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Abstract: The organic geochemical features of 30 sampled oils from the northern Bolivar Coastal

Complex (Lake Maracaibo Basin, NW Venezuela) were examined by combining carbon isotope,

classical biomarker, and extended diamondoid analyses to clarify source facies and to assess the

thermal maturity and extent of biodegradation of the oils analyzed. In this work, oils are understood as

a mixture of two episodes of petroleum generation from the La Luna Formation: a paleobiodegraded

oil pulse during Paleogene times and a late pulse having a higher maturity in the post-Oligocene.

For the oil samples analyzed, results revealed a mixing composed of different proportions of almost a

terrestrially derived siliciclastic-sourced and a purely marine carbonate-sourced oil pulse. Moreover,

two main groups of oils were identified by means of hierarchical cluster analysis. Finally, inter-

and intrafield variations in the extent of biodegradation were also assessed using two classification

schemes (Peters and Moldowan, and Manco scales).
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1. Introduction

The Lake Maracaibo Basin (NW Venezuela) is among the world’s most productive petroleum

producing regions. It covers approximately 50,000 km2, with the Upper Cretaceous La Luna Formation

its principal source rock, although others have also been identified in the region [1,2]. Within the basin,

oils are ubiquitous and mainly accumulated in Eocene and Miocene sandstones [3]. In the eastern edge

of Lake Maracaibo, the basin is situated the area called Bolivar Coastal Complex (Figure 1) [4], consisting

of a series of oilfields (Punta Benítez, Lagunillas, Bachaquero, etc.), two of which are the northernmost

Tía Juana Lago and Cabimas, which cover about 210 and 136 km2, respectively, and contain around

17.3 and 2.2 billion barrels of petroleum on-site [5,6]. Previous geochemical works [1,3,7] indicate that

the La Luna Formation (upper Cenomanian–upper Campanian) comprises limestones interbedded

with marlstones and large amounts of predominantly marine amorphous organic matter (Total Organic
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Carbon (TOC) ranging from 2.5 to 10.8% wt.). This unit was deposited under reducing conditions in

a middle to outer neritic environment on the northwest part of South America [8,9]. Two primary

organic-rich La Luna Formation sedimentary facies can be distinguished on the basis of the percentage

of shale present: more than 50% shale in the southern part of the basin, falling below 50% shale in

other parts of the basin [10]. In terms of organic facies, the La Luna Formation is more carbonatic

towards the north, grading southeastward into more siliciclastic facies throughout the southern Lake

Maracaibo Basin and northern part of the Apure/Barinas Basin, along the alignment of the current

Mérida Andes [7,11]. Differences between the La Luna “shale-rich” and “limestone-rich” facies are

interpreted as a response to variations in continental runoff and also in concentration of molecular

oxygen at the deepest part of the water column [12].

Figure 1. Northern Bolivar Coastal Complex map. It shows the location of the study oil wells.

Throughout the study area, altered oils occur in Miocene, Oligocene, and Upper Eocene reservoirs.

These oils have been subjected to biodegradation, showing partial or complete absence of n-paraffins,

high content in sulfur (>1.3%), low API (<25◦), and aromatic/saturated proportions exceeding 0.5 [1].

The major part of mixed oils accumulated in the eastern side of Lake Maracaibo was generated from

La Luna source kitchens at Neogene times, which dissolved the earlier paleobiodegraded Eocene oil

charge during migration [13–15]. So far, oil–oil correlations have not unambiguously determined

whether these mixed oils were generated from both aforementioned primary La Luna source facies.

The extent of petroleum biodegradation in the study area varies significantly; some oils show

degradation of hopanes and steranes with occurrence of 10-demethylated hopanes and others do

not [1]. Such variation in biodegradation levels and alteration pathways should be taken into account

when implementing enhanced oil recovery techniques [16,17]. Microbial hydrocarbon degradation is

influenced by aspects like the initial petroleum components, mixing of oil charges, microbial consortia,

bottom water salinity, and nutrient supply [18–20]. In this study, as both the mixing of oils and

biodegradation are commonly problematic in the Bolivar Coastal Complex, it may be useful to combine



Energies 2020, 13, 5615 3 of 20

at least two schemes for biodegradation assessment among the existing biomarker biodegradation

scales, based on the depletion/absence of selected aromatic and saturated compound classes with

different biorecalcitrance [21–24], in order to characterize with sufficient resolution the extent of such

biodegradation in relation to mixed oil charges.

Thus, this project was carried out using thirty oil samples, which were collected from the Icotea,

Lagunillas, and La Rosa reservoirs of the onshore Cabimas field, and from the Misoa B6 and B7

reservoirs of the offshore Tía Juana Lago area. The objectives of the present work are (i) to offer a

better understanding about the origins and thermal maturity of oil samples, (ii) to determine whether

sampled oils were generated from the primary La Luna “shale-rich” and/or “limestone-rich” source

facies, (iii) to assess the level of biodegradation using PM [22] and Manco scales, and (iv) to evaluate

possible inter- and intrafield changes in level of biodegradation.

2. Geological Features

The geology of the NW Venezuelan margin is constrained throughout interrelation of the

Caribbean, North American, and South American plates [25]. Considering this framework, several

geologists [26–29] have separated the sedimentary rocks in the E edge of Lake Maracaibo into various

stratigraphic sections: (i) a passive margin sequence of Cretaceous age; (ii) a gradation to a compressive

regime during the Early Paleocene and Late Cretaceous, when the South American plate was overridden

by collision/obduction of the Pacific volcanic arc and the Lara nappes were emplaced; (iii) a Late

Paleocene to mid-Eocene oblique convergence between a Caribbean island arc moving towards the west

and the passive margin of South America, producing a foreland basin succession; and (iv) a sequence

of Late Eocene to Pleistocene age in relation to the collision between the Panama arc and the South

American plate.

