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Abstract

Bulk-geochemical and biomarker (molecular fossil) data were collected for four Cenomanian—Turonian sections in the
Western Interior Basin, USA. The four sections represent a 900 km wide transect across the basin from Kansas to New Mexico.
Rock—Eval and biomarker analyses indicate an east—west thermal maturity trend due to progressive deeper burial associated
with the tectonic flexure of the foreland basin since the Cenonamian—Turonian. At each site the source of extractable organic
matter is dominantly marine with minor terrestrial contribution. The presence of isorenieratene derivatives in samples from
Bunker Hill (KS), Pueblo (CO), and Red Wash (NM) indicates the presence of the green sulfur bacterium Chlorobium in the
water column, and shows that the southern part of the Western Interior Seaway (WIS) experienced events of photic zone anoxia.
At maximum transgression, sedimentary features indicative of water column oxygenation occur within single beds with
geochemical evidence of photic zone anoxia. This is consistent with a scenario in which bottom waters experienced alternating
oxic/dysoxic and anoxic conditions. These so-called ‘intermittent anoxic events’ underline the high variability in redox
conditions in the WIS. The distribution of isorenieratene derivatives shows a dynamic water column structure of the WIS,
and indicates that anoxia was a permanent feature of the transgressive and regressive intervals of the Greenhorn Cyclothem,
rather than at maximum transgression. Hence, the oceanographic circulation is dominated by near field effects inherent to the
seaway, rather than by direct proto-Atlantic elements such as the oceanic anoxic event (OAE). © 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction 1993; Fig. 1), providing a conduit between the sub-
mediterranean Boreal Sea and subtropical water
masses from the proto-Gulf of Mexico and Atlantic

Ocean (Tethys). The WIS resulted from the develop-

High global sea level during the Jurassic and
Cretaceous resulted in the formation of extensive

epeiric seas. The Western Interior Seaway (WIS)
extended approximately 6000 km meridionally over
the central North American continent throughout
most of the Cretaceous (e.g. Kauffman and Caldwell,
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ment of an elongated foreland basin east of the emer-
ging North American Cordillera in conjunction with
the highest global sea levels of Mesozoic times
(Monger, 1993; Kauffman and Caldwell, 1993).
Although the Cretaceous saw the waxing and waning
of several trans-continental seaways in different
climatic settings such as the trans-African- (Reyment,
1980); the trans-Asian-, and the trans-Australian
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Fig. 1. Lithofacies map of the WIS at maximum transgression (early Turonian; adapted from Dean and Arthur, 1998). Numbers indicate
sampling locations: (1) Mueses Canyon, New Mexico; (2) Red Wash, New Mexico; (3) Pueblo, Colorado; (4) Bunker Hill, Kansas.

epeiric seas (Veevers, 1984), all providing relatively
shallow conduits between marine basins, the paleo-
ceanography of these settings is relatively unique.
Compared to its contemporaneous equivalents, the
WIS was by far the most extensive especially during
the Cenomanian—Turonian second order sea level
cycle known as the Greenhorn Cyclothem (Kauffman,
1977). In contrast, Cenozoic and recent marginal
marine and epicontinental settings either have a single
connection to an open marine environment are openly
connected to an oceanic basin (Hay et al., 1993).
There are no modern analogs to the WIS, although
it has been suggested that oceanographic conditions
of this seaway are somewhat similar to large estuarine
systems (Slingerland et al., 1996).

Paleoceanographic circulation in the WIS has been
constrained mostly by paleontologic data (e.g. Cald-
well and Kauffman, 1993 and references therein;
Leckie et al., 1998) and by atmospheric circulation
models (Ericksen and Slingerland, 1990; Slingerland
et al., 1996; Kump and Slingerland, 1999). The upper
Cretaceous marine biota of the Western Interior Basin
are represented by well-preserved, widespread, and
well-studied macro- and micro-faunas (e.g. Kauft-
man, 1973, 1975, 1984; Pratt, 1985; Caldwell and
Kauffman, 1993; Schroder-Adams et al., 1996),
which indicate restricted marine conditions, unchar-
acteristic of open oceanic basins. Two factors are
indicated to account for non-normal marine condi-
tions. The first factor is water column stratification
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throughout a considerable part of the basin’s history
(Kauffman and Sageman, 1990). This gave way to
dysoxic to anoxic bottom-water environments
supporting relatively abundant opportunistic and
low-oxygen-adapted taxa (Sageman et al., 1991;
Mieras et al., 1993; Savrda and Bottjer, 1993). The
second factor inferred from biota is the predominance
of brackish-water conditions for surface waters with
influx of cooler, less-saline waters from the northern
circumpolar ocean (Hay et al., 1993). This inferred
freshwater influence, even in shallower fully oxyge-
nated waters, is reflected in marine biofacies with low
diversity and paucity of typical marine organisms,
such as skeletonized sponges, bryozoans, brachio-
pods, corals, and echinoderms (Sohl, 1967; Kauffman,
1984). However, it is suggested that around the Ceno-
manian—Turonian peak sea-level highstand, warm
subtropical to warm-temperate marine water masses
from the proto-Gulf of Mexico rapidly spread north-
ward into the basin (Eicher and Diner, 1985; Elder,
1985, 1991; Elder and Kirkland, 1985; Bralower,
1988; Kauffman and Caldwell, 1993). Consequently,
a full complement of normal marine foraminiferal
assemblages is associated with these water masses
(Kauffman, 1984; Cobban, 1993).

In contrast, the distribution of planktic and benthic
forarminifera during the Greenhorn Cyclothem led
several authors to suggest an incursion of a Tethyan-
derived oxygen minimum zone (OMZ) into the
seaway around the Cenomanian—Turonian highstand,
impeding the development open marine biota (Frush
and Eicher, 1975; Elder, 1987; Leckie, 1985; Leckie
et al, 1991, 1998). The Cenomanian—Turonian
boundary coincides with an oceanic anoxic event
(OAE) which is expressed globally as a positive
excursion of the stable carbon isotopic composition
of carbonates and organic carbon (Schlanger and
Jenkyns, 1976; Pratt, 1985; Schlanger et al., 1987;
Arthur et al., 1988; Hayes et al., 1989).

