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SUPPLEMENTARY INFORMATION 

FURTHER GEOLOGICAL BACKGROUND 

 In terms of sequence stratigraphy, three out of six mixed carbonate/clastic ‘glacio- 

eustatic: sequences that have been recognized within the Cogollo Group (for example 

Vahrenkamp and others, 1993) are within the Apón Formation; with three others pertaining to 

the overlying Lisure and Maraca formations. During relative sea level rises, the shallow marine 

environments were sites for the deposition of grainstone/rudstone interbar deposits. By contrast, 

the high sea level progradational cycles produced extended low-energy restricted shallow-marine 

environments, represented by lagoonal sediments rich in organic matter (Bartok and others, 

1981; Vahrenkamp and others, 1993). Within these facies, miliolid-rich foraminiferal 

wackestones and dolomitic shales represent restricted lagoonal and tidal flat settings (Bartok and 

others, 1981). An alternative view is that the carbonate ramp may also have been episodically 

affected by drowning, such that, in previously shallow-water areas, black shales rest on 

condensed basal transgressive lags or unconformities, which in turn, rest on shallow-water facies 

(Perez-Infante, 1996).  

 Although the lithofacies comprising the Apón Formation are generally thought to 

represent sedimentation in a humid climate zone (Vahrenkamp and others, 1993), by the time of 

deposition of the Guáimaros Member, the ramp would have been affected by a more complex 

and dynamic climatic regime: 

i) When present, the impoverished faunal assemblage of the Guáimaros Shale consists of small- 

sized individuals (see Ford and Houbolt, 1963), suggestive of conditions not suitable for the 

colonization of stenohaline species.  



ii) The presence of Weichselia sp. plant fragments (Renz, 1982, and references therein) — a 

xerophytic fossil of a fern – like angiosperm common in Aptian to Albian sedimentary 

successions of South America (Edwards, 1933). This is often interpreted as inhabiting coastal 

mudflats (for example Smith and others, 2001; Schweitzer and others, 2003), but would rather be 

representative of semi – arid climate regimes (see Sender and others, 2005 for details). 

Weichselia sp. would therefore, be a record of heterogeneities in the paleolittoral system that 

resulted in the colonization of the coastal zone by mangrove-like vegetation (Lacovara and 

others, 2000, 2003).  

iii) The cryptomicrobial primary sedimentary features of Guáimaros lithology sensu stricto and 

the Guáimaros – like microfacies, includes crinkled laminar textures and is rarely bioturbated 

(Bartok and others, 1981), which suggests that its organic content (>1.1, up to 5.0 wt. % TOC) 

would have partially resulted from the cyclic burial of microbial mats (for example Mazzullo and 

Friedman, 1977). 
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DETAILED METHODS 
Mineralogical and Textural Features 

The mineralogical and textural features were analyzed via standard petrography, and 

Scanning Electron Microscopy (SEM) coupled to Electron Dispersive Spectrometry (EDS). 

Other analyses included X ray Diffraction (XRD) to evaluate the mineralogy of the clay 

fraction, and Electron Probe Microanalyses to assess minor variations in the Mg:Ca ratio of 

dolomite crystals. 

SEM-EDS.— SEM observations were performed on a JEOL JSM-6301FXV that has an 

attached Norvar energy dispersive spectrometer system (PGT). Most photomicrographs were 

taken at 5 kV, but some involving complementary EDS were conducted at 20 kV. A constant 

working distance of 15 mm was used throughout our SEM-EDS analyses. Some samples were 

treated with 10 s immersion in 10% HCl, in order to reveal microtextural features resulting from 

the preferential dissolution of high Ca – dolomite (> 55 mol % CaCO3; Jones and others, 2001). 

Clay mineralogy.— The <0.2 µm fraction of the clays were characterized via XRD by 

Bernabe Aguado at the Venezuelan Institute of Petroleum Technology (INTEVEP). Chemical 

pre-treatments performed prior to analysis included acetate buffer reaction to remove the 

carbonate fraction; organic matter removal via H2O2 reaction at 80°C; immersion into a sodium 

chloride, acetone, and methanol solution, to remove the amorphous organic fraction; and 

removal of iron oxides via dithionite. Oriented preparations were made by centrifugation 

followed by pressing the dried preparation upside down against absorbent paper, with one 

subsample previously wetted with ethylene glycol. The composites remained overnight in this 



position. XRD patterns were recorded from 2 to 35 (2θ) degrees using Ni-filtered Cu_Kα 

radiation. Slits were selected so that the X ray beam divergence was less than the sample 

length. The patterns were collected automatically by step-scanning at 0.02° (2θ) intervals using 

a 1 s counting time per step. Quantitative analyses of the samples were determined by comparing 

the air – dried and glycol – solvated patterns (Moore and Reynolds, 1989).  