Structurally, the geology of the Cabimas oilfield is characterized by homoclinal strata gently

dipping to the southwest (3–8◦) with a north orientation. The two principal structures are the NW–SE

trending Prevalente (FPC) and Límite (FLC) fault systems (Figure 1), which were reactivated and

inverted during the Andean compression. The Cabimas oilfield is limited to the east by the FLC

structure, while a NE–SW trending normal fault transverse to the aforementioned structures (termed

as the North Fault or FN) dips to the south and separates the Guzmán Flank from the rest [6]. To the

north, the Guzmán Flank corresponds to a north–south trending faulted anticline [30]. Furthermore,

a set of secondary structures are NE–SW trending en echelon normal faults perpendicular to the

FPC and FLC faults; they all originated by compressive events in the Tertiary uplift history of the

Venezuelan Andes [31]. Regarding the Tía Juana Lago area, the local structure is an asymmetrical

anticline gently dipping to the southwest, with the crest to the northeast and the eastern flank of the

fold to the southwest. Faulting within this area consists of a set of normal secondary faults not affecting

the Eocene strata (see Figure 1; [5]).

The stratigraphic column of both study areas comprises Cretaceous and Tertiary sedimentary

rocks (Figure 2) and presents the following lithologies, ordered from bottom to top: the arkosic sands

of the Río Negro Formation; Apón (shales/gray limestones) unit; Lisure (sandstones interbedded with

shales and limestones rich in glauconite); the Cogollo Group consisting of the Maraca (limestones rich

in fossil debris); La Luna (marlstones and black limestones); Colón (dark shales); Mito Juan (siltstones);

Guasare (sandstones and limestones); Misoa (sandstones, lutites, limonites, and limestones); Icotea

(limonites, sandstones, and claystones); La Rosa (sandstones interbedded with fossiliferous shales);

Lagunillas (shales, coals, sandstones, and claystones); La Puerta (sandstones, claystones, and shales);

Onia (siltstones, sandstones, claystones), and; lastly, El Milagro (conglomerates and sandstones) [5,6].

One of the producing intervals is the Misoa Formation, split into some subunits called sands

“B”, and “C”, from top to bottom [32]. Subsequently, “C” sands are separated into seven minor

subunits, indicating a transition from a distal deltaic (C4–C7) depositional environment to a prodelta

(C1–C3) [33]. In turn, “B” sands are divided in nine minor subunits (B1–B9), indicating an evolution

from a continental deltaic (B6–B9) to a restricted littoral–subtidal (B1–B5) environment [34].
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Figure 2. Stratigraphic units in the northern Bolivar Coastal Complex. Note: black circles and black

squares indicate source rocks and reservoir intervals, respectively.

3. Materials and Methods

Thirty samples of oil from the Eocene, Oligocene, and Miocene reservoirs in the Cabimas field

and Tía Juana Lago sector were studied (Table 1 and Figure 1). American Petroleum Institute (API)

gravities of oil samples were measured according to the D287-92 standard [35]. Sulfur was measured

in accordance with ASTM D4294-10 standard procedure [36]. A part of each sample was fractionated

into aromatics (ARO), saturates (SAT), and asphaltenes plus resins (POL). First, asphaltenes were

isolated using n-heptane in a ratio of 1:40 v/v in accordance with Speight [37]. The asphaltenes were

separated in a Soxhlet extractor using 0.45-µm filters and n-heptane as solvent, in a process that was

repeated until obtaining colorless filtrates. Secondly, maltenes were separated into aromatic, saturated,

and resin fractions through liquid chromatography using columns filled with alumina and silica

gel [38]. In order to elute these fractions, respectively, n-hexane, dichloromethane/hexane (7:3 v/v),

and dichloromethane/methanol (1:1, v/v) were used as solvents.

Carbon isotopic values of aromatic and saturated fractions were determined through a Thermo

Finnigan 1112 elemental analyzer combined with a Finnigan Mat Delta C mass spectrometer. USGS 24

graphite, IAEA-CH7 polyethylene, NBS-22 oil, and IAEA-CH6 saccharose were the reference materials.

The 13C/12C ratio is described by “δ” notation while δ13C refers to PDB standard (Pee Dee belemnite).

Aromatic and saturated compounds were investigated through gas chromatography–mass

spectrometry (GC–MS). The GC–MS studies were achieved using a 5975C Inert XL MSD carrying

Triple-Axis Detector (Agilent Technologies) coupled with an Agilent’s 7890A GC. These instruments

run with helium as carrier gas. Gas chromatography was done with an Agilent capillary column DB-5

ms (60 m × 0.25 mm i.d. × 0.10 µm film thickness). Initially, the oven temperature was 50 ◦C for 2 min,

and ramped at 2.5 ◦C until reaching 300 ◦C, holding for 70 min. Ionization operated in electronic

impact mode (EI) with 70 eV of electron energy. MS autotune/calibration was performed once per
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day. The chromatograms were collected in single-ion monitoring and full-scan modes (mass range

acquisition was carried out from m/z 45 to 500). SPSS 19.0 software package was used for multivariate

statistical analysis.

Table 1. Reservoir names, depths, bulk composition, API gravities, sulfur contents (wt.%), and δ13C

data (%�) of the aromatic and saturated hydrocarbons (wt.%) of the oils analyzed.