Paleoceanographic reconstruction of the WIS is
also based on atmospheric circulation models, but
was limited to the early Turonian (Slingerland et al.,
1996; Kump and Slingerland, 1999). These models
have insufficient temporal and spatial resolution to
capture the variability of observed sedimentary
features (e.g. laminated shale to calcareous shale—
limestone bed couplets). For example, Kump and
Slingerland (1999) concluded that the existing paleo-

ceanographic models for the WIS based on atmo-
spheric circulation “cannot generate the stable water
column condition necessary to generate bottom water
anoxia”. Hence, there exists a noticeable discordance
between paleoceanographic circulation inferences
from paleontologic data and numerical atmosphere—
ocean models, and additional constraints are neces-
sary. This contribution provides new molecular fossil
(biomarker) data from a cross-basinal transect of the
southern WIS, which renders insight on the evolution
of water column conditions. Four Cenomanian—Turo-
nian sections from Kansas (Bunker Hill), Colorado
(Pueblo), and New Mexico (Red Wash and Mueses
Canyon) were studied with a combined approach of
biomarker analyses and bulk-geochemical data, to
deconvolute the thermal history, source, and deposi-
tional environment of organic matter from the Green-
horn Cyclothem of the WIS. Association of
paleontological and sedimentological data to organic
geochemical data helps to resolve the water column
structure and its evolution and, thus, provides new
boundary conditions for paleoceanographic circula-
tion reconstruction. Specifically, we use the distribu-
tion of isorenieratene derivatives to determine
unambiguously the presence of Chlorobiaceae,
photosynthetic green sulfur bacteria, in the environ-
ment of deposition (Summons and Powell, 1986). The
presence of Chlorobiaceae, organisms living in
anoxic waters below the chemocline but within the
photic zone, provides a strong constraint on water
column stratification: anoxic bottom water mass
reaching up into the photic zone (e.g. Sinninghe
Damsté et al., 1993). Therefore, the distribution of
isorenieratene derivatives in the studied sections
helps to resolve the interplay between oxic/dysoxic
and anoxic bottom waters for the WIS.

2. Samples

Four sections of the Greenhorn Cyclothem were
sampled in the Western USA to obtain a representa-
tive cross-basinal transect of the southern WIS around
the Cenomanian—Turonian boundary. Samples were
collected from outcrops at Mueses Canyon and Red
Wash (New Mexico), Pueblo (Colorado), and Bunker
Hill (Kansas; Fig. 1). The samples from Bunker Hill
were collected on the section described by Hattin
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(1975) near the Wilson Reservoir (west line, sec. 18,
T. 13S, R. 12W, Russell County), and on Canyon
Road (north line, sec. 1, T. 13S, R. 15W, Russell
County). The Pueblo samples were collected at the
type section along the Arkansas River in Lake Pueblo
State Park (Pratt, 1985). The Red Wash samples were
collected in the Navajo Reservation at the Four
Corners area near Farmington. The exact location of
the Red Wash section is provided by Curiale
(1994a,b). Mueses Canyon samples comprise silty
shales of the middle Cenomanian Whitewater Arroyo
Shale (Wolfe, 1989).

Figs. 2A, 3A and 4A show schematic stratigraphic
sections at Bunker Hill, KS; Pueblo, CO; and Red
Wash, NM, respectively. The sampled sections
encompass depositional cycles within the second
order eustatic Greenhorn Cyclothem of limestone
and shale beds (Kauffman, 1977; Hancock and
Kauffman, 1979) and include the Graneros Shale
(in KS and CO), the Mancos Shale (in NM), and
the Greenhorn Formation (in KS, CO, and NM).
These sections have been described in detail
previously (e.g. Molenaar, 1977; Hattin, 1965,
1975; Pratt et al., 1985). The transect spans approxi-
mately 900 km. Stratigraphic correlation across the
basin is provided by bentonite marker beds (Elder,
1985 and Elder et al., 1994).

3. Methods

To obtain total organic carbon (TOC) content,
Hydrogen index (HI, mg HC/g TOC), Oxygen Index
(OI, mg CO,/g TOC), Tyax (°C), and carbonate carbon
content, Rock—Eval analyses was performed on 122
samples at Institut Frangais du Pétrole on Rock—Eval/
6, following the method described by Espitalié et al.
(1977) and Lafargue et al. (1997). Finely powdered
sediment samples were Soxhlett extracted with dicho-
lomethane/methanol (7.5:1, v/v) for 72h. Total
extracts were separated by column chromatography
into fractions following the analytical flow diagram
(Fig. 5) adapted from Kenig et al. (1995). Polar frac-
tions were desulfurized using nickel boride following
the method described by Schouten et al. (1993). The
resulting saturated hydrocarbon, aromatic and desul-
furized hydrocarbon fractions were analyzed by gas
chromatography coupled to a flame ionization detec-

tor (GC-FID), and gas chromatography—mass spec-
trometry (GC-MS).

GC-FID was performed using a Hewlett—Packard
5890 series II Plus equipped with a split/splitless
injector operated in splitless mode. A 30m
Hewlett—Packard HP-5MS fused silica capillary
column (0.25 mm id, 0.25 pwm film thickness) was
used with helium as carrier gas. Samples were
injected at 60°C, held for 1.5 min, and the oven
temperature was programmed to 130°C at 20°C/min,
and then at 4°C/min to 315°C, at which it was held for
88 min.

GC-MS was performed on a Hewlett—Packard
6890 gas chromatograph coupled to a Hewlett—Pack-
ard 5973 mass selective detector (MSD) operated in
electron-impact mode at 70 eV, scanning a mass
range of m/z 40—650 at 2.44 scans per second. A
HP-5MS capillary column (30 m X 0.25 mm X
0.25 pm) was used, and the oven temperature
program was identical to the GC-FID method
described above. Helium was used as carrier gas,
and injection was performed in pulsed-splitless mode.

