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Abstract

An abrupt transition from oxic to anoxic–sulfidic (euxinic) marine bottom waters occurred in the Cariaco Basin in response

to increasing productivity resulting from the late Pleistocene post-glacial rise in sea level and corresponding increase in surface-

water nutrient availability. The microlaminated sediments of the euxinic interval, which span the last f 14.5 ky, suggest a

predominance of water-column (syngenetic) pyrite formation based on (1) high pyrite sulfur (Spy) concentrations in the surficial

sediment layers, (2) values for degree-of-pyritization (DOP) that generally do not increase appreciably with increasing burial,

(3) ratios of total iron (FeT) to Al that are elevated above the continental baseline recorded in the underlying oxic sediments, and

(4) Spy isotope trends that largely mimic the d34SHS� of the modern water column. Intermediate DOP values in the

microlaminated deposits and FeT/Al ratios that are slightly above continental levels indicate an iron reservoir controlled by

scavenging during syngenetic pyrite formation in combination with intermediate rates of Fe-bearing siliciclastic accumulation.

As predicted from the relative rates of siliciclastic delivery, FeT/Al and DOP data lie between end-member values observed in

the modern Black Sea. As viewed broadly, FeT/Al and DOP relationships in euxinic sediments reflect the balance between

syngenetic Fe scavenging and temporal and spatial gradients in siliciclastic input.

Pyrite concentrations are generally low in the underlying oxic marine deposits because of limitations in the supply of organic

carbon (Corg). However, the upper 80 cm of the Fe-rich, Corg-poor, bioturbated sediment show evidence for a strong diffusional

HS� overprint from the overlying, Fe-limited euxinic marine environment. This post-glacial transition manifests in pyrite

overprints that are strongly 34S-depleted relative to those in restricted, presently euxinic marine settings elsewhere in the world,

such as the Black Sea, where the sedimentary sequence spanning the last glacial– interglacial transition begins with a shift from

freshwater to Corg-poor oxic marine deposition and thus dominantly sulfate diffusion.

Trends for Mo/Al ratios in the microlaminated sediments suggest that Mo is enriched by roughly two orders of magnitude

above the continental levels recorded in the oxic deposits. Organic matter plays a role by enhancing HS� production and/or

by providing a substrate for Mo scavenging. Significant Mo enrichment via diffusion into the upper portion of the

bioturbated zone was not observed despite HS�-rich pore waters as recorded in the heavy iron sulfide overprint. We have
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not, however, proven that high sulfide concentrations within the water column are required for enhanced Mo sequestration in

sediments.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

With an approximately 580-ky record of alternat-

ing oxic and anoxic conditions on glacial– interglacial

time scales (Haug et al., 1998; Peterson et al., 2000;

Yarincik et al., 2000a,b), the Cariaco Basin provides

an ideal natural laboratory for comparative investiga-

tions of the biogeochemical cycling of sulfur and

redox-sensitive trace metals. In particular, the transi-

tion from the oxically deposited sediments of the last

glacial episode to the anoxic–sulfidic (euxinic) con-

ditions that have persisted in the water column over

the last f 14.5 ky is marked by an abrupt juxtapo-

sition of disparate geochemical properties with

approximately 6.5 m of organic- and sulfur-rich,

microlaminated sediment overlying bioturbated,

organic-deficient clay.

The burial of pyrite sulfur (Spy) and the related

organic-carbon (Corg) pathways have long been inves-

tigated in modern marine basins (Goldhaber and

Kaplan, 1974; Berner, 1982, 1984; Calvert and Karlin,

1991; Lin and Morse, 1991; Middelburg, 1991; Lyons

and Berner, 1992; Hurtgen et al., 1999) to refine

paleoenvironmental reconstructions over a range of

spatial and temporal scales (Raiswell and Berner,

1985, 1986; Anderson et al., 1987; Leventhal, 1987;

Dean and Arthur, 1989; Arthur and Sageman, 1994;

Werne et al., 2002). The Cariaco Basin, with all its

complexity and temporal variability, adds an essential

piece to this puzzle.

A variety of trace-element methods have also been

developed in recent decades to address paleoredox

conditions in ancient black shale sequences (see

reviews by Arthur and Sageman, 1994; Jones and

Manning, 1994; Wignall, 1994; Schieber et al.,

1998a,b). These elements include: Mo (Coveney et

al., 1991; Dean et al., 1999); V–Ni relationships

(Lewan and Maynard, 1982; Lewan, 1984; Breit and

Wanty, 1991); U (Wignall and Meyers, 1988); Mn

(Calvert and Pedersen, 1993); and rare earth elements

or, more specifically, the Ce anomaly (Wright et al.,

1987; Wilde et al., 1996; see German and Elderfield,

1990, for review). In addition, proxies for O2 and HS
�

(SH2S) availability in ancient water columns have

been developed based on degree-of-pyritization,

which is a measure of the extent to which ‘‘reactive’’

iron has been transformed to pyrite (Berner, 1970;

Raiswell et al., 1988); sulfur isotope trends (Mura-

moto et al., 1991; Calvert et al., 1996; Lyons, 1997);

bacterial pigments indicative of anoxygenic photosyn-

thesis in the presence of hydrogen sulfide (Repeta,

1993; Sinninghe Damsté et al., 1993); and pyrite

framboid size distributions (Wilkin et al., 1996,

1997; Wignall and Newton, 1998). A number of

studies of metal cycling in modern oxygen-deficient

settings have helped refine these methods (Spencer

and Brewer, 1971; Jacobs and Emerson, 1982; Jacobs

et al., 1985; Anderson et al., 1989a,b; German and

Elderfield, 1989; German et al., 1991; Lewis and

Landing, 1992; Van Cappellen et al., 1998), including

water-column work in the Cariaco Basin (Dorta and

Rona, 1971; Bacon et al., 1980; Jacobs et al., 1987; de

Baar et al., 1988) and detailed evaluations of Fe

cycling (Lewis and Landing, 1991; Canfield et al.,

1996; Lyons, 1997; Raiswell and Canfield, 1996,

1998; Hurtgen et al., 1999; Wijsman et al., 2001)

and Mo cycling (Francois, 1988; Emerson and

Huested, 1991; Colodner et al., 1995; Crusius et al.,

1996; Helz et al., 1996; Dean et al., 1999; Zheng et

al., 2000; Adelson et al., 2001).

The present study of Site 1002 of Leg 165 of the

Ocean Drilling Program has a threefold geochemical

agenda focused specifically on the temporal juxtapo-

sition of oxic and anoxic deposits marking the last

glacial– interglacial transition: (1) Corg–Spy relation-

ships-including S isotope records, syngenetic (water-

column formed) vs. diagenetic pyrite formation, and,

in particular, the manifestation of diffusional over-

printing by dissolved sulfide; (2) Fe/Al ratios and their

implications with regard to the balance between
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detrital Fe inputs and Fe scavenged in the sulfidic

water column during pyrite formation; and (3) Mo/Al

relationships as a possible record of water-column

redox or, more specifically, of Mo deposition coupled

to organic matter accumulation in the presence of

hydrogen sulfide in the water column and pore fluids.

The results of our study show that Spy and Fe

relationships in the sediments are strongly influenced,

through primary and secondary Fe sulfide mineraliza-

tion, by the presence of hydrogen sulfide in the anoxic

water column (compare Werne et al., 2003, this

volume). The link between Mo enrichment in the

sediments and euxinic conditions in the water column

is less clear.

2. Regional setting

The 160� 60-km Cariaco Basin on the northern

continental shelf of Venezuela is the world’s second-

largest modern anoxic basin, following the Black Sea

(Richards, 1975). The basin consists of two sub-basins

with maximumwater depths of about 1400m separated

by a central saddle, which shallows to approximately

900 m (Fig. 1). Exchange with the open Caribbean Sea

is restricted by a series of low sills. The deepest present-

day connections through these sills (f 146 and f 120

m on the western and northern margins of the basin,

respectively) provide a steady sub-thermocline source

of nutrients, which stimulate production in the photic

zone. The otherwise inhibited horizontal exchange, in

combination with the organic-carbon loading and a

strong pycnocline capable of limiting vertical

exchange, results in anoxic–sulfidic conditions below

approximately 300 m. These and other hydrographic,

bathymetric, and geochemical details for the modern

Cariaco Basin are provided in Richards and Vaccaro

(1956), Richards (1975), Bacon et al. (1980), Jacobs et

al. (1987), Scranton et al. (1987), de Baar et al. (1988),

Fry et al. (1991), Peterson et al. (1991), and Muller-

Karger et al. (2000).

