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ppermost Holocene (Unit 1) microlaminated sediments

of the deep central Black Sea, which accumulate at ca. 0.02
cm/y, are a classic natural laboratory for exploring geochemi-
cal proxies used to identify ancient euxinic (anoxic and sulfidic)
environments. By contrast, the physical and geochemical prop-
erties of black euxinic muds on the basin margin are controlled
primarily by sedimentation rates that exceed 0.7 cm/y. Here, in
this shallower environment, the iron and molybdenum con-
centrations approximate those of the continental source and
adjacent oxic shelf, and degrees of pyritization fall between
those of the oxic shelf and deep euxinic basin. Sulfur isotopes
are shifted away from the extreme *S depletions that character-
ize pyrlteformed 1n thé.:i/vater column, as iron sulfide forma-

tion becomes more dominantly a diagenetic process. Organic

carbon concentrations are driven low by clastic dilution, despite
organic accumulation rates that greatly exceed those in the deep
basin. Finally, reworking of CaCO, and organic matter on the
proximal shelf yield radiocarbon profiles strongly overprinted
with old carbon, thus impacting the overall microbial reactivity

of the organic matter and yielding "*C accumulation rates that

are inconsistent with trends for.thé shdrt—lived radiqp,_u_clides,
such as ?'°Pb, and the overall properfies of the sediment. These
exceptions to the oft-cited Black Sea model for ancient organic-
carbon and trace-metal enrichment illuminate the strengths and
weaknesses of certain paleoenvironmental methods and define
a poorly known, rapidly accumulating black shale facies that
occurs along the margins of modern, and likely ancient, oxygen-

deficient basins.

INTRODUCTION

The Black Sea has played a central role in the study of organic
matter accumulation beneath oxygen-deficient bottom waters
and, more generally, for the Validati(;n and calibration of a wide
variety of paleoenvironmental proxies emphasizing paleoredox.
For example, the uppermost Holocene (Unit 1) microlami-
nated sediments of the central basin show enrichments in reac-
tive and total Fe (Canfield et al., 1996; Raiswell and Canfield,
1998). These enrichments yield the high degrees of pyritization
(DOP) and elevated ratios of highly reactive-to-total Fe and .
total Fe-to-Al that unambiguously delineate water-column py-
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rite formation and thus euxinic (anoxic
and sulfidic) bottom-water conditions.
Iron-based proxies have been invaluable
in the interpretation of ancient black
shales (Raiswell et al., 1988; Werne et al.,
2002; Shen et al., 2003). Water-column
(syngenetic) iron sulfide formation is
also expressed in the uniform and com-
paratively small sizes observed for pyrite
framboids that form in suspension and
settle to the bottom as part of Unit 1, in
contrast to the larger and more scattered
framboid diameters observed forming
during diagenesis beneath oxic bottom
waters (Wilkin et al., 1997; Wilkin and
Arthur, 2001). The utility of this proxy
has also been readily extrapolated to
studies of ancient shales (Wignall and
Newton, 1998), as have the uniform and
strongly **S-depleted S isotope values
that characterize pyrite formation within
large water-column reservoirs (Shen et
al., 2003; Sageman and Lyons, 2004). In
euxinic settings, diagenetic overprints
are often minimized by Fe limitations
that preclude substantial additional Fe
sulfide formation within the sediments
(Lyons and Berner, 1992; Lyons, 1997;
Wilkin and Arthur, 2001). On a caution-
ary note, light and uniform 8S (**S/*?S)
values can occur in pyrite forming diage-
netically beneath oxic waters (Wijsman
etal., 2001a).

Organic geochemists have had similar

success in the Black Sea, including their
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use of biomarkers that point to photic-
zone euxinia by specifically delineating
anoxygenic primary production by pho-
toanaerobes in the presence of water-col-
umn dissolved sulfide (Sinninghe Dam-
sté et al., 1993). More recently, Arnold et
al. (2004) emphasized that the Black Sea,
because of its ubiquity of dissolved sul-
fide in the water column and sediments,
can capture the bulk Mo isotope ratio
found in seawater throughout the world
ocean. This capture of the seawater sig-
nal suggests that the analysis of euxinic
black shales spanning the geologic record
may provide an estimate of the relative
proportions of oxic, anoxic, and suboxic
deposition in the ancient ocean (Arnold
et al., 2004).

In the modern Black Sea, the validity
of each geochemical proxy for euxinia
is most clear within Unit 1, the coc-
colith-rich, microlaminated sediments
that typify uppermost Holocene, non-
turbiditic deposition in the deep basin
(ca.2000 m). Unit 1 is described in de-
tail elsewhere (Ross et al., 1970; Lyons,
1991; Lyons and Berner, 1992; Arthur et
al., 1994; Arthur and Dean, 1998). On
the basin margin at water depths of only
about 200 m, but beneath a persistently
sulfidic water column, a very different
story emerges. Here, the physical and
geochemical properties of the black,
soupy, fine-grained siliciclastic-dominat-
ed sediments are strongly impacted by
sedimentation rates that approach and
exceed 0.7 cm/y.