For quantification purposes, 10 nmol of perdeuter-
ated external standards (anthracene and n-eicosane)
per mg of sample fraction were co-injected during
GC-FID and GC-MS analyses. Isorenieratane I
(roman numbers represent structures shown in
Appendix A) was quantified by integration of the
corresponding peak in the summed mass chromato-
grams m/z 133 + m/z 134, and compared with the
peak area of the standard (perdeuterated anthracene)
in the mass chromatogram m/z 188. The major frag-
ment ions of isorenieratane are m/z 133 and 134
(Schaefle et al., 1977; Hartgers et al., 1994), and
thus, the peak area of isorenieratane in the summed
mass chromatogram m/z 133 + m/z 134 is representa-
tive for the concentration of the whole molecule.
Similarly, m/z 188 is the major fragment ion for
perdeuterated anthracene, thus its concentration is
determined by integrating the peak area for that
compound in the mass chromatogram m/z 188. This
method of quantification provides relative, rather than
absolute, concentrations as incomplete fragmentation
and ion-losses within the mass spectrometer are likely
to occur and are not necessarily similar for different
molecules. Hence, the isorenieratane concentration
profiles in Figs. 3C and 4C do not have units.

Odd-over-even-predominance of n-alkanes were
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Fig. 2. Schematic stratigraphic column of the Cenomanian—Turonian outcrop at Bunker Hill, Kansas. (A) & 13C0rg profile (Pratt et al., 1985). (B)
TOC content (TOC, in wt%) profile obtained from Rock—Eval analyses. (C) Relative concentration profile of isorenieratane: solid circles
represent the presence of isorenieratane and aryl-isoprenoids, semi-solid circles represent the presence of aryl-isoprenoids only, and open

circles indicate the absence of isorenieratene derivatives.

determined by calculating a running OEP value based
on peak areas of integrated peaks in the m/z 57 mass
chromatogram of saturated hydrocarbon fractions,
using the following equation (Scalan and Smith,
1970):  OEP, = (C(,_5 + 6C, + C(,12))/(4C(,—y) +
4C .1 1y), where x is the carbon number.

4. Results
4.1. Total organic carbon (TOC) content

TOC profiles of the Bunker Hill, Pueblo, and Red
Wash sections are shown in Figs. 2B, 3B and 4B
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Fig. 3. Schematic stratigraphic column of the Cenomanian—Turonian outcrop at Pueblo, Colorado. (A) & ]3C0,g profile (Pratt et al., 1985). Note
the positive excursion at the C/T boundary. (B) TOC content (TOC, in wt%) profile obtained from Rock—Eval analyses. (C) Relative
concentration profile of isorenieratane: solid circles represent the presence of isorenieratane and aryl-isoprenoids, semi-solid circles represent
the presence of aryl-isoprenoids only, and open circles indicate the absence of isorenieratene derivatives.

respectively. The TOC (wt.%) at Bunker Hill varies
between 0. 1 and 6.4% (n = 54). Shales and calcar-
eous shales usually contain more organic carbon (0.3—
6.4% TOC; n=29) than carbonate rich beds
(CaCO;3 > 65%) which contain between 0.1 and
3.1% TOC (n =125). At Pueblo, the TOC profile
varies between 0.1 and 5.1% for samples with more
than 65% carbonate, and varies between 0.7 and 4.8%
for samples with 65% carbonate content and less. The
Red Wash (RW) samples are organic-matter depleted
with TOC values between 0.1 and 0.7% (average TOC
of 0.5, n = 7; with an average carbonate content of
37.6%). Curiale (1994b) analyzed 63 samples from
Red Wash and determined an average TOC of 0.7%
(=0.5 S.D.). Mueses Canyon samples are the most

organic-matter depleted with TOC content varying
between 0.1 and 0.7% TOC (average TOC of 0.4, n =
6; with an average carbonate content of 4.7%).

At each sampling site, the TOC content profiles are
highly variable but show no clear trends, other than
the lower TOC values for beds with high carbonate
contents. To rule out the potential effect of dilution by
carbonate, TOC values were normalized to the non-
carbonate component of each sample. TOC values
show no significant changes: laminated shales still
have higher TOC on average than limestone beds.
There is a clear decrease in TOC content from east
to west across the WIS. Maximum TOC values are
found at Bunker Hill, whereas minimum TOC values
are found in New Mexico. The observed westward
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decrease in TOC content is accompanied by a west-
ward decrease in the overall carbonate content of the
sections. This is likely related to dilution by increas-
ing terrigenous sediment input from the North Amer-
ican Cordillera to the West of the WIS (Kauffman and
Caldwell, 1993). Consequently, sections that are more
proximal to the paleo-shoreline (Red Wash and
Mueses Canyon) have a higher contribution of terri-
genous sediments to total deposition than sections
with a more distal location (Pueblo and Bunker Hill).

4.2. Hydrogen Index, Oxygen Index, T,

The plot of TOC content vs. Hydrogen index (HI, in
milligram of hydrocarbon produced during pyrolysis
per gram of organic carbon; Fig. 6) shows that the
westward decrease in TOC content is associated by
a decrease in hydrogen richness of the organic matter.
Hydrogen Index is an indicator of the thermal
maturation and/or of the preservation of organic
matter. High values of HI (>500) are representative
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Fig. 5. Analytical flow diagram.

of well-preserved, thermally immature marine organic
matter. The Oxygen Index (OI, in mg of CO,
produced during pyrolysis per gram of organic
carbon) is also obtained by Rock—Eval pyrolysis.
Plots of HI vs. OI can be used as a van Krevelen-
type diagram, in which H/C is plotted against O/C
ratio, and identifies the type of organic matter, its
thermal maturity, and its level of alteration (Fig. 7;
Espitali€ et al., 1977; Tissot and Welte, 1984; Kenig
et al., 1994). Superimposed in Fig. 7 are evolution
lines for the three main organic matter types: Type-
I, bacterial, cyanobacterial, Type-II, algal marine and
Type-III, terrestrial organic matter (Tissot and Welte,
1984). These lines represent pathways along which
samples of a given type of organic matter will evolve
as a function of increasing levels of thermal alteration

(Espitalié et al., 1977; Tissot and Welte, 1984; Hunt,
1996).