The Cariaco Basin has been intermittently anoxic

over at least the last f 580 ky, as recorded in Corg

accumulation and concentrations (Haug et al., 1998;

Peterson et al., 2000; Werne et al., 2000b), relative

concentrations of redox-sensitive metals (V, Mn, Fe,

and Mo; Dean et al., 1999; Yarincik et al., 2000a), the

distribution of bioturbated vs. microlaminated sedi-

Fig. 1. Location and bathymetric map of the Cariaco Basin showing position of Site 1002 of Ocean Drilling Program (ODP) Leg 165 (February

1996).
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ment (Peterson et al., 2000), and indirectly through

nitrogen isotope records (Haug et al., 1998). Several

recent studies have linked this temporal variation in

water-column redox, and specifically the most recent

transition from oxic to anoxic conditions, to glacioeu-

static sea-level fluctuations recorded in the oxygen

isotope records of planktonic foraminifera (Peterson et

al., 1991, 2000; Lin et al., 1997; Haug et al., 1998;

Yarincik et al., 2000a). Sea level controls the extent to

which the basin receives only nutrient-depleted waters

from the surface mixed layer of the Caribbean Sea vs.

nutrient-rich waters from thermocline depths, which

via their controls on primary production ultimately

dictate respiratory oxygen consumption (Haug et al.,

1998). Therefore, glacial–interglacial transitions are

marked by a shift from oxic to anoxic conditions as sea

level rose and nutrient-rich waters entered the basin.

Following the last glacial recession and concom-

itant rise in sea level, anoxia developed in the Cariaco

Basin at f 12.6 14C ky before present (ka BP) or

roughly 14.5 calendar ka BP (Peterson et al., 1991;

Hughen et al., 1996a,b, 1998; Lin et al., 1997). At this

transition, pronounced shifts in paleontological and

paleoceanographic parameters independently con-

strain depositional oxygen levels and thus set the

stage for the geochemical data interpreted in the

present study. The foraminiferal assemblage, for

example, is characterized by a disappearance of the

benthic species across the transition from oxic to

anoxic deposition and a corresponding shift from

dominance by a warm-water planktonic taxon (G.

ruber) to a fauna dominated by a subpolar species

(G. bulloides) with an affinity for tropical upwelling

environments (Peterson et al., 1991; Lin et al., 1997).

This ecological transition is consistent with the intro-

duction of cold, nutrient-rich waters linked to the rise

in sea level.

Throughout this persistently anoxic interval over

the last f 14.5 calendar ky, a strong seasonality in

deposition is expressed in the microlaminated (varved)

nature of the sediment (Hughen et al., 1996a). During

the winter months, the Intertropical Convergence Zone

(ITCZ) is located in its most southerly position (south

of the equator), which drives strong trade winds above

the Cariaco Basin and thus intense upwelling induced

by Ekman transport. The corresponding microlamina

within the seasonal couplet is comparatively thick and

light-colored, reflecting high winter–spring produc-

tivity and a corresponding accumulation of opaline

and, to a lesser extent, CaCO3 tests (Hughen et al.,

1996a). During the summer, the ITCZ moves north to a

position more coincident with the basin, which weak-

ens the trade winds and, correspondingly, the Ekman-

induced upwelling (Peterson et al., 1991; Lin et al.,

1997). The summer–fall microlamina is characterized

by an abundance of darker siliciclastic material depos-

ited during the local rainy season in combination with

comparatively reduced productivity. Because of this

well-preserved seasonal record and the high rates of

sedimentation (30 to >100 cm/ky), the Cariaco is an

ideal setting for high-resolution paleoceanographic

studies (Peterson et al., 2000).

The model for seasonal variation in the Cariaco

Basin has been extended to explain longer-term pat-

terns in the region. Peterson et al. (1991) proposed

that climatic patterns during the Younger Dryas cold

period (YD; f 11.6 to 13.0 calendar ka BP; Hughen

et al., 1998) were similar to those of present-day

winter, resulting in generally stronger trade winds

and therefore more intense upwelling relative to the

depositional conditions of the over- and underlying

microlaminated sediments. As a result, the YD was

characterized by a diatom-rich planktonic ecosystem

and overall greater productivity as seen in the thicker

laminae and higher opal and Corg accumulation

throughout this interval (Hughen et al., 1996a,b;

Shipboard Scientific Party, 1997; Werne et al.,

2000b). The generally stronger trade winds during

the YD resulted in an increased flux of rutile-rich

eolian material from the Sahara region and thus the

lowest bulk Al/Ti ratios observed within the most

recent anoxic interval (Yarincik et al., 2000b). Anal-

ogous temporal variations in Al/Ti ratios are recorded

on glacial–interglacial time scales within the basin.

3. Core description and sampling protocol

The samples analyzed in the present study are from

Site 1002 (February 1996) of Leg 165 of the Ocean

Drilling Program (Fig. 1). The cores were collected by

advanced hydraulic piston coring (APC) at a water

depth of approximately 900 m, with recovered lengths

of 9.77 and 6.24 m for cores 1002A and 1002B,

respectively. Detailed sediment core locations and

descriptions are available in Shipboard Scientific
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Party (1997). Core 1002A overpenetrated by approx-

imately 0.7 m below the seafloor, thus a mudline

(sediment–water) interface was not collected. How-

ever, the redox transition at f 14.5 calendar ka BP—

the focus of the present study—was retrieved success-

fully. By contrast, the mudline was recovered in core

1002B, but the core was of insufficient length to

penetrate the redox transition. The geochemical

records of the two cores were spliced together using

the magnetic susceptibility records available in Ship-

board Scientific Party (1997).

Cores 1002A and 1002B were collected for dedi-

cated geochemical study. Subsamples of 5-cm thick-

ness were used throughout the present study, although

the intervals between the analyzed 5-cm samples were

not the same for all the procedures. The whole-round

5-cm samples from core 1002B were processed for

interstitial waters using a trace-metal noncontami-

nated titanium squeezer. (Pore-water data are not

addressed in the present paper [see Werne et al.,

2003, this volume, for pore-water sulfate and sulfide

results]). The resulting ‘‘squeeze cakes’’ were frozen

immediately for later analysis of the solid-phase con-

stituents. Unsqueezed, 5-cm whole-round samples

from core 1002A were immediately frozen for later

analysis of the solids. Prior to analysis, frozen samples

were dried oxically at f 40 jC and gently disaggre-

gated using a ceramic mortar and pestle.

3.1. Stratigraphy and sedimentology

General stratigraphic and age relationships are sum-

marized in Fig. 2, and highlights of published descrip-

tive details are provided here as an essential context for

the geochemical results. The sediments of the upper
f 6.5 m below the seafloor (f 14.5 calendar ka BP to

present) at Site 1002 are dark olive gray, organic-rich

silty clay with nannofossils and foraminifera grading

downward into diatom-rich clayey mud with abundant

calcareous microfossils (Subunit IA of Shipboard Sci-

entific Party, 1997). These sediments are undisturbed

by bioturbation and are thus weakly to distinctly

laminated throughout the section. The laminae typi-

cally show thicknesses of millimeter to submillimeter

scale and are thicker and more distinct where diatoms

are abundant (Shipboard Scientific Party, 1997). A

comparison between counts of paired laminae and

independent 210Pb chronologies suggest that the

light–dark sediment couplets record seasonal variation

and are thus true varves (Hughen et al., 1996a).

Thin (centimeter-scale), homogeneous light gray

clay layers within the microlaminated sediments are

likely muddy microturbidites (Hughen et al., 1996a),

Fig. 2. Stratigraphic column with lithologic descriptions for Site

1002. Depths represent meters below the seafloor (mbsf). The abrupt

shift from oxic to euxinic deposition during the most recent glacial –

interglacial transition is delineated. Also shown are the Younger

Dryas cold period—a time of high primary production in the basin—

and the zone of sulfide diffusion, where oxically deposited,

bioturbated sediments were overprinted by diffusing hydrogen

sulfide following the shift from oxic to euxinic deposition. Age

estimates for critical boundaries are included. Details for all these

features are available in the text and in references cited therein.
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which are thinner but otherwise similar to those

observed in the Black Sea (Lyons, 1991). These

readily visible microturbidites constitute at most a

few percent of the total microlaminated sediment

record, although Hughen et al. (1996a) suggested that

very thin (from 4 to < 0.5 mm) microturbidites occur

throughout the microlaminated sediment. Additional

chronologic, sedimentologic, and paleoceanographic

details are available for these varved sediments (Peter-

son et al., 1991; Hughen et al., 1996a,b, 1998; Lin et

al., 1997; Shipboard Scientific Party, 1997).

The most obvious feature of the spliced (1002A–

1002B) sediment record is the abrupt downward

transition at f 6.5 mbsf (meters below the seafloor)

from microlaminated deposits to the underlying mas-

sive (bioturbated) light gray clay. This massive gray

clay grades downward at f 7.3 mbsf into massive

reddish-brown clay; together, these massive clays

constitute Subunit IB of Shipboard Scientific Party

(1997). As with the transition between laminated and

nonlaminated sediment above, the gray-to-red grada-

tion in relatively sharp, being confined to a roughly 1-

to 2-cm interval. The reddish-brown material extends

downward to the base of the interval of interest (8.0

mbsf). On close inspection, the ‘‘massive’’ gray and

reddish-brown material ranges from mottled to per-

haps faintly (cm-scale) gray–black color banded. In

contrast to the anoxic deposition indicated for the

microlaminated sediment, the gray and reddish-brown

clays show evidence for bioturbation and thus oxic

conditions (Peterson et al., 1991; Lin et al., 1997;

Shipboard Scientific Party, 1997).

4. Analytical methods

Concentrations of total and inorganic C in pow-

dered samples were determined via combustion (950

jC) and acidification (f 2 N HCl), respectively. The

evolved CO2 was quantified using a UIC carbon

coulometer (Huffman, 1977), and total Corg was

calculated by difference. Analytical errors of less than

1% were obtained for replicate analyses of a pure

CaCO3 standard and marine sediment samples.