EPMA.— The major element distribution of the dolomite crystals comprising three 

representative samples was determined using Wavelength Dispersive Spectroscopy (WDS) in a 

JEOL JXA-8900 instrument operated at 15 kV accelerating voltage, focused beam diameter 

and an average current of 10 nA. WDS analyses were achieved by setting count times of 20 s on 

each peak and half the peak count time on each background. Detection limits (3σ) from the 

average of three analyses are ~250 ppm for both MgO and CaO oxides. A combination of natural 

minerals was used to reduce counts to weight percent concentrations using the CITZAF method, 

with matrix corrections as implemented by P. Carpenter (Caltech, 1993). The mineral crystals 

used as primary standards were Eugi (Spain) dolomite (MgO), and Big Horn (MO, USA) calcite 

(CaO). 

Biomarkers 

Microablation.— Samples were processed according to the micro – ablation technique 

described by Jarrett and others (2013). Laboratory blanks contained near-zero background levels, 

signifying that hydrocarbons detected in the samples are not cross contamination or instrumental 

contamination during experimental procedures. 

Extraction and fractionation of extractable organic matter.— Bitumen was extracted 

from 3 – 8 g of rock powder using an Automated Solvent Extractor (ASE 200, Dionex) with 

dichloromethane and methanol (9:1 v/ v) as solvents. Instrumental settings were as following: 

preheat 2 min, heat 5 min, static 2 min, flush 100%, purge 30 s, 5 cycles, 1000 PSI and 100 °C. 

The extracts were reduced in volume (< 1 ml) under a stream of purified nitrogen gas and then 

left to evaporate at room temperature. 

Extractable organic matter (1 mg) was placed onto a dry-packed silica (annealed at 

250°C/9h, grade 60, 70 – 230 mesh, ThermoFisher Scientific) column (4 mm internal diameter) 

and was air dried overnight. Extracts were separated by column chromatography into saturated, 



aromatic, and polar fractions. Saturated hydrocarbons were eluted with 1.5 dead volumes (DV) 

n-hexane, aromatic hydrocarbons with 2 DV n-hexane:dichloromethane (4:1 v/v) and polar 

compounds with 2.5 DV dichloromethane: methanol (1:1 v/v). Fractions were air-dried. 

Elemental sulfur was removed from the saturated fractions by filtration over freshly precipitated 

elemental copper (Brocks and others, 2005). 

Gas chromatography – mass spectrometry (GC – MS).— Molecular components of 

saturated and aromatic hydrocarbon fractions were identified by a GC-MS system, consisting 

of a Waters AutoSpec Premier double – sector mass spectrometer interfaced with a 6890 GC 

(Agilent), fitted with a DB – 5MS capillary column (60 m length, 0.25 mm internal diameter, 

0.25 µm film thickness (J&W Scientific). Helium was used as the carrier gas at a constant flow 

of 1 ml/min. Samples were initially injected in split-less mode into a Gerstel PTV injector at a 

temperature of 60 °C, held for 0.1 min and then heated at 260 °C/min to 300 °C. For any run, the 

GC oven was programmed at 60 ⁰C (4 min), heated to 315 °C at 4 °C/ min, with a final hold time 

of 22 to 52 min. The MS source was operated at 260 °C in EI+ mode at 70 eV ionization energy 

and with 8000 V acceleration voltage. Saturated and aromatic fractions were analysed in full 

scan mode over a mass range of 55 – 600 Da, with a scan duration of 0.7 s and interscan delay of 

0.2 s. Saturated fractions were further analysed by multiple reaction monitoring (MRM) with a 

total cycle time of ~1.2 s for function 1 (~1.1 s cycle time, 0.1 s delay) and ~1.5 s for 

function (~1.4 s cycle time, 0.1 s inter-scan delay) for 42 transitions in total. Aromatic 

hydrocarbons were further analysed by selected ion recording (SIR) under magnet control with a 

total cycle time of ~0.85 s (0.75 s cycle time, 0.1 s inter – scan delay) for thirteen ions. All 

samples were injected in hexane to avoid deterioration of chromatographic signals due to the 

build – up of FeCl2 in the ion source (see Brocks and Hope, 2014). 