In Fig. 7, samples from Bunker Hill form a cluster
between the evolution lines of Type-II and Type-III
organic matter. The distribution of samples within this
cluster is not following evolution lines. Hence, the
spread of these data points is not the result of variation
in thermal maturity, as expected given the negligible
differences in burial depth of samples from this
section (maximum 20 m). Pueblo, Red Wash, and
Mueses Canyon samples form clusters parallel to the
cluster formed by the Bunker Hill samples but with
lower HI values. This gradual decrease in HI from
Bunker Hill to Red Wash is likely to be associated
with a westward increase in thermal maturation. This
observation was confirmed with maturity parameters
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Fig. 6. Plot of TOC content (TOC, in wt%) vs. HI. Values from data set Red Wash II are taken from Curiale (1994b).

based on biomarker distributions (see below). The
distribution of data points within each cluster between
Type-II and Type-III organic matter can be explained
by two mechanisms: (1) variable contribution of
higher plant organic matter to the sediment and (2)
the oxidation of marine algal organic matter during
deposition and during early diagenesis (Kenig et al.,
1994). In Fig. 8, samples with lower carbonate
contents (<65% CaCO; by weight; dominated by
laminated calcareous shales) plot in one distinct
group with higher HI and lower OI, whereas samples
with carbonate contents >65% by weight (dominated
by burrowed limestone beds) plot in a region with
lower HI and higher OI. For a suite of samples from
Pueblo, Pratt (1984) made similar observations: on
average, macro-burrowed limestone beds have low
HI and high OI values, whereas finely laminated

shales are associated with high HI and low OI values.
Pratt (1984) interpreted these trends as a change in
redox conditions during early diagenesis: between
anoxic (high HI, low OI) and more oxygenated (low
HI, high OI) environments.

Mueses Canyon samples have very low HI values
(Fig. 6), and plot in a cluster similar to Type-IV
organic matter: organic matter deposited in oxidizing
environments (Peters, 1986). Considering the proxi-
mity of Mueses Canyon to the western paleo-shore-
line, these low HI and high OI values likely reflect
the complete oxidative degradation of organic
matter.

Rock-Eval T, values do not vary significantly
within each section, but do show a distinct east—
west positive trend which further suggests a maturity
trend observed in the HI/OI plot (Fig. 7). Bunker Hill
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samples have an average Ty, of 419 = 7°C (n = 54),
a value well below the threshold of oil generation
(~435°C) for Type-II organic matter. Pueblo and
Red Wash samples have distinctly higher 7., values,
433 = 5°C (n=52) and 438 £ 5°C (n = 7) respec-
tively, which places them just below the threshold
of oil generation. Variations in T}, can also be the
result of changes in organic matter type (Hunt, 1996).
However, biomarker maturity parameters, indepen-
dent from organic matter source, confirmed the
East—West maturity increase (Table 1).

Samples from the Mueses Canyon section show
highest Ty, values with an average of 446 + 7°C
(n = 6). There are no known differences in overall
burial history between Red Wash and Mueses
Canyon (Wolfe, 1989). Therefore, the very high
Tmax of Mueses Canyon samples reflect the high
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Fig. 8. Plot of oxygen index (OI) vs. HI for Bunker Hill samples as a
function of carbonate carbon content.

level of organic matter degradation as observed in
the HI/OI plot (Peters, 1986). Therefore, these
samples were excluded from detailed biomarker
analyses.

4.3. Biomarkers

4.3.1. n-Alkanes

The distribution of n-alkanes for Bunker Hill,
Pueblo, and Red Wash samples varies little between
samples at each site but there are differences between
sites (Fig. 9). Bunker Hill samples show a bimodal
distribution with a major mode centered at n-C¢ and a
secondary mode centered at n-Cs;;. Pueblo samples
have a unimodal distribution with a strong maximum
at n-C,5 to n-Cy;. Only one sample from Pueblo (PU-J,
within the Cenomanian—Turonian boundary) has a
moderate bimodal distribution, with a second mode
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Table 1

Rations of hopane stereoisomers for Bunker Hill, Pueblo and Red Wash

Hopane ratio (%) Bunker Hill (n=11)

Cso — BB/(BB + af + Ba) 57 +10
Cyy — 225/(228 + 22R) 19+6
Cyy — 225/(22S + 22R) 28+5
Csy — 225/(228 + 22R) 2+2

Pueblo (n=7) Red Wash (n = 8)
+2 10+2

57+1 58 £1

56 =1 571

55+2 581

at n-C3;. Red Wash samples are similar to Pueblo
samples and show mostly a unimodal n-alkane distri-
bution with a maximum around n-C;s to n-Cy,
although there is a weak secondary mode around -
Cy; to n-Cys, and a slightly higher contribution of n-
Cy and n-Cj; relative to the Pueblo samples.

All samples show odd-over-even carbon predomi-
nance (OEP) in the long-chain n-alkane range (Cy;—
Cs;3). Fig. 10 shows a diagram of OEP calculated
following Scalan and Smith (1970; see methods) as
a function of n-alkane carbon number. Only n-alkanes
with carbon number greater than 27 show a clear OEP,
with a maximum between n-Cz; and n-Cz;. OEP
values have low standard deviations, indicating that
there is little variation of n-alkane distributions
between samples of the same section. By far, Bunker
Hill samples have the largest odd-over-even predomi-
nance as compared to the Pueblo and Red Wash
sections.