Millions of years from now, when this
euxinic basin-margin facies enters the
geologic record, future scientists will be
steered toward a euxinic interpretation
by the persistence of undisturbed micro-
laminae marking the absence of a ben-

thic macrofauna. However, the geochem-

istry—specifically the deviations from
typical euxinic properties—will tell a
more nuanced story. This paper explores
a unique, but perhaps not unusual, facies
along the Black Sea margin where the
euxinic paradigm fails. Analogous set-
tings likely abound in the ancient record
and are known elsewhere in the modern
world, such as the rapidly accumulating
sediments of anoxic fjords. Nevertheless,
if locked into only traditional views of
euxinic deposition and associated geo-
chemistry, paleoenvironmental interpre-
tations of this facies will almost certainly
miss the mark, yielding instead asser-
tions of weakly oxic, intermittently anox-
ic, or anoxic but nonsulfidic conditions.
Such weakly and ephemerally reducing
environments certainly do exist now and
have in the past (Sageman et al., 2003).
However, a more sophisticated model for
euxinic sediments, such as one that spans
gradients in sedimentation rate, carbon
source, and sediment type, will shed light
on the range of proxy data that are pos-
sible beneath a persistently sulfidic water
column. Rather than adding complexity,
this variance broadens the spectrum of
paleoenvironmental information that
can be extracted from very old sedimen-
tary rocks. It is the authors” hope that
this synthesis of new and previously
published results from the Black Sea will
help in building a template for these re-

fined interpretations.

MATERIALS AND METHODS
This study focuses on only two sites sam-
pled during Leg 4 of the 1988 cruise of
the R/V Knorr: Stations 5 and 15 at water
depths of 233 and 198 meters, respec-
tively (Figure 1) (Lyons, 1991). All of the
data reported from a particular station

were generated from a single core col-
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Figure 1. Map showing locations of Stations 5, 9, 14, 15, and 17 of the 1988 R/V Knorr Black Sea expedition (after S. Stanichny, Marine Hydrophysi-
cal Institute, Ukraine, unpublished). Location details and sedimentological properties at each site are provided in Lyons (1991). Station 15, a rap-
idly accumulating euxinic site on the upper slope, is emphasized in the present study.

lected at the site in question. Both sites
are the euxinic end members of coring
transects spanning the impingement of
the chemocline with the basin margin.
Although below the sulfide interface,
Stations 5 and 15 are small lateral and
vertical distances from oxygen-contain-
ing bottom waters (Lyons, 1991). How
broadly the two upper-slope stations
represent sediments rimming the Black
Sea margin remains a topic of debate.
For example, Wijsman et al. (2001a),

based on work along the northwest mar-

gin of the Black Sea, noted the highly

variable nature of the sulfur properties

at shelf and upper slope sites. Neverthe-
less, our results reveal strong similari-
ties at two widely spaced localities along
the Turkish coast, and the properties of
these sediments are expressed in muddy
turbidites found deep in the basin. The
suggestion, therefore, is that the muds at
Stations 5 and 15 are not rare—at least
within a specific belt of deposition along
the Black Sea margin. Throughout this
article, the sediment properties at these
two sites are contrasted with those of the
proximal oxic shelf and the deep central
euxinic basin.

The sedimentological and geochemi-

cal properties of muds at Stations 5 and
15 and adjacent localities have been de-
scribed in detail elsewhere (Cowie and
Hedges, 1991; Lyons, 1991, 1997; Lyons
etal., 1993; Anderson et al., 1994; Hurt-
gen et al., 1999). Briefly, the muds at 5
and 15 are water-rich and soupy with al-
ternating, millimeter- to centimeter-scale
dark gray and jet black color bands. The
pigments reflect the anomalous concen-
trations of iron monosulfide phases that
persist over depths of tens of centime-
ters; a finer-scale lamination is revealed
under x-radiographic analysis (Anderson

et al,, 1994). Despite evidence for vertical
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excursions of the chemocline (Murray
et al., 1989; Lyons et al., 1993; Anderson
et al., 1994), the undisturbed nature of
the microlaminae suggests persistence
of at least anoxic deposition over the

ca. 50 cm recovered at each site. Nearby
shallower sediments show signs of weak-
to-pervasive burrowing, confirming the
proximity of the chemocline (Lyons,
1991; Anderson et al., 1994).

Previously published methods and
results, highlighted here but described
in detail in Lyons and Berner (1992),
Lyons (1997), and Hurtgen et al. (1999),
include organic and inorganic carbon
analysis using a LECO carbon analyzer
before and after sample ashing. We
quantified iron monosulfide (“FeS”)
sulfur through extraction at room tem-
perature using 6N HCl and 15 percent
SnClL,. Because of their solubility in HCI,
these monosulfide phases are also col-
lectively known as acid-volatile sulfide
or AVS. We isolated pyrite S from the
HCl residue using the chromium reduc-
tion method. We determined concentra-
tions of pyrite-S and AVS-S by titration
of the ZnS precipitates and measured S
isotope ratios through on-line combus-
tion of Ag,S precipitates to SO, for mass
spectrometry. We determined total Fe,
Mo, and Al by HF/HNO,/HCIO, diges-
tion, with quantification by inductively
coupled plasma optical emission spec-
trometry. Degree-of-sulfidation (DOS) is
defined as:

