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A B S T R A C T

Carbonate concretions are concentrated along discrete stratigraphic horizons within Middle and Upper Devonian
carbonaceous black and organic-deficient gray shale of western New York State. Textural characteristics pre-
served throughout studied concretions, including a clay grain microfabric typical of flocculated clay and
spherical algal cysts, are consistent with a model entailing the formation of low-density, compaction-resistant
calcium carbonate masses at shallow burial depth, within the zone of bacterial sulfate reduction. Burial of
nascent concretions to the sulfate methane transition zone (SMTZ) was accompanied by the nearly complete
infilling of porosity, the diagenetic consequence of the anaerobic oxidation of methane (AOM). Each concre-
tionary horizon, then, defines the position of the SMTZ stabilized during an episode of reduced sedimentation
rate. Most analyzed concretions (75%) of the Middle Devonian Marcellus Formation into the Upper Devonian
Gowanda Formation display center-to-edge profiles of increasing bulk δ13C; far fewer concretions are char-
acterized by radial profiles of decreasing δ13C. The common radial profiles of increasing δ13C can be attributed to
AOM-related kinetic carbon isotope fractionation under diagenetic conditions of limited methane, which favors
the production of dissolved inorganic carbon of increasing δ13C. Less common concretions displaying center-to-
edge profiles of diminishing δ13C may record the anaerobic oxidation of more strongly 13C-depleted methane
produced by carbon dioxide reduction, methanogenesis related to the degradation of organic matter within and
near the SMTZ, or AOM back flux, an enzyme-mediated equilibrium isotope effect. These processes are favored
by sulfate-limited diagenetic conditions more typical of the lower SMTZ and immediately underlying upper
methanogenic zone (MEZ). Contradictory isotope profiles of texturally similar concretions can be accounted for
by diagenesis associated with an extended SMTZ (ESMTZ) comprising the methane-limited SMTZ and the un-
derlying sulfate-deficient upper MEZ. Vertical shifts of the diagenetic horizons of the ESMTZ induced by variable
methane flux would have juxtaposed concretions displaying seemingly incompatible isotopic histories.

1. Introduction

Carbonate concretions, perhaps the most obvious diagenetic feature
of shale and mudstone deposits of various ages, provide insight re-
garding the sources of carbonate cement and the nature and timing of
depth-related microbial processes that affected the host shale during
compaction and early diagenesis (e.g., Raiswell, 1971, 1987, 1988;
Curtis et al., 1972; Hudson and Friedman, 1976; Irwin et al., 1977;
Hudson, 1978; Coleman and Raiswell, 1981; Gautier and Claypool,
1984; Astin and Scotchman, 1988; Scotchman, 1991; Raiswell and
Fisher, 2000, 2004; Day-Stirrat et al., 2008; Gaines and Vorhies, 2016).
In particular, center-to-edge or radial bulk stable carbon isotope pro-
files of the calcite matrix of carbonate concretions preserve the record
of evolving pore water composition during the burial history of the

sediment column (Hudson and Friedman, 1976; Hudson, 1978;
Coleman and Raiswell, 1981; Dix and Mullins, 1987; Astin and
Scotchman, 1988; Mozley, 1989; Thyne and Boles, 1989; Coniglio and
Cameron, 1990; Scotchman, 1991; Jordan et al., 1992; Mozley and
Burns, 1993; Bojanowski and Clarkson, 2012; Plet et al., 2016; Gaines
and Vorhies, 2016).

Carbonate concretions are concentrated along numerous 1- to 2-m-
thick stratigraphic horizons throughout the Middle and Upper Devonian
shale succession of western New York State. Previous investigations
have related concretion formation to the anaerobic oxidation of me-
thane (AOM) focused along discrete stratal horizons during repeated
pauses of sedimentation (Lash and Blood, 2004a; Lash, 2015a, 2015b).
The present paper, building on earlier work, addresses the significance
of radial profiles of increasing and decreasing bulk δ13C displayed by
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concretions recovered from throughout the shale succession, some from
the same stratigraphic level. Published discussions of concretion for-
mation have ascribed center-to-edge geochemical trends to burial-re-
lated passage of host sediment from a diagenetic environment of bac-
terial sulfate reduction to one dominated by methanogenesis (e.g.,
Jordan et al., 1992). Others have attributed such trends to the evolution
over time of methane and dissolved inorganic carbon (DIC) produced
within the methanogenic zone (MEZ) (Raiswell, 1987). Textural fea-
tures of the studied Middle and Upper Devonian concretions suggest
that they formed in association with AOM at shallow burial depth (Lash
and Blood, 2004a; Lash, 2015a, 2015b). The case is made that con-
trasting center-to-edge isotope gradients are more consistent with what
is known of the complex nature of carbon cycling associated with AOM
rather than variations in the isotopic composition of deeper-sourced
commingled DIC and methane.

