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ABSTRACT

High-frequency variation in environmental conditions within the anoxic Late Devonian
Appalachian Basin was investigated through microstratigraphic analysis of the Cleveland Member
of the Ohio Shale in four cores from central Ohio and northern Kentucky. Ineach core,
X-radiography revealed pervasive decimeter-scale compositional cyclicity, and selected cycles were
sampled at a sub-centimeter scale to identify compositional controls on X-radiograph gray-scale
density (GSD) values. Petrographic and geochemical analysis of samples revealed that (1) the main
controls on GSD are total carbon (TC; a proxy for organic carbon) and total sulfur (TS; a proxy for
Fe-sulfides), which account for roughly equal amounts of GSD variance, and (2) dm-scale cyclicity
in GSD values represents compositional variation between a high TC-low TS and a low TC-high TS
endmember, reflecting strong negative covariation between TC and TS at a decimeter scale.
Further, (3) the high TC-low TS endmember contains large amounts of poorly-preserved (i.e.,
bacterially reworked) organic matter of probable marine algal origin, whereas the low TC-high TS
endmember contains smaller quantities of well-preserved organic matter of mainly marine algal
origin, and (4) the high TC-low TS endmember is enriched in trace elements associated with
organics and a high-Ti-Zr detrital group (probably a silt-size clastic fraction), whereas the low TC-
high TS endmember is enriched in trace elements associated with Fe-sulfides and a high-Al-K
detrital group (probably a clay-size clastic fraction). The high TC-low TS endmember of dm-scale
cycles may have been deposited at low bulk sedimentation rates, allowing bacterial reworking and
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concentration of organic matter, whereas the low TC-high TS endmember may have been deposited
at high bulk sedimentation rates, resulting in better preservation of organic matter and in
introduction of reactive Fe that promoted formation of authigenic Fe-sulfides. These inferences are
consistent with a process model invoking accumulation of organic matter in a starved-basinal setting
subject to fluctuations in freshwater runoff and in water- and wind-borne clastic fluxes as a result of
climatic forcing at timescales of a few thousand years. An important conclusion of the present study
is that analysis of laminated organic-rich sediments must be undertaken at length scales shorter than
those of natural compositional variation in order to accurately characterize the depositional
dynamics of anoxic marine systems.

INTRODUCTION

Preservation of primary compositional variation at a fine scale in anoxic marine environments
commonly vyields a laminated sedimentary record in which individual laminae record information
regarding "instantaneous” environmental conditions and successions of laminae record changes in
such conditions over extended intervals of time (Hay et al., 1990; Lyons, 1991; Peterson et al., 1991,
Ripepe et al., 1991; Aplin et al., 1992). Knowledge of environmental conditions at a given moment
in time, and of changes in such conditions over short time intervals, is invaluable in understanding
depositional and early diagenetic processes that control the accumulation of sedimentary organic
matter. Although analysis of such controls optimally would entail generation and evaluation of
high-frequency compositional records over long stratigraphic intervals at a number of locales within
a sedimentary basin, geochemical analysis of compositional variation in laminated sediments is
labor-intensive. As a consequence, most geochemical studies of ancient organic-rich sediments (i.e.,
black shales) have resorted either (1) to wide sample spacing (e.g., Leventhal, 1981; Robl et al.,
1983; Beier and Hayes, 1989; Ripley et al., 1990) or (2) to a limited stratigraphic and geographic
scope of investigation (e.g., Ingall et al., 1993). Although the former approach provides information
about long-term environmental changes, it runs the risk of overlooking signals at a frequency higher
than that represented by mean sample spacing or of recognizing spurious signals at the limit of
spatial resolution of the data (a process known as "aliasing™ in time series analysis). On the other
hand, the latter approach may fail to identify significant patterns of environmental variation at longer
timescales or over broader areas.

In order to efficiently characterize fine-scale compositional variation in laminated organic-rich
sediments over extended stratigraphic intervals, we have developed a combination of techniques that
utilizes X-radiography as a primary tool. Our procedure entails (1) generation of X-radiographs
over the complete stratigraphic interval of interest in laminated sedimentary cores, providing a
continuous high-resolution record of density variations that serve as a geochemical proxy (Algeo et
al., 1994), and (2) detailed petrographic and geochemical analysis of selected short core intervals for
identification of compositional controls on density variation. To date, we have utilized this
procedure to study sub-mm-scale compositional variation over stratigraphic intervals of tens of
meters in a number of black shale formations of Middle Ordovician to Early Permian age. In this
report, we will focus on results from the Upper Devonian Cleveland Member of the Ohio Shale,
which was studied in four cores from Ohio and Kentucky (Fig. 1; Jaminski et al., 1995). X-
radiographic, petrographic, and geochemical data of the present study were integrated with existing
stratigraphic and paleoclimatic reports for the Late Devonian Appalachian Basin (e.g., Potter et al.,
1980; de Witt and Roen, 1985; Woodrow, 1985; Ettensohn et al., 1989; Roen and Kepferle, 1993) to
allow evaluation of environmental variation from a lamina scale to a basinal scale and construction
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of a depositional model for controls on the accumulation of sedimentary organic matter.

CHOICE OF STUDY UNITS

The Cleveland Member of the Ohio Shale (henceforth: Cleveland Shale) is a black, organic
carbon-rich unit that is approximately correlative with the Late Devonian (late Famennian) expansa
conodont zone (Fig. 2A; Woodrow et al., 1988; Ziegler and Sandberg 1990). In Ohio and Kentucky,
the Cleveland Shale exhibits evidence of dm-scale compositional variation in the form of a ribbed
weathering pattern in outcrop (Potter et al., 1982). Weak color variation (olive-black to brownish-
black) is apparent at similar length scales in some cores, but quantifying such subtle color changes
would be difficult, e.g., using optical microdensitometry, a method that has been applied
successfully to limestone-shale successions exhibiting strong color contrast (Herbert and Fischer,
1986; Bond et al., 1992). Despite minimal color variation, the ribbed weathering pattern of the
Cleveland Shale is a reflection of strong dm-scale compositional variation, primarily with regard to
concentrations of organic matter (4-14 wt% TOC) and sulfides (1-6 wt% TS). Owing to differences
in density between organic carbon, sulfides, and the silicate matrix, X-radiography is capable of
imaging spatial variation in the distribution of these components and of providing a high-resolution
proxy record of compositional variation.

In order to examine geographic as well as stratigraphic patterns of fine-scale compositional
variation in the Cleveland Shale, a series of four cores was chosen between central Ohio and
northern Kentucky, representing a gradient from more proximal (northern) to more distal (southern)
environments (Fig. 1). These cores are located on the eastern flank of the Cincinnati Arch (i.e., west
of the depocenter of the Appalachian Basin), which is a favorable location for analysis of fine-scale
compositional variation in Appalachian Devonian black shales because of (1) isolation from sources
of coarse clastic influx, such as the Catskill Delta, on the northern and eastern margins of the basin
(Craft and Bridge, 1987), and (2) relative completeness of the Upper Devonian stratigraphic
succession, compared with condensed sections of stratigraphic equivalents to the south, such as the
upper Gassaway Member of the Chattanooga Shale (Schieber, 1994). Owing to space limitations,
the present paper will focus on X-radiographic, petrographic, and geochemical data from a single
core (OHRS-5 from Ross County, Ohio; Fig. 1), but the reader should note that the depositional
model presented in the final section of this paper is based on evaluation of stratigraphic and
geochemical data from all four study cores.