Well Depth Interval St SAT ARO POL ◦API δ13CARO δ13CSAT

R-070 505 La Rosa 1.68 40 30 30 25 −26.15 −27.14

R-278 652 Icotea 1.97 36 29 35 20 −26.49 −27.33

R-285 588 La Rosa-Icotea 1.79 40 30 30 23 - -

R-300 661 La Rosa-Icotea 1.94 36 30 34 20 −26.35 −27.50

R-302 401 Lagunillas-La Rosa 2.20 34 28 38 16 - -

R-311 434 Lagunillas-La Rosa 2.14 34 26 38 18 - -

R-319 640 Lagunillas-La Rosa 2.15 37 29 34 20 - -

R-331 478 Lagunillas-La Rosa 2.05 37 28 35 21 - -

R-385 438 La Rosa 1.85 41 30 29 24 −26.42 −27.58

R-416 389 La Rosa 1.63 41 30 29 26 - -

R-425 395 La Rosa 1.75 40 30 30 23 −26.33 −27.55

R-445 354 La Rosa 1.90 38 29 33 22 - -

R-453 372 La Rosa 1.88 40 32 28 22 - -

R-502 353 Lagunillas-La Rosa 2.03 36 29 35 19 - -

R-566 535 La Rosa-Icotea 1.91 38 29 33 21 - -

R-706 312 Lagunillas 2.22 34 30 36 17 - -

R-778 324 Lagunillas 2.29 34 29 37 17 −26.20 −27.16

TJ-1323 1407 Misoa B6 0.97 48 27 25 35 −26.38 −27.98

TJ-567 1547 Misoa B6 - 37 29 34 23 - -

TJ-872 1392 Misoa B6 0.93 48 27 25 34 −26.46 −27.81

TJ-465 1206 Misoa B6 - 40 29 31 26 −26.37 −27.72

LL-3597 1357 Misoa B6 - 41 28 31 26 - -

PB-686 1939 Misoa B6 1.45 39 29 32 24 - -

PB-689 1893 Misoa B6 - 34 30 36 21 - -

PB-254 1797 Misoa B6 1.54 35 29 36 21 −26.24 −27.51

PB-605 1564 Misoa B6 - 36 28 36 22 - -

TJ-284 1713 Misoa B6 - 34 28 38 21 −26.41 −27.67

LL-3530 1352 Misoa B7 1.28 46 28 26 28 - -

LL-1187 1275 Misoa B7 - 45 28 27 29 −26.38 −27.78

LL-3595 1274 Misoa B7 - 45 29 26 28 −26.19 −27.52

Note: depth expressed in meters.

Finally, quantitative analysis of extended diamondoid (QEDA) was carried out on saturated

hydrocarbon fraction from two representative sampled oils through gas chromatography–triple

quadrupole mass spectrometry [39,40]. In detail, QEDA fingerprints were examined in the

corresponding pyrolysates after hydrous pyrolysis of asphaltenic fractions of these sampled oils was

performed on the basis of the methodology established by Summons [41]. Quantification of triamantane

molecule and extended polimantanes was done using four deuterated internal standards, particularly

cyclohexamantane-d8 and triamantane-d4, in addition to pentamantane-d6 and tetramantane-d6

for the five-cage (P1, P2, P3, and P4) and four-cage (T1, T2, and T3) non-enantiomorphic isomers.

Structures of penta-, tetra-, and hexamantane (H1) molecules studied are shown in [42].

4. Results and Discussion

4.1. Bulk Data and SARA Composition

Bulk geochemical data including the Saturate, Aromatic, Resin Asphaltene (SARA) composition,

total sulfur, and API value of each sampled oil are displayed in Table 1. All the oils analyzed excluding
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TJ-872, TJ-1323, and those from the Misoa B7 interval showed API values from 16 to 26◦ and relatively

similar SARA contents: SAT in the 34–41% range, ARO ranging from 26% to 30%, and POL ranging

between 30% and 38%. As second group of oils, namely, the samples from the Misoa B7 interval

displayed API values, ARO, SAT and POL weight percents in the 28–29◦, 28–29%, 45–46%, and 26–27%

ranges, respectively. A last group comprises TJ-872 and TJ-1323 oils from the Misoa B6 interval,

and both showed identical ARO proportions (27%), the highest measured API gravities (>34◦) and

SAT proportions (48%), as well as the lowest POL percentages (25%). These data correspond to normal

oils in accordance with [43]. As for total sulfur contents, most oil samples depicted values exceeding

1% wt., except for TJ-872 and TJ-1323 (Table 1). Variances in these datasets may be explicated by

biodegradation [44], as discussed below.

4.2. Carbon Isotope Signature

The carbon isotope values of the aromatic and saturated fractions of sampled oils are similar

among them (see Table 1), with standard deviations approaching the analytical error (0.5%�), thereby

suggesting that all sampled oils were derived from the same source rocks [45]. When considering the

Sofer diagram ([46], Figure 3), the δ13C values for the oils analyzed plot in the marine organic matter

region, which is consistent with these samples being sourced from the marine organic materials of the

La Luna rock unit, in line with previous studies indicating that the La Luna rock unit is the primary

source rock of the region [14,15]. Nevertheless, these data must be interpreted cautiously as several

secondary processes can alter the carbon isotopic signature [47].

Figure 3. Sofer isotope diagram for the aromatic and saturated hydrocarbons of thirteen representative

oil samples.

4.3. In-Reservoir Biodegradation

Total ion current (TIC) chromatograms of the saturated hydrocarbons of two representative

sampled oils are exhibited in Figure 4, revealing the existence of an “unresolved complex mixture”

related with naphthenic compounds produced through biodegradation processes [48]. API values

below 35◦ may also be indicative of microbial degradation [16], and/or may be suggestive of a mixture

of two or more petroleum charges. The latter option agrees with two main episodes of petroleum

expulsion from the La Luna source rocks on the eastern margin of Lake Maracaibo, as described in

previous studies [14,15]; an early generation pulse of oil occurred in the Middle Eocene—this oil would

have been paleobiodegraded during Late Eocene age and mixed with a recharge of unaltered oil during

the Neogene [1]. The proportion of these two oil charges may explain the wide variability of API

gravity in the samples.
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Figure 4. Total ion chromatogram of the saturated fraction of TJ-1323 (a) and R-706 (b) oils.

The 10-demethylhopanes are ubiquitous in all the oil samples (m/z 191 and 177 fragmentograms

of characteristic oil samples are exhibited in Figure 5; peak identifications are listed in Appendix A).

The presence of these biological markers indicates heavy biodegradation and is described in literature

as caused by the modification of the C10 methyl group in the hopanes [49]. Nevertheless, most samples

contain 10-demethylhopanes along with n-paraffins/isoprenoids (see Table 2). The fact that compounds

of such different recalcitrance coexist in oils is here explained by assuming that 10-demethylhopanes

formed by paleobiodegradation of the hydrocarbon liquids generated during the Eocene, which were

mixed with fresher oil charge(s) formed in post-Paleogene times [45]. Since all the less recalcitrant

hydrocarbons would be attributable to the late oil charge, ratios of pristane to C17 n-alkane exceeding

0.5 (see Table 3) in most oil samples suggest that the late oil charge would have suffered only little to

moderate microbial degradation [50].

Figure 5. Examples of m/z 191 (a,b) and m/z 177 (c,d) ion chromatograms of the saturated fraction of

representative TJ-567 and R-311 oils.
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Table 2. PM and Manco biodegradation levels of the oils analyzed.