AVS-Fe + pyrite-Fe
DOS =

AVS-Fe + pyrite-Fe + extractable-Fe

where “extractable Fe” is the fraction of
total solid-phase Fe that is readily solubi-
lized during a boiling 12N HCI distilla-
tion. DOS is directly analogous to DOP

20 Ocmnojmp/l)/ | Vol.18, No.2, June 2005

(Raiswell et al., 1988), which is the ratio
of (pyrite-Fe)-to-(pyrite-Fe + extract-
able-Fe), but is used for sediments rich
in AVS. In both cases, the iron sulfide Fe
fractions are calculated from measured
values of AVS-S and pyrite-S, assuming
FeS and FeS, stoichiometries, respective-
ly. We measured dissolved sulfide (2H,S)
spectrophotometrically using the methy-
lene blue method. Prior to sulfide analy-
sis, we isolated pore waters by centrifu-
gation and fixed the dissolved sulfide as
ZnS under an N, atmosphere.

We generated new radiocarbon data
for total organic and inorganic carbon
using accelerator mass spectrometry at
Lawrence Livermore National Labora-
tory. For organic carbon analysis, we
treated the samples with 1N HCI washes
to remove carbonate phases, rinsed with
distilled water, and dried under vacuum.
We then combusted the samples in sealed
quartz tubes with CuO and Ag at 900 de-
grees C to produce CO, that was reduced
to graphite grown on cobalt powder. We
prepared carbonate samples by acidifica-

tion, yielding CO, for graphitization.

RESULTS AND DISCUSSION
Organic Carbon

Organic carbon (C,,) concentrations

at Stations 5 and 15 average 2.5 and 1.6
wt.%, respectively (Figure 2), compared
with a mean of 5.3 wt.% for Unit 1 sedi-
ments of the central basin (Lyons, 1997;
Lyons and Berner, 1992). Cowie and
Hedges (1991) argued for a dominantly
marine organic reservoir at Station 15,
based on ratios of C, -to-total N, and a
common (planktonic) source at Station
15 and the proximal oxic and transitional
sites. Diagenesis, as expressed in the C,
and total N data, was spread over a great-

er depth at Station 15 relative to the oxic

and suboxic sites, presumably reflecting
the protracted organic remineralization
under conditions of anoxic and rapid
sediment accumulation. Comparatively
high rates of subsurface anaerobic res-
piration at the euxinic margin sites are
reflected in elevated dissolved sulfide
(ZH,S) concentrations and depleted sul-
fate levels relative to the shallower oxic
and transitional stations—and even rela-
tive to the Unit 1 sediments at ca. 2000 m
water depth when compared to Station
5. Mean values for 2H,S are 1069 and
80 uM at Stations 5 and 15, respectively,
compared to 462 pM in the pore fluids of
Unit 1 and values below detection (3 pM)
in the transitional and oxic sediments
(Lyons and Berner, 1992; Lyons et al.,
1993). Consistent with low sulfide pro-
duction in the oxic and transitional sta-
tions, concentrations of Fe-sulfide S are
low—ranging from less than 0.1 wt.% to
a few tenths of a weight percent. Excep-
tions reflect earlier episodes of euxinia on
the now oxic shelf (Lyons et al., 1993).
The sediments of the central basin
provide a contrast. Despite pyrite S con-
centrations that average 1.3 wt.% in Unit
1 (Lyons and Berner, 1992), most of this
pyrite formed in the water column. Also,
Unit 1 sediments are not, overall, sites
of strongly enhanced sulfate reduction
(Albert et al., 1995). The comparatively
low reactivity of Unit 1 organic matter,
with the exception of the surface layer, is
corroborated by measured and modeled
rates of sulfate reduction and by the high
subsurface concentrations of sulfate rela-
tive to Stations 5 and 15 (Lyons and Ber-
ner, 1992; Albert et al., 1995; Jorgensen
et al., 2001). These observations are con-
sistent with the notion that subsurface
organic reactivity is positively correlated

with the rate of bulk sedimentation



(Toth and Lerman, 1977). The decidedly
nonsteady-state nature of the XH,S pro-
file at Station 15 is noteworthy and will

be discussed further (Figure 3).

Sulfur

The most striking observation in the
sulfur chemistry of the euxinic basin
margin is the abundance of AVS that per-
sists to depths of at least 50 cm, the base
of the cores at Stations 5 and 15 (Figure
4). Under most depositional conditions,
the conversion of AVS (“FeS”) to pyrite
occurs predominantly in the upper sev-

wt.% organic carbon

0 1 2
o

eral centimeters of burial or in the water
column. However, protracted transfor-
mation of iron mono- to disulfide is
observed in modern marine sediments
and commonly characterizes sites of
very rapid accumulation, both oxic and
anoxic, where the iron monosulfide py-
rite precursors are rapidly removed from
intermediate S phases such as polysulfide
ions (Hurtgen et al., 1999). These sulfur
intermediates are typically credited with
the conversion of “FeS” to pyrite (Schoo-
nen, 2004). Under such conditions, the
delayed transformation may instead re-

depth (cm below the sediment-water interface)
S
1

Figure 2. Downcore dis-
tributions of organic
carbon concentrations
and bulk "C ages for
sediments collected at
Station 15 on the euxinic
basin margin. The radio-
carbon profile appears to
be a stronger reflection
of sediment reworking
and incorporation of old
organic matter than the
true depositional age of
the soupy, black mud
and the associated sedi-
mentation rate.