Previous investigations of Devonian carbonate concretions of the
Appalachian Basin have revealed their generally 18O-depleted nature
(Dix and Mullins, 1987; Criss et al., 1988; Coniglio and Cameron, 1990;
Lash and Blood, 2004a). Abnormally high calculated equilibration pa-
leotemperatures of concretions based on their depleted δ18O values are
contrary to field and textural observations suggesting shallow depths of
carbonate precipitation (Dix and Mullins, 1987; Lash and Blood,
2004a). This apparent depth disparity has been attributed to the ther-
mally induced diagenetic alteration of stable oxygen isotope values (Dix
and Mullins, 1987; Lash and Blood, 2004a), an interpretation consistent
with the premise that stable carbon isotopes are less sensitive to tem-
perature-induced fractionation (Veizer, 1983; Gautier and Claypool,
1984). As such, the present study considers only stable carbon isotopes
as they likely record a more robust history of pore fluid composition.

2. Geological framework and carbonate concretions

The Middle and Upper Devonian clastic succession of western New
York State is part of an eastward-thickening body of marine shale and
scattered siltstone beds that grades upward and eastward into shallow
marine or brackish-water deposits (Friedman and Johnson, 1966;
Woodrow et al., 1973; Baird and Lash, 1990). The shale-dominated
marine deposits cropping out along the Lake Erie shoreline and in
creeks of western New York are arranged in several cycles, each one
defined at its base by a black shale unit that passes upward into gray
shale, occasional siltstone beds, and thin black shale beds (Fig. 1A).
Calcium carbonate concretions are common throughout the entire
marine shale succession, occurring in both gray and black shale, from
the Marcellus Formation up-section well into the Gowanda Formation
(Fig. 1A).

Carbonate concretions analyzed for this study were collected from
19 laterally persistent concretion-rich horizons of the Middle Devonian
Marcellus Formation upward into the Upper Devonian Gowanda
Formation (Fig. 1A and B and 2A). Concretions are typically oblate
ellipsoids and oriented with maximum dimensions parallel to bedding
(Fig. 2B and C). Elongate concretionary masses, occasionally extending
along the outcrop for more than 5m, can be observed locally (Fig. 2C).
Some larger concretions formed by the coalescence of multiple smaller
concretions (Fig. 2D). Coalesced concretions were not sampled as part
of the present study. Septarian fractures, observed in approximately
half the studied concretions, extend outward from concretion centers,
narrowing to termination at or near concretion margins. Concretions
hosted by black shale reveal laminae displaying consistent thickness
across the carbonate mass (Fig. 2B,E). Concretions hosted by gray shale,
however, lack similar features though faint parallel laminae are occa-
sionally observed.

3. Methods

Twenty-four concretions from 19 concretionary horizons hosted by
black and gray shale were sampled for the present study (Fig. 1A;

Table 1). Sampled concretions range from 14 cm to more than a meter
in the longest dimension (Table 1). Samples of the microcrystalline
matrix of concretions were collected along layer-parallel center-to-edge
and edge-to-edge transects using a rock corer that yielded 2- to 3-cm -
long rock plugs. Only those concretions that had been cleaved through
their centers by natural fracturing were sampled. Two sets of three
closely spaced concretions (i.e., within 2m of each other) were sampled
from two horizons within the organic-rich Rhinestreet Formation (set 1:
RST1, RSTA, UC; set 2: C1, C2, EMC29; Fig. 1A; Table 1). The greatest
number of concretions was sampled from the Rhinestreet Formation,
including gray shale intervals (Table 1).

Calcium concentrations of concretion samples were measured by
use of the NITON XL3t GOLDD handheld EDXRF (energy dispersive X-
ray fluorescence) spectrometer equipped with a silicon drift detector for
enhanced light element analysis. Samples were analyzed on a hands-
free test stand to which the analyzer was attached. Determination of
optimal exposure time was addressed by Lash and Blood (2014) and
Lash (2015a,b). Samples of the present study were analyzed at the
following exposure times: (1) main filter= 85 s; (2) low filter= 60 s;
(3) high filter= 30 s; and (4) light filter= 170 s. Data quality was
monitored in two ways during the analytical phase of the study. First, a
set of certified powdered samples used as standards, including U.S.G.S.
standards SGR-1 (Green River Shale), SBC-1 (Brush Creek Shale), and
COQ-1 (carbonatite), were analyzed at the beginning of each data
collection session. In every case, test results fell well within certified
acceptable error ranges for Ca. The second method of assessing data
quality addressed instrument drift. For every six samples analyzed, a
standard sample was tested eight times. The reproducibility of Ca
measurements was found to be within±7% of the standard con-
centration.