Splits of the powdered dry samples were also

analyzed for concentrations of total reduced inorganic

sulfur (TRIS: pyrite S + acid-volatile sulfide S + ele-

mental S) using the chromium reduction method

(Canfield et al., 1986; Lyons and Berner, 1992).

Wet, homogenized, previously frozen samples from

the upper 50 cm of core 1002B were extracted for

acid-volatile sulfide (AVS, ‘‘FeS’’) at room temper-

ature using 6 N HCl containing 15% SnCl2 (Berner et

al., 1979; Chanton and Martens, 1985; Morse and

Cornwell, 1987). Separate determinations of elemen-

tal sulfur (SB) were not performed. Sulfur yields of

96–98% are typical for freshly ground pyrite stand-

ards using chromium reduction. Replicate analyses of

marine samples generally yield a reproducibility of

F 2% or better. Recoveries averaging 98% are

achieved for CdS standards using the HCl–SnCl2
extraction. (Our past work has shown that AVS

oxidizes during drying to a phase [likely SB] that is

still extracted during chromium reduction).

All concentration data are reported on a dry-sedi-

ment basis. For the wet-sediment (AVS) extractions, a

separate sample split was weighed wet and dry to

determine water content. We did not correct the wt.%

data for salt content, as the bulk dried solids (partic-

ularly the squeezed intervals) contain less than 5–

10% salt. Also, elemental ratios are not affected by

salt contents.

Sulfur isotope compositions of the bulk TRIS were

measured on Ag2S precipitates of the sulfide liberated

during chromium reduction (Newton et al., 1995;

Lyons, 1997). Aliquots of the Ag2S were placed in

tin boats with V2O5 catalyst and combusted online

using a Carlo Erba elemental analyzer connected via

continuous gas flow to a Finnigan 252 isotope ratio

monitoring mass spectrometer at Indiana University,

Bloomington. Sulfur isotope compositions are

expressed as permil (x) deviations from V-CDT

using the conventional delta notation. Sulfur isotope

results are generally reproducible within F 0.1x.

Degree-of-pyritization (DOP) measurements pro-

vide an estimate of the Fe remaining for reaction with

dissolved sulfide (Berner, 1970; Raiswell et al., 1988).

More specifically, DOP is an approximation of the

extent to which the original total ‘‘reactive’’ Fe has

been transformed to pyrite and can be expressed as:

DOP ¼ ðpyrite FeÞ
ðpyrite FeÞ þ ðextractable FeÞ ;

where ‘‘extractable Fe’’ is traditionally defined as the

remaining unsulfidized portion of the Fe pool having
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the potential to react with HS�. In this and many other

studies, this ‘‘reactive’’ Fe is operationally defined as

the fraction of total solid-phase Fe readily dissolved

during a 1 min, boiling 12 N HCl distillation (see

Lyons and Berner, 1992; Lyons, 1997). Traditional

arguments state that DOP values track depositional

redox, with values of f 0.75 or greater suggesting

anoxic to anoxic–sulfidic deposition, while lower

values are more consistent with a weakly to strongly

oxic water column (Raiswell et al., 1988). Recent

work has demonstrated, however, that the boiling HCl

approach may overestimate the readily reactive Fe by

including Fe-bearing phases that require prolonged

exposure to HS� for transformation to iron sulfides

(z 102 years, much greater in many cases) and that

the paleoredox model of Raiswell et al. (1988) may be

an oversimplification (Canfield et al., 1992, 1996;

Raiswell et al., 1994, 2001; Raiswell and Canfield,

1996, 1998; Lyons, 2000). Nevertheless, the tradi-

tional DOP approach can yield unambiguous paleo-

environmental information.

Metal concentrations in bulk dried powders were

determined by HF/HNO3/HClO4 digestion and quan-

tification via inductively coupled plasma emission

spectrometry (ICP-ES). Reproducibility was generally

better than 5% for Mo solid concentrations in the

range of 101–102 ppm. Concentrations of Mo in the

100–101 ppm range were reproducible within 10% to

20%. Replicate Fe and Al analyses generally agreed

within a few percent. Data for Fe and Mo are

normalized to Al rather than Ti because of the

temporal variation in Ti input; we are assuming that

the ratios of Fe and Mo to Al for the continental inputs

have not varied over the time interval of interest.

5. Results

5.1. Carbon and sulfur concentrations

Concentrations of Corg decrease monotonically

over the upper f 3.0 mbsf from a surface value of
f 6.0 wt.% to a value of f 4.0 wt.% (Fig. 3 and

Table 1). A subsurface maximum occurs between

roughly 3.0 and 4.0 mbsf followed by a broad mini-

mum spanning from f 4.0 to 5.5 mbsf, where Corg

values drop below 3.0 wt.%. Below this minimum, the

data scatter around a mean Corg concentration of about

4.5 to 5.0 wt.%, followed by a sharp downcore

decrease at 6.5 mbsf. This decrease is coincident with

the transition from microlaminated to gray, biotur-

bated sediment. Concentrations of Corg drop system-

atically over the upper 50 cm of the gray clay from a

value of f 1.5 wt.% to values < 0.5 wt.%. With the

exception of a subtle increase in the basal 20 cm of the

studied interval (Fig. 3), Corg concentrations remain

uniformly low across the gray–red transition and into

the reddish-brown clay.

In the microlaminated interval, concentrations of

AVS are consistently below 0.05 wt.% in the upper 50

cm, which is approaching the lower limit of detection

Fig. 3. Depth profile of total organic carbon (Corg) concentrations

for both oxic and euxinic sediments spanning the most recent

glacial– interglacial transition in the Cariaco Basin (ODP Site

1002). Sediment depths are expressed as meters below the seafloor

(mbsf). The open squares represent 5-cm intervals from core 1002B;

the closed squares represent 5-cm intervals from core 1002A.

Important lithologic and geochemical units are also shown. See Fig.

1 and text for details.
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Table 1

Geochemical data

Depth

(cm below

seafloor)

Total

inorganic

carbon

(wt.%)

Total organic

carbon (Corg)

(wt.%)

Pyrite

sulfur (Spy)

(wt.%)a

Spy
carbonate-

free basis

(wt.%)a

d34Spy
(x)a

Total iron

(FeT)

(wt.%)

Total

aluminum

(wt.%)

FeT/Al HCl-soluble

iron (FeHCl)

(wt.%)

Degree-of-

pyritization

(DOP)

Dithionite

soluble iron

(FeD) (wt.%)

Total

molybdenum

(ppm)

Mo/Al

0 3.84 5.56 1.31 1.93 1.16 0.50

5 3.78 5.68 1.28 1.87 � 32.6 1.04 0.52

10 3.71 6.08 1.15 1.66 � 33.2 2.78 5.86 0.48 1.07 0.48 95 0.00163

15 3.87 5.46 1.27 1.87 � 31.9 2.73 6.15 0.44 1.00 0.53 0.21 80 0.00130

20 3.86 5.58 1.34 1.98 � 33.8 1.06 0.52

25 3.85 5.85 1.23 1.81 � 33.3 2.70 5.80 0.47 0.97 0.53 93 0.00160

30 3.99 5.68 1.63 2.44 � 32.7 2.82 5.58 0.50 1.09 0.57 112 0.00201

35 3.92 5.22 1.39 2.06 � 32.9 1.03 0.54 0.20

40 4.03 5.49 1.22 1.84 � 32.7 1.12 0.49

45 3.78 5.50 1.22 1.78 2.89 6.03 0.48 0.94 0.53 103 0.00171

55 4.27 5.42 1.38 2.14 � 32.3 2.83 5.80 0.49 0.98 0.55 0.13 97 0.00167

65 4.00 5.25 1.39 2.08 0.93 0.57 0.14

75 3.92 5.12 1.50 2.23 � 32.9 1.06 0.55

85 3.66 5.25 1.29 1.86 3.07 6.13 0.50 0.96 0.54 97 0.00158

95 4.17 4.81 1.60 2.45 � 31.3 1.07 0.57

105 3.94 5.22 1.43 2.13 � 31.7 0.96 0.57

115 3.62 4.82 1.46 2.09 3.16 6.28 0.50 1.12 0.53 78 0.00124

125 4.20 4.64 1.43 2.20 � 33.2 2.77 5.53 0.50 0.89 0.58 0.13 82 0.00148

135 3.85 4.23 1.63 2.40 1.05 0.58

145 4.34 4.21 1.41 2.21 � 33.8 0.97 0.56 0.10

155 3.86 4.17 1.58 2.33 3.15 6.16 0.51 1.04 0.57 47 0.00076

170 3.93 4.33 1.64 2.44 � 32.8 1.03 0.58 0.12

185 3.55 4.66 1.58 2.24 1.10 0.56

200 3.56 4.23 1.59 2.26 1.08 0.56

215 3.77 4.13 1.51 2.20 3.13 6.38 0.49 1.05 0.56 0.14 79 0.00124

230 3.64 4.32 1.45 2.08 � 33.8 1.03 0.55

245 3.74 3.92 1.57 2.28 1.06 0.56

260 3.83 3.85 1.64 2.41 3.24 6.40 0.51 1.06 0.57 81 0.00127

275 3.69 4.37 1.60 2.31 � 17.5 1.01 0.58 0.18

290 3.61 4.07 1.51 2.16 3.37 6.56 0.52 1.13 0.54 0.14 95 0.00145

300 3.42 5.15 1.55 2.17 � 30.5 1.09 0.55

320 3.17 4.78 1.53 2.08 1.11 0.55 0.18

340 2.96 6.21 1.56 2.07 3.40 6.61 0.51 1.10 0.55 163 0.00247

360 3.17 5.72 1.55 2.11 1.11 0.55 0.15

380 2.94 6.13 1.43 1.89 � 27.8 3.10 5.94 0.52 1.00 0.56 187 0.00315

400 3.03 5.09 1.18 1.58 0.90 0.53

420 3.31 4.86 1.21 1.67 0.77 0.58
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440 3.94 2.89 0.92 1.37 1.97 3.90 0.51 0.63 0.56 67 0.00172