Figure 3. Downcore
profile for total dis-
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solved sulfide in pore
waters at Station 15.

cord the direct reaction between “FeS”
and H,S (Rickard and Luther, 1997;
Hurtgen et al., 1999; Schoonen, 2004), al-
though this mechanism is controversial.
Rapid accumulation also favors burial
of reactive Fe and organic matter that
would otherwise be consumed at the
sediment-water interface. As a result,
AVS formation may also be delayed. At
Stations 5 and 15, however, DOS profiles
do not show simple increases as would
be expected with additional AVS forma-
tion at depth. Instead, the DOS profile
at Station 15 (Figure 5) shows a nonsys-
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tematic decrease down core. DOS at Sta-
tion 5 also ranges between 0.3 and 0.5,
with the suggestion of a noisy and subtle
downcore increase.

Sulfur isotope data for AVS and pyrite
at Station 15 are summarized in Table 1
relative to those for the deep basin eux-
inic stations. Although much of the AVS
formation appears to be early (Figure
4), the AVS-to-pyrite transformation
persists at depth under more restricted
sulfate-sulfide reservoir conditions. The
collective contributions of subsurface
iron sulfide formation result in 8*S val-
ues for mono- and disulfide at Station 15

that are on average roughly 11%o heavier

than the pyrite in Unit 1. In contrast to
the diagenetic contributions on the ba-
sin margin, the majority of Unit 1 pyrite
formation occurs in the sulfidic water
column (Calvert et al., 1996; Lyons, 1997;
Wilkin et al., 1997; Wilkin and Arthur,
2001), and subsurface Fe limitations pre-
clude substantial iron sulfide formation
during diagenesis. Details of these rela-

tionships are provided in Lyons (1997).

Fe and Mo

The Fe and Mo properties of Stations

5 and 15 contrast sharply with those of
Unit 1 and are more similar to those
of the oxic shelf (Table 2). In Unit 1,

syngenetic pyrite formation results in
pronounced enrichments in reactive Fe
that manifest in elevated ratios of highly
reactive-to-total Fe and total Fe-to-Al, as
well as high DOP (DOS) values. Much
has been written and debated about the
source of this “extra” scavenged Fe and
the mechanisms of transport and enrich-
ment (Canfield et al., 1996; Raiswell and
Canfield, 1998; Lyons, 1997; Wijsman et
al., 2001b; Lyons et al., 2003; Anderson
and Raiswell, 2004), but the empirical
relationships are undeniable. Absent this
Fe enrichment, prolonged exposure of
typical detrital Fe to high concentrations
of dissolved sulfide yield DOP values of

wt.% DOS
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only intermediate ranges—which result
from the consumption of total highly
reactive Fe but the persistence of an ap-
preciable unsulfidized portion of the
“extractable Fe” pool. In short, the HCI
extraction overestimates the amount

of sulfide-reactive Fe in the system by
removing silicate phases that are un-
reactive even on very long time scales
(Raiswell and Canfield, 1998; Lyons et
al., 2003). The same intermediate values
are observed at Stations 5 and 15 because
of high and persistent sulfide exposure
in the sediment and water column. By
this model, the scavenged reactive Fe
component, which is required to elevate
DOP (DOS) to the high values typical
of euxinic settings, would be swamped
by very high detrital Fe inputs. There-
fore, intermediate DOP values generally
reflect either organic- and sulfide-rich
pore water environments beneath oxic
bottom waters or euxinic conditions of
rapid detrital sediment accumulation.
Consistent with this assertion, Sageman
and Lyons (2004) showed a general in-
verse relationship between DOP (DOS)
in euxinic sediments and the rate of silic-
iclastic accumulation. Variability in DOS
at Station 15 (Figure 5) within a window
of intermediate values from roughly 0.3
to 0.5 appears to be linked to the amount
and reactivity of organic matter in the
sediments (see discussions below).

An analogous argument applies to
molybdenum. Mo enrichment in black
shales and modern euxinic sediments
is attributed to high levels of dissolved
sulfide, which facilitate a transforma-
tion from dominantly molybdate to
highly particle reactive thiomolybdate
ions (Helz et al., 1996). The scaveng-
ing of Mo is driven largely by organic

matter, although the extent to which

Table 1. Mean values for *S (vs. CDT) of sedimentary sulfides (pyrite, unless otherwise specified).

Station 15

Station 9

Station 14

—25%\? L5 —Z%riel 1 -37.3£0.7 -37.0+ 1.1
(10, 1-5) (+10,n=5) (#lo,n=11) | (¥l0,n=7)

Data from Lyons (1997).

Table 2. Mean values for DOP (DOS), Fe/Al, and Mo/Al.