4.3.2. Hopanes

Extended hopanes (C;—Css) found in sediments
derive from bacteriohopanepolyol derivatives, lipid
membrane rigidifiers in eubacteria (Ourisson et al.,
1979). Hopanes are subject to irreversible changes
in stereochemistry when subjected to thermal stress
and can be used in the assessment of thermal maturity
of organic matter (Ensminger et al., 1977; Ourisson et
al., 1979; see review by Peters and Moldowan, 1993).
The hopane fingerprint of immature sediments is
dominated by 173, 213(H) biological configurations
which are thermally labile and convert irreversibly to
178, 21a(H)- and 17, 21B(H) configurations as a
function of increasing thermal stress. The stereochem-
istry at the C22 chiral center in the side chain for
homohopanes (extended hopanes) forms the basis
for a second maturity measurement. The thermally
more stable 22§ configuration increases in abundance
at the expense of the biologically derived 22R config-

uration, as maturity increases (Ensminger et al., 1977;
Qurisson et al., 1979).

The distribution of hopane stereoisomers is used to
determine levels of thermal maturity, and shows that
Bunker Hill with the highest relative contribution of
BB-hopanes is immature. In contrast, a3-hopanes are
significantly more abundant in the Pueblo and Red
Wash sections, whereas Bp-hopanes are absent or
present in low concentrations. Furthermore, the 22R-
homohopanes are most abundant in the Bunker Hill
samples compared to the Pueblo and Red Wash
samples. Several maturity parameters based on
hopane distribution ratios (e.g. Peters and Moldowan,
1993) confirm the difference in thermal history
between the sections (Table 1). Bunker Hill strata
are thermally immature, whereas Pueblo and Red
Wash samples are more thermally altered but are
not within the oil generating window (Mackenzie et
al., 1984).

4.3.3. Aromatic hydrocarbons

The aromatic hydrocarbon fractions contain groups
of aromatized steroids and hopanoids, alkyl-thio-
phenes, alkyl-dibenzothiophenes, and polyaromatic
hydrocarbons such as alkyl-naphtalenes II, alkyl-
phenanthrenes III, and alkyl-anthracenes IV (Fig.
11). The high relative concentration of poly-aromatic
hydrocarbons in Pueblo and Red Wash samples, and
the low relative concentration of these compounds in
Bunker Hill samples is also an indicator of the east—
west thermal maturity gradient. All samples contain
benzohopanes (such as V; Hussler et al., 1984) with
relatively higher concentrations in Pueblo and Red
Wash samples. The east—west maturity trend is also
visible in the differences in distribution of tri-aromatic
steroids. Tri-aromatic steroids VI (Ludwig et al.,
1981) are present in significant amounts in Pueblo
and Red Wash, whereas in Bunker Hill samples
tri-aromatic steroids are absent. The majority of
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Fig. 9. Reconstructed mass chromatogram m/z 57 of the saturated hydrocarbon fraction of representative samples from Bunker Hill, Pueblo, and
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the Bunker Hill samples contain small amounts of
late eluting thienyl-hopanes VII (Sinninghe Damsté
et al., 1989), the only sulfur bearing organic
compounds present in significant quantities in all
the samples analyzed. These sulfur-bearing hopanoids
are not present in the Pueblo and Red Wash samples.
The aromatic fractions also contain diagenetic
products of isorenieratene VIII (Liaaen-Jensen,
1978a,b).

4.3.4. Isorenieratane and other isorenieratene
derivatives

Samples from Bunker Hill, Pueblo, and Red Wash
contain isorenieratene derivatives such as isoreniera-
tane (I; Fig. 12), aryl-isoprenoids (IX and X) and
aromatized isorenieratene derivatives (C;, and Css,
XI-XIV; C4, XV-XIX). The relative distribution
of isorenieratene derivatives does not vary signifi-
cantly between these samples of different thermal
maturity (Fig. 12).

The diaromatic carotenoid isorenieratene VIII is a
pigment biosynthesized by the brown strain of green

sulfur bacteria Chlorobiaceae (Sirevag et al., 1977).
Chlorobiaceae are obligate anaerobic photoautotrophic
organisms that require both light and H,S. Therefore, the
presence of this compound or any of its diagenetic
products strongly constrains the depositional environ-
ment by imposing an anoxic water layer that reaches
into the photic zone (Summons and Powell, 1986,
1987; Sinninghe Damsté et al., 1993; Kenig et al.,
1995). Isorenieratene VIII has an irregular isoprenoid
chain with a 1-alkyl-2,3,6-trimethyl substitution
pattern of the aromatic rings (Liaaen-Jensen,
1978a,b; Hartgers et al., 1994). The nine sites of unsa-
turation make this compound susceptible to diagenetic
alteration via three principal pathways (Koopmans et
al., 1996a): (1) cyclization and subsequent aromatiza-
tion of the isoprenoid chain, (2) release of toluene or
m-xylene producing shorter chain compounds, and (3)
reaction of isorenieratene with reduced inorganic
sulfur species producing mono- and/or poly-sulfides.
The products of such diagenetic reactions include Cy
(XV-XIX), Cs3 and C;, (XI-XIV) and short chain
aryl-isoprenoids (IX and X; Summons and Powell,
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Fig. 12. Reconstructed mass chromatogram m/z 133 + 134 + 237 + 287 of the aromatic hydrocarbon fraction of representative samples from
Bunker Hill, Pueblo, and Red Wash, showing the distribution of isorenieratene derivatives (isorenieratane, aromatized mono- and di-aryl-
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1987; Koopmans et al., 1996a). Koopmans et al.
(1996b) discussed the limited use of aryl-isoprenoids
as indicators of the presence of green sulfur bacteria,
and showed that aryl-isoprenoids can be diagenetic
products of B-carotene, which is not derived from
Chlorobiaceae. However, no (-carotane is present
in any of the analyzed samples. Therefore, aryl-
isoprenoids detected in our samples are likely degra-

dation products of isorenieratene and can be used as
indicators of photic zone anoxia.

Isorenieratene derivatives may be present in polar
fractions as polysulfide bound macromolecules
(Sinninghe Damsté et al., 1993; Kenig et al., 1995;
Koopmans et al., 1996a). Polar fractions of 34
samples from Bunker Hill, Pueblo and Red Wash
were desulfurized to release any macromolecular
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bound compounds and analyzed for the presence of
isorenieratene derivatives. In all desulfurized polar
factions analyzed, isorenieratane or aryl-isoprenoids
were absent. Therefore, the abundance of isoreniera-
tene derivatives, as found in the aromatic hydrocarbon
fractions, represents an exact relative concentration of
these compounds in the total extract.