445 3.91 2.74 0.98 1.46 � 27.4 0.69 0.55 0.14

450 3.52 2.85 0.93 1.32 � 26.2 1.91 3.78 0.51 0.66 0.55 62 0.00164

470 3.82 2.65 1.00 1.46 2.04 3.89 0.53 0.69 0.56 0.11 60 0.00154

490 3.76 2.73 1.18 1.72 2.35 4.46 0.53 0.80 0.56 64 0.00144

510 4.02 2.71 1.17 1.76 � 28.2 2.56 5.01 0.51 0.90 0.53 0.13 65 0.00130

530 3.59 3.20 1.22 1.74 2.83 5.54 0.51 0.97 0.52 0.16 103 0.00185

550 3.08 5.21 1.22 1.64 2.62 4.85 0.54 0.77 0.58 154 0.00318

570 2.19 3.70 1.93 2.36 3.24 6.05 0.54 0.96 0.64 146 0.00241

590 2.63 5.51 1.68 2.15 � 26.5 2.82 5.10 0.55 0.65 0.69 178 0.00349

600 2.53 4.35 1.65 2.09 � 28.4 3.63 7.15 0.51 180 0.00252

610 1.05 2.29 2.29 2.51 � 25.5 4.33 8.50 0.51 144 0.00169

615 1.04 5.72 1.61 1.76 � 26.1

620 1.56 3.75 1.94 2.23 � 27.4 3.50 6.85 0.51 162 0.00236

625 2.84 4.89 1.82 2.38 � 28.3

635 2.21 4.30 2.01 2.46 3.90 7.65 0.51 172 0.00225

640 2.27 4.13 2.10 2.59

648.75b 2.31 4.13 2.31 2.86 � 27.9 3.93 7.42 0.53 162 0.00218

651.25c 0.75 1.37 3.04 3.24 � 28.7 4.87 9.55 0.51 76 0.00080

660 2.85 1.08 1.96 2.57 � 30.5 3.65 7.66 0.48 8 0.00010

665 3.05 0.81 1.91 2.56 � 29.1

670 2.73 0.84 1.82 2.36 � 27.4 3.70 8.27 0.45 3 0.00004

675 2.60 0.81 1.89 2.41 � 24.5

680 3.42 0.82 1.82 2.55 � 23.0

685 2.21 0.56 2.12 2.60 3.95 8.45 0.47 3 0.00004

705 0.79 0.26 2.75 2.94 � 12.2

710 0.60 0.23 2.65 2.79 � 12.8 4.70 9.79 0.48 5 0.00005

715 1.10 0.36 2.77 3.05 � 13.0

725 0.14 0.13 2.47 2.50 � 8.8 4.90 9.79 0.50 3 0.00003

730d 0.32 0.19 0.50 0.52 � 7.8 4.82 11.10 0.43 3 0.00003

740 0.50 0.55 0.12 0.12 � 27.2 4.98 11.10 0.45 2 0.00002

745 0.28 0.17 0.11 0.11 � 13.4

755 0.68 0.33 0.18 0.19

760 0.30 0.17 0.06 0.06 � 23.0 5.18 10.90 0.48 2 0.00002

770 0.20 0.16 0.00 +16.7

775 0.59 0.23 0.17 0.18 +3.9

780 1.05 0.33 0.27 0.29 +19.1

785 1.77 0.59 0.41 0.48 � 8.3 4.16 9.06 0.46 2 0.00002

795 2.34 0.83 0.57 0.71 � 21.6

a Spy data represent TRIS as determined by chromium reduction of bulk dry sediment. In the present study, TRIS is assumed to consist entirely of Spy. See text for details.
b Base of microlaminated interval.
c Top of gray interval—note that samples at the interface contain minor amounts of sediment from the adjacent interval.
d Transition between gray and red intervals.
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for our AVS method. No suggestion of AVS enrich-

ment existed deeper in the core other than some gray–

black mottles and banding best expressed within the

reddish-brown clay. These colorations may represent

localized sites of enhanced sulfate reduction. In a

complementary study (Werne et al., 2003, this volume),

chromium reduction extractions of untreated, bulk-

sediment samples and bitumen-extracted residues

showed insignificant differences in sulfur yields, con-

firming that the chromium reduction method is not

extracting bitumen sulfur. Given these observations

and the expectation that SB concentrations are low

relative to iron sulfide in this highly reducing setting,

the total Cr-reducible S (TRIS) is assumed to represent

Spy.

Concentrations of Spy show a subtle downcore

increase over the upper 3.8 m, with a mean value of

1.45F 0.14 wt.% (F 1r, n= 35) (Fig. 4 and Table 1).

Between approximately 4.0 and 5.5 mbsf, Spy con-

centrations decrease to values ranging from f 0.9 to

1.2 wt.% before increasing to 1.93 wt.% at 5.7 mbsf.

Over the remaining, basal portion of the microlami-

nated sediment, Spy concentrations range between
f 1.6 and 2.3 wt.% before increasing sharply to

3.04 wt.% in the uppermost bioturbated gray clay at

the interface with the overlying microlaminated sedi-

ment. The gray clay below the interface enrichment

has Spy concentrations ranging between f 1.8 and

2.8 wt.%, with a mean of 2.22F 0.40 wt.% (n = 10).

At the transition between the gray and reddish-brown

clay, the Spy concentration drops abruptly to 0.50

wt.% and stays low throughout the underlying interval

(mean: 0.23F 0.18 wt.%, n = 8), while covarying

positively with the concentrations of Corg (r2 = 0.72;

plot not shown).

Pyrite sulfur concentrations are summarized on a

carbonate-free basis in Fig. 5 and Table 1 to address

possible dilution effects associated with biogenic

CaCO3 (see also Werne et al., 2000b, 2003, this

volume). Inorganic (CaCO3) carbon concentrations

are available in Table 1. With the exception of the

basal portion of the interval, calculated CaCO3 con-

centrations within the microlaminated sediment fall

between approximately 25 and 35 wt.%. In the basal

portion of the laminated zone and throughout the

underlying gray and reddish-brown clay, CaCO3 con-

tents are lower and significantly more variable than in

the overlying microlaminated sediments. Although the

CaCO3 content is variable and the Spy data are shifted

toward higher values when expressed on a carbonate-

free basis, the general shapes of carbonate-free and

whole-sediment Spy plots are very similar (compare

Figs. 4 and 5).

5.2. Sulfur isotope ratios

Sulfur isotope data for pyrite are presented in Fig. 6

and Table 1. With the exception of the one outlier at 2.8

mbsf (� 17.5x), the d34S data in the upper f 3.0

mbsf are within 1xto 2xof the present-day bot-

tom-water dissolved sulfide value (� 31xto

Fig. 4. Depth profile of pyrite sulfur (Spy) concentrations for both

oxic and euxinic sediments spanning the most recent glacial–

interglacial transition in the Cariaco Basin (ODP Site 1002). Data

represent total inorganic reduced sulfur (TRIS) as determined by the

chromium reduction method. In the present study, TRIS is assumed

to consist entirely of Spy. The open squares represent 5-cm intervals

from core 1002B; the closed squares represent 5-cm intervals from

core 1002A.
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� 32x; Fry et al., 1991). The mean for these data

(excluding the outlier) is � 32.7F 0.9x(n = 17).

Below 3.0 mbsf, the data for the microlaminated sedi-

ments show a subtle downcore shift toward 34S enrich-

ment, reaching a maximum value of � 25.5xat 6.1

mbsf (see also Werne et al., 2003, this volume). Within

the gray clay, d34S values increase uniformly downcore

from a minimum value of � 30.5xjust below the

contact with the microlaminated sediment to a max-

imum of � 7.8xat the transition between gray and

reddish-brown clay. Within the reddish-brown clay, the

d34S values are highly scattered and range between

� 27.2x and + 19.1x.

5.3. Iron

Iron concentrations within the Cariaco sediments

are presented using a fourfold speciation scheme: total

Fe (FeT), pyrite Fe (Fepy), acid-soluble Fe (FeHCl), and

iron extracted by dithionite (FeD). Concentrations of

FeT and total Al are summarized in Table 1 and

Fig. 5. Depth profile of Spy concentrations presented on a CaCO3-

free basis (to assess carbonate dilution effects) for both oxic and

euxinic sediments spanning the most recent glacial – interglacial

transition in the Cariaco Basin (compare Fig. 4). The open squares

represent 5-cm intervals from core 1002B; the closed squares

represent 5-cm intervals from core 1002A.