Station 17 Station 5

Station 15 Station 9 Station 14

0.03 (n=8) | 0.42(8) | 0.40(13) | 0.75(12) | 0.66 (13)
0.57 (4) 0.55 (4) 0.56 (6) 1.00 (5) 0.70 (2)
0.29 (1) 0.48 (4) 0.45(6) | 19.20(5) | 13.52(2)

Average shale (continental) values (Taylor and McLennan, 1985)

Fe/Al = ~0.5; Mo/Al (ppm/wt.%) = ~107"

Data from Lyons (unpublished data), Lyons and Berner (1992), Lyons et al. (1993), Lyons (1997).

this scavenging occurs within the sedi-
ments versus the sulfidic water column
is less clear. It is clear, however, that the
position of the redox interface exerts a
strong control on the magnitude of en-
richment occurring specifically within
sulfidic pore waters, with euxinic set-
tings yielding characteristically high but
variable Mo concentrations. This vari-
ability generally tracks the amount, type,
and likely, the extent of sulfurization of
the organic matter, as well as the avail-
ability of dissolved Mo (Helz et al., 1996;
Lyons et al., 2003; Algeo, 2004; Tribovil-
lard et al., 2004). As for Fe, however, the
sediments at Stations 5 and 15 show lit-
tle to no Mo enrichment relative to the

oxic-shelf and continental end member

(Table 2)—despite high levels of pore
water H,S. The most reasonable inter-
pretation for the lack of Mo enrichment
is high clastic dilution in combination
with rapid burial under conditions of
high sedimentation. By contrast, Fe/Al
and Mo/Al ratios are elevated in Unit 1
because of scavenging under conditions
of comparatively slow siliciclastic accu-

mulation and higher C_, concentration.

RADIOCARBON AND

OTHER CHRONOLOGICAL
CONSTRAINTS

Chronological details for the euxinic
sediments of the Black Sea have been
discussed and debated for more than 30

years. Recently, the sediments at Station
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Table 3. ™C results for bulk organic and inorgan-
ic carbon in "C years before present.

Station 17
total organic carbon
0-2 850 £ 60
4-6 2080 + 70
8-10 2520 + 60
14-16 3920 + 60
Station 15
total organic carbon
0-2 500 =+ 50
2-4 720 £ 60
6-8 1080 £ 60
10-12 1360 £ 60
16-18 1230 £ 70
22-24 1170 £ 70
30-32 990 *+ 60
38—40 2630 + 60
Station 15
total inorganic carbon
0-2 6550 + 60
2-4 7250 * 60
6-8 10220 + 80
10-12 11130 + 80
16-18 10210 £ 90
9360 + 150
16-18 (small sample)
22-24 8890 + 60
30-32 8660 = 90
38—40 10880 + 70

(1) 8"3C values were assumed to be -20%o0 and
0%o, for total organic and inorganic C, respec-
tively (see Stuiver and Polach, 1977).

(2) The quoted age is in radiocarbon years using
the Libby half life of 5568 years and following
the conventions of Stuiver and Polach (1977).
(3) Sample preparation backgrounds were sub-
tracted based on measurements of "“C-free coal
(for total organic C) and "“C-free calcite (for
total inorganic C). Backgrounds were scaled
relative to sample size.

9 Ocmnojm/zll)/ | Vol.18, No.2, June 2005

15 have factored into this discussion,
particularly as related to C_,, accumula-
tion. The Black Sea is commonly used

as a natural laboratory for exploring the
role of water-column anoxia in facilitat-
ing enhanced preservation of organic
matter. Calvert et al. (1991) concluded
that the Black Sea is not a site of anoma-
lous C,,, accumulation when compared
to oxic sites of similar water depth, sedi-
mentation rate, and primary production
(also Arthur et al., 1994). This conclu-
sion ultimately hinges on C,, accumu-
lation rates obtained from radiocarbon
ages for the total organic carbon pool of
recent Black Sea sediments. Calvert et

al. (1991) dated sediments by accelera-
tor mass spectrometry (AMS) at stations
9, 14, and 15 of Leg 4 of the 1988 R/V
Knorr expedition (Figure 1; see Lyons
[1991] for station descriptions), yield-
ing sedimentation rates of 15.9, 15.8, and
17.0 cm/ky, respectively. Sediments at
Stations 9 and 14 consist of classic mi-
crolaminated, coccolith-rich Unit 1 sedi-
ment (Lyons and Berner, 1992).

Debates over the chronological details
of Unit 1 have included historical dis-
crepancies between varve-count and ra-
diocarbon age determinations. However,
recent estimates for sedimentation rates
based on radiocarbon, 2'°Pb, and varve
counts have converged on an estimate of
ca. 15 to 20 cm/ky (Calvert et al., 1991;
Crusius and Anderson, 1992; Arthur et
al., 1994; Jones and Gagnon, 1994; Ar-
thur and Dean, 1998).