Peak identification and quantification.— Isoprenoid and aryl isoprenoid derivatives were 

identified by comparing spectra, elution times and patterns with laboratory reference material 

(Brocks and Summons, 2003; Brocks and others, 2005). 

Statistical Analyses.—A Shapiro-Wilk’s test of normality was used to determine whether 

our environmental parameters follow a normal distribution. The parameters were then scaled for 

ordination in commensurable units, and analyzed using principal component analysis (PCA), 

with the correlation matrix that resulted from a Spearman correlation test as input data. PCA or 



eigenvector analysis simplifies complex n-dimensional data, where n is the number of variables, 

by transforming the original variables into a new set of variables. Thus, the objective of the PCA 

was to reduce the dimensionality of our geochemical data to a few eigenvectors that best explain 

the variation in the data. The relationships between samples are not changed by this 

transformation. The parameters were categorized using the first principal component, PC1. All 

correlation coefficients defining our categories are normally distributed and had a significance 

level of P < 0.05.  Other variables that do not seem to follow a normal distribution, that is their 

computed p-value is lower than the significance level α = 0.05 in the normality test (for example 

%C28, %C30, 28,30BNH, Pr/Ph, Pr/Pr*, [Mo], Hf and Ta), were also scaled and incorporated in 

the PCA. The incorporation of such non-normally distributed parameters in the PCA does not 

produce any significant change in the PC clustering, and the “risk” to consider them normally 

distributed is lower than 3.8% in all cases, and lower than 0.5% for Pr/Ph and the inorganic 

parameters.  

General notes.— The biomarker analyses were conducted at the Australian National 

University following rigorous protocols to exclude anthropogenic hydrocarbon contaminants that 

commonly taint drill core material (Jarrett and others, 2013). Because this study focuses in a 

specific microfacies, a stratigraphical analysis was not attempted but only the variability and 

correlation of parameters between samples were assessed in order to determine the 

environmental control(s) governing their deposition.  

Major, Minor and Trace Element Analyses 

Bulk analyses.— Bulk samples were first ground with an agate mortar and pestle. The 

homogenized ground powder was used for all subsequent bulk geochemical analyses conducted 

at the University of Alberta. For major, minor and trace element analyses bulk rock minor and 

trace elements were determined after digestion with a 4:1 mixture of hydrofluoric and nitric 

acids. The samples were digested in a platinum crucible with a solution of concentrated HNO3 (2 

mL) and HF (8 mL) to near dryness; subsequently a second addition of concentrated HCl (5 mL) 

and HNO3 (5 mL) was made and again the mixture was evaporated to near dryness. The residue 

was then dissolved in 10 mL of 8 N HNO3 and diluted to ~20 mL with 8.8 mL ultrapure water, 

0.1 mL HNO3. A 0.1 mL of a Br, In, and Sc spike was added. Samples were then analyzed on an 

Perken Elmer Elan6000 Inductively Coupled Plasma Quadrupole Mass Spectrometry (ICPQ-MS) 



device, and instrument operating conditions are as follows: RF power = 1200 W; dual detector 

mode; blank subtraction performed subsequent to internal standard correction; unit of 

measurement is cps (counts per second); auto lens on; use of 4-point calibration curves (0, 0.25, 

0.50, and 1.00 ppm for Ca, Mg, and Fe; 0.005, 0.010, and 0.020 ppm for the remaining 

elements); sample uptake rate (using a peristaltic pump) was ~1 mL; sample analysis consisted 

of 35 sweeps/reading, 1 reading/replicate and 3 replicates; dwell times were 10 ms for Al, Mn, 

and U, and 20 ms for the remaining elements; total integration times (dwell time x number of 

sweeps) were 350 ms for Al, Mn, and U, and 700 ms for the remaining elements (table 1). 

