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Abstract: Bottomwater oxygen levels, an important control on the preservation and quality of sedimentary organic
matter, can be reconstructed on the basis of faunal, ichnofabric, and geochemical data. Patterns of variation
in dissolved O, levels and its relation to organic matter cycling were investigated in Upper Pennsylvanian
offshore black shales of the Eastern Midcontinent Shelf using a hierarchical sampling strategy combined with
a microstratigraphic analytical approach. Sampling was undertaken of (1) multiple stratigraphic horizons (the
Hushpuckney, Stark, and Muncie Creek shales), (2) multiple locales within two horizons (Hushpuckney and
Stark. shales), representing 150- to 200-km-long proximality gradients, and (3) dm-thick compositional cycles
within each study unit. The microstratigraphic investigative procedure entailed X-radiographic, petrographic,
Leco, XRF, and DOP analyses of sample zones at a sub-cm scale of resolution. Hierarchical sampling permitted
reconstruction of patterns of environmental variation at both a detailed and a broad scale, allowing fuller analysis
of the controls on organic matter accumulation.

An absence of bioturbation suggests uniformly anoxic conditions (0-0.2 ml O, I'! H,0) during deposition of
the Hushpuckney and Stark shales, and limited burrowing suggests anoxia grading into dysoxia (0.2-0.5 ml O, 1!
H,0) within the Muncie Creek Shale. Correlation of ichnofabric and trace-element data assisted in defining the
lower and upper boundaries of the anoxic zone, which correspond to concentration ratios of 25 and 6 for Mo/TC
e 104 12 and 1.5 for U,,/TC e 10% 0.9 and 0.6 for V/(V+Ni), and 5 and 1.0 for V/Cr, respectively. Regional
and stratigraphic variation in redox-sensitive trace elements allowed mapping of spatio-temporal fluctuations
in dissolved O, levels, revealing (1) northward intensification of bottomwater anoxia within the Hushpuckney
and Stark shale environments, and (2) systematic differences between study formations, with the most and least
strongly O,-depleted conditions associated with the Stark and Muncie Creek shales, respectively. Organic matter
in the study units may include components of both terrestrial higher plant and marine algal origin, and increases
in the relative abundance of the latter are correlated with decreasing bottomwater O, levels. Sulfate reduction
was most vigorous in the Stark Shale, probably owing to larger quantities of labile organic matter as a result
of a near-total lack of aerobic decay at the sediment-water interface, and authigenic phosphate formation was
greatest in the Hushpuckney Shale, probably as a consequence of large fluctuations in bottomwater O, levels
that favored retention of P within the sediments via redox cycling of Fe.

Introduction

Knowledge of dissolved oxygen levels in aqueous environments is important for understanding .
controls on the preservation and quality of sedimentary organic matter. In geologic facies in which
direct measurements of dissolved oxygen are not possible, oxygen levels are estimated on the basis
of faunal composition (e.g., Wignall and Myers, 1988), ichnofabric criteria (e.g., Savrda and Bottjer,
1991), or geochemical indices (e.g., Jones and Manning, 1994). Studies of the two former parameters

J. Schieber, W. Zimmerle & P. Sethi (eds.), Shales and Mudstones I
© 1998 by E. Schweizerbart’sche Verlagsbuchhandlung (Nagele u. Obermiller), D-70176 Stuttgart



244 Deposition of Mudstones and Shales

have led to recognition of oxygen-related biofacies, in which faunas characteristic of different O,
concentration ranges are termed aerobic, upper dysaerobic, lower dysaerobic, and anaerobic (Rhoads
et al., 1991; Wignall, 1994). The corresponding environmental terms are oxic (>2.0 ml O, I'! H,0),
weakly dysoxic (0.5-2.0 ml 1), strongly dysoxic (0.2-0.5 ml 1), and anoxic (<0.2 ml 1), although
the oxygen levels associated with each zone are only approximately known (Wignall, 1994; n.b., for
economy, the weakly and strongly dysoxic zones will henceforth be termed “suboxic” and “dysoxic,”
respectively). Dissolved oxygen concentrations may be expressed as a function of depletion from a
baseline representing fully oxic conditions, in which case the term degree-of-anoxia (DOA) is used
(Van Cappellen and Ingall, 1994).

The relative utility of different DOA indicators varies with oxygen level. Faunal data are most
useful in the oxic-suboxic range, because skeletonized benthos are generally excluded at lower
oxygen concentrations (Rhoads et al., 1991; Wignall, 1994). Ichnofabric data are most useful in the
suboxic-dysoxic range, at which O, levels are sufficiently high to support a soft-bodied benthos but
sufficiently low to prevent complete sediment homogenization (Savrda and Bottjer, 1991; Savrda et
al., 1991). Geochemical data are probably most useful under anoxic conditions, in which sediments
are laminated and lack paleoecological features, and in which minor variations in O, levels influence
cycling of redox-sensitive compounds (Lewan and Maynard, 1982; Coveney et al., 1991; Hatch and
Leventhal, 1992; Jones and Manning, 1994). Because the presence of even minute quantities of
dissolved oxygen may have a profound effect on the quality of sedimentary organic matter (Canfield,
1994; Tyson, 1995), it is important to determine whether geochemical indices can discriminate
effectively among different O, concentrations within the anoxic range.

In order to investigate geochemical DOA indices, we undertook a detailed study of offshore
(core) black shales from Upper Pennsylvanian cyclothems of midcontinent North America. A critical
but commonly insufficiently considered facet of such studies is sampling strategy. Analysis of
environmental redox trends in the present study units was facilitated by our sampling strategy: (1)
three different stratigraphic horizons were chosen in order to compare environmental parameters
through time, (2) for two study horizons, multiple locales were chosen along a depositional
proximality trend in order to investigate lateral environmental gradients, and (3) in each study
unit, whole-core X-radiography was used to identify gross patterns of compositional variation, and
a hierarchical sampling procedure was used to characterize such variation both at a fine (sub-cm)
scale and over the full (0.4-0.6-m) thickness of each unit. This strategy met the dual objectives
of (1) providing a broad spatio-temporal framework for analysis of DOA and controls on organic
matter preservation, while (2) allowing investigation of lamina-scale compositional variation, which
is invaluable in reconstructing “instantaneous” conditions and short-term changes in the depositional
and early diagenetic environments (cf. Jaminski et al., this volume).