In southern Ohio, the Cleveland Member of the Ohio Shale is part of a thick succession of
Upper Devonian black shales that includes the Huron Member of the Ohio Shale and the Sunbury
Shale (Fig. 2A). These organic-rich units were deposited under moderately deep-water, starved-
basinal conditions that were interrupted by episodic influx of coarser clastics, such as the Bedford-
Berea sequence (Ettensohn and Elam, 1985; Pashin and Ettensohn, 1995). To the north and
northeast, the Cleveland Shale interfingers laterally with the gray Chagrin Shale, a unit that
represents prograding prodeltaic deposits of the Catskill clastic wedge (Roen and Kepferle, 1993).
Evidence of sediment reworking by storm waves and currents is present in stratigraphically
equivalent black shales to the south, in central Tennessee (Schieber, 1994), and to the west, along
the crest of the Cincinnati Arch in central Kentucky (McKinsey and Kepferle, 1985). This suggests
comparatively shallow water depths in these areas, e.g., a few tens of meters, but the absence of
similar features in the four cores of the present study implies deeper water in northern Kentucky and
south-central Ohio. Sediment reworking through biotic processes also is minimal in the Cleveland
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Shale, which exhibits a low proportion of bioturbated layers (<0.1% of cumulative thickness)
compared with the Three Lick Bed and the Huron Member of the Ohio Shale (42% and 7% of
cumulative thickness, respectively; Savrda, 1992). This suggests that anoxic conditions existed
almost continuously during deposition of the Cleveland Member of the Ohio Shale.

METHODS

Detailed petrographic and geochemical analysis of extended stratigraphic intervals is time-
consuming and costly. This problem was overcome in the present study by using X-radiography as
the primary tool in analysis of fine-scale compositional variation in laminated cores of the Cleveland
Shale. X-radiographs proved useful (1) as a high-resolution proxy record of compositional variation
within the study units, (2) as a template for optimal location of samples for petrographic and
geochemical analysis, and (3) for construction of continuous gray-scale density (GSD) records for
subsequent time series analysis (Fig. 2B). The main procedures used in characterization of the study
units included organic petrography, elemental C-S, major- and trace-element, and degree-of-
pyritization (DOP) analysis. Different procedures yielded different degrees of stratigraphic
resolution: (1) X-radiograph gray-scale density values were measured at equal intervals of 0.02
centimeters over the full length of each study core, (2) geochemical analyses (i.e., C-S, major- and
trace-element, and DOP) were undertaken on samples of 0.5-1.0 cm thickness within selected dm-
length core intervals, and (3) organic petrographic data were generated for zones of 1.0-2.5 cm
thickness from the same core intervals. Correlation coefficients between parameters having different
degrees of stratigraphic resolution were calculated using an average value for the parameter of
higher resolution over the interval corresponding to a single measurement of the parameter of lower
resolution.

X-radiography

Patterns of fine-scale compositional variation in the study cores were initially identified using
X-radiography. For a sample of uniform thickness, brightness contrast in X-radiograph images is
produced by small compositionally-based differences in rock density such that denser (less dense)
areas appear lighter (darker) owing to reduced (increased) X-ray penetration (e.g., Algeo and
Woods, 1994; Algeo et al., 1994; Hoffman et al., this volume). In the Cleveland Shale,
X-radiograph gray-scale density (GSD; Fig. 2B-C) proved useful as a proxy for organic carbon and

sulfide content (Fig. 2D) because the densities of these components (1.0-1.2 and 4.9-5.1 g cm '3,

respectively) differ substantially from that of the rock matrix (2.6-2.7 g cm '3), which is composed
largely of illite, mixed-layer illite/smectite, other clay minerals, and quartz silt.

Conventional X-radiographic procedures entail cutting samples into thin slabs (commonly <10
mm thick) to minimize interference between sedimentary components and to maximize resolution in
the resulting images (e.g., McKinsey and Kepferle, 1985). However, sample slabbing is a time-
consuming and fundamentally destructive process and is unnecessary in sedimentary rock cores
containing penetrative laminae. This is because high-resolution images can be obtained from
moderately thick samples (e.g., 10-50 mm) provided that the X-ray beam is held parallel to sample
stratification.  In horizontally laminated cores, placement of the core on its side reorients
sedimentary laminae vertically, permitting alignment of laminae with a collimated X-ray beam
through use of a lead-shielded core stage (Algeo et al., 1994). This approach has several advantages
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over conventional X-radiographic procedures: (1) higher and more uniform spatial resolution of
images, (2) equal exposure of all parts of a sample or core interval, (3) rapidity of analysis (ca. 30

1 .
cm hr™), and (4) non-destructiveness.

For this study, X-radiograph images were produced at the University of Cincinnati using a
tungsten-source Hewlett Packard Faxitron (model 43804N) and a custom-built core stage consisting
of a platform driven by a variable-speed step motor. Cores were X-rayed in 25-cm-long segments,
and each segment was placed on the stage on top of a film holder (containing Kodak Type M film)
and covered by a lead shield with a central window of adjustable width. At a source voltage of
60-70 kV, about 5 minutes of exposure was necessary for good image contrast, which was achieved
by using a 2.5-cm-wide window and a stage speed of 0.5 cm min™'. Film was developed in Kodak
chemicals as specified by the manufacturer, and special attention was paid to film processing to
maintain consistent and reproducible results. After development, X-radiograph negatives were
scanned at 300 dpi resolution using a UMAC UC630 color scanner and Image-In software and
subsequently downloaded to an Optimas image analysis system. In Optimas, line luminance
transects were taken along the center of each scanned core segment at a sampling density of 5.3
points per millimeter, providing a continuous record of variation in gray-scale density (GSD) of the
core images on a brightness scale ranging from 0 (black) to 255 (white). GSD values were exported
to a spreadsheet for further processing, which entailed (1) corrections for non-compositional sources
of GSD variance (i.e., minor variations in film exposure and development) using a GSD standard
(i.e., a billet with well-defined GSD maxima and minima) and a 2-3-cm overlapping interval
between adjacent core segments, and (2) digital splicing of GSD values for successive core segments
to produce a continuous GSD data series through the entire Cleveland Shale in each study core (Fig.
2B).

Sampling Procedure

An important preliminary step to petrographic and geochemical characterization of the study
unit was selection of sample locations in a manner designed to extract maximum information with
reasonable expenditure of effort. A hierarchical sampling strategy was employed with (1) selection
of 10-20-cm-long core intervals for detailed sampling in the lower, middle, and upper part of each
study unit (e.g., intervals 25/15-16, 22/9-10, and 19/2 in OHRS-5; Fig. 2C), and (2) collection of 19-
21 contiguous samples of subequal thickness (0.5-1.0 cm) within each interval of detailed study.
Compositional variation exists at several length scales within the Cleveland Shale, and this sampling
strategy permitted quantification of petrographic and geochemical parameters at all relevant length
scales. Each 10-20-cm-long interval chosen for detailed study enclosed a complete compositional
cycle (Fig. 2C), and analysis of 19-21 samples permitted thorough characterization of geochemical
changes within each cycle. Analysis of sample sets from the lower, middle, and upper part of each
study core was intended primarily to identify secular changes in patterns of compositional variation
at a decimeter scale rather than to characterize gross stratigraphic trends in geochemistry, which
have been the focus of numerous earlier studies of Appalachian Devonian black shales (e.g., Potter
etal., 1980; Robl et al., 1983; Solomon et al., 1984; Leventhal, 1987; Robl and Barron, 1988). Each
sample was ground in an agate ball mill, yielding about 6 grams of ca. 400-mesh powder that was
split for C-S, major- and trace-element, and DOP analysis. Powdered samples were stored in
nitrogen-filled vials and refrigerated to prevent oxidation of organic carbon and sulfides prior to
analysis.
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Carbon-Sulfur Elemental Analysis