External reproducibility, based on repeated analysis of international whole rock standard 

(Granodiorite, Silver Plume, Colorado, GSP-2) is 5 – 10% (2σ  level) for most elements. None 

of the reported minor element values were corrected for non – lattice bound metal contamination, 

which would have required pore water measurements (Staudt and others, 1993). However, for 

some metals a comparison of bulk rock vs. intracrystalline concentrations, elements measured 

using laser ablation ICPQ-MS (see below), were used for that purpose.  

The total organic carbon (TOC) values were determined in carbonate – free samples 

using a combustion – infrared absorption method at a LECO CS-244 analyzer, and are 

composed of pyrolyzable carbon and additional CO and CO2 groups released during oxidation of 

the residual organic carbon. 

The normalization – values to evaluate transition metal concentrations are from 

Wedepohl, (1978). However, to facilitate comparison of rare earth elements (REE) patterns for 

different samples, the abundances of the individual REE were divided by the abundances in 

average post-Archean Shales (PAAS), with “SN” standing for PAAS-normalized 

concentrations (Nance and Taylor, 1976). We focused mostly on the geochemistry of the redox – 

sensitive element cerium, and its neighbor elements La and Pr, but the ratio of heavy (HREE) vs. 

light (LREE) rare earths, Er/Nd, was also evaluated, as it offers a useful criterion to infer early 

diagenetic chemical changes likely to be caused by differential rates of siliciclastic input. 

The Ce anomaly was determined by evaluating the Pr/Pr* ratio of unity, where (Pr*= 

0.5Ce + 0.5Nd)SN. This calculation prevents biases caused by the occurrence of positive La 

anomalies in seawater – derived precipitates, which may result in an apparent Ce anomaly (for 

example, de Baar and others, 1991). The significance of the Ce anomaly, as an indicator of 



anoxicity, was further assessed by applying an alternative criteria, developed by de Baar and 

others (1988), which states that only when the expression Ceanom= [3Ce/(2La + Nd)]SN > 1.0 

would precipitation have occurred under anoxic conditions. La was studied by using the 

expression Ce/Ce* and the Y/Ho ratio was used to quantify the extent of detrital input to the 

plasma produced via Laser Ablation Inductively Coupled Plasma Quadrupole Mass 

Spectrometry (see Kamber and Webb, 2004 for details). 

Fe speciation.— Fe speciation analyses were conducted at the University of Leeds. We 

used well – calibrated iron extraction techniques to explore the shallow marine redox conditions 

of deposition, where highly reactive iron (FeHR) represents the iron that may be geochemically 

and biologically active during early sediment diagenesis (Canfield and others, 1992; Poulton and 

others, 2011). A sequential extraction scheme (Poulton and Canfield, 2005) was implemented to 

partition iron into its highly reactive components and its unreactive phases. This scheme 

recognizes a variety of operationally defined iron pools, comprising ferric oxides extracted with 

dithionite (Feox), carbonate-associated Fe extracted with acetate (Fecarb), and magnetite Fe 

extracted with oxalate (Femag). Pyrite Fe (FePy) was determined separately via chromous chloride 

distillation (Canfield and others, 1986). Highly reactive Fe was then calculated as FeHR = FePy + 

Fecarb + Feox + Femag (Poulton and others, 2011). The operational defined ratios from iron 

speciation, FeHR to total Fe (FeHR/FeT; Raiswell and Canfield, 1998) and FePy to FeHR (FePy/FeHR) 

are presented in a cross – plot (after Shen and others, 2002). 

Stable carbon and oxygen isotope analyses.— Prior to analyses, the subsamples were 

treated for 48 hours with H2O2 (30%) to remove residual organic matter, rinsed three times with 

ultrapure water, and dried overnight in a vacuum oven at 30ºC. Stable C – isotope analyses of 

carbonates were performed by immersing whole-rock powders in 100% phosphoric acid while 

under vacuum (McCrea, 1950) and analyzing the released CO2 on a Finnegan MAT 252 mass 

spectrometer. Since the samples investigated did not permit a physical separation of the dolomite 

from the minor amounts of calcite also present in the samples, a chemical separation technique 

was used which allowed CO2 released from calcite and dolomite to be collected separately. This 

method is principally based on the marked difference in the relative rates of reaction between 

dolomite and calcite when treated with phosphoric acid. The carbon and oxygen isotopic data are 



reported with respect to deviation from VPDB (Vienna Pee Dee Belemnite) using the standard 