Paleogeographic and Paleoclimatic Setting

Upper Pennsylvanian strata of midcontinent North America are exposed in a 500-km-long belt
extending from Oklahoma in the south to Iowa and Nebraska in the north. The five cores of the
present study are located in eastern Kansas, within the central part of this outcrop belt, and span
a distance of ca. 200 km (Fig. 1). The study cores provide a paleoenvironmental transect across
the Eastern Midcontinental Shelf with more proximal settings to the north and more distal setfings
to.the south (Fig. 2). In southeastern Kansas, the southern margin of the shelf was approximately
coincident with the east-west-trending boundary between the phylloid algal mound and terrigenous
-detrital facies belts of Heckel (1977; Fig. 1), but to the east it may have trended northeastward into
central Missouri. From a paleotectonic perspective, the Eastern Midcontinent Shelf was separated
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from the active Ouachita-Marathon and Ozark uplifts to the south and southeast by the narrow
but intermittently deep Anadarko and Arkoma foreland basins (Fig. 2; Arbenz, 1989). A low-lying
cratonic landmass was present to the north, but low topographic relief on the Midcontinent Shelf
resulted in lateral shifts in the paleo-shoreline over distances of hundreds of kilometers in response
to sga 1m1 qli?llllctua&ogs (Heckel, 1986; Boardman and Heckel, 1989).
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Fig. 1: Location of the five study cores in eastern Kansas. All cores were drilled by the Kansas Geological
Survey. Missourian Stage outcrop and facies belts from Heckel (1977).

The study area in eastern Kansas was located at 5-10°N latitude during the Late Pennsylvanian
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Fig. 3: Missourian Stage stratigraphy of eastern Kansas. The three stratigraphic horizons examined in this study
are the Hushpuckney, Stark, and Muncie Creek shales, which represent the offshore black shale members of
the Swope, Dennis, and Iola cyclothems, respectively. Sea-level curve redrawn and vertically rescaled from
Boardman and Heckel (1989).

offshore shales subsequently will be referred to as “formations”). All three study formations
have been designated “Heebner-type” shales, i.e., laminated, phosphatic shales containing a high
proportion of organic matter of marine origin (Schultz and Coveney, 1992). In the study cores,
offshore shales are thin, dark gray to black, and sparsely fossiliferous. Their contacts with subjacent
transgressive limestones are sharply defined, although burrows in the underlying carbonates are
commonly filled with dark shaly material and the lowermost few centimeters of some core shales
contain a carbonate fossil lag. The laminated, organic-rich facies of the core shales averages 50(+10)
cm in thickness and consists of alternating bands of dark gray (Munsell 10 YR 6/1-5/1) to black
shale (Munsell 10 YR 3/1-2/1). These couplets, which range from about 5 to 15 cm in thickness, are
weakly visible on the surface of study cores but are strongly enhanced in X-radiographs. The lighter
bands in X-radiograph negatives (darker in prints such as Figure 5) contain lower concentrations of
organic matter (<20 wt% C) and, in some units, larger quantities of finely disseminated Fe-sulfides
(>3 wt% S) and laminar or nodular phosphatic layers of authigenic origin. In contrast, the darker
bands (lighter in prints) contain higher concentrations of organic matter (to 40 wt% C) and lesser
quantities of Fe-sulfides and phosphates (Fig. 5). The laminated, organic-rich facies grades upward
into a progressively more intensely bioturbated gray-shale facies that contains Chondrites, Zoophycos,
Teichichnus, and Thalassinoides(?) burrows to 1.0 cm in diameter (M. Droser, pers. comm., 1996).
The gray-shale facies grades into a shaley carbonate facies, together comprising a ca. 0.3-1.0-m-thick
transition zone between the core shale and overlying regressive limestone. Fineness of grain size,
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presence of authigenic phosphate, absence of biota other than rare pelagic or epipelagic marine
organisms, and 34S-depleted Fe-sulfides indicate slow accumulation of core shales in a distal offshore
setting (i.e., under sediment-starved conditions) within a stratified anoxic marine basin (Heckel, 1977,
1991; Coveney and Shaffer, 1988).

Methods

Choice of Study Units: The present study comprises a total of eight study units, representing
three different formations (i.e., the Hushpuckney, Stark, and Muncie Creek shales) in five cores
(Fig. 4). The Hushpuckney and Stark shales were examined in three and four of the five study -
cores, respectively, representing north-south transects of ca. 150 km (Hushpuckney) and ca. 200 |
km (Stark) along the Eastern Midcontinent Shelf (Fig. 1). In the description of geographic trends,
the Edmonds core.will be referred to as a northern locale, the Womelsdorf, Ermal, and Mitchellson
cores as midshelf locales, and the Heilman core as a southern locale. The Muncie Creek Shale was
examined in a single core in order to compare compositional parameters between offshore black
shales of the lower (Hushpuckney, Stark) and upper (Muncie Creek) Missourian Stage. As an added
control, all three formations were studied at the same locale (i.e., the Edmonds core; Fig. 4). The
exact choice of study units was dictated by the availability and condition of cores at the Kansas
Geological Survey.
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Fig. 4: Time-space distribution of the eight study units (symbols). The five cores used in this study are shown
on the ordinate and the three stratigraphic horizons of interest on the abscissa. The dotted boxes enclose all
offshore shales present in a given study core, some of which were not examined. The same symbols are used
for identification of study units in subsequent figures.

X-radiography: Because fine (sub-cm) analysis of compositional variation is prohibitively
labor-intensive for long stratigraphic intervals, most geochemical studies of laminated black
shales have resorted to either (1) low sample density, which may overlook patterns of geo-
chemical variation at length scales shorter than mean sample spacing (e.g., Coveney, 1985;
Coveney et al., 1987; Schultz and Coveney, 1992), or (2) restriction of analysis to short
stratigraphic intervals, which limits the overall spatio-temporal scope of investigation (e.g.,
Wenger and Baker, 1986; Desborough et al., 1991; Hatch and Leventhal, 1992). Jaminski
and others (Shales and Mudstones I) overcame this problem by combining whole-core X-
radiography with a hierarchical subsampling strategy for petrographic and geochemical cha-
racterization of the study units, and a similar approach was utilized in the present study.
The X-radiographic procedures were identical to those of Jaminski and others (Shales and
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Mudstones I) except that gray-scale density (GSD) values were measured in three parallel line
transects (i.e., along the center of the long axis of each core segment and 5 mm to either side of the
center), which were averaged to produce a single composite GSD record (Fig. 5). Pronounced lateral
compositional variability at a centimeter scale made averaging of multiple parallel GSD transects
desirable for Midcontinent Pennsylvanian black shales.