Carbon and sulfur elemental concentrations were obtained on a LECO CS-244 analyzer and
induction furnace at Indiana University. About 0.25 g of sample was mixed with iron chips and a
chemical accelerator (Lecocel) to promote complete combustion. Multiple analyses of a LECO
synthetic carbon standard (reported TC = 5.05 wt%) yielded a mean total carbon value of 5.10+0.19
wit% (n = 43) with a repeatability (intrarun) of +1.4% to +2.5% and a reproducibility (interrun) of
+2.0%, yielding an analytical precision (20) of +3.8% of reported values. Carbon and sulfur
concentrations were determined on a whole-rock basis for all samples (total carbon, or TC, and total
sulfur, or TS; n = 588) and on an acid-volatile-free basis for approximately one in four samples (total
organic carbon, or TOC, and non-acid volatile sulfur, or NAVS; n = 149). The latter samples were
treated overnight in 2N HCI, and the residues were washed in deionized water and collected on
Whatman fiber-glass filters using an aspirator. Inorganic carbon (TIC) and acid-volatile sulfur
(AVS) were obtained by difference (cf. Leventhal and Shaw, 1980). 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 analysis was undertaken on the same 10-20-cm-long core intervals chosen for
geochemical analysis, but these were subdivided into a smaller number of zones (n = 7-9 per core
interval) of greater thickness (1-3 cm) for the purpose of petrographic point-counts. Zones were
chosen on the basis of relatively uniform internal GSD character on the assumption that petrographic
variability would be smaller within than between zones. Each core interval was prepared as two or
three polished slabs, which were examined using a Carl-Zeiss petrographic microscope under both
reflected white light and violet-UV fluorescent light (e.g., Robl et al., 1991). Point-counting was
used to determine the relative frequencies of different petrographic components, and observations
were made using a 0.3x0.3 mm grid. For each zone, a minimum of 300 observations were collected
such that all linear traverses perpendicular to bedding were completed. Organic macerals were
classified using standard nomenclature (e.g., Hutton, 1987; Tyson, 1995).

Major- and Trace-Element Analysis

About 3-4 g of each sample 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. Analysis included one run for major and minor elements (Si, Al, Fe, P, Ca, Mg, K, Na,
Mn, and Ti) and one for trace elements (Nb, Zr, Y, Cu, Cr, Rb, Sr, Zn, Ni, Ba, Mo, and V). Values
for some elements are not reported below owing to (1) concentrations below detection limits (e.g.,
U) or (2) lack of covariance with other elements (e.g., Na, Mg, Cr). XRF intensities were calibrated
using both USGS (SDO-1, SCo-1, SGR-1) and internal black shale standards (analyzed using XRF
and INAA by XRAL Incorporated). Analytical precision based on replicate analyses was better than
+1% for Zr, Y, and Rb, +3.2% for Mn, +3.8% for Na, +5% for other trace elements, and +2% for
other major and minor elements. Detection limits for trace elements were 5 ppm for Nb, Zr, Y, Sr,
Rb, Zn, Cu, and Ni, 15 ppm for Cr and V, 20 ppm for U, and 50 ppm for Ba.
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RESULTS
X-radiography

The gray-scale density (GSD) record of the Cleveland Shale in OHRS-5 exhibits variation at
several length scales: (1) for the 18.4-m-thick formation as a whole, GSD values decrease
progressively upsection (Fig. 2B), (2) at intermediate length scales (ca. 1-4 m), GSD values vary
cyclically and decrease in wavelength upsection (Fig. 2B), and (3) at a fine scale (ca. 0.1-0.3 m),
GSD values vary cyclically, also with decreasing wavelength upsection (Fig. 2C). The upsection
trend toward lower GSD values reflects primarily an overall increase in organic carbon content
toward the top of the Cleveland Shale (e.g., Robl and Barron, 1988), whereas GSD cyclicity at short
to intermediate length scales represents stratigraphic variation in the concentrations of both organic
carbon and Fe-sulfides (Fig. 2D; see C-S-Fe systematics below). Comparable patterns of variation
in GSD values and compositional parameters are present at similar length scales in the other three
study cores (Fig. 1; Jaminski et al., 1995).

The three dm-scale compositional cycles in OHRS-5 chosen for detailed analysis display
similarities and differences in their GSD records. All three cycles exhibit (1) roughly symmetrical
form and (2) greater GSD variability at high GSD values, but (3) lower peak GSD values are
observed in interval 22/9-10 than in intervals 19/2 or 25/15-16, and (4) lower background GSD
values are present in interval 19/2 than in intervals 22/9-10 or 25/15-16 (Fig. 2C). Within each study
core, cycles decrease in thickness upsection (Fig. 2B); however, this thinning appears not to be
uniformly distributed within cycles but, rather, to be concentrated within the high-GSD (i.e., low
TC-high TS) portions of cycles (cf. intervals 25/15-16 and 19/2, Fig. 2C). GSD variation is largely
controlled by total carbon (TC) and total sulfur (TS) concentrations, which are good proxies for the
organic carbon and Fe-sulfide content of the samples (see C-S-Fe systematics below). Within the
detailed study intervals, (1) TC and TS account for 63% and 64% of total GSD variance,
respectively (Fig. 2C-D; n.b., sum >100% owing to TC-TS covariance), and (2) owing to the non-
linear response of GSD to variations in TC and TS, GSD covaries more strongly with TC at low to
intermediate TC values (Fig. 3A) and more strongly with TS at low to intermediate TS values (Fig.
3B). Strong covariance between GSD values and TC and TS within the dm-scale core intervals
chosen for detailed analysis allows GSD to be used as a proxy for TC and TS throughout the study
unit.

Carbon-Sulfur-Iron Systematics

In the study area, the Cleveland Shale contains large quantities of organic matter (to 15 wt%

TOC) of relatively low rank (Rg <0.5%, H/C = 0.8-1.4; Maynard, 1981a; Robl et al., 1983; Solomon
et al.,, 1984; Rimmer and Cantrell, 1989). Tothe east and northeast of the study area, TOC
decreases, the proportion of refractory terrestrial organic matter increases, and thermal maturity
increases, reflecting (1) greater siliciclastic input in proximity to detrital source areas in the Acadian
Orogen to the east, and (2) a higher degree of thermal alteration of organic matter associated with
burial in deeper parts of the Appalachian Basin. Stratigraphically, TOC values increase from the
base (ca. 4-6%) to the top (ca. 12-14%) of the Cleveland Shale, the upper part of which has been
designated a high-grade zone with economic potential as an oil shale (>8% TOC; Robl et al., 1983).