Sample
C1–C14

n-alk
C15+ n-alk IsoP Alkyl-tol N +MN DMN UMN1 PM

R-070 Depleted Affected Near-intact Near-intact Near-intact Intact 9766413 2/6

R-278 Absent Absent Depleted Depleted Depleted Near-intact 9771099 4/6

R-285 Absent Depleted Near-intact Near-intact Depleted Near-intact 9770794 3/6

R-300 Absent Absent Depleted Depleted Affected Near-intact 9770474 4/6

R-302 Absent Absent Absent Absent Absent Affected 9774999 5/6

R-311 Absent Absent Absent Absent Absent Affected 9774999 5/6

R-319 Absent Absent Depleted Depleted Depleted Near-intact 9771099 4/6

R-331 Absent Absent Depleted Depleted Depleted Near-intact 9771099 4/6

R-385 Absent Absent Near-intact Near-intact Depleted Near-intact 9770799 3/6

R-416 Depleted Affected Near-intact Near-intact Near-intact Intact 9766413 2/6

R-425 Absent Depleted Near-intact Near-intact Depleted Near-intact 9770794 3/6

R-445 Absent Absent Near-intact Near-intact Depleted Near-intact 9770799 3/6

R-453 Absent Depleted Near-intact Near-intact Depleted Near-intact 9770794 3/6

R-502 Absent Absent Depleted Depleted Depleted Near-intact 9771099 4/6

R-566 Absent Absent Depleted Depleted Affected Near-intact 9770474 4/6

R-706 Absent Absent Absent Absent Absent Affected 9774999 5/6

R-778 Absent Absent Absent Absent Absent Affected 9774999 5/6

TJ-1323 Near-intact Intact Intact Intact Intact Intact 9774287 1/6

TJ-567 Affected Near-intact Intact Intact Intact Intact 9774349 2/6

TJ-872 Near-intact Intact Intact Intact Intact Intact 9774288 1/6

TJ-465 Affected Near-intact Intact Intact Intact Intact 9778099 2/6

LL-3597 Affected Near-Intact Intact Intact Intact Intact 9778124 2/6

PB-686 Near-intact Intact Intact Intact Intact Intact 9778124 1/6

PB-689 Near-intact Intact Intact Intact Intact Intact 9778099 1/6

PB-254 Near-intact Intact Intact Intact Intact Intact 9778099 1/6

PB-605 Affected Near-Intact Intact Intact Intact Intact 9777413 2/6

TJ-284 Near-intact Intact Intact Intact Intact Intact 9774287 1/6

LL-3530 Affected Near-Intact Intact Intact Intact Intact 9774913 2/6

LL-1187 Affected Near-Intact Intact Intact Intact Intact 9778069 2/6

LL-3595 Affected Near-Intact Intact Intact Intact Intact 9778069 2/6

Notes: Given any compound class, intact, near-intact, affected, depleted, and absent correspond to 0–4 Manco scores,
respectively. C3- and C4-naphthalenes, methyldibenzothiophenes, and phenanthrene series remain practically intact
in all the samples, while regular steranes are slightly altered.

A more precise biodegradation study can be done using PM [22] and Manco [24] scales. Based on

the PM scale, the earlier charge of oil would be ranked at 6, for all oil samples, due to the presence

of 25-norhopanes and the slight alteration of regular steranes (see Figure 6), specifically the ααα20R

and αββ20R C29 homologues [51], leading to ratios of pregnane to ααα20R stigmastane higher than

0.5 [52]. Nevertheless, differences are seen between sampled oils when assessing the biodegradation of

the later oil charge. As mentioned, for some samples, it is evident the partial depletion of n-paraffins

and no or minor alteration of isoprenoidal alkanes in numerous oil samples (Table 2), suggesting a PM

degradation level of 1–2. By contrast, R-302, R-311, R-706, and R-778 oils completely lack isoprenoids

and n-paraffins such as phytane and pristane (PM level of 5). A latter set of samples have a significant

or near-total lack of n-paraffins/isoprenoids, which is consistent with a PM level of 3–4. Variances in the

alteration levels of normal and isoprenoidal alkanes in the oil samples might be explicated by distinct

reasons such as the existence of different reservoir temperatures and microbial associations, the inflow

of pristine oil within reservoir subcompartments, or the rates of microbial degradation [18,20].
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Table 3. Molecular parameters obtained from the aromatic and saturated hydrocarbons of the oils

analyzed, which indicate source types and depositional environments.

Sample %27ST %28ST %29ST Ts/Tm Ph/nC18 Pr/nC17 Pr/Ph 29/30H 31R/30H 26/25T 24/23T DBT/P Dia/ST