Stable carbon (δ13C) isotope analysis was carried out on calcium
carbonate concretion samples by continuous flow – isotope ratio mass
spectrometry at Iso-Analytical Limited, Crewe, UK, using an ANCA-G
gas purification module and 20-20 mass spectrometer (Europa
Scientific Ltd, Crewe, UK). Powdered concretion samples as well as
reference and control carbonates were weighed in Exetainer tubes
(Labco, UK), flushed with 99.995% helium, and converted to carbon
dioxide by injecting phosphoric acid. Analyzed control sample material
included IA-R022 (Iso-Analytical working standard calcium carbonate),
NBS-18 (carbonatite), and NBS-19 (limestone). Duplicate analyses were
performed on every fourth analysis. Results are reported relative to the
Vienna-Pee Dee Belemnite (V-PDB) standard.

The micro-texture of matrix carbonate was analyzed by scanning
electron microscopy (SEM). Approximately half of the concretion
samples selected for SEM examination were etched with dilute HCl in
order to examine the nature of the clay grain microfabric preserved by
precipitation of authigenic carbonate. Host shale samples were pre-
pared following the methodology of O'Brien and Slatt (1990). Concre-
tion and shale samples were mounted on double-sided adhesive carbon
tape and analyzed on a Phenom ProX SEM equipped with an energy
dispersive spectroscopy (EDS) detector operating at acceleration vol-
tages of between 5 and 15 keV.

4. Carbonate concretions – record of anaerobic oxidation of
methane

Stratally confined carbonate concretions hosted by Upper Devonian
shale of western New York State are interpreted to have formed in as-
sociation with AOM and consequent enhanced alkalinity (Lash and
Blood, 2004a,b; Lash, 2015a,b). Each concretionary horizon is inter-
preted to reflect the diagenetic signature of AOM within the sulfate
methane transition zone (SMTZ), a diagenetic horizon of indeterminate
thickness along which downward-diffusing seawater sulfate and up-
ward-diffusing methane are consumed by a consortium of methane-
oxidizing archea and sulfate-reducing bacteria (Reeburgh, 1976;
Hoehler et al., 1994; Niewöhner et al., 1998; Hinrichs et al., 1999;
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Borowski et al., 1999; Boetius et al., 2000; Paull et al., 2000). Low
sedimentation rates focus the diagenetic effects of AOM, maintaining
elevated pore water alkalinity within the SMTZ for an extended period
of time (Borowski et al., 1999; Rodriguez et al., 2000; D'Hondt et al.,
2004; Snyder et al., 2007; Dickens and Snyder, 2009). The formation of
the studied carbonate concretions as a consequence of AOM is but-
tressed by their association with 34S-enriched pyrite and barite (Lash,
2015a,b), an argument made by Borowski et al. (2013) based on their
investigation of younger methane-bearing marine deposits of the Blake
Ridge.

4.1. Timing of concretion growth

Canfield and Raiswell (1991) argue convincingly that the timing of
concretion growth is best deduced by assessing the degree of compac-
tion of encapsulating shale at the time of concretion formation. The
wrapping of Devonian concretions by laminated shale (Fig. 2B,E) is

consistent with their formation at shallow burial depths early in the
compaction history of these deposits (Lash and Blood, 2004b). Further,
SEM analysis of host shale samples collected from adjacent to lateral
edges of concretions reveals a modestly open clay grain microfabric
(Lash and Blood, 2004b). Shale samples collected centimeters away
from these areas, however, display a strongly oriented platy grain mi-
crofabric (Lash and Blood, 2004b). The former deposits are interpreted
to have occupied pressure shadow regions of host sediment that were
shielded by adjacent rigid carbonate during early and shallow me-
chanical compaction (Lash and Blood, 2004b).

A shallow depth of concretion formation is further suggested by the
pervasive occurrence of randomly oriented clay grains reminiscent of
clay floccules within concretions (e.g., O'Brien, 1981; O'Brien and Slatt,
1990; Bennett et al., 1991; Slatt and O'Brien, 2013) (Fig. 3A). The de-
positional texture of the host clay was likely shielded from compaction-
related grain reorientation by the precipitation of calcium carbonate
soon after deposition. Similarly, algal cysts ranging from 60 to 120 μm