Carbon is present in the Cleveland Shale as organic C and carbonate and sulfur as organic S,
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sulfides, and sulfates (Robl et al., 1983). However, each of these elements is concentrated
dominantly in a single phase, i.e., organic C and pyritic S. In most samples, >80% of total carbon is
organic C, and the mean fractional TOC value (i.e., TOC/TC) is 94+9% for the formation as a whole
(n= 84; Fig. 4A). At least part of the 6% mean difference between TC and TOC is due to
incomplete recovery of organic carbon during filtration of acidized samples rather than to presence
of carbonate, which is consistent with inorganic C values of <0.2 wt% as determined by CO;
evolution (Robl and Barron, 1988). In most samples, >75% of total sulfur is non-acid volatile sulfur
(NAVS; e.g., Fe-disulfides and organic S), and the mean fractional NAVS value (i.e., NAVS/TS) is
89+10% for the formation as a whole (n = 84; Fig. 4B). Although small amounts of acid-volatile
sulfur (AVS; e.g., Fe-monosulfides such as greigite and non-Fe-disulfides such as sphalerite) may be
present in some samples, loss of NAVS during filtration of acidized samples accounts for at least
part of the 11% mean difference between TS and NAVS (Fig. 4B). The relative proportions of Fe-
disulfides and organic S in the NAVS fraction were not determined in this study, but organic S
concentrations are presumed to be low because (1) petrographic observations demonstrate the
abundance of pyrite, (2) negative TOC-TS covariance indicates that most sulfur at low TOC
concentrations must be present in non-organic phases, and (3) strong positive Fe-S covariance
suggests that both elements are present mainly in Fe-sulfides (see below). Low concentrations of
organic S are supported by earlier studies demonstrating that >80% of total sulfur in the Cleveland
Shale resides in pyrite (Robl et al., 1983) and that organic S comprises <2 wt% of organic matter
extracts (Smith and Young, 1967). For these reasons, we use TS values as a proxy for pyritic S (cf.
Lyons and Berner, 1992), which allows a larger number of S determinations to be made.

For the Cleveland Shale as a whole, TC and TS values exhibit moderate negative covariance (r

2= 0.21; n = 60; p(e) <.01) with a Y-axis intercept of ca. 2.5 wt% TS (Fig. 5A). The three dm-scale
cycles chosen for detailed analysis display patterns of TC-TS covariance that are similar in broad
outline but differ in detail. Within each cycle, the high TC-low TS interval yielded fairly uniform
TC and TS values, representing a stable endpoint, whereas the low TC-high TS interval exhibited
continuous variation in TC and TS values, representing an “excursion™ from the stable endpoint.
However, the paths of TC-TS excursions differ between cycles: (1) ininterval 25/15-16,
TS increased strongly after TC had already decreased to a minimum (Fig. 5B), (2) in interval 22/9-
10, TS increased slightly as TC decreased to a minimum (Fig. 5C), and (3) in interval 19/2, TS first
increased and then decreased before the TC minimum was reached (Fig. 5D). In all three cycles,
TC-TS excursions were terminated by a decrease in TS, yielding low TC-low TS values, followed
by an increase in TC, returning to the stable high TC-low TS endpoint.

Most previous geochemical studies of Devonian black shales from the Appalachian and Illinois
basins have inferred either positive C-S covariance or an absence of significant relations. For
example, strong positive TOC-TS covariance was observed in the Huron Member of the Ohio Shale
and in the Camp Run, Morgan Trail, and lower Clegg Creek members of the New Albany Shale
(Robl and Barron, 1988; Ripley et al., 1990; Ingall et al., 1993), similar to patterns observed in
modern Black Sea sediments (Lyons and Berner, 1992). On the other hand, little or no TC-TS
covariance was observed in the Cleveland Member of the Ohio Shale and in the upper Clegg Creek
Member of the New Albany Shale, the upper part of which is correlative with the Cleveland Shale
(e.g., Fig. 6; Robl and Barron, 1988; Beier and Hayes, 1989). With the exception of the study by
Ingall et al. (1993), which employed a mean sample spacing of 6 cm over a 4.5-m-long core, all of
these studies examined thick stratigraphic intervals (25 to >100 m) using low sample densities (ca.
0.5-2.0 m mean spacing). Hence, it is possible that none of these studies have adequately
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characterized high-frequency patterns of TC-TS covariance (e.g., Fig. 5), which may offer more
significant insight regarding controls on organic matter accumulation than low-frequency patterns of
TC-TS covariance (e.g., Fig. 6). The results of the present study suggest that high-resolution
compositional analysis is essential for understanding environmental conditions and depositional
processes within anoxic marine systems.

Strong positive covariation between S and Fe in the Cleveland Shale suggests that both
elements reside mainly in Fe-sulfides (Fig. 7), but S:Fe ratios below those of stoichiometric pyrite
(2:1) indicate the presence of small quantities of "excess Fe" in other mineral phases. Although
monosulfides with a S:Fe ratio of 1:1 would reduce bulk S:Fe ratios, low concentrations of acid-
volatile sulfur (Fig. 4B) suggest that little or no monosulfide is present and that excess Fe resides in
non-sulfide phases such as clay minerals. Strong positive S-Fe covariance may be an indication that
syngenetic sulfide formation in the Cleveland Shale was Fe-limited, because most available reactive
Fe is scavenged by sulfides under such conditions (Raiswell and Berner, 1985; Raiswell et al.,
1988). Fe-limited conditions are further suggested by (1) weak TC-TS covariance and a positive
TS-intercept (Fig. 5; cf. Beier and Hayes, 1989), and (2) generally low TS concentrations (Fig. 6; cf.
Robl and Barron, 1988). The definitive test of Fe limitation will be DOP analysis (in progress), but
a preliminary evaluation can be made on the basis of Fe-TS relations. If excess Fe mainly resides in

reactive phases, then Fegoral is @ good proxy for Fepyrite+Fereactive (i.€., the denominator in DOP
calculations) and DOP values can be approximated by Fepyrite/Fetotal (termed DOPyor; Raiswell and
Berner, 1985). Mean DOPo values for the Cleveland Shale are 0.72+0.09 (Fig. 7). Small amounts
of monosulfides (<11% of TS; Fig. 4B) would increase mean DOPyot values to <0.80+0.10, whereas

small amounts of organic S (<20% of TS; Robl et al., 1983) would decrease mean DOPyt values to
>0.58+0.07. Such calculations are tentative but serve to illustrate that DOP values in the Cleveland
Shale are likely to be consistent with fully anoxic, Fe-limited conditions (Raiswell et al., 1988).
Further, these estimates are similar to DOP values obtained for the Clegg Creek Member of the New
Albany Shale (0.6-0.9), the upper part of which is correlative with the Cleveland Member of the
Ohio Shale (Anderson et al., 1987; Beier and Hayes, 1989). In samples exhibiting high DOP values,
most reactive Fe has been incorporated in Fe-sulfides, and, hence, Fe-sulfide concentrations provide
a measure of reactive-Fe flux into such systems (see discussion below).

Petrographic Analysis

The Cleveland Shale is a silty organic-rich shale composed of illite and mixed-layer
illite/smectite (45-55%), quartz (25-35%, present in both the silt and clay fractions), organic carbon
(5-15%), kaolinite (5%), chlorite (5%), pyrite (5%), and traces of carbonate and feldspar (Robl et al.,
1983; Solomon et al., 1984). The main authigenic components are (1) Fe-sulfides, which occur as
blebs, stringers, and bands, as well as small (<10 1) pyrite framboids after greigite(?), and (2)
phosphate nodules and diagenetic calcite layers, which are common in some areas but were not
observed in the study cores.