Sampling Procedure: Within each of the eight study units, a single 8- to 15-cm-thick interval
was chosen for detailed petrographic and geochemical analysis (Fig. 5). Approximately correlative
horizons were sampled to facilitate inter-core comparisons, and the lower to middle portion of the
black-shale facies was favored for this purpose owing to (1) presence of well-defined dm-scale
compositional cycles, and (2) ease of correlation between cores (n.b., compositional patterns within
a given formation are most similar in the lowermost 30 cm of each study unit). Each core interval
chosen for detailed analysis was located so as to include at least one complete dm-scale compositional
cycle. Each core interval was subdivided into 8-13 sample zones of subequal thickness (0.6-2.0 cm;
mean 1.0 cm), yielding a total of 85 samples from the eight study units. Contacts between sample
zones were picked on the basis of core X-radiographs so that the boundaries coincided with natural
compositional breaks (Fig. 5). Each interval was split longitudinally (i.e., parallel to the core axis) into
two halves, one of which was epoxied for petrographic analysis and the other of which was ground
for geochemical analysis. Powdered samples were stored in nitrogen-filled vials and refrigerated to
prevent oxidation of organic carbon and sulfides prior to analysis. The same 0.6-2.0-cm-thick sample
zones were used for all procedures, including petrographic, C-S, major- and trace-element, and DOP
analyses.

Carbon-Sulfur Elemental Analysis: Carbon and sulfur elemental concentrations were measured
on a whole-rock basis, yielding total carbon (TC) and total sulfur (TS) values in weight percent,
using a LECO CS-244 analyzer at the Kentucky Geological Survey. A laboratory standard was run
before and after each set of fifteen samples to monitor instrument drift. Analytical precision (2s) was
+2.0 % for TC and +7.6 % for TS of measured concentrations based on 15 replicate analyses. A total
of 106 samples were analyzed, i.e., the 85 samples from the eight core intervals chosen for detailed
study (see sampling procedure above) plus another 21 samples from the base and top of the Stark
Shale at several locales; the latter set was intended to document stratigraphic variation in TC and
TS content within this formation. A representative subset of samples from all study formations and
locales (n = 17) was analysed for inorganic C content using a carbonate bomb; because these samples
yielded such low mean inorganic C values (1.240.9 % of total carbon), it was deemed unnecessary
to run this procedure for the full sample set. A small number of samples will be analyzed for DOP
(degree-of-pyritization) using the chromium reduction technique of Canfield et al. (1986), but this
analytical step has not been completed yet.

Petrographic Analysis: Petrographic components were examined in polished slabs under both
reflected white and violet-UV fluorescent light, and organic macerals were classified using standard
terminology (Hutton, 1987; Tyson, 1995). For each sample zone, a minimum of 300 observations
were collected such that all linear traverses perpendicular to bedding were completed. Point-counts
were undertaken only on sample zones consisting of fine-grained organic and detrital matter (n = 56)
and not on those representing phosphate nodules. Within the organic-detrital intervals, phosphate may
have been present as a cement but was not recognizable as such; hence, phosphate is not included
in the point-count tallies.

Organic Carbon Isotopic Analysis: About half of the samples were analyzed for bulk organic
carbon 83C. Samples were with hot concentrated HCI to remove carbonates and then washed with
deionized water to neutrality. Samples were combusted with CuO at 850°C in quartz tubes, and
the evolved CO, was purified by cryogenic distillation. Isotopic analyses were performed at the
University of Erlangen-Niirnberg using a Finnegan MAT 252 mass spectrometer. Reproducibility
was checked by repeated measurements of graphite standard USGS 24 and is better than +0.1 %eo.
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Major- and Trace-Element Analysis: About 3-4 g from each sample zone were pressed into a
pellet and analyzed for whole-rock elemental concentrations using a wavelength-dispersive Rigaku
3040 XRF spectrometer at the University of Cincinnati. See Jaminski and others (this volume) for
procedural details, analytical precision, and detection limits.

Results

X-radiography: Whole-core X-radiography was used to visually identify patterns of compositional
variation within the study units and to quantify this variation based on GSD-elemental correlations
(e.g., Fig. 5). Contrast in X-radiographs is a function of the abundance and distribution of components
that differ in density from the clay matrix of the shale (2.6-2.7 g cm™), i.e., organic carbon (1.0-1.2 g
cm3), phosphate (3.1-3.2 g cm™3), and pyrite (5.1-5.2 g cm3; cf. Algeo et al., 1994). GSD variation
in the study units is controlled mainly by organic carbon (as proxied by TC), which accounts for
27 % (p(a) <.10), 63 % (p(a) <.01), and 92 % (p(o) <.01) of total GSD variance in the Hushpuckney,
Stark, and Muncie Creek shales, respectively. GSD values are influenced by phosphorus (P,0Os) in
the Hushpuckney Shale (26 % of total GSD variance; p(a.,) <.10), which contains a greater abundance
of phosphate nodules than the Stark and Muncie Creek shales. Fe-sulfides vary in concentration to
a limited degree in the study units and, with the exception of the Stark Shale in the Heilman core,
exert only a weak influence on GSD values.

X-radiographs of the study cores permitted detailed observations regarding compositional layering,
ichnofabrics, and the distribution of authigenic precipitates. Compositional layering is present

No P, Og or TS enrichment: P»Og or TS enrichment:

M TC > 30 wt% [] P205>5wt%
Hushpuck

TC<30wt% ¢ usog;;g ney B 1S >4 wi%

TC = 20-30 wt% Stark & B TS = 3-4 wt%

TC < 20 wt% Muncie Creek)

Fig. 5: (A) X-radiographs of the Hushpuckney, Stark, and Muncie Creek shales in the Edmonds core (left-hand
column of each pair of columns). Scale to left of figure gives thickness above the base of the laminated black-shale
facies; ca. 80 % of the total thickness of the black-shale facies is shown for the Hushpuckney and Stark shales
and 100 % for the Muncie Creek Shale. Note burrows in the Muncie Creek Shale above 25 cm. These images
are positive X-radiograph prints, in which denser features appear darker. In the right-hand columns, column
relief gives gray-scale density (GSD) as measured along the center of the long axis of each X-radiograph image
to the left, and the shaded fill patterns represent the (measured or inferred) geochemical composition of each
layer in the core. Compositions were analytically determined within the intervals marked by heavy graduated
lines (ticks denote boundaries of sample zones) and were estimated on the basis of GSD-TC-TS correlations
outside of the sampled intervals. Phosphate-rich intervals were identified through visual inspection of cores and
X-radiographs; sampled intervals containing macroscopic phosphate nodules yielded 5-8 wt% P,O; and those
lacking nodules <0.5 wt% P,Os. (B) Legend for shaded fill patterns used in the geochemical composition columns
in part A of figure. Total carbon (TC) values are given for core intervals without phosphate or sulfide enrichment;
intervals containing >5 wt% P,Os (i.e., phosphate nodules) or >3 wt% TS (i.e., sulfide-rich layers) are identified
separately.
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throughout the laminated black-shale facies of all study units at several scales: (1) as faint, horizontal,
sub-mm-thick laminae, and (2) as dm-scale bands consisting of alternating dark (high-TC) and light
(low-TC) layers (Fig. 5). The dm-scale compositional bands are readily correlatable within a given
formation across the 200-km-long study area. Bioturbation of the laminated black-shale facies of
the study units is limited: the Hushpuckney and Stark shales exhibit no evidence of benthic activity,
but the Muncie Creek Shale contains isolated, 3- to 4-mm-diam. Chrondrites burrows in its upper
half (>25 cm above base of section; Fig. 5). Authigenic sulfides and phosphates appear as dark
(high-density) features in core X-radiographs. The distribution of sulfides is difficult to ascertain
owing to fine dissemination through the shale matrix, but phosphate is easily recognized by its
distinctive morphology, e.g., smooth ovoid nodules, small granules, and wispy laminae. Authigenic
phosphate is found mainly within or at the contacts of high-TC layers and, hence, appears to exhibit
an association with organic carbon. Although present in all study units, the abundance of authigenic -
phosphate varies between formations, being greatest in the Hushpuckney Shale and least in the
Muncie Creek Shale (Fig. 5).