Fig. 1. (A) Generalized Middle and Upper Devonian stratigraphy of
the western New York State region of the Appalachian Basin
showing approximate stratigraphic positions of carbonate concre-
tions analyzed in the present study. Circled upper case letters on the
stratigaphic column refer to formal rock units: MS=Marcellus
Formation; LD=Ludlowville Formation; GS=Geneseo Formation;
WR = West River Formation; MX=Middlesex Formation; CA =
Cashaqua Formation; RS=Rhinestreet Formation; AN=Angola
Formation; PC = Pipe Creek Formation; HA = Hanover Formation;
DK=Dunkirk Formation; GO=Gowanda Formation; (B) map
displaying concretion sampling locations in western New York
State. Refer to Table 1 for details of individual concretions, in-
cluding sample locations.
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Fig. 2. Field photographs of carbonate concretions displaying tex-
tural aspects described in the text. Concretion RSTA is the only
isotopically analyzed concretion included in the group of field
images; (A) carbonate concretion horizon in the lower Rhinestreet
Formation; measuring stick= 1m (42.700° N; 78.898° W); (B)
carbonate concretion (RSTA) of the Rhinestreet Formation dis-
playing internal laminae; note wrapping of host shale around the
concretion (42.699° N; 79.897° W); (C) elongate carbonate con-
cretion hosted by organic-deficient gray shale in the upper
Rhinestreet Formation (42.688° N; 78.877° W); (D) coalesced car-
bonate concretion in the lower Dunkirk Formation (42.510° N;
79.172° W); (E) laminated carbonate concretion in the lower
Rhinestreet Formation (42.699° N; 78.897° W).

Table 1
Concretion data1.
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in diameter observed in samples collected from throughout concretions
display their original spherical shapes (Fig. 3B and C). The spherical
structures, like the depositional clay grain microfabric, appear to have
been protected from burial-related flattening (Fig. 3D) by the pervasive
precipitation of microcrystalline calcite cement.

The duration of formation of the studied concretions cannot be
quantified, yet micro-textural features suggest that they precipitated
rapidly at shallow depth, perhaps several meters to a few tens of meters
below the sediment-water interface (SWI) (Lash and Blood, 2004a,b).
The uniformly very-fine grain size (15–25 μm) of matrix carbonate and
lack of textural evidence of growth banding evince a rapid growth
history of a single generation of calcite microspar (Selles-Martinez,
1996; Mozley, 1996; Raiswell and Fisher, 2000, 2004; Gaines and
Vorhies, 2016).

4.2. Mode of concretion growth

Concretions hosted by black shale display depositional laminae in-
herited from the host sediment that accumulated under oxygen-de-
pleted conditions thereby limiting or precluding the activity of bio-
turbating organisms (Fig. 2B,E) (Lash and Blood, 2004a). It is
noteworthy that laminae do not thin systematically from concretion
centers to edges as would be expected of carbonate masses that pre-
cipitated radially coincident with burial-related compaction. Rather, it
appears that the concretion masses formed at an essentially steady
depth below the SWI. Indeed, the omnipresence of spherical algal cysts
and clay floccules within concretions is suggestive of a generally per-
vasive growth history that entailed the infilling of void space in the host
sediment. It is noteworthy, though, that the studied concretions display
constant or modestly diminishing carbonate (reflected in Ca abun-
dances) from concretion centers to edges (Fig. 4A) (Lash and Blood,
2004a), perhaps an indicator of outward decreasing porosity of the host
sediment at some point in their formation history (e.g., Raiswell, 1976;
Coleman and Raiswell, 1981). However, the fact that the infilling of
pore space by calcite cement may be attended by some degree of grain

displacement (e.g., Raiswell and Fisher, 2000; Bojanowski and
Clarkson, 2012) cautions against inferring a simple relationship be-
tween the abundance of carbonate cement and sediment porosity. In-
deed, Lash and Blood (2004a) argued that the passive infilling of pore
space within host sediment associated with the formation of concretions
of the Rhinestreet Formation was accompanied by some displacement
of siliciclastic grains.

4.3. Diagenetic environment of concretion formation - anaerobic oxidation
of methane (AOM)

The prevailing view of calcium carbonate precipitation driven by
AOM holds that the δ13C of pore water and authigenic carbonate should
reflect the isotopic composition of the methane substrate (i.e., less than
−30‰ V-PDB; Borowski et al., 1997; Aloisi et al., 2000). However,
recent investigations of pore fluid geochemistry of methane-charged
sediments have revealed relatively high δ13CDIC values (> - 20‰ V-
PDB) within SMTZs reflecting the commingling of DIC generated by
organic matter degradation and methanogenesis at depth with that
produced in situ by AOM at the SMTZ (Rodriguez et al., 2000; Borowski
et al., 2000; Sivan et al., 2007; Snyder et al., 2007; Kastner et al., 2008;
Dickens and Snyder, 2009; Chatterjee et al., 2011; Kim et al., 2011;
Malinverno and Pohlman, 2011).