R-070 37 32 31 0.51 0.78 0.68 0.61 0.93 0.42 0.86 0.47 0.90 0.20

R-278 36 33 31 0.49 - - - 0.84 0.39 0.90 0.43 0.92 0.22

R-285 38 32 30 0.52 - - 0.62 0.86 0.41 0.89 0.45 0.94 0.21

R-300 37 33 30 0.48 - - - 0.82 0.42 0.91 0.44 0.91 0.22

R-302 37 32 31 0.50 - - - 0.90 0.38 0.85 0.43 0.89 0.20

R-311 35 33 32 0.52 - - - 0.83 0.40 0.88 0.48 0.95 0.23

R-319 35 33 32 0.49 - - - 0.91 0.41 0.87 0.49 0.90 0.21

R-331 39 32 29 0.53 - - - 0.85 0.38 0.85 0.49 0.93 0.20

R-385 36 33 31 0.47 - - 0.63 0.87 0.40 0.90 0.47 0.95 0.23

R-416 37 32 31 0.50 0.75 0.66 0.67 0.93 0.39 0.86 0.44 0.94 0.21

R-425 35 33 32 0.52 - - 0.64 0.79 0.37 0.89 0.45 0.96 0.20

R-445 36 33 31 0.48 - - 0.66 0.90 0.41 0.92 0.46 0.88 0.21

R-453 37 32 31 0.53 - - 0.65 0.88 0.43 0.89 0.48 0.92 0.22

R-502 35 33 32 0.49 - - - 0.92 0.36 0.86 0.44 0.94 0.22

R-566 38 32 30 0.51 - - - 0.80 0.39 0.91 0.43 0.91 0.22

R-706 37 33 30 0.48 - - - 0.91 0.42 0.83 0.41 0.98 0.23

R-778 36 33 31 0.51 - - - 0.85 0.42 0.84 0.42 0.93 0.21

TJ-1323 36 33 31 0.66 0.48 0.39 0.84 0.79 0.42 0.91 0.49 0.78 0.25

TJ-567 37 34 29 0.46 0.68 0.53 0.71 0.87 0.43 0.89 0.41 0.88 0.21

TJ-872 37 32 31 0.64 0.49 0.40 0.81 0.79 0.42 0.90 0.48 0.77 0.25

TJ-465 39 32 29 0.48 0.72 0.62 0.75 0.91 0.38 0.85 0.43 0.86 0.22

LL-3597 38 32 30 0.50 0.67 0.53 0.74 0.94 0.43 0.86 0.44 0.90 0.21

PB-686 37 33 30 0.46 0.59 0.41 0.68 0.92 0.41 0.92 0.43 0.91 0.21

PB-689 35 33 32 0.52 0.60 0.46 0.70 0.93 0.38 0.85 0.45 0.97 0.20

PB-254 38 33 29 0.48 0.59 0.48 0.71 0.83 0.39 0.86 0.46 0.92 0.20

PB-605 37 33 30 0.51 0.71 0.56 0.66 0.85 0.37 0.90 0.43 0.93 0.22

TJ-284 37 32 31 0.54 0.59 0.49 0.66 0.90 0.36 0.86 0.42 0.91 0.21

LL-3530 38 32 32 0.60 0.68 0.54 0.86 0.81 0.38 0.87 0.45 0.81 0.23

LL-1187 37 32 31 0.61 0.70 0.57 0.82 0.80 0.40 0.89 0.47 0.80 0.23

Notes: 29/30H = 30-norhopane/hopane; 24/23T = C24-cheilanthane/C23-cheilanthane; Dia/ST = diasterane ratio
or C27-diasteranes/C27-normal steranes; %27ST = percentage of C27 regular steranes; Pr/Ph = pristane/phytane;
Pr/nC17 = pristane/n-heptadecane; 31R/30H = homohopane 22R/hopane; DBT/P = dibenzothiophene/phenanthene;
26/25T = C26-tricyclopolyprenanes/C25-tricyclopolyprenane; ST/30H = ratio of C29-normal steranes to C30-hopane;
and Ts/Tm = 18α(H)-22,29,30 trisnorneohopane/17α(H)-22,29,30 trisnorhopane.

Figure 6. The m/z 217 ion chromatograms of the saturated hydrocarbons of representative TJ-567 (a)

and TJ-1323 (b) oils showing sterane distributions.
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As for the Manco scale, Figures 7 and 8 show examples of the distribution of seven out of the eight

primary Manco compound classes reflecting increasing recalcitrance (see [24]) for representative oils

analyzed. All the samples are characterized by displaying the preservation and similar distribution

of various compound classes: multialkylated naphthalenes, phenanthrene series, and steranes.

Thus, the naphthalene series is characterized by showing low abundances of the most recalcitrant

2,3-, 1,2,4-, and 1,2,5,6+1,2,3,5-isomers (Figure 7c; [53,54]) in numerous samples. Instead, differences

among the oil samples can be observed in the distribution of n-paraffins/isoprenoids, alkyltoluenes,

and C0–1 naphthalenes. These latter compound classes remain intact or slightly altered in all the

samples from the Misoa B6/B7 reservoir interval at 65–70 ◦C, while in the oils from the Icotea, La Rosa,

and Lagunillas reservoirs at 30–40 ◦C, these compounds are partially to fully degraded (Table 2).

The lack or loss of alkyltoluenes in the oils from the Cabimas area could suggest that these oils can

only be produced by thermal recovery in the Cabimas area [24]. Noteworthy also is that all the

samples show noncorrelative PM levels of biodegradation (see Table 2). In this regard, prior studies

have reported seepage oils depicting uncorrelated levels of biodegradation (e.g., [55]). Anomalous

degradation trends are observed in sampled oils and may be the result of adding unaltered oil to a

previously biodegraded hydrocarbon liquid [56].

Figure 7. For TJ-567 and TJ-1323 oils, m/z 178 + 192 + 206 (a,b) and m/z 128 + 142 + 156 + 170 + 184 (c,d)

ion chromatograms of the aromatic fraction. Phenanthrene and naphtalene series distributions

are shown.

Table 2 also contains the Manco scores for the calculation of the ultimate Manco values

(UMN1 and UMN2), which generally tend to be useful for discriminating between oils of PM

levels ranging from 0 to 7 [24]. For this, eleven compound classes were established, which in increasing

order of resistance to biodegradation are short-chain n-alkanes, C15+ n-alkanes, isoprenoid alkanes,

alkyltoluenes, C0–1-naphthalenes, C2-naphthalenes, C3-naphthalenes, methyldibenzothiophenes



Energies 2020, 13, 5615 11 of 20

(MDBT), C4-naphthalenes, phenanthrene series, and steranes. UMN2 was used to define the Manco

level of degradation. Firstly, the ion chromatograms of these compound classes were visually examined

to assign a score to each compound category, based on how much degradation they had suffered

(between 0–4; representing imperceptibly, slightly, moderately, heavily, and fully degraded components,

respectively). Then, each compound class score was achieved when multiplying the respective Manco

score by 5 raised to a number ranging between 0 and 10 in increasing resistance-to-biodegradation

order. The summation of the compound class scores is the UMN1 value [24]. The UMN2 number

(between 0–1000) is assigned a value of 0 if UMN1 equals 0, or otherwise is calculated as one plus 999

(the scale maximum minus one) multiplied by the quotient between the log (base 5) of UMN1 and

11 (the number of compound classes). The oil samples have UMN2 values of about 909, with very

little variation. This is interpreted as reflecting information only of the paleobiodegraded phase of

the mixed sampled oils, as both the UMN1 and UMN2 numbers are mainly controlled by the score

of the most recalcitrant compound class (regular steranes in the oils analyzed) that are affected by

microbial degradation.