δ – notation (Craig, 1957; Craig, 1961) 

Sr isotope analyses.— The small dolomite crystal size (average ~80 µm) precluded micro 

sampling of specific zones within crystals, and thus grounded bulk samples were used for isotope 

analyses. The powder samples were digested by using a dilute acid (6N HCl). During the 

measuring period, the NIST 987 standard yielded 0.710250 and the internal precision (‘error’) 

associated with the strontium isotopic analysis was from 0.000016 to 0.000018 (2σ level). The 

radiogenic Sr isotope analyses were performed by Robert A. Creaser at the University of Alberta. 

To provide an estimate of the initial Sr isotope signature of the carbonate fraction, we 

first evaluate to what extent the bulk Sr isotope composition of these rocks correlates with 

indicators of detrital contamination. This was accomplished by assessing the correlation between 

the 87Sr/ 86Sr signature of the samples and K, Zr, and rare earth elements (REEs) (Kamber and 

others, 2004). This test of isotopic integrity allowed us to establish the degree of correlation 

between the 87Sr/ 86Sr isotope ratios and such trace elements, with a high level of correlation 

indicating that the isotope (and trace element) systems remained closed during burial (see 

Kamber and others, 2004 for details). Then the isotope value of an uncontaminated sample can 

be inferred (see Kamber and others, 2004 for details). 

In Situ Analyses 

For the detection and spatial substantiation of subtle crystal – scale chemical differences 

in dolomite crystals, we used a combination of LA-ICPQ-MS and high – resolution photon 

microprobe analyses (see below). Analyses were performed using a Perkin-Elmer Elan6000 

Quadrupole ICPQ – MS coupled to a New Wave UP – 213 laser ablation system. The instrument 

parameters were as follows: RF power 1200 W, peak hopping acquisition, 50 ms dwell time. The 

crystals were ablated (60 µm spot, 15 Hz) in a discrete spot mode at laser fluence on target of ∼4 

J/cm2. Ablation took place in a He atmosphere (850 ml/min continuous He flow) to which both 

Ar (∼450 ml/min) and N2 (6 ml/min) were added downstream of the LA cell. Quantitative results 

were obtained via calibration of relative element sensitivities against the pressed powder 

carbonate standard pellet USGS MACS-3, with [Ca] determined via EPMA as an internal 

standard. Although the complete range of elemental masses certified in the MACS-3 standard 



were measured, here we focus predominately on results for V, Ni, Fe, Mn, Zn, Sr, REE and Y. 

Quantitative elemental analysis provides relative accuracy of better than 8% 

The distribution of trace elements in dolomite crystals was assessed via spatially resolved 

synchrotron-based X ray Fluorescence (µXRF). These analyses were conducted in the photon 

microprobe of the beamline 20ID at the Advanced Photon Source, Argonne National 

Laboratories (APS) in Argonne, IL. The analytical capabilities of this beamline not only allowed 

for an assessment of subtle micrometer-scale variations in the distribution of the first row 

transition metals, but also semi – quantitative analyses of their concentrations over a reduced 

analytical area; a highly desired feature when studying the geochemistry of fine dolomite 

crystals. X rays tuned at 20.96 KeV were focused to a 5 × 6-micron spot using Kirkpatrick- 

Baez mirrors and rastered across an analytical area of a representative sample (UD – 171 16 

245.8’). The resulting fluorescence spectra were measured using a 4 – element Vortex multi – 

element Si drift detector located at 90° to the incident beam in the direction of the polarization. 

The detector was calibrated to ~30 eV per channel. Element – specific maps were then made to 

show hot spots of accumulation (for instance Sr, Y, and Mn enriched zones). A homogenous area 

at the microscale on the USGS’ MACS-3 was used as an external standard. 