Elemental Associations: Elemental associations in the study units were investigated via R-mode
cluster analysis of matrices of Pearson correlation coefficients (r) for elemental concentration pairs.
The resulting dendrograms yielded elemental affinity groups corresponding to each of the main
components of the study units identified by X-radiography. Cluster analysis of samples from all study
units (n = 85) revealed organic, phosphatic, and detrital affinity groups (Fig. 6), while dendrograms
for individual stndy units (not shown; n = 8-13 per unit) commonly contained a sulfidic affinity group
that variably included Fe, Mn, V, Mo, Cr, and Zn. Results of the cluster analyses for individual
study units are summarized in Table 1, in which elements are listed by dominant affinity (i.e.,
the most common association among the eight study units), while secondary affinities (i.e., those
observed in at least one study unit) are given in parentheses. Although many elements exhibited the
same association in all study units, some elements exhibited variable affinities, especially those for
which the dominant association was organic (Table 1). General controls on trace-element associations
were considered by Jaminski and others (this volume), so discussion below will focus on elemental
relations indicative of redox conditions and organic cycling processes.

Cluster analyses included one elemental parameter that was calculated rather than measured,
“excess” uranium (U,,.). Although the dominant affinity of U in the study units is phosphatic (Fig.
6; Table 1), cross-plots of total uranium (U,,) versus phosphorus (P,0O;) indicate the presence of
two U components (Fig. 7). Within each study unit, U, and P,05 exhibit a positive Y-intercept
and moderate to strong positive covariance (cf. Desborough et al., 1991). This pattern suggests that
(1) positive covariation of U, and P,O5 above a unit-specific baseline value (Y-intercept) is due
to a uranium cemponent associated with phosphorus, probably U adsorbed onto phosphate nodule
surfaces (Jarvis et al., 1994), (2) differences in the slope of the U,,-P,Os relation may be due to
differences in the specific surface area or growth rates of phosphate nodules in different formations,
and (3) the Y-intercept represents the average content of “excess” (i.e., non-phosphatic) uranium

(Uge) 1n a given study unit. For individual samples, excess uranium was calculated as:

Uere(i:)) = Upgi(i.)) — m@) @ PrO5(1.j) ey

where U, (i,j) and P,0s(i,j) are the measured total uranium and phosphorus concentrations of sample
i in study unit j, and m(j) is the slope of the U, ,-P,Os relation for study unit j (Fig. 7). Excess uranium
correlates positively with TC and clusters with the organic affinity group (Fig. 6), suggesting that
it is present as an adsorbed phase on organic matter. As such, it is equivalent to the “authigenic
uranium” of Wignall and Myers (1988), but the latter term would be inappropriate here given the
authigenic origin of both the phosphatic and non-phosphatic uranium fractions.
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Fig. 6: Dendrogram of major- and trace-element relations based on R-mode cluster analysis; the distance metric
was the Pearson correlation coefficient (r) and the linkage protocol was the weighted pair-group centroid method.
Phenon lines were chosen to (1) coincide with similarity coefficient ranges containing few linkages and (2) yield
a small number of interpretable elemental clusters. The results shown are based on all samples from the study
units (n = 85); similar results were obtained for individual offshore shales. See text for discussion of elemental
affinity groups.

The two dominant maceral types, vitrinite and inertinite, vary in relative abundance as a function
of geographic location within individual study formations. The geographic influence on I/V ratios
is most readily observed for the Stark Shale, in which northern locales yield low I/V ratios (<0.4),
midshelf locales intermediate I/V ratios (0.4-0.7), and southern locales high I/V ratios (0.9-1.1;
Fig. 8A). A weak geographic trend also may exist for organic carbon 83C in the Stark Shale,
in which mean 813C values are more depleted at northern locales (-28.140.3) than at midshelf
(-27.740.3) or southern locales (-27.740.6; Fig. 8B); recognition of geographic trends in 8*Corg
in the Hushpuckney and Muncie Creek shales is precluded by an insufficient number of analyzed
locales. Differences in I/V ratios are also apparent between study formations at a single locale
(i.c., the Edmonds core): at a given volumetric. fraction of organic matter, the Stark Shale exhibits
comparatively low I/V ratios, the Hushpuckney Shale intermediate values, and the Muncie Creek
Shale high values (Fig. 8A). The study formations exhibit substantial differences in mean §3C
values, with the Hushpuckney Shale being significantly 13C-depleted (-28.3£0.8 %o PDB; n = 20)
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Fig. 7: Uranium-phosphorus relations in the Stark (A) and Hushpuckney and Muncie Creek shales (B); symbols
as in Fig. 4. Each study unit exhibits (1) positive U,-P,0O5 covariation, indicating presence of a U component
associated with P, and (2) a positive Y-intercept, indicating presence of a non-phosphatic (“excess”) U component
that is probably an adsorbed phase on organic matter. Regression lines for each unit, which are based only on
P,0O5 values >0.5 wt%, are used in calculating excess uranium values (U,.; eq. 1 in text).

relative to the Muncie Creek (-27.440.3 %o PDB; n = 6) and Stark shales (-27.620.5 %o PDB; n =
35; Fig. 8B). . «

Carbon-Sulfur-Iron Systematics: Organic matter and sulfides are two of the major components
of the study units (Fig. 5; Table 1). A near-absence of inorganic carbon (i.e., carbonate C) is indicated
by (1) point-counts yielding a mean CaCO; abundance of <1 vol%, and (2) carbonate bomb analyses
yielding a mean inorganic C fraction of 1.240.9 % of total carbon (n = 17). Hence, total carbon (TC),
which ranges from <10 to >40 wt% in samples from the study units, is an effective proxy for total
organic carbon (TOC). Organic matter in offshore shales of castern Kansas is of relatively low
maturation rank (Wenger and Baker, 1986), so thermal alteration is not a major concern. Sulfur is
present mainly in Fe-sulfides such as pyrite and, to a more limited degree, in organic matter and
phosphate nodules. Estimates of mean pyrite abundance based on petrographic point-counts (818
vol%) are probably too high but serve to verify the presence of a substantial Fe-sulfide component.