Organic matter in the study units includes macerals derived from terrestrial (vitrinite and
inertinite) and marine precursors (alginite) and of uncertain origin (bituminite; Robl et al., 1991).
Vitrinite and inertinite are present mainly as non-fluorescing detrital fragments (i.e., vitrodetrinite
and inertodetrinite); the former are somewhat larger (20-200 1 diameter) and lower in reflectance
than the latter. The liptinitic macerals include lamalginite, telalginite, and bituminite. Lamalginite is
derived mainly from small (10-100 ), thin-walled unicellular marine algae, has a distinctive
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lamellar form with little recognizable internal structure, and exhibits weak to moderate yellow-green
fluorescence in samples of low rank. Telalginite is derived from large colonial or thick-walled
unicellular algae (e.g., Tasmanites, 20-200 1 long) that exhibit distinctive external and internal
structures and intense yellow fluorescence in samples of low rank. Alginitic macerals are variably
distributed through the sample matrix or concentrated in mm-thick laminae. Bituminite consists of
amorphous (i.e., structureless) organic matter exhibiting low reflectance, weak yellow-brown or no
fluorescence, and a wispy, disseminated distribution. It is formed through bacterial degradation or
secondary gelification of either marine algal or terrestrial humic precursors (Solomon et al., 1984;
Taulbee et al., 1990). Although the primary source of bituminite is commonly indeterminate,
several observations favor a mainly marine algal precursor in the Cleveland Shale: (1) presence of
larger amounts of alginite than of vitrinite and inertinite, even though the latter maceral types are
more refractory and, hence, should withstand bacterial degradation better, and (2) positive
covariation between the concentrations of alginite and bituminite, and a lack of covariation of either
maceral type with vitrinite or inertinite (Fig. 8). A mainly marine algal precursor is also supported
by C-isotopic analysis of organic matter in the Cleveland Shale (Maynard, 1981b; Hailer et al.,
1983). Bulk organic matter yielded a mean 5"°C value of -28.9:0.6 %, PDB (n = 36), which is **C-
depleted in relation to contemporaneous non-marine shales and wood fragments (-25 to -26 %o).
Assuming that the most 13C-depleted samples in distal facies (-30.5 %o) are representative of the C-
isotopic composition of marine organic matter, isotopic mass balance dictates that about 70+10% of
the organic carbon in the Cleveland Shale be of marine origin.

Petrographic point-counts revealed systematic variation in organic maceral types at several
length scales. Within dm-scale compositional cycles, both alginite and bituminite increase in
absolute abundance within high TC-low TS intervals (Fig. 8). However, increases in bituminite are
relatively larger than those in alginite, resulting in lower alginite/(alginite+bituminite) ratios. Within
the formation as a whole, pronounced stratigraphic trends exist: the relative abundance of alginite
decreases upsection from 50-80% to <20% of organic matter whereas that of bituminite increases
from 10-40% to >80%, resulting in significantly lower alginite/(alginite+bituminite) ratios (cf.
intervals 25/15-16 and 19/2, Fig. 8). Because decreases in alginite/(alginite+bituminite) ratios imply
greater bacterial degradation of a marine algal precursor, these trends are consistent with enhanced
reworking of organic matter within the high TC-low TS portions of cycles and toward the top of the
formation. In contrast, vitrinite and inertinite exhibit relatively low, uniform concentrations (ca. 5-
15%) that do not vary in a regular manner either within dm-scale cycles or through the formation as
a whole (Fig. 8). This suggests that the flux of terrestrially-derived organic matter was not strongly
coupled to the processes controlling compositional variation in the Cleveland Shale.

Major- and Trace-Element Analysis

Major- and trace-element concentrations exhibit strong stratigraphic variation in the Cleveland
Shale, with higher concentrations of most trace metals associated with the TOC-enriched "high-
grade™” zone at the top of the formation (Robl et al., 1983, 1991; Robl and Barron, 1988). Within
dm-scale compositional cycles, most elements exhibit strong positive or negative covariance with
TC or TS (Fig. 9), suggesting dominant control of bulk sediment geochemistry by processes linked
to organic carbon cycling and authigenic Fe-sulfide precipitation. In order to more accurately assess
inter-elemental relations, cluster analyses were performed on matrices of Pearson correlation
coefficients for element pairs. The results were generally similar for each of the three dm-scale
study intervals, revealing four affinity groups: (1) an organic group consisting of C, Mo, V, Ca, and
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P, (2) a sulfide group consisting of S, Fe, Cu, and Zn, (3) a detrital group consisting of Ti, Zr, Y, and
Nb, and (4) a second detrital group consisting of Al, Sr, Rb, Ba, and K (Fig. 10; cf. Robl et al.,
1983). Because Ti and Zr are likely to reside mainly in rutile and zircon grains, the first detrital
group probably represents a silt-size clastic fraction with a substantial heavy-mineral component. In
contrast, high concentrations of Al and K indicate dominance of the second detrital group by illite,
suggesting that it represents the clay-size clastic fraction. Silica does not cluster strongly with any
group, probably owing to an association with both the Ti-Zr-rich detrital group (i.e., as quartz silt)
and the Al-K-rich detrital group (i.e., in aluminosilicate clay minerals). Although most elements
exhibit invariant affinities (i.e., those shown in Fig. 10), a few elements are rather variable in
behavior, clustering with different affinity groups in different core intervals or with no group at all
(e.g., Ni); these elements may have multiple sources.

For the most part, elemental associations in the Cleveland Shale are similar to those observed in
many modern and ancient anoxic marine environments (e.g., Murray et al., 1983; Brumsack, 1986;
Bralower and Thierstein, 1987; Ripley et al., 1990; Pratt and Davis, 1992; Murray and Leinen, 1993;
Piper, 1994). Mo and V are commonly associated with organic carbon because these elements are
reduced to relatively insoluble species that are readily scavenged by organic matter (Lewan and
Maynard, 1982; Emerson and Huested, 1991; Breit and Wanty, 1991). The organic association of
Caand P (Fig. 10) suggests that small quantities of phosphate were precipitated upon regeneration of
organic phosphorus (Jarvis et al., 1994). Affinity of Cu and Zn with S indicates uptake of these
metals in authigenic sulfides (Calvert and Pedersen, 1993), although some fraction of these and other
trace metals (e.g., Ni) may have a detrital origin. Association of Rb, Sr, and Ba with the Al-K-rich
detrital group is probably due to incorporation of these elements into interlayer cation sites in illite
(W. Huff, pers. comm., 1996), whereas association of Nb and Y with the Ti-Zr-rich detrital group is
likely to be due to affinity of these elements with heavy minerals (e.g., Murray et al., 1991). Ba is
commonly used as a paleoproductivity indicator (e.g., Schmitz, 1987), but weak Ba-TC covariance
(Fig. 10) and average Ba concentrations (cf. Turekian and Wedepohl, 1961) imply a lack of much
biogenic Ba in the Cleveland Shale. However, Ba is a better paleoproductivity indicator in siliceous
than in non-siliceous biogenic deposits (Bishop, 1988) and may not be relevant to primary
productivity in the Cleveland Shale environment. In any case, Ba is frequently subject to diagenetic
remobilization, as in Middle Devonian shales of the Appalachian Basin (Nuelle and Shelton, 1986).