Correlation of Discrete Parameters 

A Spearman rank correlation coefficient (Rs) was used as a non-parametric measure of 

the strength and direction of association between any two parameters of interest. Possible 

correlations between multiple biogeochemical parameters were assessed by applying a Principal 

Component Analyses of scored data using XLStat 2014. 
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DETAILS ON BIOMARKERS 

n-alkanes 

n-Alkanes in most samples range from n-C12 to n-C38 and have unimodal (samples 3, 4, 5, 

6, 8, 9, 10), bimodal (1, 2) or trimodal (7) distribution patterns (fig. SI.1; for sample numbers see 

table 1). In samples 2, 5, 6, 7 and 8, a dominance of n-alkanes with odd carbon numbers in the 

range C26 to C34 (CPI26-34 = 1.1 – 1.3) implies that a proportion of organic matter was derived 

from waxes of terrestrial vascular plants (Eglinton and others, 1962; Dembicki and others, 1976). 

An odd-over-even carbon number preference for n-alkanes in the range C15 to C23 (EOP15-23 < 

1.0), which is suggestive of algal or cyanobacterial organic matter input (for example Gelpi and 

others, 1970), is only observed in a single sample. More common is an even carbon number 

preference (table 1) that may be caused by the reduction of fatty acids in reducing environments 

or direct microbial input (Grimalt and Albaigés, 1987). 

Acyclic isoprenoid 

Most samples contain regular (head-to-tail linked) acyclic isoprenoids (i-Cx) with 16 to 

25 carbon atoms (for example fig. SI.2). Pseudohomologues with ≥ C21 carbon atoms are 

probably largely derived from archaea (Illich, 1983; Volkman, 1986), while pseudohomologues 

with C16 to C20 carbon atoms are predominantly regarded as degradation products of the phytol 

side chain of (bacterio)chlorophylls of phototrophic organisms. The acyclic isoprenoids pristane 

(Pr, i-C19) and phytane (Ph, i-C20) are oxidation and reduction products of the phytol side chain 

of chlorophyll, respectively (Powell and McKirdy, 1973).	Thus, the ratio of pristane to phytane 

(Pr/Ph) is a useful parameter to assess redox conditions in the depositional environment (Didyk 

and others, 1978). The Pr/Ph in the Maracaibo shales studied fall into a very broad range 

(Pr/Ph = 0.29 to 3.4, table 1). Peters and others (2005) suggests that high Pr/Ph ratios (> 3.0) 

indicate influx of terrigenous, soil-derived and oxidized organic matter, while low values (< 0.8) 

point to anoxic aqueous environments. Thus, organic matter in the Maracaibo samples appears to 

be of mixed terrestrial and marine origin. 

Other tentatively identified isoprenoids have irregular head-to-head (C32 to C40) and tail-

to-tail (C20, crocetane; C25, 2,6,10,15,19-pentamethylicosane, PMI; C30, squalane) branched 

structures, which are probably largely derived from archaea (Moldowan and Seifert, 1979; 



Rowland, 1990). However, crocetane can also be a degradation product of aromatic carotenoids, 

and squalane precursors occur in organisms from all three domains of life (Maslen and others, 

2009 and references therein). 

Polycyclic terpanes 

Similar to other reports for the mid-Cretaceous (Dumitrescu and Brassell, 2005 and 

references therein), our samples contained 13β(H),14α(H)-tricyclic terpanes in the range C19 to 

C26 (maximum at C23) and a complete homologue series of 17α(H),21β(H)-homopanes with 27 

to 35 carbon atoms (maximum at C30 or C31). Minor components are C29 to C31 βα-hopanes 

(moretanes), 28,30-bisnorhopanes and C29 to C31 diahopanes. Oleanane and bicadinane were also 

detected in trace amounts. These C30 pentacyclic terpanes are diagnostic for higher terrestrial 

plants (Moldowan and others, 1984; Zumberge, 1987.), but their abundance in the dolomitic 

shales is lower than reported in previous studies of the Maracaibo Platform (Alberdi – Genolet 

and López, 2000). 