Iron is an important component of black shales owing to its sensitivity to redox changes and
uptake in Fe-sulfides. In the study units, Fe is present in considerable amounts in excess of that
needed for formation of stoichiometric pyrite (i.e., a 2:1 S:Fe ratio; Fig. 9), indicating the presence
of a non-sulfide Fe-bearing phase. This phase is likely to be a clay mineral such as Fe-chlorite (cf.
Desborough et al., 1991), from which iron is not readily liberated for Fe-sulfide formation (Canfield
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Fig. 8: Variation in organic maceral frequency ratios (A) and organic carbon C-isotopic compositions (B) as a
function of total organic carbon concentration (n.b., given as volume percent in A and as weight percent in B;
symbols as in Fig. 4). Note (1) positive covariation of inertinite/vitrinite ratios with TOC for all three shales at
the Edmonds locale (ED; dashed fields) in A, and (2) positive covariation of organic carbon 8!3C values with
TOC for the Hushpuckney and Muncie Creek shales in B.

et al., 1992). Nonetheless, the study units exhibit moderate to high degrees of sulfidation of iron.
DOP,, calculations, which assume that all iron is reactive and available for Fe-sulfide formation
(cf. Jaminski et al., this volume), yield high values (ca. 0.5-0.8) for the Stark and Hushpuckney
shales, indicative of strong anoxia, and lower values (ca. 0.3) for the Muncie Creek Shale, implying
somewhat weaker anoxia (Fig. 9). To the degree that excess Fe in the study units is present in
unreactive mineral phases, true DOP values would be higher than the estimates above and imply
more intense anoxia in the study units. Two study units, the Stark Shale in the Edmonds and Ermal
cores, exhibit strong positive S-Fe covariation, whereas the other six study units do not (Fig. 9);
such covariation is consistent with strong anoxia and a high degree of Fe-sulfidation. :
TC-TS values in all three study formations fall well below the “normal” marine trend for oxic-
suboxic environments (Berner and Raiswell, 1983) and exhibit large, positive regression Y- 1ntercepts
(1.0-1.8 wt% TS; Fig. 10). TC and TS concentrations are only weakly correlated in the Muncie Creek
and Stark shales (2 = 0.10 and 0.15, respectively) but covary strongly in the Hushpuckney Shale
(r* = 0.46). Furthermore, the four study units of the Stark Shale exhibit widely different TC-TS
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Fig. 9: Sulfur-iron relations for all samples from the study units (n = 85); Fe values are given as elemental rather
than oxide concentrations; symbols as in Fig. 4. A S:Fe ratio of 2:1 for stoichiometric pyrite is shown at left;
note that most samples contain “excess” Fe. DOP,, values of 0.5, 0.75, and 1.0 are shown as diagonal lines; a
DOP,,, of 1.0 coincides with the pyrite line. Note that (1) most DOP,, values for the Stark and Hushpuckney
shales are high (>0.5), (2) S-Fe covariation is significantly positive for the Stark Shale in the Edmonds (ED) and
Ermal (ER) cores (dashed fields) but no S-Fe covariation is observed for the Hushpuckney Shale, and (3) most
DOP,,, values for the Muncie Creek Shale are low (ca. 0.3).

tot

correlations, whereas all three study units of the Hushpuckney Shale exhibit positive correlation
coefficients (r) of similar magnitude (+0.58 to +0.70; Fig. 10C). These observations are consistent
with strong anoxia during deposition of the study units (see above) as well as with generally
Fe-limited conditions for authigenic sulfide formation. However, strong positive TC-TS covariance
in the Hushpuckney Shale may indicate some control of sulfate reduction rates by the type or degree
of reactivity of organic matter and, hence, imply a lesser degree of Fe-limitation than in the Stark
Shale, which is consistent with the existence of S-Fe covariation in the latter formation and its
absence in the former formation (Fig. 9).

Distribution of Organic Carbon, Sulfide, and Phosphate: Most components of the study
units exhibit pronounced regional trends that may be useful in inferring environmental gradients
in the depositional system (see discussion below). Among the major components, organic carbon
(proxied by TC) and Fe-sulfides (proxied by TS) increase to the north in a fairly uniform manner
in both the Stark and Hushpuckney shales (Fig. 11A-B). In contrast, phosphate (proxied by P,Os)
increases northward in the Hushpuckney Shale but southward in the Stark Shale (Fig. 11C), a
pattern that is mirrored by phosphate nodule abundances in core X-radiographs. Trace elements
that have a predominantly organic affinity (e.g., Mo and U,,; Table 1) exhibit northward increases
in both absolute and TC-normalized concentrations (Fig. 11D-E); the TC-normalized values are
of greater significance for environmental interpretations because they reflect redox-sensitive rates of
trace-element uptake by organic matter. Trace elements of mixed organic-detrital affinity (e.g., V, Ni,
and Cr; Table 1) also exhibit northward increases in concentration, but the magnitude of the increase
varies in proportion to the redox sensitivity of a given element (V > Ni > Cr; Fig. 11F-G). Potentially
significant is that these compositional parameters exhibit different rates of lateral variation, implying
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Fig. 10: Carbon-sulfur relations for the Muncie Creek (A), Stark (B), and Hushpuckney (C) shales; symbols as in
Fig. 4. TC-TS regression lines are shown for samples from each study unit (thin lines) and for all samples from
each offshore shale (heavy lines). Core abbreviations are Edmonds (ED), Ermal (ER), Heilman (HL), Mitchellson
(MT), and Womelsdorf (WM). Coefficients of determination (+2) are for all samples from a given offshore shale;
2 values are significant (p(ct) <.01) for the Hushpuckney and Stark shales (n = 33 and 64, respectively) and
non-significant for the Muncie Creek (7 = 9). The C-S trend for “normal” marine shales deposited in oxic-suboxic
environments (dashed line) is from Berner and Raiswell (1983).