The two detrital components present in the Cleveland Shale exhibit different affinities: the Ti-
Zr-rich component is more closely aligned with the organic group and the Al-K-rich component
with the sulfide group (Fig. 10). Although a close stratigraphic relationship is apparent between the
Ti-Zr-rich detrital component and the high TC-low TS portions of dm-scale cycles (Fig. 9, top), the
association between the Al-K-rich detrital component and the low TC-high TS portions of cycles is
less fixed (Fig. 9, bottom). In core interval 19/2, the organic-poor hemicycle consists of a low TC-
high TS (sulfide-rich) layer at 5-8 cm overlain by an Al-K-rich (clay-rich) layer at 7-15 cm that
contains low concentrations of both TC and TS. Concentration of sulfides within a thin zone in the
organic-poor, clay-rich portion of dm-scale cycles is common in the Cleveland Shale, although the
stratigraphic position of the sulfide-rich zone is somewhat variable between cycles.

Relations of the detrital components to organics and sulfides were further investigated by cross-
plotting detrital element indices versus TC and TS (Fig. 11). The detrital element indices employed
were concentration ratios between elements belonging to the Ti-Zr-rich and Al-K-rich groups, e.g.,
Zr/Al, such that a higher (lower) ratio indicated an increase (decrease) in the Ti-Zr-bearing
component relative to the Al-K-bearing component. In all dm-scale study intervals, Zr/Al ratios
were correlated positively with TC and negatively with TS, but the relative strengths of these
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correlations varied between study intervals: e.g., Zr/Al ratios covaried more strongly with TS than
TC in interval 19/2 (r 22084 vs. 0.61; Fig. 11A) but more strongly with TC than TS in interval

22/9-10 (r 22086 vs. 0.43; Fig. 11B). These patterns suggest that (1) the silt-size clastic fraction
(i.e., the Ti-Zr-rich detrital component) is preferentially associated with organics, (2) the clay-size
clastic fraction (i.e., the Al-K-rich detrital component) is preferentially associated with Fe-sulfides
(cf. Lapp and Balzer, 1993), and (3) the relative fluxes of the two detrital components are closely
linked to processes controlling organic matter accumulation and authigenic Fe-sulfide formation.

DISCUSSION

Models for genesis of dm-scale compositional cyclicity in the Cleveland Shale must
satisfactorily account for observed patterns of covariation among major sediment components
(summarized in Table 1). In many cases, such patterns can provide constraints on the relative fluxes
of organic and detrital components, sulfate reduction rates, and bulk sedimentation rates, as well as
insights on controls on authigenic Fe-sulfide formation and organic carbon accumulation. EXxisting
data for the study units are sufficient to constrain some but not all of these parameters.

The stratigraphic division of dm-scale cycles in the Cleveland Shale into silty organic-rich and
clayey sulfide-rich layers is probably due to a combination of depositional and early diagenetic
controls (Fig. 12A). Because organic and detrital components are largely immobile in the diagenetic
environment, the present alternation of organic-rich and clay-rich layers must reflect primary
depositional processes, i.e., a dilution process involving cyclic variation in the flux of organics,
clays, or both components, to the sediment (Fig. 12B-C). Onthe other hand, Fe-sulfides form
mainly during early diagenesis in the shallow subsurface environment as a consequence of
(1) production of H,S through bacterial reduction of dissolved sulfate in sediment porewaters, and
(2) availability of reactive iron, mainly as Fe-oxyhydroxide coatings on clastic grains (Berner,
1984). With regard to authigenic Fe-sulfide production in the study units, two observations are
significant: (1) alginite/(alginite+bituminite) ratios decrease within high TC-low TS intervals
(Fig. 8), implying greater bacterial reworking of organic matter and, hence, higher rates of sulfate

reduction and HzS production within organic-rich layers, and (2) sulfide-rich layers occur as
relatively thin zones that are commonly located at the contact between underlying organic-rich and

overlying clayey layers (e.g., Fig. 9). Because HaS liberated through sulfate reduction diffuses
upward until it is either fixed as a metallic sulfide or becomes oxidized (Berner, 1984), the latter
observation suggests that (1) sulfide-rich zones represent the interface along which upward-diffusing

H2S came into contact with reactive Fe, which was present in higher concentrations in the clay-rich
layers than in the organic-rich layers (Fig. 12A, cf. Lapp and Balzer, 1993; Shaw et al., 1994), and
(2) the distribution of clay-rich layers determined the locus of Fe-sulfide precipitation owing to the
existence of Fe-limited conditions (Figs. 6, 7; cf. Canfield, 1989).

An important consideration is whether the dilution process discussed above represented
variation primarily in organic carbon rain rates (e.g., related to primary productivity) or in clay-size
clastic flux. These alternatives have different implications for bulk sedimentation rates within
Cleveland Shale cycles, because a variable organic flux in combination with a constant clastic flux
would necessitate higher bulk sedimentation rates within high-TC intervals, whereas a variable
clastic flux in combination with a constant organic flux would necessitate higher bulk sedimentation
rates within low-TC intervals (cf. Mangini and Dominik, 1979; Kuehl et al., 1993; Arthur et al.,
1994). Existing data from the Cleveland Shale favor the latter scenario for the following reason.
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High-TC intervals are characterized by lower alginite/(alginite+bituminite) ratios that imply
enhanced bacterial reworking of organic matter (Fig. 8). Because concentrations of vitrinite and
inertinite are uniformly low within dm-scale cycles, variation in the degree of bacterial reworking of
sedimentary organic matter is unlikely to have been due to fluctuations in the supply of labile marine
versus refractory terrestrial organics (cf. Berner, 1984; Tyson, 1995). Rather, such variation must
have been controlled by some other environmental parameter, e.g., bottomwater oxygen levels or
sedimentation rates (cf. Shaw et al., 1994; Kuehl et al., 1993). A redox control is not likely owing to
lack of evidence for variation in bottomwater oxygen levels: (1) dm-scale cycles are ubiquitously

laminated, consistent with uniformly anoxic conditions (<0.2 ml Oy It H20; Wignall, 1994), and (2)
concentrations of trace elements sensitive to redox conditions (e.g., Mo and V) vary in roughly
constant proportion to organic carbon (Fig. 9). A more likely control on the degree of bacterial
reworking of organic matter is sedimentation rate: slow accumulation promotes greater bacterial
reworking of organic matter (Canfield, 1994) and, hence, high-TC intervals in the study units
containing strongly degraded organic matter were probably deposited at low bulk sedimentation
rates (Fig. 13). This inference implies a dilution process governed largely by variations in the clay-
size clastic flux (Fig. 12) but does not comment on whether organic carbon rain rates varied, which
is critical to an evaluation of preservation versus productivity controls on organic matter
accumulation (cf. Canfield, 1994; Arthur et al., 1994). Resolution of this issue may be possible
through analysis of variation in organic carbon 5'°C and Fe-sulfide 5*S values within dm-scale
cycles of the study units, which is a future goal of this project (Fig. 13).

With regard to clastic fluxes, covariance of Fe-sulfides with an Al-K-rich detrital component
(Fig. 10; Table 1) suggests co-transport of reactive Fe with the clay-size clastic fraction (cf. Lapp
and Balzer, 1993), and association of this fraction with low concentrations of relatively well-
preserved marine organic matter (Fig. 8) suggests that a high clay flux was responsible for rapid
burial and dilution of organics. In contrast, association of high concentrations of strongly
bacterially-reworked organic matter with a Ti-Zr-rich detrital component (Fig. 10; Table 1) suggests
enhanced deposition of a silt-size heavy-mineral-bearing clastic fraction at low sedimentation rates.
The simplest explanation is that the Ti-Zr-rich component represents a background detrital flux, and
that the Al-K-rich component represents a second clastic vector of strongly varying intensity
(Fig. 12). Although both clastic components may have been water-borne, several lines of evidence
suggest an eolian origin for the Ti-Zr-rich component: (1) association with low bulk sedimentation
rates, (2) decoupling from the clay-size clastic fraction, which was probably water-borne and
exhibited large variations in flux, and (3) inferred presence of heavy minerals, which are commonly
transported as an eolian silt-size fraction (cf. Rea et al., 1985; Chuey et al., 1987).

