (%Rcl about 0.63% and 0.82%),
respectively, when compared to the other samples.
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Fig. 9. Example of m/z 217 ion fragmentogram showing sterane distribution for the representative LG-78 sample

With respect to the methylphenanthrene ratio (MPR or ratio of 2- vs. 1-methylphenanthrene), this
measurement is a valid indicator of the maturation level of marine organic matter only at vitrinite
reflectances of around 0.9 [59,13]. In our case, all the samples showed very similar MPR values
(1.18 on average; see Table 3), indicating a common maturity level equivalent to 0.93%. The
almost identical MPR values can be explained by the higher susceptibility of 1- and 2-



methylphenanthrene to biodegradation than the other two isomers [8]. Consequently, both 1- and
2- isomers would have been removed from the palaeobiodegraded first pulse (Eocene) prior to
the appearance of the 25-norhopanes [78]. Thus the ratio could define with precision the maturity
of the second pulse (Neogene—Quaternary). Moreover, this latter maturity level is coherent with
that of VLF-3020 oil (MPR of ~1.2). These data, the other maturity parameters of the VLF-3020
sample (see Table 3), and the fact that our samples and this latter oil (see bulk geochemical and
biomarker data in Tables 1 and 2) derived from the same carbonate source rock (La Luna), lead
us to tentatively propose that VLF-3020 represents the end-member of an unaltered contribution.
We also calculated the methylphenanthrene index values (MPI- 1; [60,58]) for the mixed oils.
These showed mostly MPI-1 values about 0.8 and therefore calculated vitrinite reflectances
(%Rc2) ranging from 0.77% to 0.83% (see Table 3 and Fig. 11b). These val- ues denote
maturation levels just before the peak of the oil window and they are slightly lower than those of
the post-Oligocene oil charge (calculated vitrinite reflectance of ~0.93%). This latter observation
is consistent with the predominance of 9- methylphenanthrene over the other three less recalcitrant
homologs in the paleobiodegraded Eocene oil [28]. Thus, as expected, the LG-62 sample
displayed an abnormally low MPI-1 value of 0.55 (%Rc2 equal to 0.73%) when compared to the
remaining samples. Last, the dominance of Tm over Ts (see Table 2) may also indicate that the
carbonate source rocks which generated the mixed oils of interest were thermally mature [67]. In
this regard, the Ts- to-Tm ratio decreased in the following order: VLF-3020 > LG- 33 > Area 8
South > TM-33 > Franquera > LG-62, which is consistent with the results obtained from the novel
graph of norPr/23T against BP/TA28R (Fig. 6).

Table 3
Maturity-related molecular parameters for the saturates and aromatics in sampled crude oils from the Ceuta Southeast
Area.

%22S %20S %bb MPR TA Rcy MPI-1 Rc
FR-03 56 48 51 1.13 0.42 0.76 0.77 0.86
FR-05 56 47 49 1.15 0.41 0.77 0.77 0.86
FR-06 59 48 50 1.19 0.42 0.76 0.78 0.87
FR-07 56 49 51 1.14 0.41 0.75 0.79 0.87
FR-08 59 46 49 1.18 0.41 0.76 0.79 0.87
FR-13 58 47 50 113 0.42 0.76 0.77 0.86
FR-19 57 48 50 112 0.40 0.75 0.76 0.85
FR-22 58 47 49 1.16 0.41 0.78 0.78 0.87
LG-00 58 49 52 1.19 0.48 0.78 0.81 0.88
LG-01 58 47 50 1.18 0.47 0.79 0.81 0.88
LG-04 60 47 49 117 0.46 0.77 0.80 0.88
LG-29 60 49 51 117 0.48 0.78 0.80 0.88
LG-32 58 48 49 1.18 0.49 0.78 0.79 0.87
LG-33 60 51 57 1.16 0.54 0.82 0.82 0.89
LG-48 58 46 49 117 0.46 0.80 0.79 0.87
LG-61 56 46 50 1.18 0.48 0.78 0.80 0.88
LG-62 59 43 43 1.15 0.31 0.63 0.55 0.73
LG-63 59 49 51 1.19 0.47 0.79 0.79 0.87
LG-66 56 a7 50 1.18 0.48 0.78 0.79 0.88