differences either in concentration gradients or, more likely, in their sensitivity to redox changes. For
example, TC and TS increase northward within the study area by a factor of 1.3-1.8 (Fig. 11A-B),
but Mo/TC increases by a factor of 1.8-3.6 (Fig. 11D), U_,/TC by a factor of 2.7-3.5 (Fig. 11E),
and V/Cr by a factor of 2.2-4.1 (Fig. 11G). In addition to regional trends, the three study formations
exhibit a consistent stratigraphic relationship with regard to these compositional parameters, i.e.,
when compared at a single locale (the Edmonds core), concentrations of TS, Mo/TC, U, /TC, and
V/Cr are highest in the Stark Shale, intermediate in the Hushpuckney Shale, and lowest in the
Muncie Creek Shale (Fig. 11; n.b., TC, P,0Os, and V/(V+Ni) do not conform to this pattern).
Proxies for organic carbon, sulfide, and phosphate generally exhibit linear patterns of covariation
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Fig. 11: Time-space variation in elemental conceritrations and ratios associated with organic matter cycling
and redox conditions. Shown are section-mean concentrations (with standard deviations in parentheses) for
total carbon TC (A), total sulfur TS (B), phosphorus P,O4 (C), molybdenum Mo/TC (D), non-phosphatic or
“excess” uranium U, /TC (E), vanadium:nickel ratio V/(V+Ni) (F), and vanadium:chromium ratio V/Cr (G).
Concentrations of elements that are present mainly as an adsorbed phase on organic matter (e.g., Mo, U, and
V) must be normalized to TC; trace-element ratios (e.g., V/Cr) are implicitly normalized. Values for TC, TS, and
P,O; are in weight percent, those for Mo/TC and U, /TC are 10* times a dimensionless weight ratio, and those
for V/(V+Ni) and V/Cr are dimensionless. North is to the right and stratigraphically younger offshore shales
toward the top of figure (compare format with Fig. 4). See text for discussion of significance of concentration

gradients.

(Fig. 12). Because section-mean TC, TS, Mo/TC, U, /TC, V/(V+Ni), and V/Cr values increase to the
north in both the Hushpuckney and Stark shales, correlations among these compositional parameters
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are generally positive. However, some parameter pairs exhibit differences between formations that
may be of environmental significance. For example, TC and TS values exhibit strong positive
covariation in both the Stark and Hushpuckney shales but a slope that is about twice as steep in
the former as in the latter formation (Fig. 12A). TS and U, /TC values exhibit a much weaker
correlation in the Hushpuckney Shale than in the Stark Shale (Fig. 12B), while P,O5 and U, /TC
values exhibit positive covariation in the Hushpuckney Shale but negative covariation in the Stark
Shale (Fig. 12C). On the other hand, some compositional pairs exhibit similar covariation patterns
in both formations, e.g., V/Cr and U, /TC values (Fig. 12D). These patterns of covariation may be
useful in drawing inferences about (1) regional environmental gradients and (2) coupling between
various processes associated with organic matter cycling, i.e., carbon delivery, sulfate reduction, and
authigenic phosphate precipitation (see discussion below).
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Fig. 12: Covariation patterns among elements associated with organic matter cycling and redox conditions.
Section-mean values (cf. Fig. 11) are cross-plotted for TC-TS (A), TS-U,/TC (B), P,05-U,, /TC (C), and
V/Cr-U,, /TC (D). Section means are shown as symbols (see Fig. 4), ranges of the standard error of the mean
s/n as open rectangles, and ranges of the standard deviation s as crosses; section means for the Stark and
Hushpuckney shales are enclosed by dashed lines to emphasize geographic trends within these formations.

Discussion

Degree-of-Anoxia (DOA): Bottomwater oxygen levels during deposition of Midcontinent Pennsyl-
vanian offshore shales can be constrained using a combination of faunal, ichnofabric, and geoche-
mical data. Unfortunately, disagreement exists among paleoecologists with regard to the defining
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characteristics of certain oxygen-related biofacies: Savrda et al.’s (1991) dysaerobic biofacies
contains burrows (and, hence, a soft-bodied infauna) without a hard-shelled benthos, whereas
Wignall’s (1994) lower dysaerobic biofacies (ORBs 3 and 4) contains abundant hard-shelled epibionts
along isolated surfaces in otherwise unburrowed sediments. This discordance is probably due
to differences in temporal patterns of bottomwater oxygenation that are implicit in each model.
Specifically, Savrda et al.’s model assumes gradual long-term changes in dissolved O, levels,
whereas Wignall’s model may reflect the effects of episodic short-term oxygenation events under
otherwise anoxic conditions (to which the term “poikiloxia” may be applied). In the study units, no
hard-shelled benthos and only minor burrowing was observed in the laminated black-shale facies (Fig.
5), and bioturbation preceded the appearance of a hard-shelled benthos in the overlying gray-shale
facies (n.b., faunal and ichnofabric data for the latter facies will be presented elsewhere). These
observations suggest that Savrda et.al.’s (1991) model may be more applicable to the study units.
Thus, paleoecological criteria indicate persistent anoxia (<0.2 ml O, 1'* H,0) during deposition of
the black-shale facies in the Hushpuckney and Stark shales, and anoxia yielding to intermittent or
permanent dysoxia (0.2-0.5 ml O, I'! H,0) during deposition of the upper part of the black-shale
facies in the Muncie Creek Shale.

Given the strongly oxygen-depleted conditions that prevailed within the study units, geochemical
data may have the greatest potential for diagnosis of fluctuations in bottomwater O, levels.
Concentrations or ratios of redox-sensitive trace-elements are used for this purpose (e.g., Lewan and
Maynard, 1982; Coveney et al., 1991; Hatch and Leventhal, 1992). For example, sediments deposited
under low-oxygen conditions are commonly enriched in Mo, U, V, Ni, and Cr because the reduced
ionic species of these elements are either readily adsorbed onto organic matter or form insoluble
chemical precipitates (Pratt and Davis, 1992; Calvert and Pedersen, 1993). However, trace-element
concentrations in the sediment also may vary as a function of availability of preferred substrates
for uptake (i.e., type of sedimentary organic matter) or as a result of buildup of trace-element
concentrations in the water column via organic matter remineralization, and, hence, it is necessary to
consider relations between trace elements and major components such as organic carbon, Fe-sulfide,
and authigenic phosphate. Furthermore, because these components are coupled via redox-sensitive
processes associated with organic matter cycling, e.g., sulfate reduction and authigenic phosphate
precipitation, spatio-temporal trends in major sediment components also may provide information
regarding environmental conditions. Hence, in the following discussion we will consider relations
among major components and redox-sensitive trace elements in evaluating bottomwater O, levels.