The patterns of covariation among major sediment parameters discussed above provide
significant constraints on environmental conditions and processes during deposition of the Cleveland
Shale. Turbiditic sedimentation was important within the Late Devonian Appalachian Basin owing
to a high rate of sediment input from the rising Acadian Orogen to the north and east. Although no
evidence for turbiditic bottomflows is present in the study area, it is likely that the clay-size fraction
was deposited hemipelagically, e.g., from turbiditic interflows that travelled great distances along a
mid-water pycnocline (Algeo and Woods, 1994). As fluvial discharge and sediment flux generally
covary (Nash, 1994), increases in clastic input must have been accompanied by increases in
freshwater influx (Fig. 12B). The effect of freshwater plumes is generally to depress and strengthen
the pycnocline (Wright, 1977; Garvine, 1984), reducing upward mixing of nutrient-rich deepwaters
and potentially lowering surfacewater productivity and organic carbon rain rates. In contrast, low
rates of freshwater influx (Fig. 12C) would favor a shallower and weaker pycnocline, promoting
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vertical mixing of deepwater nutrients into the photic zone and potentially increasing surfacewater
productivity and organic carbon rain rates (cf. Malone, 1991). Overall, estuarine circulation is
inferred within the semi-restricted Late Devonian Appalachian Basin, consistent with high
precipitation and runoff in a humid tropical climate.

In this model, covariance between sedimentary organic carbon and Fe-sulfide concentrations
(Fig. 5) was controlled by the interaction of two imperfectly coupled parameters, i.e., freshwater
runoff and clastic influx. Organic carbon accumulation rates were linked to freshwater runoff via its
effects on vertical mixing and surfacewater productivity, whereas precipitation of authigenic Fe-
sulfides depended on the supply of reactive Fe and, hence, on the flux of fine-grained clastics.
Freshwater runoff and clastic flux are climate-sensitive parameters (Malone, 1991), and, hence,
climatic forcing is likely to have been the ultimate cause of secular environmental variability in the
Late Devonian Appalachian Basin. A rough estimate of the timescales associated with climatic
forcing is possible: given (1) a formation duration of ca. 250(+2x) ky (i.e., about one-half of a Late
Devonian conodont zone; Fig. 2A; Woodrow et al., 1988; Ziegler and Sandberg 1990),
(2) a formation thickness of 18.4 m (Fig. 2B), and (3) a mean cycle thickness of 15+5 cm (Fig. 2C),
dm-scale compositional cycles in the Cleveland Shale had a mean duration of about 2.0£1.5 ky.
Although other scenarios may be possible, a depositional model based on weakly-coupled
freshwater and terrigenous clastic fluxes accounts fully for observed patterns of compositional
variation in the Cleveland Shale (Table 1).

CONCLUSIONS

Dm-scale compositional cyclicity within the Upper Devonian Cleveland Member of the Ohio
Shale (central Appalachian Basin) is manifested as variation between a high TC-low TS endmember
and a low TC-high TS endmember. High TC-low TS intervals are characterized by (1) higher
organic carbon and lower Fe-sulfide content, (2) larger amounts of alginite (marine algal organic
matter) and bituminite (a bacterial degradation product), (3) lower alginite/(alginite+bituminite)
ratios (indicating greater bacterial reworking of organic matter), and (4) higher concentrations of
trace elements associated with organic matter and with a Ti-Zr-rich detrital group (probably a silt-
size heavy-mineral-bearing clastic fraction). Low clastic influx and bulk sedimentation rates are
inferred for high TC-low TS intervals on the basis of large amounts of poorly-preserved organic
matter (reflecting concentration and bacterial reworking) and low rates of formation of Fe-sulfides
(reflecting lack of reactive Fe in a Fe-limited system). In contrast, low TC-high TS core intervals
exhibit (1) lower organic carbon and higher Fe-sulfide content, (2) reduced amounts of alginite and
bituminite, (3) higher alginite/(alginite+bituminite) ratios, and (4) higher conentrations of trace
elements associated with Fe-sulfides and with an Al-K-rich detrital group (probably a clay-size
clastic fraction). Higher clastic influx and bulk sedimentation rates are inferred for low TC-high TS
intervals on the basis of smaller amounts of better-preserved organic matter (reflecting dilution and
rapid burial) and higher rates of formation of Fe-sulfides (reflecting greater availability of reactive
Fe). Authigenic Fe-sulfides are commonly concentrated near the base of the low-TC interval and
may have precipitated along the interface between an underlying organic-rich layer, which exhibited
high rates of sulfate reduction and H»S production, and an overlying clay-rich layer, which
contained large amounts of reactive Fe. These observations are consistent with a depositional model
invoking organic matter accumulation under starved-basinal conditions in the central Appalachian
Basin during the Late Devonian, punctuated by episodic intensification of freshwater runoff and
clastic influx via climatic forcing at timescales of a few thousand years.
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Microstratigraphic analysis of laminated organic-rich sediments, as in this study, can yield
much more detailed information about depositional processes than geochemical surveys undertaken
at broad sampling intervals, which may overlook high-frequency compositional variation entirely.
Efficient analysis of fine-scale compositional variation over long core intervals is possible using
X-radiography as a primary tool.  X-radiography permits (1) construction of continuous
high-resolution proxy records of compositional variation, (2) identification of natural length scales
of compositional variation prior to sampling, and (3) optimal location of samples for petrographic
and geochemical characterization of the study unit. Because stronger patterns of inter-elemental
covariance are observed for closely-spaced than for widely-spaced samples, high-resolution
compositional analysis is essential for accurate characterization of “instantaneous” conditions and
short-term changes in anoxic marine environments.
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TABLE 1
Geochemical and Petrographic Characteristics
of Endmember Components of Dm-Scale Cycles

High TC- Low TC-
LowTS HighTS
Component  Component

X-radiograph gray-scale densities low high
Organic carbon concentration high low
Fe-sulfide concentration low high
Variability in organic carbon

and Fe-sulfide concs. low high
Organic-group element concs.

(Mo, V, P, Ca) high low
Sulfide-group element concs.

(Fe, Cu, Zn) low high
Detrital-group-1 element concs.

(Ti, Zr, Nb, Y) high low
Detrital-group-2 element concs.

(Al, K, Rb, Sr, Ba) low high
Marine organic maceral concs.

(alginite) high low
Terrestrial organic maceral concs.

(vitrinite, inertinite) uncorrel. uncorrel.
Bacterial organic maceral concs.

(bituminite) high low
Alginite/(alginite+bituminite) ratios” low high
Vitrinite/(vitrinite+bituminite) ratios” low high
Degree-of-pyritization (DOPtot+) low high

" Degree of preservation of marine organic matter
* Degree of preservation of terrestrial organic matter

+ . .
Fepyrite/Fetotal; N.D., Fereactive CONcentrations not available
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FIGURE CAPTIONS

1. Locations of the four study cores; star marks the core that is the focus of this report (OHRS-
5). Geographic distribution (outcrop and subsurface) of the Cleveland Member of the Ohio
Shale in the central Appalachian Basin is shown as a shaded field (from de Witt and Roen,
1985).