The modestly 13C-enriched stable carbon isotope values docu-
mented from concretions throughout the Devonian shale succession of
the Appalachian Basin by previous studies (Dix and Mullins, 1987;
Siegel et al., 1987; Criss et al., 1988; Coniglio and Cameron, 1990; Lash
and Blood, 2004a; Lash, 2015a,b) could reflect abnormally high DIC
contributions from organoclastic sulfate reduction (OSR) in the bac-
terial sulfate reduction zone (BSRZ) (Nyman and Nelson, 2011; Teichert
et al., 2014). Indeed, Raiswell and Fisher (2004) posited that large
calcium carbonate concretions described from outcrop may originate in
the BSRZ. They add, though, that calcium carbonate precipitated in this
diagenetic zone is limited to no more than porous, low-density masses
of approximately 1.5 wt % calcite rigid enough to preserve the

Fig. 3. SEM images of micro-textural features of Middle and Upper
Devonian concretions; (A) etched concretion sample from the edge
of concretion UC, Rhinestreet Formation; (B, C) spherical algal cysts
in samples from the edge (B) and center (C) of concretion Mar1,
Marcellus Formation; (D) host shale displaying a strongly oriented
clay grain microfabic and a flattened algal cyst (indicated by dashed
white oval) from a sample collected adjacent to concretion C2,
Rhinestreet Formation.
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depositional clay grain microfabric of the host sediment. Raiswell and
Fisher (2004) further suggest that the dense bodies of concretionary
cement observed in outcrop likely record the diagenetic imprint of the
faster rates of sulfate reduction and consequent elevated alkalinities
generated in association with AOM focused at the SMTZ by diminished
sedimentation rates. Thus, the Middle and Upper Devonian concretion
horizons are interpreted to reflect growth histories that were initiated
within the BSRZ. However, it was not until the nascent concretions
were buried to the SMTZ, perhaps a few tens of meters below the SWI
(e.g., Borowski et al., 2013), that the dense carbonate masses observed
in field exposure formed as a consequence of the passive infilling of
porosity. Thus, the discrete calcium carbonate-bearing stratigraphic
horizons hosted by the Middle and Upper Devonian shale succession of
the western New York region of the Appalachian Basin preserve the
record of paleo-SMTZs, each one associated with an episode of reduced
sedimentation rate.

The widespread distribution of carbonate concretions throughout
the Devonian shale succession of the Appalachian Basin (Siegel et al.,
1987; Dix and Mullins, 1987; Criss et al., 1988; Coniglio and Cameron,
1990; Enomoto et al., 2012) suggests that methane transport was dif-
fusion-dominant, perhaps enhanced by burial-induced advection (e.g.,
Ritger et al., 1987). There is no evidence that methane advected rapidly
along faults and/or inclined permeable layers, or that methane was
transported directly to the SWI as cold seeps. Further, geological con-
siderations provide no evidence that methane was sourced in under-
lying methane hydrate systems (Lash, 2015a). It is likely, then, that
most or all methane ascending the Devonian sedimentary column was
consumed by AOM at numerous SMTZs, each one stabilized during a
period of reduced sedimentation rate. Indeed, the diffusional nature of
methane transport in the Appalachian Basin may account for isotopic
differences between the studied Devonian concretions and authigenic
carbonate described from many recent and modern methane-charged
sedimentary systems. That is, most discussions focusing on authigenic
carbonate precipitation in association with AOM address marine sedi-
ments overlying methane hydrate systems that typically yield higher
methane fluxes and, therefore, higher rates of AOM (Smith and Coffin,
2014).

5. Stable carbon isotope profiles

The majority (75%) of the 24 analyzed concretions display radial
profiles of increasing bulk δ13C (Fig. 4B; Table 1), similar to observa-
tions elsewhere in the Appalachian Basin (Dix and Mullins, 1987; Siegel
et al., 1987; Criss et al., 1988; Coniglio and Cameron, 1990). Center-to-
edge δ13C variations range from 1.41‰ to 13.37‰ with most values
exceeding 9‰ (Table 1). Minimum δ13C values near concretion centers
range from −15.12‰ to −1.43‰ whereas edge values range from
−10.62‰ to 2.53‰ (Table 1). It is noteworthy that smaller concre-
tions (i.e., less than∼ 50 cm in diameter) tend to display the least
amount of radial δ13C variation (Table 1). Though isotope profiles are
generally symmetrical, their lowest values near the geometric centers of
concretions, concretion SPGSC in the lower part of the Rhinestreet
Formation (Fig. 1A) displays rapid increases of δ13C in both directions
from a minimum δ13C value approximately 12 cm from the concretion
margin (Fig. 4B).