Fig. 6. Depth profile of the isotope composition of Spy for both oxic

and euxinic sediments spanning the most recent glacial– interglacial

transition in the Cariaco Basin (ODP Site 1002). d34S values

represent TRIS as determined by the chromium reduction method.

The open squares represent 5-cm intervals from core 1002B; the

closed squares represent 5-cm intervals from core 1002A. A mean

d34S value for modern dissolved water-column sulfide (Fry et al.,

1991) is also provided. Note that the Fry et al. data are reported

relative to CDT but also that the difference between CDT and V-

CDT is, for our purposes, negligible ( < 1x; Ding et al., 2001).

Also, Fry et al. show little S isotope variability with depth and

provide no detailed data for the chemocline region, thus it is not

possible to use S isotopes to delineate the specific depth of pyrite

formation in the water column (compare Muramoto et al., 1991;

Lyons, 1997).
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presented as FeT/Al ratios in Fig. 7 and Table 1. FeT
concentrations range between roughly 2.0 and 5.0

wt.% with considerable scatter. FeT/Al ratios, which

eliminate the effects of opal and calcium carbonate

dilution and allow us to address enrichments or deple-

tions relative to an average detrital (continental) input,

are lowest in the surface interval and within the gray

and reddish-brown clay at the base of the section,

reaching minima of 0.43–0.44. A subtle downcore

increase in FeT/Al ratios, with scatter, occurs over the

upper 100 cm. The ratios are generally above 0.50

throughout the remainder of the microlaminated sedi-

ment—reaching values as high as 0.55. Within the

gray and reddish-brown clay interval, FeT/Al values

are variable and, with one exception, well below 0.50.

Concentrations of Fepy were calculated from TRIS

data (Table 1) by assuming that TRIS is equivalent to

Spy. FeHCl data are available for the upper 5.9 m of the

microlaminated interval and are presented in Table 1.

The Fe phases dissolved during this boiling HCl

procedure are effectively summarized in Raiswell et

al. (1994). DOP values calculated from Fepy and

FeHCl concentrations for the upper 5.9 m range

between 0.48 and 0.69, with a mean of 0.55F 0.03

(n = 47). The DOP data show scatter but overall

increase downcore from values between 0.48 and

0.50 in the upper 15 cm to 0.58 by 1.25 mbsf (Fig.

8 and Table 1), thereafter remaining relatively uniform

before increasing abruptly and monotonically from

0.52 to 0.69 in the interval from 5.3 to 5.9 mbsf.

FeD represents iron soluble in a buffered (pH = 4.8)

citrate-dithionite solution (Canfield, 1989; Raiswell et

Fig. 7. Depth profile of total Fe (FeT) to Al ratios for both oxic and

euxinic sediments spanning the most recent glacial – interglacial

transition in the Cariaco Basin (ODP Site 1002). The open squares

represent 5-cm intervals from core 1002B; the closed squares

represent 5-cm intervals from core 1002A.

Fig. 8. Depth profile of degree-of-pyritization (DOP) values for the

upper 5.9 m (core 1002B) of the uppermost euxinic interval in the

Cariaco Basin.
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al., 1994; Raiswell and Canfield, 1996, 1998). The

dithionite approach has been shown to quantitatively

extract iron oxides and oxyhydroxides (ferrihydrite,

lepidocrocite, goethite, and hematite), with only small

contributions from iron silicates (Canfield, 1989;

Raiswell et al., 1994). Thus, FeD is dominantly a

highly reactive iron fraction with respect to dissolved

sulfide (Canfield et al., 1992). A limited number of

FeD results and the methodological details are avail-

able for samples from the present study (upper 5.3 m)

through the independent investigation of Raiswell and

Canfield (1998) (mean: 0.15F 0.03 wt.%, n = 16;

Table 1).

5.4. Molybdenum

Within the microlaminated zone, Mo concentrations

are variable but uniformly high in the f 50–200 ppm

range. Overall, however, concentrations of Mo show

pronounced downcore variation (Table 1). The upper-

most gray clay sample, which may include some of the

overlying microlaminated material, contains 76 ppm

relative to 162 ppm in the basal microlaminated sam-

ple; values less than 10 ppm occur throughout the

remainder of the gray and reddish-brown clay.

The data expressed as Mo/Al ratios (Fig. 9 and

Table 1), to remove dilution effects, also show

Fig. 9. Depth profile for total Mo to Al ratios for both oxic and euxinic sediments spanning the most recent glacial – interglacial transition in the

Cariaco Basin (ODP Site 1002). Corresponding data for Corg concentrations are provided for comparison. The open squares represent 5-cm

intervals from core 1002B; the closed squares represent 5-cm intervals from core 1002A.
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comparatively high values throughout the microlami-

nated zone, generally falling between 0.001 and

0.003. Ratios of Mo/Al maintain low values in the

range of 10� 5 throughout the gray/reddish-brown

interval. Organic-carbon variations are generally

coherent with the downcore Mo/Al trend (Fig. 9),

although the actual calculated correlation between

the two parameters within the microlaminated inter-

val is weak (r2 = 0.12). Concentrations of Corg and

the Mo/Al ratios in the gray/reddish-brown clay are

both low relative to the overlying microlaminated

sediments. There are no simple relationships between

the Mo/Al and Corg data for the oxic sediments (Fig.

9). However, the Mo/Al ratios are approximately a

factor of two higher in the gray (sulfide overprinted)

sediment relative to the underlying reddish-brown

clay.

6. Discussion

6.1. Pyrite formation

The specifics of pyrite formation in the uppermost

microlaminated interval in the Cariaco are the subject

of a companion paper (Werne et al., 2003, this

volume) and will be addressed only briefly here in

the context of alternative hypotheses. The Spy and

DOP relationships (Figs. 4 and 8) could record a

progressive f 10% increase in Fe sulfidation during

diagenetic pyrite formation over the upper f 1.0

mbsf, which augments a largely fixed syngenetic

reservoir (expressed in the surface layers). If so, the

dip in Spy concentration between f 4.0 and 5.5 mbsf

might reflect dilution by biogenic opal and CaCO3

during the high productivity of the Younger Dryas

cold period (Werne et al., 2000b). (The similarities

between Figs. 4 and 5 suggest, however, that carbo-

nate dilution is not a dominant control on the pattern

of Spy distribution in the sediments.) This compara-

tively low amount of diagenetic pyrite formation is

consistent with the d34Spy trend spanning the length of
the microlaminated interval, which does not deviate

significantly from the isotopic composition of present-

day dissolved sulfide in the water column (Fig. 6).

Syngenetic iron sulfide formation is also indicated by

calculations suggesting that water-column Fe concen-

trations are controlled by equilibrium with greigite

(Jacobs et al., 1987). The paucity of greigite and other

‘‘monosulfide’’ phases in the sediments and the S

isotope relationships argue for rapid (water-column)

transformation to pyrite. Similarly, the downcore

decrease in Corg concentration could also reflect a

steady-state scenario: progressive anaerobic reminer-

alization during sulfate reduction, with additional

diagenetic pyrite formation being limited by the

availability of readily reactive Fe. Inconsistent with

this simple steady-state model, however, Werne et al.

(2000b) showed that accumulation-rate trends for Corg

differ from the concentration relationships and accu-

mulation rates expected under steady-state conditions.

Furthermore, FeT/Al ratios (Fig. 7) vary over the

microlaminated interval rather than remaining fixed,

as would be predicted for a constant syngenetic pyrite

flux with progressive diagenetic sulfidation of a uni-

form detrital Fe flux.

Given the nonsteady-state history of deposition

(i.e., time-varying inputs of CaCO3, opal, Corg, and

siliciclastic sediment), Werne et al. (2003, this volume)

adopted an accumulation-rate approach to pyrite for-

mation (mass area� 1 time� 1)—further constrained by

a detailed S isotope mass balance—rather than inter-

preting concentration trends. Werne et al. also sug-

gested that the syngenetic pyrite flux might have varied

over the last f 14.5 calendar ky as a function of the

variable Corg production (Werne et al., 2000b), which

resulted in temporally varying hydrogen sulfide pro-

duction in the water column. Overall, the accumula-

tion-rate approach yielded a larger fraction of

diagenetic pyrite and a decidedly less systematic accu-

mulation of diagenetic pyrite relative to that suggested

by the steady-state model outlined above.

Despite the presence of high concentrations of

pore-water sulfide (up to f 8 mM; Werne et al.,

2003, this volume), FeD persists over the length of

the microlaminated interval at low but uniform con-

centrations (Table 1). This persistence is consistent

with the suggestion of Raiswell and Canfield (1998)

and Wilkin and Arthur (2001) that some fraction of

dithionite extractable Fe, which is conventionally

viewed as ‘‘highly’’ reactive, does not react even after

prolonged exposure to sulfide. The high concentra-

tions of dissolved sulfide in the microlaminated sedi-

ments confirm the Fe-limited pyrite formation

suggested by the downcore trends for Spy concentra-

tions. As outlined below, intermediate (and largely
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uniform) DOP values can result despite the abundance

of HS�, because the boiling HCl extraction yields an

overestimation of the readily reactive Fe (see Section

6.3.1). Thus, the sediments are Fe-limited over the

diagenetic time scales of observation (103 years), and

only through substantially longer exposure to sulfide

might the DOP values increase (and perhaps by only

small amounts) through additional diagenetic pyrite

formation (Raiswell and Canfield, 1996).