LG-73 57 47 51 1.18 0.47 0.79 0.80 0.88



LG-78 59 48 51 1.18 0.47 0.78 0.80 0.88

LG-83 57 46 48 1.18 0.47 0.79 0.79 0.87
LG-91 56 48 51 1.18 0.49 0.77 0.80 0.88
LG-96 57 49 52 1.18 0.46 0.78 0.80 0.88
LG-97 56 47 50 1.18 0.47 0.78 0.79 0.87
LG-98 59 47 50 1.18 0.47 0.79 0.79 0.87
LG-99 60 48 51 117 0.47 0.79 0.80 0.88
TM-07 60 49 52 1.17 0.47 0.78 0.81 0.88
TM™M-10 58 48 50 1.18 0.46 0.77 0.81 0.88
T™M-11 59 49 51 1.19 0.48 0.78 0.79 0.88
T™M-12 56 48 51 1.19 0.49 0.79 0.78 0.87
TM-13 59 46 49 1.18 0.47 0.77 0.81 0.89
TM-31 58 a7 50 1.14 0.48 0.78 0.79 0.88
TM-32 57 47 49 1.16 0.47 0.78 0.80 0.89
TM-33 60 49 52 1.20 0.45 0.77 0.78 0.86
VLF-3020 60 56 69 1.20 0.80 0.92 0.90 0.94

Notes: %22S or 22S/(22S + 22R) = 173,21b(H)-29-bishomohopane ratio (%); %bb = (20R + 20S)Czabb sterane ratio (%); %20S =
5a,14a,17a(H)-stigmastane 20S and 20R ratio (%); TA = C2 homologue to Czo plus Czs 20R triaromatic steroid hydro-

carbon ratio; vitrinite reflectance from MPR equal to 0.94 + 0.99-log-MPR [59]; Rc1=0.37 + 0.7-TA in accordance with Mackenzie et al. [42];
MPI-1=1.5-(2-MP + 3- MP)/(P + 1-MP + 9-MP); Rcz= 0.4+ 0.6-MPI-1, assuming Ro; in the 0.65-1.35

4.5. Asphaltene pyrolysis

lon chromatograms for m/z 57, 142, 156, 178, 184, 192, and 198 corresponding to the LG-62
sample obtained after asphaltene separation and its Py—GC/MS are shown in Fig. 12. Note a high
proportion of the low-chain n-alkanes ranging between n-C8 and n-C14, typical of crude oils
deriving from source rocks of marine organic matter [55]. The lower abundance of
methyldibenzothiophenes with the co-eluting isomers (2- and 3-methyl), as well as DBT/P and
Pr/Ph values of about 1 and 1.3, suggest a carbonate source rock deposited under oxygen-deprived
conditions [29,30]. Other Py—GC/MS results, such as the predominance of 2-ethyl and 2-
methylnaphthalene homologs over their respective isomers and the 4-/1-MDBT ratio slightly
higher than unity, indicate that the pyrolysate and the LG-62 oil have approximately the same
maturity levels (~0.6%) in the early part of the oil window [57,55]. This feature is coherent with
the fact that the LG-62 oil can be considered an almost “‘pure” paleobiodegraded end-member.
In addition, the pyrolysate showed an abnormal MPI-1 index value of 0.65 (% Rc2 of 0.79%),
thereby corroborating that the MPI-1 index is not a useful maturity parameter for early mature
oils derived from La Luna source rocks [13].
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Fig. 11. (a) and (b) Respectively, m/z 231 and m/z 178 + 192 ion fragmentograms showing triaromatic steroids and
for methylphenanthrene derivates for the representative LG-78 sample.
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Euclidean distance

L} L} | L] L L] L} L L] L] L L} L} L] L}
0.15 0.10 0.05 0.01

Fig. 13. Dendrogram showing the clustering of sampling wells.