Figure 8. The m/z 105 + 198 ion chromatograms of the aromatic fraction for TJ-1323 (a) and R-311

(b) oils showing methyldibenzothiophene and alkyltoluene distributions; (c) representative m/z

231 ion fragmentogram of the aromatic fraction of the R-311 oil showing the triaromatic steroidal

hydrocarbon distribution.

4.4. Thermal Maturity

Molecular maturation indicators for aromatic and saturated hydrocarbons of the oil samples

are shown in Table 4. Nevertheless, given the aforementioned mixing of oil charges, these indices

(excluding the methylphenanthrene ratio) are applied cautiously [45].
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Table 4. Maturity-related molecular ratios of aromatic and saturated fractions in oils analyzed.

Sample %20S %ββ Rc1 TA Rc2 MPR Rc33 MPI-1 Rc4

R-070 55 58 0.78 0.29 0.75 1.11 0.98 0.75 0.85

R-278 57 56 0.76 0.27 0.74 1.15 1.00 0.76 0.85

R-285 56 59 0.79 0.28 0.74 1.20 1.02 0.76 0.85

R-300 57 59 0.79 0.26 0.73 1.14 0.99 0.79 0.87

R-302 55 57 0.77 0.26 0.73 1.17 1.01 0.79 0.87

R-311 56 57 0.77 0.27 0.74 1.24 1.03 0.78 0.87

R-319 58 56 0.76 0.28 0.74 1.22 1.02 0.75 0.85

R-331 56 58 0.78 0.29 0.75 1.14 0.99 0.82 0.89

R-385 58 59 0.79 0.27 0.74 1.13 0.99 0.80 0.88

R-416 56 57 0.76 0.28 0.74 1.15 1.00 0.76 0.85

R-425 58 57 0.76 0.27 0.74 1.18 1.01 0.77 0.86

R-445 57 58 0.78 0.29 0.75 1.16 1.00 0.75 0.85

R-453 56 56 0.76 0.26 0.73 1.21 1.02 0.81 0.88

R-502 57 57 0.77 0.25 0.72 1.19 1.01 0.77 0.86

R-566 56 58 0.78 0.28 0.74 1.12 0.99 0.78 0.87

R-706 55 57 0.77 0.29 0.75 1.16 1.01 0.80 0.88

R-778 56 59 0.79 0.27 0.74 1.15 1.00 0.75 0.85

TJ-1323 48 52 0.70 - - 1.17 1.01 1.07 1.05

TJ-567 49 51 0.70 0.27 0.74 1.16 1.01 0.80 0.88

TJ-872 48 52 0.70 - - 1.23 1.03 1.08 1.05

TJ-465 48 52 0.70 0.29 0.75 1.12 0.99 0.83 0.90

LL-3597 49 53 0.71 0.28 0.74 1.27 1.04 0.78 0.87

PB-686 48 52 0.70 0.28 0.74 1.21 1.02 0.79 0.87

PB-689 48 52 0.70 0.25 0.72 1.18 1.01 0.81 0.89

PB-254 48 51 0.69 0.28 0.74 1.15 1.00 0.76 0.85

PB-605 49 53 0.71 0.26 0.73 1.20 1.02 0.79 0.87

TJ-284 48 52 0.70 0.26 0.73 1.17 1.01 0.77 0.86

LL-3530 52 54 0.76 0.28 0.74 1.25 1.04 0.86 0.91

LL-1187 52 55 0.76 0.25 0.72 1.16 1.01 0.87 0.92

LL-3595 51 54 0.75 0.27 0.74 1.10 0.98 0.85 0.91

Notes: %ββ = ratio(%) of C29 isosteranes (20S + 20R) to sitostanes (20S + 20R); %Rc1 = 0.3333 + 0.00487·%20S;
%20S = 5α,14α,17α(H)-sitostane 20S and 20R ratio(%); TA = C20+21 counterparts to C20+21 plus C26+27+28

triaromatic steroidal ratio; %Rc2 calculated from the TA ratio in accordance with Mackenzie [57];
MPI-1 = 1.5·(2-MP + 3-MP)/(P + 1-MP + 9-MP); Rc4 = 0.4 + 0.6·MPI-1 when %Rc4 ranges from 0.65 to 1.35% [58];
MPR = 2-MP/1-MP; and vitrinite reflectance based on the MPR ratio (0.94 + 0.99·log·MPR) [59].

Sterane isomerization parameters (%ββ and %20S) have been interpreted to rise, respectively,

from 0–0.5 to 0.7 and 0 to 0.55 with thermal maturity increasing [57]. The oil samples showed %ββ and

%20S values of 51–59% and 48–58% (Table 4), which could be coherent with a maturity level equivalent

to the beginning of the peak oil generation [50]. The characteristic triaromatic steroid hydrocarbon

peaks (see Figure 8c) were observed and close values of the triaromatic steroidal ratio for the oils

analyzed (0.25–0.39; Table 4) were determined in all the oil samples, which would suggest maturation

levels on the onset of oil generation [57]. Two methylphenanthrene-based ratios were calculated as well.
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Regarding the methylphenanthrene ratio (MPR or ratio of 2- to 1-isomer), considered as a practical

indicator of maturity level for marine organic material at vitrinite reflectances beyond 0.9% [59,60],

the sampled oils showed very similar MPR values ranging from 1.1 to 1.27 (Table 4). This would

denote a maturation level equivalent to about 1% after the peak oil generation. The fact that maturation

levels obtained from the MPR ratio are similar, is interpreted here as reflecting the high susceptibility

to biodegradation of 1- and 2-methylphenanthrene in comparison with the 3- and 9-isomers [61],

thus the latter compounds would have been removed from the early biodegraded oil charge (Paleogene)

before the presence of the 25-norhopanes [53]. Therefore, the MPR ratio (with equivalent vitrinite

reflectance values of ~1%) assesses the maturity level of the late generation oil pulse (post-Oligocene).