Pyrite formation in the reddish brown, bioturbated

sediments is Corg-limited as indicated by the abun-

dance of residual iron oxide present as red–brown

pigments, the comparatively low Spy concentrations,

and the strong covariance between concentrations of

Spy and Corg. The overlying gray, bioturbated clay, on

the other hand, shows significantly higher Spy con-

centrations despite similarly low levels of Corg, sug-

gesting possible iron limitation and undoubtedly pyrite

formation through diffusion of HS� from the overlying

euxinic sediments and water column.

6.2. Sulfide diffusion

The abrupt juxtaposition of sediments with very

different chemical properties at the transition from

oxic to anoxic deposition at f 6.5 mbsf (f 14.5

calendar ka BP) led to a pronounced diffusional sulfur

(pyrite) overprinting of the uppermost layers of the

underlying, oxically deposited sediments of the last

glacial episode (Fig. 4). Because of Fe limitation,

which is common in euxinic settings (e.g., Raiswell

and Berner, 1985; Calvert and Karlin, 1991; Lyons

and Berner, 1992; Canfield et al., 1996; Lyons, 1997;

Raiswell and Canfield, 1998; Wilkin and Arthur,

2001), excess HS� diffused out of the water column

and Corg-rich sediments into the underlying oxic layer

and reacted with Fe phases originally preserved

because of the low levels of Corg. This diffusion

resulted in a pyrite overprint in the Corg-limited sedi-

ment. The diffusion front advanced to progressively

greater depths as Fe was consumed, such that the rate

and extent of advance reflected the balance between

the amount of sulfide and the quantity and reactivity

of the Fe. The downward transition from gray to

reddish-brown sediment marks the lower limit of

diffusion. The fact that downward diffusion of dis-

solved sulfide dominated over upward diffusion of

dissolved iron from the bioturbated layers reflects the

high abundance of sulfide in the euxinic interval

relative to dissolved Fe production in the oxically

deposited sediments (Raiswell et al., 1993; Raiswell,

1997).

The d34Spy values of the overprinted pyrite most

proximal to the oxic–anoxic transition approximate

the sulfur isotope composition of the HS� in the

modern euxinic water column. As the sulfide front

advanced downward, the sulfide source evolved (in

the restricted pore-water reservoir of the basal micro-

laminated sediments) such that d34Spy values became

progressively higher. This progressive 34S enrichment

is recorded in the downcore increase in d34Spy values
observed in the gray clay (Fig. 6). Analogous pyrite

overprints have been observed beneath sapropels in

the Mediterranean, where HS� production within the

organic-rich sediment out-competes the Fe supply and

thus reacts within the comparatively Fe-rich but Corg-

deficient underlying sediments (Passier et al., 1996,

1997).

In settings such as the Black Sea and Kau Bay,

Indonesia—and in contrast to the persistently marine

conditions indicated for the Cariaco Basin—the last

glacial– interglacial transition is marked by a shift

from freshwater to marine conditions as sea level rose

to the elevation of sills that restricted marine inputs

during glacial lowstands (Middelburg, 1991; Middel-

burg et al., 1991; Arthur and Dean, 1998). In simple

terms, the transition is marked by an overprint of Spy
on the freshwater deposits this overprint resulted from

diffusion of seawater sulfate into the sulfate-limited

underlying sediments, which contained sufficient Corg

(or CH4; Jørgensen et al., 2001) to support sulfate

reduction at rates equal to or greater than the rate of

replenishment by sulfate diffusion (Zaback et al.,

1993) and an adequate reactive Fe supply to retain

the HS� as pyrite (Middelburg, 1991; Middelburg et

al., 1991). Isotopically, the sulfur in the freshwater

deposits is strongly enriched in 34S, with d34Spy
values falling close to those of the seawater sulfate

(Middelburg, 1991; Middelburg et al., 1991). An

analogous freshwater overprint has been reported in

the Baltic Sea (Sternbeck and Sohlenius, 1997). These

high d34Spy values approximating the seawater sulfate

value confirm that diffusion of sulfate rather than

sulfide dominated and that Fe and Corg (or CH4)

concentrations of the underlying sediments were suf-

ficient to result in essentially closed-system pyrite
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formation. An important implication of diffusion of

dominantly water-column sulfate rather than sulfide

into the freshwater deposits is that the Black Sea and

similar silled basins (e.g., Kau Bay, Indonesia) must

have evolved from (1) sulfate-limited freshwater con-

ditions to (2) an oxic brackish/marine setting with

comparatively low Corg accumulation to (3) the Fe-

limited, euxinic marine pyrite formation observed

today (see also Calvert and Karlin, 1991; Lyons and

Berner, 1992; Calvert et al., 1996; Lyons, 1997;

Wilkin and Arthur, 2001). Such a transition is con-

sistent with recent, independent interpretations of the

glacial – interglacial evolution of the Black Sea

(Arthur and Dean, 1998). Comparative details of the

two diffusional scenarios (i.e., sulfate vs. sulfide) are

outlined in Table 2.

Scatter in the FeT/Al ratios of the oxic gray and

reddish-brown clays in the Cariaco Basin may reflect

Fe remobilization and its interrelationship with the

simultaneously diffusing HS�. Overall, however, the

FeT/Al ratios approximate continental (detrital) inputs,

as would be expected in the absence of syngenetic

pyrite formation.

6.3. Controls on iron distribution

6.3.1. The model

The extent to which iron reacts with HS� to form

pyrite (i.e., the DOP value) has been used as a

measure of bottom-water oxygenation (Raiswell et

al., 1988). The simple argument asserts that the

typically prolonged exposure of iron to the ubiquitous

sulfide within euxinic basins (in the water column, at

the sediment–water interface, and within the sedi-

ment) results in the reaction of a high percentage of

the detritally delivered ‘‘reactive’’ iron with dissolved

sulfide—i.e., high DOP values. In recent years, how-

ever, duration of sulfide exposure as the critical

control has been questioned. These challenges are

predicated in part on the observation that sulfur

isotope results for the microlaminated sediments of

the deep Black Sea as compared to water-column

d34SHS- data (Muramoto et al., 1991; Calvert et al.,

1996; Lyons, 1997), in combination with DOP trends

(Lyons and Berner, 1992; Lyons, 1997) and framboid

size distributions (Wilkin et al., 1996, 1997), suggest

that most of the pyrite forms very rapidly within the

chemocline region of the anoxic–sulfidic water col-

umn (see also Cutter and Kluckhohn, 1999). Diage-

netic additions account for perhaps only 10% to 20%

over 103-year time scales, despite readily available

HS� in the pore waters (Lyons and Berner, 1992;

Lyons, 1997). Collectively, this pyrite formation

results in DOP values in near-surface Black Sea

sediments that are as high as 0.70 and reach 0.78 by

14 cm depth, which are generally within the DOP

realm for anoxic to anoxic – sulfidic deposition

defined by Raiswell et al. (1988), despite recording

rapid pyrite formation rather than prolonged exposure

to dissolved sulfide.

In contrast to the deep basin, euxinic deposits

along the margin of the Black Sea are characterized

by extreme rates of sediment accumulation (approach-

ing 0.8 cm year� 1) and show low to intermediate

DOP values (0.32 to 0.47) that fall within the aerobic

region of the Raiswell et al. (1988) DOP scheme

(Lyons, 1992, 1997; Hurtgen et al., 1999). These

low values occur despite the sulfidic bottom waters

and persistent exposure of the sediments over several

decades to levels of pore-water sulfide (from f 40 to

2000 AM) that can be substantially higher than those

observed within the deep euxinic water column (300

to 400 AM) and within the pore waters of the deep-

basin sediments (f 200 to 700 AM) (Sweeney and

Kaplan, 1980; Fry et al., 1991; Lyons, 1992, 1997;

Lyons and Berner, 1992; Hurtgen et al., 1999). Low to

intermediate DOP values are also observed at the oxic

FOAM site in Long Island Sound to depths of at least

260 cm despite persistent exposure to HS� concen-

trations reaching 6 mM (Canfield et al., 1992). Col-

lectively, these and related observations have

confirmed that extents of pyritization (DOP), while

being linked to depositional redox, have more to do

with the nature of the iron reservoir than time of

exposure to high concentrations of HS�. Furthermore,

these relationships confirm that the HCl extraction is

an overestimation of the most readily reactive Fe

phases (Canfield et al., 1992; Raiswell et al., 1994;

Raiswell and Canfield, 1996, 1998).