Regional Trends in DOA: In both the Hushpuckney and Stark shales, lateral geochemical trends
imply decreasing bottomwater oxygen levels to the north (Fig. 13). The strongest evidence in support
of this interpretation is a pattern of northward increases by factors of two to four in the TC-normalized
concentrations of redox-sensitive trace eléments, e.g., Mo/TC, U, /TC, VAV+Ni), and V/Cr (Fig.
11D-G). Other geochemical parameters exhibit trends that are consistent with this inference but
that would be insufficient evidence thereof without the trace-element data cited above. Among the
major components, both TC and TS increase northward (Fig. 11A-B). The significance of the TC
trend is uncertain in the absence of information regarding productivity versus preservation controls
on organic matter accumulation, although a northward increase in TC is potentially consistent with
enhanced preservation of organic matter under more strongly anoxic conditions. Northward increases
in TS are larger than those in TC (Fig. 11A-B), implying more intense sulfate reduction rates per
unit organic carbon, which is also consistent with stronger anoxia to the north. Strong positive
covariation of TS with U, /TC (Fig. 12B), Mo/TC, V/(V+Ni), and V/Cr (not shown) suggests a
link between rates of sulfate reduction and adsorption of redox-sensitive trace elements, e.g., via
stronger anoxia and/or preferential uptake of U on bacterially-degraded organic matter. In the Stark
Shale, several other geochemical parameters may support northward intensification of bottomwater
anoxia: (1) stronger covariation of TS and Fe to the north (i.e., Edmonds and Ermal cores; Fig. 9),
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suggesting stronger Fe-limitation of sulfide formation, and (2) steeper U, -P,O5 correlations to the
north (i.e., Edmonds and Ermal cores; Fig. 7), suggesting greater uptake of U per unit P during
phosphate nodule growth. Taken together, these geochemical trends document a general increase
in the intensity of bottomwater anoxia to the north (Fig. 13), which is consistent with depositional
models invoking a strong proximal halocline and a weaker distal thermocline across the Eastern
Midcontinent Shelf (Heckel, 1991; Hatch and Leventhal, 1992).

Stratigraphic Trends in DOA: Geochemical parameters suggest differences in dissolved O,
levels between the study formations at the locale at which all three horizons were analyzed (i.e., the
Edmonds core; Fig. 13). At this locale, section-mean Mo/TC, U, /TC, and V/Cr values are highest in
the Stark Shale, intermediate in the Hushpuckney Shale, and lowest in the Muncie Creek Shale (Fig.
11D-E,G); the only inconsistent trace-element parameter is V/(V+Ni), which exhibits higher values
in the Hushpuckney Shale than in the Stark Shale (Fig. 11F). This sequence of relative DOA values
is in accord with physical evidence from the study cores (Fig. 5): (1) the Stark Shale is laminated
throughout and contains only scattered phosphate nodules, consistent with poor retention of organic
P under uniformly anoxic conditions, (2) the. Hushpuckney Shale is laminated but contains abundant
phosphate nodules, consistent with enhanced retention of organic P at low but fluctuating O, levels,
and (3) the Muncie Creek Shale is partly bioturbated and contains comparatively little sulfide and
phosphate, consistent with lower rates of anaerobic bacterial activity under dysoxic conditions (e.g.,
as a consequence of greater aerobic bacterial destruction of labile organic matter; cf. Van Cappellen
and Ingall, 1994). This sequence of relative DOA values is also in accord with geochemical and
petrographic evidence from the study cores: (1) TS:TC ratios increase northward twice as rapidly in
the Stark Shale as in the Hushpuckney Shale (Fig. 12A), suggesting more vigorous sulfate reduction
per unit organic carbon in the former formation, possibly due to a greater abundance of labile organic
matter for anaerobic decay under strongly anoxic conditions, (2) Fe exhibits a sulfidic affinity in
three of four Stark Shale cores but a detrital affinity in all Hushpuckney and Muncie Creek cores
(not shown), consistent with stronger sulfidation of Fe in the former formation as inferred from
TS-Fe relations (Fig. 9), and (3) I/V ratios increase from the Stark Shale to the Muncie Creek Shale,
reflecting greater preservation of more refractory organic matter under less anoxic conditions (Fig.
8A; see discussion of organic matter sources below). If this sequence of relative DOA values for
the three study formations is confirmed on a regional scale, it would imply secular variation in the
intensity of bottomwater anoxia at maximum transgression from one Midcontinent Pennsylvanian
cyclothem to the next (Fig. 13).

Calibration of DOA Proxies: Given the existence of regional and stratigraphic trends in redox-
sensitive trace-element concentrations, calibration of these trends to a dissolved O, scale would
facilitate delineation of spatio-temporal changes in redox conditions. The most oxygen-depleted
conditions in the study area are represented by the proximal Stark Shale (Edmonds core; Fig.
13). The corresponding trace-element proxies for such conditions, which will be assumed equal
to 0 ml O, I'' H,O, are 25.0 for Mo/TC, 12.0 for U, /TC, 0.9 for V/(V+Ni), and 5.0 for V/Cr
(Fig. 14A). The least oxygen-depleted conditions in the study area are represented by either the
Muncie Creek Shale (Edmonds core) or the distal Stark Shale (Heilman core). This uncertainty .
exists because the former contains the lowest Mo/TC and U, /TC values (Fig. 11D-E) whereas
the latter contains the lowest V/(V+Ni) and V/Cr ratios (Fig. 11F-G); given that V exhibits more
variable affinities than Mo or U,,. (Table 1), the latter parameters may be more reliable as DOA
indicators, implying least oxygen-depleted conditions in the Muncie Creek Shale. The anoxic-dysoxic.
boundary, i.e., the transition from laminated to weakly bioturbated sediments at ca. 0.2 ml O, I'!
H,0, is roughly coincident with the first occurrence of Chondrites burrows in the Muncie Creek
Shale at 26 cm, just above the geochemically-analyzed interval at 13-21 cm (Fig. 5). For this
reason, values of redox-sensitive trace-element parameters in the Muncie Creek Shale will be taken
to represent conditions close to the anoxic-dysoxic boundary, i.e., 6.0 for Mo/TC, 1.5 for U, /TC,
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Fig. 13: Interpretative north-south cross-section of environmental conditions on the Eastern Midcontinent Shelf
during deposition of the study formations. Regional trends in the concentrations of organic carbon, Fe-sulfide,
phosphate, and redox-sensitive trace elements (e.g., Mo, U, and V) reflect lateral redox gradients, which
were due to freshwater runoff from the north, producing a strong proximal halocline a weak distal thermocline
(cf. Heckel 1991). Systematic differences in degree-of-anoxia proxies between study formations imply secular
variation in redox conditions between cyclothems at maximum transgression: the Muncie Creek environment
was the least oxygen depleted (A) and the Stark environment the most strongly anoxic (B). Low but fluctuating
O, levels (diagonally lined fields) promoted phosphate nodule formation in proximal parts of the Hushpuckney
environment (C); see text for discussion. Geographic header at top; core abbreviations as in Fig. 8; horizontal
scale is approximate.