Gammacerane (γ) is also present in all samples (for example fig. SI.3). This pentacyclic 

terpane is formed in sediments by defunctionalization of tetrahymanol (gammaceran-3β-ol) (Ten 

Haven and others, 1989; Sinninghe-Damsté and others, 1995). Tetrahymanol is found in 

nitrogen-fixing bacteria, purple non-sulfur bacteria, rumen fungus, fern and in heterotrophic 

marine as well as lacustrine ciliates, and occurs ubiquitously in marine sediments (Venkatesan, 

1989). In stratified marine environments, anaerobic ciliates are probably the most significant 

source of tetrahymanol (Sinninghe-Damsté and others, 1995). These organisms thrive at or 

beneath the chemocline in dense populations, causing elevated values of the gammacerane index 

(GI = γ / (γ + C30 αβ-hopane)). In the dolomitic shales from the Maracaibo ramp, values range 

from 1.1 to 18% (table 1). Although cut-off values do not exist, elevated GI ratios (> 5%) are 

commonly interpreted as indicators of water column stratification, which may be associated with 

bottom water hypersalinity and reducing conditions (Ten Haven and others, 1988; Harvey and 

Mcmanus, 1991; Sinninghe-Damsté and others, 1995). 

A high gammacerane index (GI), a measure of the abundance of ciliates, is common in 

stable stratified aquatic ecosystems (Sinninghe-Damsté and others, 1995). In the Maracaibo 

samples, GI is lowered during periods of maximal terrestrial run-off. This observation is 



counterintuitive as the influx of freshwater should intensify the density difference between deep 

and shallow waters and lead to rising GI values (for instance Erbacher and others, 2001). 

Decreasing GI values despite enhanced freshwater influx may have two explanations. Firstly, a 

decline in gammacerane production may be related to famine of ciliate populations. Ciliates 

commonly feed on anoxygenic phototrophs and other dense populations of bacteria that inhabit 

the chemocline within the photic zone. However, elevated terrestrial run-off probably caused 

turbid conditions. Towards the outer to middle ramp setting, it is plausible that the shading effect 

of suspended particles reduced the depth of the photic zone so that the base did not reach into 

anoxic bottom waters. This would have caused diminishing populations of anoxygenic 

phototrophs, thus affecting ciliate communities (fig. 9). Secondly, GI values may be depressed 

during influx of terrestrial organic matter by a dilution effect. GI is defined as the ratio of 

gammacerane over C30 hopane. Thus, simple influx of hopanoid-rich soil material may have 

contributed to declining GI values. However, the very wide range of GI (1.1 to 18.2 %) suggests 

that ecological effects must have played a role as well.  

A complete series of 2α- and 3β-C31 to C36 A-ring methylated hopanes is present, with 

C32 as the most dominant homologue. 2α- and 3β-methylhopane indices (2MHI and 3MHI) 

measure the abundance of C31 methylhopanes relative to the corresponding C30 αβ-hopane 

(MHI = C31 methylhopane / (C31 methylhopane + C30 αβ-hopane)). For the Maracaibo samples, 

2MHI = 2.3 to 6.6% and 3MHI = 1.5 to 7.3% (table 1). The precursor molecule of 2α-

methylhopanes, 2-methylbacteriohopanetetrol, was initially proposed to be exclusively produced 

by photosynthesizing cyanobacteria (Summons and others, 1999). However, recent work argues 

that sedimentary 2-methylhopanes are more typically associated with environmental niches with 

low oxygen levels, and a dominance of nitrogen-fixing organisms thriving within a sessile 

microbial community, such as microbial mats and stromatolites (Ricci and others, 2013). 

Precursors of 3β-methylhopanes are known from microaerophilic methanotrophs (Neunlist and 

Rohmer, 1985) and acetobacteria (Simonin and others, 1994). 

Another compound class detected in the mid-Cretaceous shales are C30 tetracyclic 

polyprenoids (TPP), which are believed to derive from freshwater algae. The ratio of these 

molecules with 27-nor(dia)cholestanes varies between 0.48 and 0.83. Values in this range are 



interpreted as influx of organic matter from freshwater environments into a marine depositional 

system (Holba and others, 2003). 