A recent model argues that DOP values are largely

controlled by the relative proportions of Fe delivered

with (1) detrital sediment (e.g., Fe oxides and sili-

cates) and (2) as a fraction that varies in magnitude

and is decoupled from the local detrital flux through

the scavenging of dissolved Fe from the water column

during syngenetic pyrite formation (Canfield et al.,
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1996; Lyons, 1997; Raiswell and Canfield, 1998;

Raiswell et al., 2001; Werne et al., 2002). In other

words, a percentage of the detrital Fe will be reactive

on short time scales within the water column and

sediments, but because the HCl extraction includes

phases that are reactive only on time scales of z 102

years, low to intermediate DOP values can be

observed despite exposure to an abundance of HS�

over comparatively long time periods. However, if

pyrite forms within the water column by (1) reacting

with the highly reactive fraction of the detrital Fe and

(2) by scavenging dissolved Fe that is independent of

the local detrital flux, the total pyrite Fe reservoir is

augmented by the scavenging without a correspond-

ing increase in the unreacted, detrital, HCl-extractable

fraction. In simplified terms, Fe scavenging can result

in higher DOP values, higher ratios of highly reactive

(FeD + Fepy) to total Fe, and higher FeT/Al ratios

relative to the detrital source (Canfield et al., 1996;

Lyons, 1997; Raiswell and Canfield, 1998; Yarincik et

al., 2000a; Raiswell et al., 2001; Werne et al., 2002).

In the modern Black Sea, which provides a tem-

plate for interpretations of the Cariaco Basin, carbo-

nate-rich, microlaminated (Unit 1) sediments of the

deep basin have FeT/Al ratios that are up to f 2.5

times greater than the siliciclastic-dominated euxinic

deposits of the basin margin: 0.5 to 0.6 for the margin

vs. f 0.7 to 1.2 for the deep basin (T.W. Lyons,

unpublished results; see also Wilkin and Arthur,

2001). Again, these basin-margin (upper-slope) sedi-

ments are accumulating at f 0.8 cm year� 1 (relative

to f 0.02 cm year� 1 for the deep basin) and have

FeT/Al ratios approximating those of the oxic shelf.

Our ongoing work suggests that these spatial differ-

ences in FeT/Al ratios are far greater than those

observed across modern open ocean basins, where

transport-related phenomena (physical sorting/fractio-

nation processes) alone can result in increasing FeT/Al

ratios with increasing distance from the continents.

Table 2

Comparative details of sulfate vs. sulfide diffusion models—a

summary of contrasting responses to post-glacial sea-level rise (see

text for additional details)

Black Sea Model
. Isolated silled basin; freshwater deposition during last glacial

sea-level lowstand.
. Freshwater host sediment initially sulfate-limited.
. Reactive Fe and Corg (or CH4; Jørgensen et al., 2001) initially

available in host sediment.
. Increasing marine influence during sea-level rise above level of

sill leads to SO4
2� diffusion into freshwater deposits from oxic,

brackish water column.
. Diagenetic Spy overprint via in situ HS� production in SO4

2�

restricted pore-water reservoir—SO4
2� consumption (via bacte-

rial reduction) outpaces diffusional replenishment (consistent

with SO4
2� limited source from brackish overlying water).

. High d34Spy values of overprinting pyrite approximate initial

d34Ssulfate value.
. Suggests dominantly SO4

2� diffusion before onset of water-

column anoxia (and thus before water-column HS� produc-

tion)—consistent with independent constraints on basin evolu-

tion over last glacial – interglacial transition.
. Corg/Spy ratios shifted from freshwater to marine values by pyrite

overprint.
. Summary: Pyrite overprint represents SO4

2� diffusion marking

basin evolution from freshwater to oxic, Corg-poor marine

(brackish) conditions—later onset of euxinic water column.
. Other examples: Kau Bay, Indonesia; Baltic Sea.

Cariaco Basin Model
. Silled basin, oxic marine deposition during last glacial sea-level

lowstand (nutrient-deficient surface waters).
. Oxic marine host sediment initially Corg-limited.
. SO4

2� and reactive Fe initially available in host sediment.
. Sea-level rise results in increased nutrient inputs to photic zone

and thus greater primary production; corresponding increases in

respiration in restricted basin result in euxinic deep waters.
. ‘‘Rapid’’ onset of euxinic water column results in downward

diffusion of HS� from Fe-limited water column and micro-

laminated sediments.
. Diffusing sulfide reacts with readily available reactive Fe in

sediments to form abundant pyrite.
. d34Spy values of overprinted pyrite initially approximate

d34SHS� values of euxinic water column.
. As Fe is consumed in bioturbated clay, pyrite front advances

downward.
. Overlying HS� source evolves (in restricted pore-water reservoir

of basal microlaminated sediments) so that d34Spy values
increase downward within diffusionally overprinted zone.

. Transition from gray to reddish-brown clay marks downward

limit of HS� diffusion.
. Corg/Spy ratios shifted from normal (oxic) marine to euxinic

marine values by pyrite overprint.
. Summary: Pyrite overprint represents HS� diffusion marking

‘‘rapid’’ transition from oxic, Corg-deficient marine conditions to

euxinic marine setting.

Table 2 (continued)

Cariaco Basin Model
. Other example: Analogous pyrite overprints observed beneath

Mediterranean sapropels—HS� production within Corg-rich

sapropel out-competes Fe supply and thus migrates via diffusion

and reacts within Fe-rich but Corg-poor underlying sediment. Low

d34Spy values reflect ‘‘open’’ system behavior in terms of balance

between SO4
2� consumption and availability/replenishment.
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The present study of the Cariaco Basin highlights Fe

trends at a single location, thus minimizing spatial

(transport) artifacts other than those related to sea-

level change; however, potential (tectonically or cli-

matically controlled) temporal variations in input

remain a complicating possibility.

Details regarding the origin of the ‘‘extra’’ Fe (i.e.,

a basin-scale mass balance of the externally sourced

Fe) and the possible role of biogenic grains as sites of

enhanced sulfate reduction, pyrite formation, and thus

Fe scavenging within the water column are discussed

elsewhere (Raiswell and Canfield, 1998; Raiswell et

al., 2001; Wijsman et al., 2001). For the purpose of

the present Cariaco Basin study, however, the key

element of this model is that FeT/Al ratios can be

elevated in euxinic settings through water-column

pyrite formation. Ultimately, the magnitude of this

enrichment is a product of the balance between rates

of detrital input and the ‘‘rain’’ rate of scavenged Fe.

Under conditions of very high detrital (siliciclastic)

input, the scavenged Fe can be swamped by the

detrital fraction, thus resulting in DOP values that

look more like oxic deposits and FeT/Al ratios that

approximate the continental (detrital) sediment flux.

As a result of these relationships, DOP values and

FeT/Al ratios can vary laterally and temporally

beneath an anoxic–sulfidic water column as a func-

tion of varying rates of detrital sedimentation. In

theory, however, any FeT/Al ratio elevated beyond

the scatter in the continental baseline could be attrib-

uted to euxinic conditions, regardless of sedimenta-

tion rates—DOP is a useful but less sensitive

indicator of paleoredox. Rates of pyrite formation in

the water column and the nature (reactivity) of the

detrital flux can vary but are viewed as secondary

controls relative to those linked to the presence or

absence of a euxinic water column and the rates of

detrital sedimentation.

It is tempting to suggest that the Fe arguments

above unnecessarily complicate the straightforward

redox-dependent DOP story of Raiswell et al.

(1988). In reality, DOP is not a simple proxy. As

suggested by Raiswell et al., high DOP values, which

vary somewhat from basin to basin (or within a basin)

as a function of rates of siliciclastic accumulation and

syngenetic pyrite formation, uniquely delineate a

sulfidic water column. Low values argue convincingly

for oxic deposition with low associated Corg accumu-

lation. By contrast, intermediate values (often in the

range of f 0.3–0.6) suggest one of three possibil-

ities: (1) oxic deposition, and thus purely diagenetic

pyrite formation, with appreciable associated concen-

trations of Corg; (2) depositional conditions vacillating

between oxic and euxinic; and (3) persistently euxinic

deposition where the syngenetic pyrite flux and its

associated scavenged Fe are swamped by continental

sediment inputs.

6.3.2. Iron in the Cariaco Basin

Variance in the balance between delivery of scav-

enged and detrital Fe explains the broad range of DOP

values (0.55–0.93) described by Raiswell et al.

(1988) for the anoxic to anoxic–sulfidic end members

at many different ancient localities. This balance also

explains the relationship between the DOP values and

FeT/Al ratios observed in the Cariaco Basin and those

of other euxinic settings. (Values for DOP and the

FeT/Al ratios generally track each other [compare

Figs. 7 and 8], including the abrupt increase observed

below 5.3 mbsf.) The microlaminated deposits in the

Cariaco are intermediate in terms of siliciclastic deliv-

ery relative to the Black Sea end members described

above. Sedimentation rates provide an approximation

of siliciclastic delivery, and DOP values and FeT/Al

ratios can, therefore, be related to bulk sedimentation

rates and their spatial gradients beneath the euxinic

portion of the water column. Nevertheless, high and

variable biogenic contributions (opal and CaCO3) in

both the Cariaco Basin and the Black Sea suggest that

siliciclastic accumulation rates (g m� 2 year� 1) would

be a better approach. Uncertainties regarding opal

contents and porosities, as well as the extreme varia-

bility in many of the parameters for the Cariaco

sediments, make it difficult to calculate precise silici-

clastic accumulation rates. However, opal estimates

based on correlative cores (L.C. Peterson, unpub-

lished results), along with published CaCO3 contents

(e.g., Werne et al., 2000b), allow us to bracket the

range of possible siliciclastic accumulation rates

(Table 3). Regardless of the opal contents and poros-

ities reasonably assumed for the Cariaco sediments,

siliciclastic delivery is clearly intermediate with

respect to the Black Sea end members.