Instead, the MPI-1 index [58,62] shows differences between the oils analyzed; most samples, except for

TJ-872 and TJ-1323, have MPI-1 values in the 0.75–0.87 range and, consequently, calculated vitrinite

reflectances ranging between 0.85 and 0.92%. MPI-1 values denote maturation levels lower than that

of the Neogene-Quaternary oil charge. This feature agrees with the predominance of the 9-MP over

their most susceptible methylphenanthrene homologues in the paleobiodegraded liquid [54]. As for

the TJ-872 and TJ-1323 oils, which have the highest MPI-1 values (1.07–1.08) with maturation levels

equivalent to 1.05%, it is assumed that these two samples may represent a dominant contribution of

the Late Neogene oil charge. The dominance of 2-methylnaphthalene over its isomer in TJ-872 and

TJ-1323 samples is typical of mature oils (Figure 7c,d; [63]), although the 2-methylated homologue is

more susceptible to biodegradation [53]. Another feature of the considerable thermal maturity is the

high abundance of pregnanes relative to C27–C29 regular steranes [45].

4.5. Precursor Organic Material and Depositional Conditions

Several molecular parameters have been established to determine the type of organic material

and some features of the paleoenvironment. The n-paraffin patterns for various oil samples were

nearly identical among them, unimodal with maximum peaks from n-C16 to n-C18 (see Figure 4a),

and characteristic of marine algal precursor organic matter [45]. Pristane/phytane (Pr/Ph) values

range from 0.61 to 0.84 (Table 3), suggesting a precursor organic material that was deposited in anoxic

conditions [43]. The Pr/Ph ratio might be biased by thermal maturation and other processes (e.g., [64]),

but it may be used here to denote the depositional setting. For all the samples, Ph/n-C18 and Pr/n-C17

values (Table 3) agree with marine type-II organic matter (Hunt, 1996). Relatively high Ph/n-C18 and

Pr/n-C17 (≥0.5) values may also indicate little biodegradation [45]. DBT/P values are lower than one in

all the oil samples. When combined with total sulfur contents (St; [65]), in all the samples (except TJ-872

and TJ-1323 oils) marine carbonate/mixed marine settings would be inferred. Instead, the integration

of the Pr/Ph and DBT/P ratios is not compatible with a marine carbonate sedimentary environment [65].

This apparent contradiction might be explained by water-washing of notably polar aromatic DBT [11].

In any case, it is assumed that all of the parameters obtained from C15+ n-alkanes, Pr, Ph, P, and DBT

would only give information on the late oil charge, as these compounds would have been partially or

fully removed from the earlier oil during paleobiodegradation [23,53].

Sampled oils presented similar sterane and triterpane distributions (Figures 5 and 6). Any m/z

191 ion chromatogram of the saturated hydrocarbons shows abundant cheilanthanes and a high

quantity of C23 cheilanthane when compared to the C24 and other counterparts (Table 3), suggesting a

precursor organic matter deposited in a marine setting [45]. High amounts of tricyclopolyprenanes

could be explained by a high maturation of the late charge [66] and by the extent of alteration suffered

by the paleobiodegraded hydrocarbon liquid [23]. Table 3 shows C26/C25 cheillantane values below

unity, C29/C30 hopane and C31R/C30 hopane ratios >0.8 and >0.3, as well as values of 17a(H)-22,29,30

trisnorhopane/18a(H)-22,29,30 trisnorneohopane (Ts/Tm) < 1, which might indicate that these oils were

generated from marine carbonate facies deposited under low-oxygen conditions [67–69]. Moreover,

a typical m/z 217 ion chromatogram of the saturated hydrocarbons shows the predominance of C27

regular steranes with respect to the C29 and C28 homologues, as generally occurs in oil formed from
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marine sources [68]. A predominantly carbonate source facies for the mixed oils under study is also

revealed by low values (<0.26; see Table 3) of the quotient between diasteranes and regular steranes [70].

Regarding the methylated dibenzothiophenes, none of the oil samples presented the typical

carbonate lithology distribution pattern (i.e., the coeluting 2- and 3-methyl isomers being the lowest [65].

Most samples exhibited a distribution pattern characterized by 4 > 2 + 3 > 1 (see Figure 8b). Instead,

TJ-872 and TJ-1323 oils showed the common pattern for the MDBT homologues that corresponds

to the siliciclastic lithology (4 > 2 + 3 > 1; see Figure 8a). These two oils also showed Ts/Tm values

appreciably higher than most other samples (Table 3), which may also be suggestive of a more clayey

source facies [69]. It is possible that these two MDBT patterns reflect a lateral change in La Luna

lithology [12]; nonetheless, other explanations such as different biodegradation pathways (e.g., [16])

or selective water washing cannot be totally ruled out [11].

4.6. Geochemical Correlations

A multivariate clustering analysis was carried out based on 10 source-related biological marker

parameters (24/23T, Ts/Tm, Pr/Ph, 26/25T, 29/30H, 31R/30H, %27ST, DBT/P, %29ST, and diasterane

ratio), following the Ward’s algorithm [71]. The Euclidean distance was used to measure divergence

since the variance between clusters is maximized while the variance between members of the same

cluster is minimized [72]. The resulting dendrogram plot is shown in Figure 9. A single genetic oil

type is corroborated by the agglomerative cluster analysis using the proximity procedure, but samples

can be grouped into two populations: TJ-872, TJ-1323, and the three oils from the Misoa B7 reservoir

on one hand and the remaining samples on the other.

Figure 9. Dendrogram showing the clustering of sampled crude oils.

Classical biomarker distributions (e.g., steranes and triterpanes) and carbon isotope data from the

oil samples have been compared to previously reported data from La Luna rock extracts in the eastern

edge of Lake Maracaibo [1,15]. Mixed sampled oils correlate well with the marine organic material of

the La Luna source rocks. Combination of all data suggests that the mixed oils under study comprise

a pre-existing paleobiodegraded petroleum charge, which originated from a first carbonate organic

facies of the La Luna Formation, while a fresh post-Oligocene charge sourced from a second more

argillaceous and terrigenously derived source facies of the same Upper Cretaceous unit deposited

under slightly less oxygen-depleted conditions [12,14]. In this context, the portion of the distinct

petroleum charges could explain the differences between the two oil populations and among samples

within each of the populations. Such variations are consistent with the different values of the quotient

25-norhopane/30-norhopane [21] for the samples from the Misoa B7 reservoir (<0.15) and those from

the Icotea, La Rosa, and Lagunillas intervals (0.2–0.3).