Four concretions analyzed as part of the present study exhibit
center-to-edge profiles of diminishing δ13C (Table 1), a trend that has
been reported from some Devonian concretions elsewhere in the basin
(Dix and Mullins, 1987). Concretions featuring this type of profile occur
throughout the studied succession, including the Rhinestreet, Mar-
cellus, and Cashaqua formations (Table 1). It is noteworthy that Rhi-
nestreet concretion RSTA, displaying a profile of decreasing δ13C, was
collected within the same stratigraphic interval as concretions UC and
RST1, both of which display the more common radial profile of in-
creasing δ13C (Fig. 4B; Table 1). The center δ13C value of concretion
RSTA (4.01‰) diminishes 9‰ outward (Fig. 4B; Table 1) to a value of –
4.99‰, approximately equal to the edge δ13C value of nearby concre-
tion RST1, - 4.97‰ (Table 1). Two concretions display center-to-edge
variation of less than 1.5‰ (Table 1). These concretions, one each from
the Gowanda (KC) and Hanover (HAC) formations, are small, 13 cm and
18 cm in diameter, respectively (Table 1). The former displays δ13C
values that concentrate close to 0‰, whereas concretion HAC displays
little variation about a δ13C value of approximately −5.5‰ (Table 1).
In detail, however, concretion KC displays a slight radial δ13C increase
whereas concretion HAC appears to record a minor center-to-edge trend
of diminishing δ13C (Table 1).

Perhaps the most intriguing δ13C trend is displayed by concretion

Fig. 4. Edge-to-edge and center-to-edge (open symbols; concretions C1 and C2) profiles of (A) calcium concentration and (B) δ13C of selected carbonate concretions.
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C2 hosted by the Rhinestreet Formation (Fig. 4B). This concretion,
approximately 1.3 m wide, displays a radial profile of increasing δ13C
over much of its volume. However, the outer approximately 12 cm of
the carbonate mass exhibits a δ13C reduction of approximately 6‰
(Fig. 4B).

6. Discussion

The precipitation of authigenic calcium carbonate is not accom-
panied by fractionation of stable carbon isotopes (Teichert et al., 2005).
Thus, isotope profiles displayed by concretions record compositional
changes of DIC contemporaneous with carbonate precipitation. Radial
profiles of increasing δ13C have been attributed to the progressive 13C
enrichment of DIC as the host sediment was buried from the BSRZ into
the MEZ (Raiswell, 1971; Curtis et al., 1986; Dix and Mullins, 1987;
Astin and Scotchman, 1988; Coniglio and Cameron, 1990; Scotchman,
1991; Jordan et al., 1992). However, this interpretation is not compa-
tible with textural evidence suggesting that the bulk of the analyzed
Middle and Upper Devonian concretions precipitated at essentially
constant burial depth, within the SMTZ. More importantly, it fails to
account for those concretions displaying center-to-edge profiles of de-
creasing δ13C. Raiswell (1987) attributed radial profiles of increasing
δ13C documented from concretions inferred to have formed in asso-
ciation with AOM to the progressive 13C-enrichment of DIC diffusing
upward from the MEZ to the SMTZ. This explanation does not offer a
satisfactory solution for the repeated occurrences of concretions dis-
playing center-to-edge profiles of increasing δ13C from the Middle De-
vonian Marcellus Formation into the Upper Devonian Gowanda For-
mation (Fig. 1A; Table 1). That is, the long-term isotopic evolution of
methane produced in the MEZ would be revealed by increasing 13C-
enrichment of δ13C values up-section, which is not evident in the stu-
died Middle and Upper Devonian succession.

In general, explanations of radial δ13C profiles displayed by carbo-
nate concretions formed in association with AOM rely on processes
external to the SMTZ, principally the methanogenic production of 13C-
enriched DIC. Little discussion has focused on AOM as a mechanism of
isotope fractionation within and near the SMTZ. It is widely recognized
that bacterially mediated reactions associated with AOM discriminate
against the heavier carbon isotope (Yoshinaga et al., 2014). Over time
and with limited methane delivery to the SMTZ, however, AOM leaves
the residual methane pool of the SMTZ enriched in heavier carbon
(Barker and Fritz, 1981; Alperin and Reeburgh, 1985; Whiticar and
Faber, 1986; Alperin et al., 1988; Holler et al., 2009). Bicarbonate
produced by AOM, though more enriched in 12C than residual methane,
follows a trend of increasing δ13C over time. The common center-to-
edge profiles of increasing δ13C of the studied Middle and Upper

Devonian concretions likely reflect 13C enrichment of DIC coeval with
concretion formation under methane-limited conditions. Thus, each
pause in sedimentation during accumulation of the Devonian shale
succession was accompanied by the focusing of AOM-related carbon
fractionation at each paleo-SMTZ. It is noteworthy that the typical ra-
dial isotope variation displayed by the studied Devonian concretions of
less than 10‰ is consistent with what is known of AOM-related isotope
fractionation (Sivan et al., 2007). Carbon isotope fractionation asso-
ciated with AOM under methane-limited conditions, while offering an
explanation for the common radial profiles of increasing δ13C, fails to
account for the few concretions displaying center-to-edge trends of di-
minishing δ13C. Indeed, any interpretation of the isotopic evolution of
these concretions must be consistent with their formation in association
with AOM and essentially contemporaneous with concretions dis-
playing the more common profiles of increasing δ13C.