Although the different dating meth-
ods are now showing reasonable agree-
ment for Unit 1, the 17.0 cm/ky estimate
of Calvert et al. (1991) for our Station 15
remains a mystery. This rate is in direct
conflict with the downcore persistence

of ¥’Cs (an anthropogenic radionuclide

linked to atmospheric testing of thermo-
nuclear devices in the 1950s and 1960s)
to depths in excess of 30 cm at Station

15 and a '°Pb sedimentation rate of 0.77
cm/y reported by Anderson et al. (1994).
This *'°Pb-based sedimentation rate is
also consistent with the data of Moore
and O’Neill (1991) from the same sta-
tion. The sediment properties, particu-
larly the soupy fabric and persistently
high AVS concentrations at depth (Fig-
ure 4), are strongly suggestive of rapid
deposition. Similarly, a ?'°Pb sedimenta-
tion rate of 0.67 cm/y was determined
for Station 5 (R. Anderson, Lamont-
Doherty Earth Observatory, unpublished
data), and the persistence of undisturbed
microlaminae suggests that physical
downcore mixing of ?'°Pb is not a factor
at either station. Other than the similari-
ties in AMS "C profiles suggested by Cal-
vert et al. (1991) for the deep and basin-
margin anoxic sites, the sediments from
the margin differ from those at Stations
9 and 14 in almost every geochemical
and sedimentological parameter (Lyons,
1991, 1997; Lyons and Berner, 1992; An-
derson et al., 1994).

In an effort to explore any inconsis-
tencies in the AMS “C data of Calvert
etal. (1991) in light of our full range of
other sediment measurements, we have
also generated detailed AMS radiocar-
bon profiles for total organic and total
inorganic (CaCO,) carbon at Station 15
(Table 3; Figure 6). Unlike the profile of
Calvert et al. (1991) for total organic C,
the bulk "C ages for the two carbon res-
ervoirs fail to show a steady increase with
depth, instead displaying highly variable
trends that closely parallel each other
but differ significantly in absolute values.
Additionally, our *C profiles mimic sul-

fur geochemical evidence for nonsteady-



state diagenesis.

In more specific terms, the bulk or-
ganic and inorganic *C ages range from
approximately 500 to 2500 and 6500 and
11000 *C years before present (yBP),
respectively, over the depth interval char-
acterized by a persistence of elevated AVS
and anthropogenic '*’Cs and a *'°Pb-
based sedimentation rate of ca. 0.8 cm/y.
These ''C ages are not reservoir corrected
for the apparent radiocarbon age of the
surface water. However, the extreme ages
at Station 15, particularly for inorganic
C, and the large offset between coexisting
"C,,, and Ca'CO, data, suggest that the
apparent "C age of the surface water is
only a secondary factor in our interpreta-
tion of the data in Figure 6 (Calvert et al.,
1991; Jones and Gagnon, 1994). Collec-
tively, these observations are consistent
with a time-varying balance between in-
puts from primary production and those
reflecting the reworking of older terres-
trial and/or marine calcium carbonate
and organic matter. Similarities in the
trends for the organic and inorganic ra-
diocarbon data suggest coupled rework-
ing—perhaps linked to regional climatic
controls—but the substantial age offsets
between the two data sets argue for dif-
ferences in source regions, whether ma-
rine, nonmarine, or both.

Although the trend in Figure 6 for the
1C age of the organic fraction is less sys-
tematic than that of Calvert et al. (1991),
the two are consistent in their age ranges
between roughly 500 and 3000 "“C yBP.
From this similarity, two fundamental
questions arise: (1) which trend is likely
to be more correct, given that both data
sets were generated from the same box
core, and (2) why do the "C data gener-
ally agree with those of the deep basin,
despite sedimentation rates that might

actually differ by almost a factor of 50?
The answer to the latter question is not
simple, and any consistency among the
deep and shallower radiocarbon data
may be fortuitous. It is also possible
that the deep-water organic fraction is
strongly impacted by reworked, old car-
bon. However, the general agreement
among the "C, ?'°Pb, and varve count
estimates for Unit 1 accumulation sug-
gests that fluxes of old carbon into the
deep basin must be more constant over
time compared to the basin margin and

may be recorded to some extent in the

bulk organic carbon
C age ("“CyBP)
0 1000 2000

1 1 1

surface ages of 500 to 1000 *C yBP and
the limited reactivity of the subsur-

face organic phases at Stations 9 and 14
(compare Calvert et al., 1991; Jones and
Gagnon, 1994). Regardless, the profiles
in the deep basin are dominated by **C
decay, while Station 15 reflects variable
inputs of old carbon under conditions of
rapid accumulation.