There is a noticeable decrease in the concentration
of isorenieratane in Bunker Hill samples around the
Cenomanian—Turonian boundary (Fig. 2C). Further-
more, samples from the Cenomanian Graneros Shale
and Turonian Jetmore member of the Greenhorn
formation of Bunker Hill have the highest concentra-
tions of isorenieratane. Similar observations are made
for the Pueblo samples (Fig. 3C). Isorenieratene deri-
vatives were considerably more abundant during
deposition of the Graneros Shale and overlying
Lincoln member of the Greenhorn formation, and
decrease in relative concentration towards the Ceno-
manian—Turonian boundary (lower Bridge Creek
member of the Greenhorn formation). In contrast,
samples from Red Wash show a distinct opposing
trend compared to the Pueblo and Bunker Hill
sections (Fig. 4C). Isorenieratane and aryl-isoprenoids
are absent in the Graneros- and Lincoln-equivalent
Mancos Shale Fm. but are present in the Bridge Creek
member, deposited during maximum transgression.

Isorenieratene derivatives were also detected in
bioturbated limestone beds at Pueblo and Bunker
Hill and in a burrowed shale from Bunker Hill. Fig.
13 shows a section of sample PU-K (‘bed 84’ in Pratt
et al., 1985), a typical limestone bed of the Bridge
Creek member at Pueblo, indicating distinct upward
increasing levels of bioturbation. Following Savrda
(1998), ichnocoenosis levels from 1-3 can be
assigned to this single limestone bed. These levels
of bioturbation are interpreted to correspond to vari-
able levels of bottom water oxygenation: an ichnocoe-
nosis 1 corresponds to “the low end of the benthic
oxygenation spectrum” (dysoxic, Savrda, 1998),
whereas ichnocoenosis 3 represents the highest level
of benthic oxygenation (oxic). Eight sub samples from
this limestone bed (PU-K(;_g, in Fig. 3) are analyzed
for the presence of isorenieratene derivatives. Fig. 13
shows the presence of isorenieratane and aryl-isopre-
noids at different intervals in PU-K. Similar observa-
tions are made for a burrowed shale—limestone bed
couplet of the Lincoln Mbr. (BH-N and BH-O, Fig.

2) at Bunker Hill. The shale (BH-N)-shows burrows
that correspond with ichnocoenosis 2, yet isoreniera-
tane and aryl-isoprenoids are present in the aromatic
hydrocarbon fraction. Equally, isorenieratane and
aryl-isoprenoids are present in the limestone bed
(BH-0), which has clear burrows that correspond to
ichnocoenosis 3.

5. Discussion
5.1. Thermal maturity

Rock-Eval data show a distinct decrease in HI from
Bunker Hill to Red Wash and Mueses Canyon (Figs. 6
and 7) suggesting a east—west increase in organic
matter thermal maturity. This westward decrease in
HI is accompanied by increasing Ty,, values, which
also suggests that samples from Bunker Hill are
immature, and samples from Pueblo and Red Wash
are marginally mature. The thermal maturity trend is
confirmed by the hopanoid maturity parameters
(Table 1). The distribution of aromatic hydrocarbons
also reflects the east—west maturity trend, with a
higher degree of aromatization for steroids and hopa-
noids at Red Wash and Pueblo than at Bunker Hill.

In summary, Rock—Eval data and an array of mole-
cular data show that samples from Bunker Hill are
immature and the Pueblo and Red Wash sections are
just below the threshold of oil generation (marginally
mature). Despite a Type-IV organic matter finger-
print, which is generally associated with higher T},
values, Mueses Canyon samples are most likely
mature. The maturity trend is the result of the burial
history of the basin since Cenomanian—Turonian
times. The tectonic flexure of the foreland basin
gave rise to higher subsidence rates and subsequent
deeper burial of Cenomanian—Turonian strata on the
western margins of the Western Interior Basin (Kauft-
man, 1977; Armstrong and Ward, 1993). Conse-
quently, higher degrees of thermal alteration of
organic matter occurred at the western margin of the
basin.

5.2. Source of extractable and bulk organic matter

Distributions of n-alkanes in sediments can be used
to infer origin of organic matter and thermal maturity
(Tissot and Welte, 1984; Collister et al., 1992; Peters
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and Moldowan, 1993). n-Alkanes can be divided into
two groups based on their chain length: (1) short-
chain alkanes with less than 19 carbon atoms, and
(2) long-chain alkanes with 24 or more carbon
atoms. Shorter chain n-alkanes, notably the n-C,;,
are derived from algal and cyanobacterial precursors
(e.g. Gelpi et al.,, 1970). The predominance of n-
alkanes in the C|;—C,g range (Fig. 9) indicates a domi-
nant algal marine source of the extractable organic
matter for all samples at Bunker Hill and Pueblo,
but also at Red Wash. Long-chain n-alkanes in the
Cy—Cs; range with a predominance of odd-over-
even number of carbon atoms (OEP) are derived

from terrestrial plant waxes (Bray and Evans, 1961;
Eglinton et al., 1962). The OEP values in the long-
chain n-alkane range (Fig. 10) of Bunker Hill indicate
a contribution from terrestrial sources for these
compounds. OEP values of the Pueblo samples are
very similar to the Red Wash section, and are
distinctly lower than those at Bunker Hill. Scalan
and Smith (1970) found that the OEP decreases with
increasing thermal maturity, thus explaining the much
lower OEP values of the Pueblo and Red Wash
samples which are thermally more altered than those
at Bunker Hill. However, since the marginally to early
mature character of the Red Wash samples would
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have mitigated the OEP altogether (reducing the OEP
to 1.0), it is surprising to find average OEP values of
up to 1.43 for these samples. The contribution of
terrestrial derived plant waxes may have been rela-
tively high at Red Wash, considering the close proxi-
mity to the paleo shoreline.