Recent studies have revealed the presence of low concentrations of
strongly 13C-depleted methane within and immediately below some
SMTZs (Borowski et al., 1997; Paull et al., 2000; Hoehler et al., 2000;
Pohlman et al., 2008; Colwell et al., 2008; Hong et al., 2013, 2014;
Geprägs et al., 2016). Production of this methane has been attributed to
the reduction of carbon dioxide (bicarbonate) generated by AOM
(Borowski et al., 1997) and/or the production of hydrogen via the
formation of pyrite from sulfide formed in association with AOM (Hong
et al., 2013, 2014). In addition to carbon dioxide reduction (CR), fer-
mentation (FER) within sediment immediately below the SMTZ is
known to produce 13C-depleted methane (Claypool et al., 2006; Colwell
et al., 2008; Hong et al., 2013, 2014). The presence of 13C-depleted
methane within SMTZs has also been ascribed to AOM back flux, a
reverse isotope effect related to the enzyme-level reversibility of AOM
under sulfate-limited diagenetic conditions (Yoshinaga et al., 2014;
Geprägs et al., 2016; Egger et al., 2016). The production of methane
within and near the SMTZ by any or all of the mentioned mechanisms
fuels AOM and helps to stabilize the SMTZ when methane flux is low
(Hong et al., 2014).

The described diagenetic environment established at each SMTZ in
association with AOM would have left an isotopic imprint on DIC
perhaps more varied than that reflective of the isotopic composition of
methane and DIC originating within the MEZ (Hong et al., 2014)
(Fig. 5). Indeed, the contrasting radial stable carbon isotope profiles of
the Middle and Upper Devonian concretions likely reflects the com-
plicated nature of carbon cycling close to and within SMTZs (e.g.,
Holler et al., 2009; Malinverno and Pohlman, 2011; Hong et al., 2013,
2014; Yoshinaga et al., 2014; Geprägs et al., 2016; Timmers et al.,
2017). Most of the studied Middle and Upper Devonian concretions
appear to have formed in association with AOM under what was likely
methane-limited diagenetic conditions (Yoshinaga et al., 2014) that

Fig. 5. Cartoon illustrating the range of processes that may con-
tribute to the isotopic composition of DIC within and close to the
SMTZ. Depth – concentration profiles of aqueous Ca2+, SO4

2−, al-
kalinity, and CH4 are hypothetical and based on Raiswell and Fisher
(2004) and Snyder et al. (2007). The base of the SMTZ on the depth
– concentration profile is traced to the left part of the figure. Col-
umns on the far left depict the methanogenic zone (MEZ) and
overlying sulfate-methane transition zone (SMTZ) where anaerobic
oxidation of methane (AOM) may occur under methane-limited
conditions yielding the common center-to-edge profiles of in-
creasing δ13C. The extended sulfate-methane transition zone
(ESMTZ; Hong et al., 2013) includes the sulfate-depleted upper
MEZ where strongly 13C-depleted methane may be produced by
carbon dioxide reduction (CR), organic matter degradation by fer-
mentation (FER), and AOM back flux thereby fueling AOM and
favoring the development of radial isotope profiles of decreasing
δ13C. Fluctuations of methane delivery from deeper sources will
cause the boundary between the SMTZ and MEZ to shift resulting in
changing diagenetic conditions within the ESMTZ. For example,
increasing methane flux may be recorded by the center-to-edge

trend of increasing followed by decreasing δ13C (e.g., concretion C2). Modified from Hong et al. (2013) and Yoshinaga et al. (2014).
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favored the enrichment of residual methane and produced carbon di-
oxide (bicarbonate) in heavy carbon (Barker and Fritz, 1981). On the
other hand, anaerobic oxidation of 13C-depleted methane generated by
CR or AOM back flux may be recorded by the scarce concretions dis-
playing center-to-edge gradients of decreasing δ13C. The close asso-
ciation of concretions exhibiting contrasting δ13C profiles within the
same stratigraphic interval (e.g., concretions RSTA, UC, and RST1,
Table 1) suggests that paleo-SMTZs within the Middle and Upper De-
vonian shale succession experienced fluctuations in methane and/or
sulfate fluxes that would have favored the occurrence, at least tem-
porarily, of CR and/or AOM back flux and related production of 13C-
depleted methane. Indeed, both processes appear to be associated with
sulfate-limited diagenetic conditions that would be expected of the
lower SMTZ and immediately underlying upper MEZ (Hong et al., 2013;
Yoshinaga et al., 2014) (Fig. 5).