4.6. Geochemical correlations

In an attempt to establish the La Luna Formation as the source rock for the oils from Area 8, we
compared the geochemical data of our samples with those previously reported for several La Luna
rock extracts from the southeastern coast of Lake Maracaibo [71,46]. Thus, taking into account
the high sulfur content and V/ Ni, the d13C values of oils derived from Cretaceous source rocks,
the lack or near-absence of oleanane, as well as the distribution of steranes (C27 > C28 > C29)
and tricyclopolyprenanes (prevalence of C23 tricyclic terpane over other homologs), we conclude
that the La Luna rocks correlate very well with the mixed oils sampled. To classify all the oil
samples into one or various families, we conducted multivariate statistical analysis based on 20
variables Pr/Ph, Pr/n-C17, Ph/n-C18, 22/21T, 24/23T, Ts/Tm, DBT/P, %22S, MPR, MPI-1, TA
ratio, %bb, %20S, diasterane ratio, %SAT, %ARO, SAT/ARO, °API, %St, and V/Ni) by means
of hierarchical clustering. The dendrogram plot in Fig. 13 shows two clusters (Area 8 South and
Franquera) and it was obtained from our experimental data. As expected, measurements of
similarity within the family formed by all the Franquera samples corroborate their high similarity
(cutoff of 0.01 in terms of Euclidean distance) using the proximity procedure [22]. Mixed oils
from Area 8 South (excluding the ‘‘anomalous” oils: TM-33, LG-62, and LG-33) also showed
high similarity.
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Fig. 14. Gas chromatogram fingerprints from n-C5 to n-C9 for representative FR-03 and LG-78 oils showing the
peaks selected to calculate all the ratios A to F plotted on star diagrams.

4.7.Reservoir continuity within the Misoa B4 unit in the Ceuta Southeast Area

As previously mentioned, Area 8 can be divided into at least six blocks (Area 8 South I to V and
Franguera; see Fig. 2) on the basis of structural features. Although all the mixed oils from this
area are of the same origin (La Luna source rock), some of them presented distinctive API
gravities and compositional differences (Tables 1-3). Assuming that such variations in the
samples could be partly explained by fault compartmentalization of the Misoa B4 reservoir and
the relative amounts of oil accumulated during the Eocene and post-Oligocene generation pulses,
several petroleum postaccumulation processes cannot be dismissed at 150 °C [56]. The light
hydrocarbon distributions were examined for the mixed oils sampled from Area 8, following the
method proposed by Kaufman et al. [33]. Fig. 14 shows the n-C5 to n-C9 gas chromatograms for
two representative samples (LG-78 and FR-03). In this case, the different toluene/n-C7 values
(higher and lower than 0.2, respectively) and n-C7/methylcyclohexane values (inferior and
superior to 1) for samples LG-78 and FR-03 may indicate that water solubilization processes have



a significant influence on Franquera API gravities [73]. Contrary to what might be expected given
the lower relative magnitude of the Eocene oil in the mixed oils from the Franquera field
compared to the LG-62 sample (see Fig. 6), the latter showed a slightly higher API gravity value
(21°) than those for the Franquera mixed oils (620°). This higher value might be attributable to
the solubilization of petroleum components in water [49].

We compared the whole oil gas chromatograms and selected six minor inter paraffin peak ratios
in the region from n-C5 to n-C9. Some of these parameters cover the maximum difference of the
peak ratios of the oil pool in our wells, others indicate water solubilization, and they all can truly
reflect the continuity of the fluid of Misoa B4 reservoir in the sector under study. Therefore, they
were plotted on star diagrams to establish similarities or dissimilarities between the mixed oils

(Fig. 15).