2. (A) Late Devonian timescale and stratigraphy in central Appalachian Basin (Woodrow et
al., 1988). (B) X-radiograph gray-scale density (GSD) record for the complete 18.4-m-thick
Cleveland Shale in OHRS-5; n ~ 96,000 GSD measurements. (C) GSD records for three dm-
scale cycles chosen for detailed analysis; n ~ 720-840 GSD measurements per core interval.
Gray-scale density range is 0-255 brightness units; high (low) values represent denser (less
dense) intervals. (D) TC and TS values (wt%) for the three core intervals in C; n = 19-21 per
interval.

3. (A) Total carbon and (B) total sulfur vs. X-radiograph gray-scale density for three dm-scale
cycles in Figure 2. All three cycles exhibit similar relations between total carbon (TC) or total
sulfur (TS) and gray-scale density (GSD). TCand TS account for 63% and 64% of GSD
variance, respectively (n.b., sum >100% owing to covariation between TC and TS). Correlation
coefficients are based on best-fit 2nd-order (TC) or 3rd-order (TS) polynomial curves (as
illustrated). Note that GSD response to a given concentration of TC or TS depends on
operational conditions (i.e., current strength and exposure time), which were adjusted to obtain
a broad range of GSD values at the TC and TS concentrations characteristic of the study cores;
different shale units are likely to yield different GSD responses.

4. (A) Total carbon (TC) vs. total organic carbon (TOC; below) and fractional TOC content
(above). (B) Total sulfur (TS) vs. non-acid volatile sulfur (NAVS; below) and fractional NAVS
content (above). Diagonal lines in lower half of figure represent constant fractional values
between 50% and 100%; mean fractional values (+1c) are 94+9% (TOC/TC) and 89+10%
(NAVS/TS). Based on analysis of whole-rock and acid-treated sample pairs (n = 84).

5. TC-TS relations for three dm-scale cycles in Figure 2: (A) all samples, (B) interval
25/15-16, (C) interval 22/9-10, and (D) interval 19/2, which are located in the lower, middle,
and upper part of the Cleveland Shale, respectively. Stratigraphic base and top of each core
interval are indicated. Note upsection increase in TC and overall negative covariation between
TCand TS.

6. TC-TS relations in the Cleveland Shale. Shown are average TC-TS values for the three dm-
scale cycles in Figures 2 and 5 (solid symbols) and for 16 additional dm-length intervals from
the other three study cores (open symbols), as well as a TC-TS field for about 100 samples of
the Cleveland Shale from northern Kentucky (Robl and Barron, 1988); the latter analyses were
run on homogenized 0.6-1.2-m-long core intervals but yield similar results to the 10-20-cm-
long core intervals of the present study. Note (1) the diminished range of TC and TS variation
compared with that obtained from sub-cm samples (Fig. 5) and (2) the lack of any well-defined
pattern of TC-TS covariance. Normal marine and Black Sea trends from Robl and Barron
(1988).
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FIG. 7. Total sulfur vs. total Fe for interval 19/2; reported as elemental weight percent (not as
oxides). The diagonal lines illustrate stoichiometric S:Fe molar ratios for pyrite (2:1) and

monosulfides (1:1) as well as constant DOPyot (degree-of-pyritization) values of 1.0, 0.75, and

0.50. DOPy values were calculated as Fepyrite/Fetotal and assume that all S resides in Fe-
sulfides.

FI1G. 8. Total carbon (TC), maceral ratios, and petrographic components for the three core intervals
in Figure 2. Note the generally strong covariance of all parameters within these dm-scale
cycles. Abbreviations for maceral ratios: B = bituminite, A = alginite, and V = vitrinite; high
ratios indicate an increase in well-preserved organic matter of marine algal (alginite) or
terrestrial origin (vitrinite) relative to poorly-preserved, bacterially-reworked organic matter
(bituminite). Number of samples per interval: 19-21 for TC analyses, 8 for petrographic data.

FIG. 9. Stratigraphic variation in elemental concentrations for interval 19/2; values for major
elements in wt%, those for trace elements in ppm (n = 19). Note strong covariance of most
elements within dm-scale cycles. Elements are arranged by affinity group as determined
through cluster analysis (Fig. 10).

F1G. 10. Dendrogram of elemental relations for interval 19/2 based on R-mode cluster analysis. The
distance metric was the Pearson correlation coefficient, and clusters were joined using the
weighted pair-group centroid method. The position of the phenon line was chosen (1) to
coincide with a similarity coefficient range containing few linkages, and (2) to yield a small
number of interpretable elemental affinity groups. Asterisks indicate concentrations based on
Leco analysis (C and S) rather than XRF analysis.

FI1G. 11. Relation of detrital components to TC and TS in intervals 19/2 (A) and 22/9-10 (B). The
detrital element ratio Zr/Al provides a measure of the relative concentrations of Ti-Zr-rich
clastics (probable silt-size fraction) and Al-K-rich clastics (probable clay-size fraction). Zr/Al
ratios covary positively with TC (r2 = 0.61-0.86) and negatively with TS (r2 =0.43-0.84) in all
dm-scale study intervals. Ti/Al ratios (not shown) exhibit the same pattern of covariance with
respect to TC and TS but somewhat lower correlation coefficients.

F1G. 12. Depositional model for genesis of compositional cyclicity in the Cleveland Shale. (A) Dm-
scale compositional variation; relief shown as in outcrop. (B) Depositional processes for low
TC-high TS core intervals. (C) Depositional processes for high TC-low TS core intervals. See
text for discussion.

F1G. 13. Predicted patterns of covariation between bulk sedimentation rates, organic carbon rain
rates, and bulk organic carbon 5'°C and sulfide 5**S values for depositional systems in which
(A) preservation or (B) productivity factors were the dominant control on sedimentary organic
carbon accumulation. The preservation model implies that compositional cyclicity is due solely
to dilution effects associated with variable clastic flux, whereas the productivity model implies
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control of compositional cyclicity by variation in both clastic flux and organic rain rates.
Existing data cannot resolve between these models, but organic carbon 5**C and sulfide 5*'S
data may have potential in this regard. For example, invariant primary productivity rates (A)
would induce minimal fluctuations in surfacewater [SCO3] and, hence, in the photosynthetic C-

isotopic fractionation factor (ep), yielding relatively uniform organic carbon &C values;
a constant organic rain rate would result in minimal variation in porewater sulfate reduction
rates and, hence, in authigenic Fe-sulfide 5*'S values; inferred dilution effects would be due
entirely to large variations in bulk sedimentation rates. In contrast, variable primary
productivity rates (B) would induce significant fluctuations in surfacewater [£CO2] and, hence,

in the photosynthetic C-isotopic fractionation factor (£p), yielding variable organic carbon 5°C
values; a variable rain rate of labile marine organic carbon would result in larger fluctuations in
porewater sulfate reduction rates and, hence, in authigenic Fe-sulfide 5*S values; owing to
productivity rate changes, only moderate variations in bulk sedimentation rates would be
required to account for inferred dilution effects. Values of all parameters increase to the right;
parametric scales are relative and no actual values are implied.
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