In defense of our data and interpreta-
tions, the irregular, nonsteady-state “C
trends shown in Figure 6 covary with
other geochemical properties of the Sta-
tion 15 muds. Recall that the DOS data

3000

depth (cm below the sediment-water interface)
]
I

Figure 6. Downcore distributions
of "“C ages for bulk organic and
inorganic (CaCO,) carbon at Sta-
tion 15 showing irregular profiles
for both. By contrast, ages for the
two carbon pools that overlap
more strongly and show system-
atic increases down core would

be more typical of progressive "“C
decay under Unit 1-like rates of
sedimentation (Calvert et al,, 1991).
The overall patterns at Station 15
likely record a temporally varying
balance between inputs of new
and reworked organic and inor-
ganic carbon, which explains why
*%Pb-based sedimentation rates are
almost a factor of 50 greater than
those suggested by the C. Given
the independent evidence for the
validity of the 2'°Pb estimate and
the likelihood of carbon reworking,
it is most reasonable to interpret
the radiocarbon ages at Station 15
as inherited.
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Figure 7. Plot showing positive lin-
ear covariation between DOS and
total dissolved sulfide for sediments
at Station 15. This relationship sug-
gests that organic carbon limitation
(quantity and reactivity) may play
role in controlling hydrogen sulfide
availability and, correspondingly,
the extent to which reactive Fe is
sulfidized.
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(Figure 5) show intermediate values
ranging from 0.3 to 0.5, with a nonsys-
tematic decrease down core. Decreasing
DOS with increasing depth is contrary
to typical steady-state behavior, where
DOS, by contrast, increases with progres-
sive Fe sulfidation or remains roughly
constant if Fe is limiting. The profile for
dissolved sulfide shows similar downcore
irregularity (Figure 3). Both dissolved
sulfide and DOS show general positive
covariation with wt.% C,; consequently,
DOS and sulfide covary positively with
an r* value of 0.76 (Figure 7). Such rela-
tionships suggest C,, limitation in the
degree of Fe sulfidation.

Beyond the relationships to C,, con-
tent, dissolved sulfide concentration
and DOS vary inversely with the “C age
of the bulk C

org

pool. One reasonable
interpretation of this negative correla-

tion is that rates of bacterial sulfide pro-

9% Ocmnojmp/l)/ | Vol.18, No.2, June 2005

duction and the resulting degrees of Fe
sulfidation are also linked to the overall
reactivity of the bulk organic fraction as
expressed in its age. More specifically,
the reactivity of the bulk C, reservoir
may have varied temporally with the
relative fluxes of fresh, labile marine or-
ganic matter and reworked, older, and
likely more refractory organic phases.
The inverse relationships between DOS
and dissolved sulfide content versus "“C
age of bulk C_, yield r* values of 0.58
and 0.62, respectively, for simple linear
fits of the data. Interestingly, the linear
inverse relationships are even stronger
relative to the "“C age of bulk inorganic
carbon—yielding r* values of 0.93 and
0.80 for DOS (Figure 8) and dissolved
sulfide, respectively. Although the con-
centration and reactivity of the organic
matter are the ultimate controls on the

sulfide generating potential, the '*C age

of inorganic C reservoir might be a bet-
ter proxy for the original fraction of re-
worked material present—both organic
and inorganic. Simply put, the initial “C
age of the combined primary and re-
worked organic reservoir would be over-
printed by selective remineralization of
the more labile phases, which commonly
results in an artificial age increase in the
bulk C_,, reservoir. Such selective organic
remineralization may explain the inverse
relationship between C,, content and its
1C age seen in the top 10 cm of Figure

2, although the decreasing DOS over this
interval (Figure 5) suggests a more dom-
inant control by time-varying C,, inputs
and nonsteady-state diagenesis.

The present argument for substantial
inputs of reworked organic and inorgan-
ic carbon at Station 15 is supported by
the "C ages of bulk C_, in surficial sedi-
ments at nearby oxic Station 17 (Table 3;
Figure 1). Station 17 details are available
in Lyons (1991) and Lyons et al. (1993).
Still to be sorted out, however, is the re-
lationship between (1) our hypothesized
C, reworking and the resulting mixed
carbon pools and (2) the work of Cowie
and Hedges (1991), which argues for a
dominantly marine organic reservoir at
Station 15 with a common planktonic
source at this station and the proximal
oxic and transitional sites. Nevertheless,
the present findings highlight the risks
inherent in any bulk radiocarbon de-
termination of sediment accumulation
rates and point to the need for future
organic geochemistry and, even more so,
radiocarbon analyses that are performed
at the compound-specific level (Eglinton
etal., 1997). Our data also nicely illus-
trate the linkage between reactivity of the
bulk C,, reservoir and the relative inputs

of fresh and recycled organic matter.



SYNTHESIS AND IMPLICATIONS
FOR INTERPRETING THE
GEOLOGIC RECORD

The black muds of the anoxic Black Sea
margin are unique in their physical and
chemical properties. The collective data
overwhelmingly suggest high rates of
deposition, implying heavy detrital sedi-
ment loading in the upper slope region.
These rapid rates may be linked to sedi-
ment bypass across the adjacent shelf.
Sediment accumulation rates on the
shelf are less straightforwardly deter-
mined by radionuclide methods—due
to heavy bioturbational overprints—but
appear to be at least an order of mag-
nitude slower (Anderson et al., 1994).
However, the “C data confirm the role
of local and/or more-distal reworking in
the deposition at both the oxic and an-
oxic sites. Reworking is not inconsistent
with rapid and perhaps episodic rates
of sedimentation. Also, upper-slope,
anoxically deposited muds of the type
described here are almost certainly an
important source of the uniform, muddy
turbidites that are common throughout
the deep basin (Lyons, 1991, 1997; Lyons
and Berner, 1992).