Two processes have been proposed to explain the
spread of samples between Type-II and Type-III
organic matter at each site: (1) a change in input of
terrestrial derived organic matter or (2) a change in the
redox condition of the depositional environment. The
constant n-alkane distributions at each site (Fig. 10)
suggest that the Type II-III Rock—Eval fingerprint of
the organic matter of all sample sets cannot be
explained by a shift in organic matter source from
marine dominated to terrestrial dominated. Thus, our
results do not support a change in source of organic
matter, and we are now left with a change in redox
condition during deposition of dominantly marine
organic matter to explain the variation in HI and OI
within sample sets.

5.3. Intermittent anoxia

Kenig et al. (1994, 1997) showed for the Callovian
Oxford Clay formation (UK) that the changes in
Rock—-Eval organic matter fingerprint between
Type-II and Type-III were related to differential
organic matter preservation, reflecting changes in
water column stratification. Extended oxic conditions
of bottom water result in degradation of organic
matter, indicated by a decrease in HI, and an increase
in OI. Limestone and calcareous mudstone samples
from Bunker Hill with relatively high carbonate
contents (>65% by weight), yield lower HI and
higher OI values than shale samples with lower,
carbonate content (<65% by weight, Fig. 8). High
carbonate contents are associated with more open
marine, and well-oxygenated environments. Similar
observations were made by Pratt (1984), who studied
the influence of effective bottom water oxygenation
on organic matter composition using Rock—Eval
analyses of samples with different levels of bioturba-
tion. This author found a distinct decrease in HI and
increase in OI with higher levels of bioturbation, from
laminated shales to macro-burrowed limestone beds.
Therefore, the observed trends in HI and OI within
sample sets (Fig. 7) are likely caused by changes in

redox conditions within the sediment during early
diagenesis.

In that respect, the association of bioturbation in
samples PU-K(; 3, BH-N, and BH-O with the
presence of isoreineratene derivatives is a remarkable
feature. Samples BH-N and BH-O both plot close to
a Type-III organic matter (Fig. 8), which suggests that
these samples have been subject to higher levels of
alteration. Furthermore, the observed levels of biotur-
bation in these samples are interpreted as indicators of
oxygenated environments (Savrda, 1998). In contrast,
the presence of isorenieratane and aryl-isoprenoids in
these samples shows that an anoxic water column
must have extended into the photic zone. Thus, our
biomarker data, in conjunction with paleontologic and
sedimentary features, are consistent with a scenario in
which the water column experienced alternating peri-
ods of oxic/dysoxic and anoxic bottom water. Only a
highly dynamic water column structure allows the
deposition of single beds in which sedimentary
features indicate oxic events, whereas geochemical
data are consistent with anoxic events. Similarly, for
the upper Jurassic Kimmeridge Clay, Wignall and
Myers (1988) concluded that “relatively frequent,
but brief, benthic colonization events may lead to
bedding planes covered in shells in a black shale
that shows the geochemical characteristics of an anae-
robic deposit”, and proposed the phrase “episodically
dysaerobic” for such deposits. Molecular geochemical
data provided evidence for alternating oxic and anoxic
events during deposition of the Kimmeridge Clay
(van Kaam-Peters et al., 1997) and the Oxford Clay,
(Kenig et al., 1997). These successions are referred to
here as ‘intermittent anoxic events’ (Kenig et al.,
1997).

In summary, the spread of samples between Type-II
and Type-III organic matter in HI/OI plots (Figs. 7
and 8) indicates that the WIS experienced alternating
oxic to anoxic bottom water conditions at maximum
transgression. Samples plotting near Type-II are the
least oxidized and represent deposition in an anoxic
water column. Samples plotting near Type-III, are the
most oxidized as the result of successions of anoxic
and oxic/dysoxic bottom water conditions. Intermit-
tent oxic and anoxic events, as demonstrated by
bioturbated sediments containing isorenieratene deri-
vatives, show that the change from an oxygenated
water column to an anoxic water column is recurrent
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within a single bed. This demonstrates that the water
column structure was subject to frequent changes,
illustrating the dynamic nature of the water column
structure of the WIS during highstand.

5.4. History of water column stratification

The relative concentration of isorenieratane of the
Bunker Hill and Pueblo sections decreases around the
Cenomanian—Turonian boundary (Figs. 2 and 3). This
suggests episodes of increased water column oxyge-
nation at maximum transgression of the seaway, when
the chemocline did not reach the photic zone. These
distributions also show that the WIS experienced
photic zone anoxia during the transgressive and
regressive intervals of the Greenhorn Cyclothem at
Bunker Hill and Pueblo. Not surprisingly, the highest
relative concentrations of isorenieratane are asso-
ciated with laminated shales in the Graneros Shale
and in the lower and upper members of the Greenhorn
Formation, whereas low relative concentrations or
absence of isorenieratane are associated with the
predominance of limestone—marly shale couplets in
the Hartland Member and lower Bridge Creek
Member of the Greenhorn Formation. The occurrence
of “intermittent anoxic events”, during which sedi-
ments were deposited in an alternating anoxic and
oxygenated environment, were rare or absent at the
onset of transgression and during progressed regres-
sion, but became more common as the seaway
reached maximum flooding, at which point bottom
waters became more frequently oxygenated.

In contrast, isorenieratane is absent at Red Wash
during the transgressive interval of the WIS and is
present only at the Cenomanian—Turonian boundary
during maximum transgression. This indicates that at
this location, well-mixed oxygenated environments
characterize the transgressive and regressive intervals
of the Greenhorn Cyclothem with photic zone anoxia
developing only during peak transgression. It should
be noted that the Red Wash section is most proximal
to the paleo-shoreline, and despite a suspected influx
of fresh water at Red Wash lower sea levels probably
enhanced a wind-driven mixing of the water column
during initial transgression and regression and inhib-
ited photic zone anoxia. During the sea level high-
stand, the deeper water column supported
stratification with photic zone anoxia. In summary,

photic zone anoxia developed out of phase at Red
Wash (proximal setting) compared to Pueblo and
Bunker Hill (distal settings).