The star diagrams shows the two main oil families related to Misoa B4 reservoir allocations. The
first group comprises oils from Area 8 South, while all the Franquera mixed oils form the second
family. The Corredor 1 fault acts as a seal between two separate reservoir compartments,
impeding any communication between them. This observation contrasts with other faults (see Fig.
2) that favor reservoir continuity within the Lagotreco and Tomoporo fields. These results are in
accordance with variations in the geochemical data for most of the samples. Moreover, the star
diagrams of the ‘‘anomalous” oils (TM-33, LG-62, and LG-33) presented large similarities
between them and with the other samples from Area 8South. This observation is in disagreement
with the notion that several molecular parameters and bulk geochemical properties for these three
mixed oils clearly differ from one another and from those of the remaining samples from Area 8
South (for instance, 23°, 21°, 35°, and 28° — on average — API gravities). This contradiction could
be explained by the similar chromatographic fingerprints for the mixed oils from Area 8 South
being fundamentally assigned to the secondary recharge. As in other case studies (see [53]), gas
chromatography fingerprints would have failed to identify reservoir discontinuities within the
Lagotreco and Tomoporo fields. Thus we used an alternative tool, namely the FTIR method
described by Permanyer et al. [52], in order to provide evidence of compartmentalization within
the Misoa B4 reservoir rock in the sector under study.
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Fig. 15. Star diagrams of the samples FR-03, LG-78, LG-33, LG-62, TM-11 and TM-33. Note the use of the six pairs of
components (A to F) in the order given: n-heptane to toluene ratio, benzene to 1,1-dimethylcyclopentane, n-heptane to
methylcyclohexane, 2t-ethylmethylcyclopentane to 1t,2-dimethylcyclohexane, 2,6-dimethylheptane to 1,1,3-
trimethylcyclohexane, as well as m-xylene to 4-methyloctane.

Last, we also applied FTIR spectroscopy to the 35 samples using indices previously reported in
the literature [26]. Assignments of the FTIR bands were determined by reference to earlier studies
(e.g., [51]. The aliphaticity, long chains, aromaticity and branched indices proved to be the most
appropriate features to distinguish the mixed oils analyzed. Thus, the LG-33 and LG-62 samples
showed the lowest and highest aliphaticity and aromaticity values, respectively, when compared
to the other samples from Area 8 South (Fig. 16a). However, this diagram does not clearly
differentiate between the mixed oils from each side of the Corredor 1 fault. In contrast, the results
from a comparison of the long chains vs. branched indices (Fig. 16b) appear to be more accurate
to determine reservoir continuity, with five groups of samples being clearly defined. Oil samples
from the Franquera field and Area 8 South (except LG-33, LG-62, and TM-33), respectively, form
two homogeneous groups of mixed oils related to compartments separated by the Corredor 1 fault.
These two families are coherent with those determined by the gas chromatographic fingerprint
method. Finally, the LG-33, LG-62, and TM-33 mixed oils each constitute a roup, thereby
indicating the existence of permeability baffles and barriers within the Misoa B4 reservoir rock
in Blocks I and I11, with no connectivity between these three wells and the other wells in Area 8
South.
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1. Conclusions

On the basis of our findings, we conclude that the mixed oils studied fall into two groups (except
the three ‘‘anomalous” oils: LG-33, LG-62, and TM-33). Furthermore, we found that all the
samples derived from two pulses of hydrocarbon generation and showed evidence of
paleobiodegradation. All these oils also belong to the same genetic type and were originated from
the same calcareous source rocks (La Luna Formation) deposited in an anoxic marine
environment. In addition, we have tentatively established that VLF-3020 oil represents the
contribution of the unaltered end-member oil-type. Petroleum accumulation in the Misoa B4
reservoir could be explained by vertical migration of hydrocarbons from the Cretaceous La Luna



Formation to this reservoir through the faults that delimit the Ceuta Southeast Area.

Gas chromatographic fingerprints and subsequent star diagrams clearly reveal the barrier effect
of the Corredor 1 fault, which defines two separate compartments (Franquera field and Area 8
South) within the Misoa B4 reservoir rock in the Ceuta Southeast Area. Nevertheless, reservoir
discontinuities in the Lagotreco and Tomoporo fields can be assessed more accurately using the
FTIR method, which denotes a very good homogenization of crude oils (except the three
““‘anomalous” oils) across the faults that cut Area 8 South in Blocks | to V and horizontal
connectivity between sand bodies. Finally, the permeability baffle/barrier effect is present within
the Misoa B4 reservoir rock in Blocks I and 111, with no connectivity between the LG-33, LG-62,
and TM-33 wells and the other wells in Area 8 South. These latter four oil groups are consistent
with the results from several molecular parameters and bulk geo- chemical properties.
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Appendix A. Main terpanes, steranes, diasteranes and triaromatic steroids identified in the
fragmentograms