Opverall, these euxinic sediments are
not a particularly representative ana-
log for the “typical” black shales that
abound in the geologic record (Werne
et al., 2002; Sageman et al., 2003), de-
spite frequent similarities in inferred
water depths of only ~100 to 200 m for
the shales. In the Black Sea, these depths
characterize the basin margin, while
analogous depths often occur far off-
shore in epicontinental settings. Ambient
redox conditions and C_, richness gen-
erally dominate the properties of shales
deposited within distal settings, where

sediment starvation and condensation

often prevail. By contrast, the high rates
of accumulation on the anoxic Black Sea
margin determine many of the physical
and chemical characteristics of the sedi-
ments. For example, clastic dilution re-
sults in C,,, concentrations that are ~2.5
times lower than those for Unit 1 in the
central basin, yet C_, accumulation rates
are a factor of ~17 greater on the anoxic
margin (Sageman and Lyons, 2004). The
sulfur isotope data on the margin are less
depleted in **S and more variable com-
pared to those for Unit 1 (Calvert et al.,
1996; Lyons, 1997; Wilkin and Arthur,

2001), reflecting stronger contributions
from diagenetic iron sulfide formation
on the basin margin; the iron sulfide
concentrations are on the low end of val-
ues typical for black shales. Unit 1, even
with its high CaCO, content, has C,, and
S properties more representative of aver-
age black shale.

Despite euxinic conditions and sul-
fidic pore waters at euxinic margin sites,
Fe and Mo occur at near crustal levels,
equivalent to those observed on the oxic
shelf as a product of continental weath-

ering. Under such high rates of sedimen-
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Figure 8. Plot showing inverse linear correlation between DOS and "“C age
of the bulk inorganic carbon reservoir at Station 15. The strong inverse
relationship confirms that organic reactivity and the associated levels of
hydrogen sulfide production and iron sulfidation are coupled to the extent

of carbon reworking and, more specifically, to the relative fluxes of new
and old organic matter. This temporally varying balance between new,
reactive organic matter and old, reworked refractory material is most faith-

fully preserved in the "C age of the bulk inorganic C reservoir, which can
be thought of as a proxy for the organic matter with less susceptibility to

diagenetic overprinting.
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tation, syngenetic and diagenetic enrich-
ments are swamped by detritially deliv-
ered Fe and Mo. Conversely, Unit 1 and
most well studied ancient euxinic shales
show appreciable enrichments in Fe and
Mo. This siliciclastic swamping on the
modern Black Sea margin also results in
only intermediate degrees of sulfidation,
not unlike those expected in sulfidic
sediments beneath oxic water columns.
Within this intermediate range, DOS
values appear to vary as a function of
the amount and reactivity of the organic
matter available. The reactivity of the
organic matter is reflected in the bulk,
non-depositional radiocarbon ages of
the organic and inorganic carbon reser-
voirs, which varied over time in concert
with the relative fluxes of fresh, labile
marine organic matter and reworked,
older refractory phases. Intermediate
DOS (DOP) values are not the norm for
euxinic shales (Raiswell et al., 1988; Shen
et al., 2003).

The high concentrations of iron
monosulfide phases (AVS) in the sedi-
ments are a product of the rapid deposi-
tion and burial (Hurtgen et al., 1999).
These metastable phases impart the
black and dark gray colors of the basin
margin sediments. The protracted diage-
netic transformation to pyrite ultimately
reflects rapid removal from the redox
interface, where intermediate forms of
sulfur (e.g., polysulfides) facilitate rapid
transformation. By contrast, more-typi-
cal euxinic settings are often dominated
by rapid formation and transformation
of AVS in the water column (Calvert et
al., 1996; Lyons, 1997; Wilkin et al., 1997,
Lyons et al., 2003).

One could argue that the persistent
microlamination is the only sediment

property that points unambiguously to
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euxinic deposition in the black muds

of the Black Sea margin. This attribute
would express itself clearly in the ancient
shale equivalent, but the high initial po-
rosities, high AVS contents, the radionu-
clide data for rapid accumulation, and
the "C evidence for complex mixing in
the organic reservoir would all be lost.
As such, the geochemical properties that
are now widely used to delineate eux-
inia—such as high Mo content, distinctly
light and uniform S values, high DOP,
and even high C, and S contents (Sage-
man and Lyons, 2004 )—all fail as prox-
ies for euxinia on the Black Sea margin.
While these properties may be a source
for concern for some workers, others will
view their differences as an opportunity.
For example, if the benthic ecology of

an ancient black shale can be taken as
definitive or even tentative independent
evidence for euxinia, the atypical geo-
chemical parameters described here can
be used to delineate gradients in sedi-
mentation or extents of organic rework-
ing (Werne et al., 2002). The latter may
also express itself in organic biomarker
data that preserve deep into the geologic
record. At the very least, these data illu-
minate and confirm some of the mecha-
nistic underpinnings behind widely used
paleoredox proxies and, in a cautionary
way, point to a type of euxinic facies that
may or may not be rare in the geologic
record but that deviates far from the pre-

vailing paradigm.
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