Energies 2020, 13, 5615 15 of 20

Quantitative extended diamondoid analysis may be used for oil-source rock and oil–oil correlations

because almost all source rock extracts and oils contain higher diamondoids, despite thermal maturity

or microbial degradation (e.g., [39,73]). QEDA fingerprints from eight extended diamondoids [42]

and triamantane were examined in two representative oil samples (Figure 10). TJ-1323 and R-706 oils

were clearly differentiated by QEDA. As shown in Figure 10, the main difference between the QEDA

fingerprints of both oil samples occurs in the relationship between P4 and H1 (it drops off for the

R-706 oil, but H1 is more abundant than P4 in TJ-1323). However, in general, R-706 showed starkly

higher relative concentrations of higher polymantanes than TJ-1323, which agrees with the notion that

terrigenously derived sources yield lower quantities of diamondoids than marine facies at similar

maturation levels [74].

Figure 10. QEDA fingerprints corresponding to TJ-1323 (in red color) and R-706 (in blue color) oils

(indicated by continuous lines), and respective hydrous pyrolysates originating from asphaltenic

fraction (dash lines). Note: quantities of higher diamondoids are relative to that of triamantane, which

is set at one [42].

Comparison of QEDA fingerprints between TJ-1323 and R-706 (saturates) and the respective

asphaltene hydrous pyrolysates denoted variances between fingerprints for saturated hydrocarbons of

each selected oil sample and its corresponding asphaltene hydrous pyrolysate (Figure 10), indicating

that both representative oils consist of mixtures of the almost purely marine carbonate-sourced and

more siliciclastic-sourced La Luna oil-types in distinct proportions.

5. Conclusions

The oils analyzed from two fields in the Bolivar Coastal Complex were generated from the same

source facies (Upper Cretaceous marine La Luna source rocks deposited in low-oxygen settings),

but they are the result of mixing two different petroleum charges, which have been subjected to

distinct alteration processes: a biodegraded oil charge during Eocene-Oligocene times and a more

mature refreshing during Miocene-Recent times. Biological marker data suggest that the first charge

sourced from the La Luna “limestone-rich” facies, while the second pulse originated from the more

terrigenously derived “shale-rich” facies of the same Upper Cretaceous formation deposited under

slightly less oxygen-depleted conditions. Among our set of oils belonging to the same genetic type,

two populations of samples are identified, reflecting different mixing proportions of such organic facies.

Abnormal biodegradation patterns observed in oil samples would be likely the result of adding

an unaltered oil charge to a previously degraded hydrocarbon liquid. Variance in the PM levels of

alteration within the sampled oils would be explicated by factors such as microbial associations and/or

reservoir temperature. Variation in the extent of biodegradation suggests that only the Tía Juana Lago

field can produce oil from the deepest reservoirs (Misoa B6/B7) by primary recovery, in contrast with

the Cabimas area producing from shallower reservoirs. Lastly, almost identical UMN2 values in the

mixed oil samples describe only the extent of alteration of the paleobiodegraded phase.
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Appendix A

Table A1. Main biomarkers observed in the fragmentograms.

1 C21-tricyclopolyprenane 29 17α(H), 21β(H)-29-Bishomohopane 22R

2 C23-tricyclopolyprenane 30 17α(H), 21β(H)-29-Trishomohopane 22S

3 C24-tricyclopolyprenane 31 17α(H), 21β(H)-29-Trishomohopane 22R

4 C25-tricyclopolyprenane 17R + 17S 32 17α(H), 21β(H)-29-Tetrahomohopane 22S

5 C26-tricyclopolyprenane 17R 33 17α(H),21β(H)-29-Tetrahomohopane 22R

6 C24-tricyclopolyprenane 34 17α(H),21β(H)-29-Pentahomohopane 22S

7 C26-tricyclopolyprenane 17S 35 17α(H),21β(H)-29-Pentahomohopane 22R

8 C28-tricyclopolyprenane 17R 36 13β(H),17α(H)-Diacholestane 20S

9 C28-tricyclopolyprenane 17S 37 13β(H),17α(H)-Diacholestane 20R

10 C29-tricyclopolyprenane 17R 38 5α(H),14α(H),17α(H)-Cholestane 20S *

11 C29-tricyclopolyprenane 17S 39 5α(H),14β(H),17β(H)-Cholestane 20R *

12 18α(H)-22,29,30-Trisnorneohopane 40 5α(H),14 β(H),17β(H)-Cholestane 20S

13 C30-Tricyclic terpane 17R 41 5α(H),14α(H),17α(H)-Cholestane 20R

14 17α(H)-22,29,30-Trisnorhopane 42 5α(H),14α(H),17α(H)-Ergostane 20S

15 C30-Tricyclic terpane 17S 43 5α(H),14β(H),17β(H)-Ergostane 20R *

16 18α(H)-24,28-Bisnoroleanane 44 5α(H),14β(H),17β(H)-Ergostane 20S

17 17α(H),21β(H)-30-Norhopane 45 5α(H),14α(H),17α(H)-Ergostane 20R

18 18α(H)-30-Norneohopane 46 5α(H),14α(H),17α(H)-Stigmastane 20S

19 18α(H)-28-Noroleanane 47 5α(H),14β(H),17β(H)-Stigmastane 20R

20 17β(H),21α(H)-30-Normoretane 48 5α(H),14β(H),17β(H)-Stigmastane 20S

21 18α(H)-Oleanane 49 5α(H),14α(H),17α(H)-Stigmastane 20R

22 17α(H),21β(H)-Hopane 50 20-triaromatic steroid

23 17β(H),21α(H)-Moretane 51 21-triaromatic steroid

24 17α(H),21β(H)-29-Homohopane 22S 52 26-triaromatic steroid 20S

25 17α(H),21β(H)-29-Homohopane 22R 53 26 (20R) + 27 (20S)-triaromatic steroid *

26 Gammacerane 54 28-triaromatic steroid 20S

27 17β(H),21α(H)-29-Homomoretane 22S + 22R 55 27-triaromatic steroid 20R

28 17α(H),21β(H)-29-Bishomohopane 22S 56 28-triaromatic steroid 20R

* Peak coelution.
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