0.6 for V/(V+Ni), and 1.0for V/Cr (Fig. 14A). Ultimately, calibration of DOA indices will be
facilitated through paleoecological and geochemical analysis of the overlying gray-shale facies (in
progress).
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Fig. 14: (A) Calibration of ichnological and geochemical indicators of degree-of-anoxia (DOA). Oxygen-related
zones are established on ichnological criteria: the anoxic zone (ca. 0-0.2 ml O, I'! H,0) is characterized by
laminated sediments and the dysoxic zone (ca. 0.2-0.5 ml O, I''! H,0) by weakly bioturbated sediments. Values
of geochemical indicators represent estimates for the lower and upper boundaries of the anoxic zone. (B) Inferred
spatio-temporal relations between bottomwater O, levels and P,O5 concentrations in the study units. Because most
DOA proxies imply decreasing O, levels northward within the Hushpuckney and Stark shales (Fig. 13), divergent
regional trends in P,O5 concentrations (Fig. 11) suggest differences in P cycling between study formations. At
uniformly low O, levels, remobilized P escapes into the water column (e.g., Stark Shale), whereas at low but
fluctuating O, concentrations (ca. 0-0.2 ml 1'), P can be retained through redox cycling of Fe (e.g., Hushpuckney
Shale).

Formation of Authigenic Phosphate: P fluxes in marine systems are closely linked to organic
matter cycling and, hence, bottomwater redox conditions, and the distribution of authigenic phosphate
may provide significant information regarding environmental conditions. The geochemical conditions
favoring formation of authigenic phosphate have been reviewed recently by Glenn et al. (1994) and
Jarvis et al. (1994). Most phosphate is initially precipitated as francolite, a carbonate fluorapatite

mineral containing up to 5-6 wt% CO, and enriched in U, Sr, and Y, which is consistent with:

elemental associations observed in the study units (Fig. 6). Formation of phosphate nodules depends
on a number of factors, the co-occurrence of which is generally transient. Modern phosphates form
primarily in offshore areas of high primary productivity, i.e., where the flux of organic matter to
the sediments substantially exceeds that of clastic detritus (Burnett, 1980; Burnett et al., 1982).
Sediment porewaters must be supersaturated with respect to francolite, which commonly occurs
only within a narrow zone in the shallow subsurface where upward diffusing PO,* and CO,>
released from decaying organic matter mix with downward diffusing Ca?*, SO, and F- from the
overlying water column. Precipitation occurs mainly at depths of 5-20 cm below the sediment-water
interface and is favored by oxygen-depleted, mildly alkaline conditions, such as commonly develop
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in the NO; reducing zone (Jarvis et al., 1994). A critical factor in the retention and concentration
of sedimentary P may be Fe cycling in association with redox changes within the sediment. Given
weakly oxic conditions at or just below the sediment-water interface, iron oxyhydroxides (FeOOH)
are precipitated as a solid phase that scavenges dissolved PO,>* from porewaters. Following burial
to depths at which porewaters become anoxic, dissolution of iron oxyhydroxides under reducing
conditions liberates both Fe and adsorbed P, which diffuse upward to be reprecipitated in the oxic
zone. Redox-related Fe cycling retains P within the shallow subsurface, allowing sufficient time
for ionic diffusion and slow growth of phosphate nodules (Burnett et al., 1982). Thus, the most
favorable conditions for phosphate precipitation entail bottomwaters that are oxygen-depleted but
not fully anoxic (Jarvis et al., 1994), an inference supported by high abundances of phosphate nodules
at the upper and lower boundaries of the oxygen minimum zone on modern continental margins at
dissolved O, levels of ca. 0.1-0.2 ml I}, i.e., weakly anoxic conditions (Burnett, 1980).

This model may offer insights on environmental conditions during deposition of Midcontinent
Pennsylvanian offshore black shales. In the study units, phosphate nodules formed as authigenic
precipitates in the shallow subsurface environment and were not affected by subsequent current
winnowing (Fig. 5; Kidder, 1985; Kidder et al., 1996). The present distribution of phosphate nodules
probably reflects controls on P retention (i.e., redox conditions) rather than P supply (i.e., organic
matter flux), because P,O5 and TC values exhibit little correlation (not shown). Regional trends
in phosphate abundance are diametrically opposed in the Stark and Hushpuckney shales: P,Os
concentrations are similar at southern locales (ca. 3.5-4.0 wt%) but diverge northward, increasing
in the Hushpuckney (to >6 wt%) and decreasing in the Stark (to <1 wt%; Fig. 12C). Because
redox-sensitive trace-element parameters suggest more oxygen-depleted conditions northward in
both shales, divergent regional phosphate trends imply fundamentally different P cycling processes
in these formations. Because retention of P is commonly related to fluctuations in redox conditions
near the sediment-water interface, differences in P,0O5 gradients between formations suggest more
variable dissolved O, levels in the Hushpuckney Shale than in the Stark Shale, especially in the
northern part of the study area (Fig. 14B). Within each study unit, concentration of phosphate nodules
at the upper and lower contacts of organic-rich layers (Fig. 5) implies fluctuations in oxygen levels
at a centimeter-scale in the shallow subsurface environment (cf. Hatch and Leventhal, 1992). These
observations suggest control of P accumulation in the study units primarily by redox-dependent early
diagenetic processes. This conclusion differs from Heckel’s (1977, 1991) model for phosphogenesis
in Midcontinent Pennsylvanian offshore black shales, which invoked upwelling of nutrient-rich
deepwaters and enhanced surfacewater organic productivity.

Sources of Organic Matter: Knowledge of the sources of organic matter in a formation can
be invaluable in reconstructing environmental controls on its accumulation (e.g., Tyson, 1995).
Ideally, the major types of organic components and their distributions within a formation would be
determined first and subsequently used in environmental analysis. However, the dominant sources
of organic matter in the present study units are not immediately evident, and inferences in this
regard can be drawn only cautiously on the basis of relations between petrographic and C-isotopic
data. The apparent absence of liptinitic macerals is puzzling in view of earlier studies documenting
large quantities of marine algal matter in Midcontinent Pennsylvanian core black shales (Wenger
and Baker, 1986; Desborough et al., 1991; Hatch and Leventhal, 1992). In the present study, failure
to petrographically detect a liptinitic component may have been due to (1) fine dissemination within
the mineral matrix, (2) bacterial reworking to a product resembling vitrinite (cf. Tyson, 1995), or (3)
genuine dominance of terrestrial organic matter. Although not conclusive, several factors favor the
bacterial reworking hypothesis. First, positive covariation between I/V ratios and bulk organic 813C
values (not shown, but note positive covariation of both parameters with TOC; Fig. 8A-B) suggests
that organic macerals in the study units have different C-isotopic compositions, i.e., ca. -26 to -27
%o for inertinite and ca. -28 to -29 %o for vitrinite based on mass-balance calculations. The former
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values correspond to those commonly yielded by woody terrestrially-derived plant debris, whereas
the latter values are similar to those of amorphous marine-derived kerogens of Carboniferous age,
i.e., -27 to -30 %o (Lewan, 1986; cf. Maynard, 1981). Second, I/V ratios in the study units exhibit
spatio-temporal patterns that can be explained most easily if the primary control on the relative
abundances of vitrinite and inertinite was bottomwater O, levels. Regional variation within the Stark

A
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