Hong et al. (2013, Fig. 1), cognizant of the interrelated nature of
processes associated with carbon cycling within and near the SMTZ,
included an interval of 13C-depleted methanogenesis in the lower part
of an expanded SMTZ (ESMTZ; Fig. 5). Similarly, Yoshinaga et al.
(2014, Fig. 3) extended the diagenetic zone in which AOM occurs into
the upper MEZ where 13C-depleted methane may be produced by AOM
back flux (Fig. 5). Fluctuating methane delivery could have induced
small (a few tens of cm) vertical movements of the boundary separating
the upper and lower ESMTZ (Fig. 5) thereby causing the diagenetic
environment to change from that favoring AOM to one dominated by
AOM back flux and/or CR. Indeed, the rare concretions displaying
minimal center-to-edge variation of δ13C may record carbonate pre-
cipitation histories during which the internal boundary of the ESMTZ
remained stationary resulting in little more than a muted radial δ13C
profile of increasing (concretion KC) or decreasing (concretion HAC)
δ13C (Fig. 5).

Hong et al. (2014) maintain that variable methane flux can cause
changes in the relative significance of AOM and CR. Specifically, in-
creasing methane delivery and consequent shoaling of the boundary
separating the upper and lower ESMTZ may induce a shift from AOM to
AOM back flux or CR (Fig. 5; Yoshinaga et al., 2014; Hong et al., 2014).
An example of such a change in diagenetic environment may be pre-
served in the isotope profile of concretion C2 of the Rhinestreet For-
mation (Fig. 4B) in which increasing δ13C outward from the concretion
center diminishes through the outer 12 cm of the concretion (Fig. 5).

The scarcity of studied carbonate concretions displaying radial
profiles of decreasing δ13C may reflect (1) a higher rate of aqueous
Ca2+ removal associated with methane-limited concretion growth
higher in the ESMTZ (e.g., Raiswell and Fisher, 2004) and/or (2) a
limited amount of more strongly 13C-depleted methane produced in
association with AOM back flux and/or CR (Geprägs et al., 2016)
(Fig. 5). It is noteworthy, however, that the sulfate-deficient nature of
the diagenetic environment postulated to have favored the production
of 13C-depleted methane was not an impediment to AOM. It is in-
creasingly apparent that AOM can proceed at sulfate concentrations of
0.5 nM or less (Treude et al., 2005; Knab et al., 2009; Beal et al., 2011).

7. Conclusions

Carbonate concretions are ubiquitous throughout the Middle and
Upper Devonian shale succession of western New York State. They are
typically concentrated within discrete 1- to 2-m-thick stratigraphic
horizons hosted by carbonaceous black shale and organic-deficient gray
shale. Textural characteristics of concretions, including an open detrital
clay grain microfabric typical of newly deposited clay floccules as well
as spherical algal cysts preserved throughout concretion bodies and
laminae that maintain constant center-to-edge thickness, are consistent
with their formation in the BSRZ as low-density, compaction-resistant
calcium carbonate masses. Subsequent burial of the incipient concre-
tions to the SMTZ, stabilized during periods of reduced sedimentation
rate, was accompanied by the nearly complete infilling of porosity in

association with AOM.
The generally 13C-enriched nature of Appalachian Basin concre-

tionary carbonate may reflect the commingling of fluids external to the
SMTZ, including methane, methanogenic biocarbonate, and perhaps
pore fluid originating from underlying carbonate units (Onondaga
Limestone; Lindemann, 1995), ascending the sediment column. How-
ever, dissimilar radial δ13C profiles of the studied concretions likely
reflect the complex nature of carbon cycling associated with AOM close
to and within the SMTZ rather than variations in the isotopic compo-
sition of DIC originating in deeper sources. The common center-to-edge
profile of increasing δ13C documented from concretions throughout the
studied shale succession may be attributed to AOM-related kinetic
isotopic fractionation and consequent increasing δ13C of residual me-
thane and produced DIC. Such a diagenetic history is favored by me-
thane-limited diagenetic conditions. Markedly fewer concretions dis-
playing radial profiles of decreasing δ13C may reflect the diagenetic
signature of secondary methanogenesis (CR, FER) and/or AOM back
flux. Anaerobic oxidation of strongly 13C-depleted methane produced
by these processes, which appear to be favored under sulfate-limited
conditions more typical of the lower SMTZ and upper MEZ, may have
induced a shift of δ13CDIC to lighter values during AOM-related carbo-
nate precipitation. The postulated scenario is consistent with the con-
cept of an expanded SMTZ comprised of an upper methane-depleted
horizon and an underlying sulfate-deficient interval that includes the
upper MEZ. Subtle variations of methane flux could have induced small
vertical shifts of the boundary of separating the two diagenetic zones
resulting in the juxtaposition of texturally similar concretions reflecting
different diagenetic histories.
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