The increased water column oxygenation of the
southern part of the WIS around the Cenomanian—
Turonian boundary is also worth discussing in the
light of the contemporaneous so-called C/T ‘ocean
anoxic event’ (OAE; Arthur et al., 1987) of the Late
Cretaceous. Two dominating operative processes can
characterize the evolution of water column conditions
in the WIS at the Cenomanian—Turonian boundary.
One describes external environmental conditions
disseminating into the WIS (e.g. Arthur et al., 1987,
Glancy et al., 1993; Leckie et al., 1998). For example,
Leckie et al. (1998) suggested that at maximum trans-
gression of the Greenhorn Cyclothem, an incursion of
Tethyan-derived waters imported the Tethyan OMZ
into the WIS. However, the presence of abundant
benthic foraminifera at the C/T boundary suggests
an oxic to dysoxic benthic environment (Eicher and
Worstell, 1970; Caldwell et al., 1993; Leckie et al.,
1998). These inferred water column redox conditions
are difficult to maintain with a maximum water depth
of approximately 300 m (Kauffman, 1977). Sinninghe
Damsté and Koster (1998) showed for the southern
North Atlantic that photic zone anoxia was present
during the C/T OAE in continental slope settings as
well as in the open ocean. These authors suggested
that an OMZ with ventilated (oxygenated) bottom
waters did not develop in the North Atlantic, since
such a scenario would facilitate organic matter
destruction in the lower part of the water column
and thus, would prevent the deposition of organic-
rich laminated shales. These authors proposed a
complete anoxic water column instead. Therefore, if
an incursion of anoxic waters from the proto Gulf of
Mexico and North Atlantic basin were to occur, a
complete anoxic water column would have developed
in the WIS at highstand, which is not supported by our
results. In fact, it would impede the development and/
or sustainability of a benthic community.

The generation of anoxic bottom water in the WIS,
and in other contemporaneous epeiric seas, is also
considered as the driving mechanism behind oceanic
anoxic events, with export of anoxic water to the
deeper oceanic basins (e.g. Eicher and Diner, 1989;
Dean and Arthur, 1998). For such a scenario,
however, an anoxic water column is required to
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persist in the WIS during the OAE (at times of the
maximum transgression in the WIS). Our results,
associated with paleontological and sedimentological
data, indicate a more complex history of bottom water
redox conditions. At maximum transgression, in the
WIS, the co-occurrence of burrows and isorenieratene
derivatives in limestone beds and shales indicates that
bottom water anoxia alternated with periods of bottom
water oxygenation. On the contrary, laminated shales
deposited during the transgression (Graneros Shale
and lower shales of the Lincoln member) and the
regression (shales from the Jetmore member) of the
Greenhorn Cyclothem contain isorenieratane and,
thus, were likely deposited under a permanently stra-
tified water mass with anoxic bottom water. Thus,
oxic—anoxic bottom water successions in the WIS
functioned independently from proto-Atlantic oceanic
forcing. The positive & °C excursion of carbonate and
TOC around the Cenomanian—Turonian of the WIS
(e.g. Figs. 2A, 3A and 4A; Pratt, 1985; Curiale,
1994b) reflect changes in the isotopic composition
of atmospheric CO, induced by burial of '*C depleted
organic carbon during the OAE (Arthur et al., 1988).
Hence, our results suggest that organic matter burial
in the WIS during deposition of the Greenhorn
Cyclothem recorded, but was not directly influenced
by, the contemporaneous proto-Atlantic OAE.

Paleoceanographic models based on atmospheric
circulation lack sufficient spatial and temporal resolu-
tion to generate insights on water column conditions
and subsequent impact on the paleoceanography of
the WIS (Kump and Slingerland, 1999). Our results
indicate that stratification with bottom water anoxia
was a dominant but not continuous feature of the
southern part of the WIS during deposition of the
Greenhorn Cyclothem, providing new boundary
conditions for evolving oceanographic models of
Cretaceous epicontinental seaways. The oceano-
graphic causes of anoxia and intermittent anoxia
during deposition of the Greenhorn Cyclothem are
inherent to the WIS, but remain unclear.

6. Conclusions

Rock—-Eval pyrolyses and biomarker analyses reveal
trends in thermal maturity and source of organic matter.
Bunker Hill samples are immature, and Pueblo and Red

Wash samples are early mature, following an east—west
trend of deeper burial history. This westward increase in
thermal maturity is associated with the tectonic flexure
of the foreland basin, which resulted in higher subsi-
dence rates and subsequent deeper burial of Cenoma-
nian—Turonian strata on the western margins of the
Western Interior Basin. The source of organic matter
is dominantly marine with the exception of samples
from Mueses Canyon, which have a distinct Type-IV
kerogen fingerprint.

The presence of isorenieratene derivatives in
samples from Bunker Hill, Pueblo, and Red Wash
indicates that the southern part of the WIS experi-
enced events of photic zone anoxia. At maximum
transgression, sedimentary features indicative of
water column oxygenation (bioturbation and fossil
assemblage) occur within single beds with geochem-
ical evidence of photic zone anoxia (isorenieratene
derivatives). These so-called ‘intermittent anoxic
events’ underline the high variability in redox condi-
tions in the WIS. Hence, combined paleoenvironmen-
tal assessment using the molecular fossil record
associated with paleontologic and sedimentary data
provides strong constraints for paleoceanographic
reconstruction.

The distribution of isorenieratene derivatives
shows a dynamic water column structure of the
WIS during the Greenhorn Cyclothem. A stratified
water column with bottom water anoxia reaching
into the photic zone was especially prominent during
transgression and late regression at Bunker Hill and
Pueblo, and during highstand at Red Wash. At
maximum transgression, oxygenated bottom water
conditions alternated with intermittent anoxic events
in the WIS.

The maximum extent of anoxic events in the WIS
did not correspond with the Cenomanian—Turonian
Oceanic Anoxic Event. Therefore, the oceanographic
circulation is dominated by near field effects inherent
to the seaway, rather than by direct proto-Atlantic
influences.
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