Steranes 

Steranes and aromatic steroids are abundant in all samples and comprise most of the 

known C26 to C30 pseudohomologues, diasteranes, A-ring methylated steranes, and mono- and 

tri-aromatic steroids (for example fig. SI.3). The ratio between eukaryotic steranes and bacterial 

hopanes (Ster/Hop) fluctuates widely between 0.13 and 1.1 (table 1). Both cholestane (C27) and 

stigmastane (C29) fluctuate widely within a similar range (32 to 45% and 29 to 44%, 

respectively), whereas ergostane (C28) constitutes about 25% in all but one sample. Variations in 

Mesozoic stigmastane (C29) abundances are commonly explained by changing organic matter 

input from terrestrial plants (Grantham and Wakefield, 1988). 24-n-propylcholestane, a C30 

sterane, is a diagnostic marine indicator since the precursor sterols are produced by marine 

foraminifera or marine benthic microalgae of the order Sarcinochrysidales (Huang and 

Meinschein, 1979; Raederstorff and Rohmer, 1984; Volkman, 2003; Grabenstatter and others, 

2013). In the Maracaibo, the abundance of this C30 sterane relative to the sum of C27 to C30 

steranes varies between 1 and 4% (table 1); again implying varying marine organic matter 

contributions.  

Carotenoid derivatives  

We have identified in the saturated hydrocarbon fraction intact C40 carotenoid derivatives 

lycopene, β-carotane and γ-carotane using relative retention time and mass spectra. Fig. SI.4 

shows the corresponding signals in traces of the characteristic molecular ion. The m/z = 125 

trace reveals further unidentified compounds that may represent isomers of γ- and β-carotane. 

Lycopane does co-elute most likely with a C40 isoprenoid, and γ-carotane is co-eluting with C36 

n-alkane.  

Saturated and aromatic carotenoid derivatives are discussed in Appendix B of the main text. 



Other aromatic compounds 

C32 – C35 Benzohopanes and to a lesser extent C31 – C34 aromatic secohopanoids are also 

detected in the aromatic fraction of most of the samples. Dibenzothiophene are also present and 

their concentrations vary from <1 to 33 ppm. 
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SUPPLEMENTARY FIGURES  

 

Fig. SI.1. Saturated hydrocarbons of all analyzed black shales: n-Alkane distributions vary 

between unimodal (2, 3, 4, 5, 6), bimodal (1, 8, 9), and trimodal 7) pattern. Sample 10 has a 

condensate-like appearance. The internal standard co-elutes with n-C24 . n-Cx  = n-alkanes with 

carbon atoms (see table 1 for details on sample number). 

 



 

Fig. SI.2. Regular and irregular acyclic isoprenoids in saturated fractions of sample 8 from the 

Maracaibo ramp: (A) Head-to-tail isoprenoids (i-Cx, x = carbon number) are shown in the m/z 

183 trace. Black circles represent position of n-alkanes (n-Cx, x = carbon number). (B) Irregular 

acyclic isoprenoid are identified by comparison with the reference (gray) (Schinteie, 2011). 

Head-to-head homologue series of acyclic isoprenoids range from 32 to 40 carbon numbers (i-

Cx, x = carbon atoms). 

 



 

Fig. SI.3. MRM transitions showing terpanes and steranes of sample 3 and 4 (see table 1): (A) A 

complete homologue series of 17α(H),21β(H)-hopanes with 27 – 35 carbon atoms was detected 

in MRM M+ →191 transitions, with the regular C30-hopane as the most abundant pentacyclic 

terpane. (B) Gammacerane (γ) is clearly visible in the 412 > 191 transition. (C) Note that 

abundances can strongly vary, for example Tm, Ts and bisnorhopanes. (D) Steranes, detected in 

MRM M+ → 217 transitions, comprise most of the known C26 to C30-pseudohomologues and 

diasteranes. Abbreviations used: R and S are stereoisomers at C22 or C20 of the respective hopane 

or sterane, βα = 17β(H),21α(H)-hopanes = moretanes, Dia = diahopanes, Ts = 18α-22,29,30-

trisnorneohopane, Tm = 17α-22,29,30-trisnorneohopane, 28,30 = 28,30-bisnorhopane, and 29,30 

= 29,30-bisnorhopane. Circles represent diasteranes, triangles symbolize rearranged steranes, and 

stars localize normal steranes. 



 

 

Fig. SI.4. C40 carotenoid derivatives in the saturated fraction of sample 8. Molecules are 

identified by comparison with a reference sample (gray) (Brocks and Schaeffer, 2008). Positions 

of n-alkanes and hopanes are indicated by n-Cx and CxH, respectively, with x = carbon atom 

number. Partial ion chromatograms of lycopane (m/z 125), -carotane (m/z 561) and -carotane 

(m/z 559), the position of these molecules is shown. 

 