1 Cz0-Tricyclic terpane 39 17a(H),21b(H)-29-
Pentahomohopane 22S
2 Cx-Tricyclic terpane 40 17a(H),21b(H)-29-
Pentahomohopane 22R
3 Cz2-Tricyclic terpane 41 13b(H),17a(H)-Diacholestane 20S
4 C2s-Tricyclic terpane 42 13b(H),17a(H)-Diacholestane 20R
5 Ca-Tricyclic terpane 43 5a(H),14a(H),17a(H)-Cholestane
20s*
6 Cas-Tricyclic terpane 17R + 17S 44 5a(H),14b(H),17b(H)-Cholestane
20R?
7 Cas-Tetracyclic terpane 45 5a(H),14 b(H),17b(H)-Cholestane
20S
8 Cae-Tricyclic terpane 17R 46 5a(H),14a(H),17a(H)-Cholestane
20R
9 Cae-Tricyclic terpane 17S 47 13b(H),17a(H)-Diastigmastane
20R
10 Cas-Tricyclic terpane 17R 48 13a(H),17bH)-Diastigmastane 20S
11 Cos-Tricyclic terpane 17S 49 5a(H),14a(H),17a(H)-Ergostane
20S
12 Co2o-Tricyclic terpane 17R 50 5a(H),14b(H),17b(H)-Ergostane
20R®
13 Cao-Tricyclic terpane 17S 51 5a(H),14b(H),17b(H)-Ergostane
20S
14 18a(H)-22,29,30-Trisnornechopane 52 5a(H),14a(H),17a(H)-Ergostane
20R
15 17a(H),21b(H)-25,28,30- 53 5a(H),14a(H),17a(H)-Stigmastane
Trisnorhopane 20S
16 17a(H)-22,29,30-Trisnorhopane 54 5a(H),14b(H),17b(H)-Stigmastane
20R
17 17a(H),21b(H)-25,30-Bisnorhopane 55 5a(H),14b(H),17b(H)-Stigmastane
20S
18 Cso-Tricyclic terpane 17R 56 5a(H),14a(H),17a(H)-Stigmastane

20R



19 Cso-Tricyclic terpane 17S 57 Dibenzothiophene
20 17a(H),21b(H)-28,30-Bisnorhopane 58 4-Methyldibenzothiophene
21 17a,21b(H)-25-Norhopane 59 3-Methyldibenzothiophene®
22 17b(H),21a(H)-28,30-Bisnorhopane 60 1-Methyldibenzothiophene
23 C(14a)-Homo-26-nor-17a(H)- 61 20-Triaromatic steroid
hopane? hydrocarbon
24 17a(H),21b(H)-30-Norhopane 62 21-Triaromatic steroid
hydrocarbon
25 18a(H)-30-Norneohopane 63 26-Triaromatic steroid
hydrocarbon 20S
26 17b(H),21a(H)-30-Normoretane 64 26 (20R) + 27 (20S)-triaromatic
steroid
27 17a(H),21b(H)-Hopane 65 28-Triaromatic steroid
hydrocarbon 20S
28 17b(H),21a(H)-Moretane 66 27-Triaromatic steroid
hydrocarbon 20R
29 17a(H),21b(H)-29-Homohopane 67 28-Triaromatic steroid
22S hydrocarbon 20R
30 17a(H),21b(H)-29-Homohopane 68 Phenanthrene
22R
31 17b(H),21a(H)-29-Homomoretane 69 3-Methylphenanthrene
22S+22R
32 Gammacerane? 70 2-Methylphenanthrene
33 17a(H),21b(H)-29-Bishomohopane 71 9-Methylphenanthrene
22S
34 17a(H),21b(H)-29-Bishomohopane 72 1-Methylphenanthrene
22R
35 17a(H),21b(H)-29-Trishomohopane 73 2-Methylnaphthalene
228
36 17a(H),21b(H)-29-Trishomohopane 74 1-Methylnaphthalene
22R
37 17a(H),21b(H)-29- 75 2-Ethylnaphthalene
Tetrahomohopane 22S
38 17a(H),21b(H)-29- 76 1-Ethylnaphthalene
Tetrahomohopane 22R
a Peak co-

elution.
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