As predicted from our model, and assuming some

degree of uniformity in interbasinal syngenetic pyrite

formation, the DOP values of the Cariaco sediments
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(mean: 0.55F 0.03, n = 47) are also intermediate—

reflecting the magnitude of the detrital Fe contribution

relative to the delivery of scavenged Fe that is

decoupled from the local detrital flux. The DOP

values increase from surface values around 0.50 to a

maximum of 0.58 by 1.25 mbsf. Other than this

downcore increase in the upper layers and a sharp

increase from 5.3 to 5.9 mbsf, which may reflect

increased water-column pyrite formation or dramatic

reduction of the detrital influx, the DOP values are

comparatively uniform over much of the microlami-

nated interval. One way to interpret this DOP relation-

ship is a 10% increase in iron sulfidation during

diagenetic pyrite formation in the upper layers which

augments a largely syngenetic reservoir. Given the

nonsteady-state nature of deposition of the most

recent microlaminated interval in the Cariaco Basin

(Peterson et al., 1991; Hughen et al., 1996a,b, 1998;

Lin et al., 1997; Shipboard Scientific Party, 1997;

Werne et al., 2000b), however, syngenetic inputs

augmented by systematic diagenetic pyrite formation

in the upper portion of the core may be an over-

simplified view (compare the mass balance approach

of Werne et al., 2003, this volume).

In contrast to preliminary data published in Yar-

incik et al. (2000a, their Fig. 3)—where an elevated

FeT/Al ratio is not observed in the uppermost micro-

laminated deposits relative to the subjacent biotur-

bated (oxic) sediments—the present results show

generally elevated FeT/Al ratios in the microlaminated

sediments below the upper f 100 cm (Fig. 7). As

outlined above, this enrichment likely reflects the

scavenging of Fe in the euxinic water column during

pyrite formation, as is supported by the sulfur geo-

chemical evidence, including the d34S relationships

(see also Werne et al., 2003, this volume). The FeT/Al

ratios are generally elevated by roughly 10% to 20%

relative to the bioturbated sediments, which is greater

than the euxinic (vs. oxic) enrichment observed along

the margin of the Black Sea—where sedimentation is

very rapid—but is far below the percent enrichment

observed in the more siliciclastically starved Black

Sea basin interior. As for the DOP, the intermediate

FeT/Al ratios in the Cariaco relative to the end

members described from the Black Sea reflect the

intermediate rates of siliciclastic input and thus the

relative degrees to which the scavenged (siliciclastic-

independent) component is swamped by detrital FeT/

Al ratios. The upwardly decreasing but scattered FeT/

Al ratios over the upper 100 cm, with minima approx-

imating those of the underlying oxic sediments, reflect

a temporal increase in detrital sedimentation and/or a

decrease in syngenetic pyrite formation toward the

present. Either of these mechanisms would explain the

Table 3

Calculations of siliciclastic accumulation rates for the Black Sea and Cariaco Basin

Core location Water

depth (m)

Sedimentation

rate (cm ky� 1)

Grain

density

(g cm� 3)

Porosity Total sediment

accumulation rate

(g m� 2 year� 1)

Siliciclastic

content (%)

Siliciclastic

accumulation rate

(g m� 2 year� 1)

Black Sea Station 9 2087 15.9 2.4 0.90 38.2 45.5 17.4

Black Sea Station 14 2218 15.8 2.4 0.90 37.9 49.8 18.9

Black Sea Station 15 198 770 2.5 0.90 1925.0 86.5 1665.1

Cariaco Basin f 900 44.8 (6.5 m/14.5 ky, f 2.4a 0.90 107.5 40 43.0

ODP Site 1002 assuming linear 55 59.1

(microlaminated sedimentation rare) 70 75.3

interval < 6.5 mbsf) 0.70 322.6 40 129.0

55 177.4

70 225.8

0.50 537.6 40 215.0

55 295.7

70 376.3

Black Sea results are modified from Calvert et al. (1991; see also Lyons, 1991, 1992, 1997; Lyons and Berner, 1992) and Anderson et al. (1994)

for Station 15. Cariaco results are calculated based on high, low, and mean estimates for porosity and siliciclastic content (see Section 6.3.2 for

additional details). Siliciclastic contents for the Cariaco Basin are estimated using available data for opal, CaCO3, and Corg contents. These

estimates for siliciclastic abundance are consistent with those calculated by Yarincik et al. (2000b) from Ti and Al contents.
a Estimated based on roughly similar Corg contents in Black Sea (Unit 1) and Cariaco Basin ( < 6.5 mbsf).
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similar upcore decrease in DOP observed over the

upper 100 cm (Fig. 8).

Contrary to the subtle euxinic enrichment in FeT/Al

ratio during interglacial deposition described here,

Yarincik et al. (2000a) reported a general trend toward

Fe enrichment during the oxic conditions of the glacial

intervals of the f 580-ky record. They further noted,

however, that the FeT/Al ratios tend to be statistically

noncoherent or only weakly coherent with respect to

independent proxies for depositional redox on glacial–

interglacial time scales. Again, the ‘‘weakness’’ of the

scavenged Fe signal in the Cariaco reflects the large

siliciclastic flux compared, for example, to the deep

Black Sea—i.e., the terrigenous inventory in the Car-

iaco is a larger fraction of the total Fe reservoir. Such a

large and variable siliciclastic input would impact the

relative strength of the signal over time.

Finally, the Fe scavenging model outlined above

should result in not only potentially higher DOP

values and FeT/Al ratios under euxinic conditions

but also elevated ratios of highly reactive (FeD + Fepy)

to total Fe. The Fe scavenging during pyrite formation

in the water column drives the ratio up (the scavenged

Fe is, by definition, highly reactive) relative to the Fe

reservoir delivered locally with the detrital sediment

(Raiswell and Canfield, 1998; Raiswell et al., 2001).

Raiswell and Canfield (1998) reported ratios of

FeD + Fepy to total Fe from the same microlaminated

samples from the Cariaco Basin. These ratios are

generally intermediate between those of oxic conti-

nental shelves and the deep-water, microlaminated

sediments of the Black Sea, which is predicted given

the relative siliciclastic fluxes for the Cariaco and

Black Sea.

6.4. Controls of molybdenum distribution

The mechanisms by which Mo is enriched in

organic-rich, black shale environments have been

discussed at length in the literature. One debate

centers on the relative contributions of water-column

scavenging vs. enrichment via diffusion across the

sediment–water interface. This distinction is critical if

we hope to use Mo/Al ratios that are elevated far

above average continental levels as a proxy for truly

euxinic conditions (i.e., as indicative of HS� in the

water column). A central theme running through these

arguments is the presence of high concentrations of

dissolved sulfide. Questions arise, however, when

addressing whether the high HS� levels must occur

uniquely in the sediment or the water column or

whether both may effect the enrichment, thus allowing

the possibility for Mo accumulation through diffusion

into organic-rich (and thus sulfide-rich) sediments that

commonly occur under hypoxic to anoxic but not

necessarily euxinic water columns.

The properties of the Cariaco sediments indirectly

illuminate mechanistic details for Mo enrichment in

organic-rich sediments. First, Mo/Al ratios are high in

the microlaminated zone (see also Dean et al., 1999)

and generally track the concentration of Corg (Fig. 9).

Such covariance, albeit subtle, could reflect (1) a true

physicochemical coupling between deposition of the

two phases (i.e., Mo scavenging by organic matter;

e.g., Coveney et al., 1991; Helz et al., 1996); (2) the

importance of HS� in Mo accumulation (Crusius et

al., 1996; Helz et al., 1996; Erickson and Helz, 2000;

Zheng et al., 2000; Adelson et al., 2001), wherein

high concentrations of Corg result in greater bacterial

HS� generation in the sediment or the water column

(Dean et al., 1999); or (3) scavenged seawater Mo

(which is independent of the local detrital flux) and

Corg deposition that are geochemically decoupled but

mimic covariance by similarly responding to time-

varying dilution by siliciclastic sedimentation with

low (continental) Mo/Al ratios. The latter is refuted

by the corresponding trend for FeT/Al (Fig. 7), which

fails to suggest the sympathetic variations with Corg

concentrations and Mo/Al ratios. Covariation would

be predicted for detrital dilution effects alone. Fur-

thermore, maxima in Mo accumulation (Ag Mo cm� 2

year� 1; Dean et al., 1999), which are independent of

siliciclastic dilution, generally correlate with the peak

Mo/Al ratios in Fig. 9. Interestingly, rates of Corg

(Werne et al., 2000b) and Mo accumulation, if any-

thing, are inversely related, suggesting that HS�

generating potential as related to Corg concentration

may be the critical factor.

Ratios of Mo to Al are low (i.e., at average con-

tinental levels) and independent of Corg concentrations

in both the gray and reddish-brown bioturbated clays,

despite the evidence (Spy concentrations) for high

pore-water HS� within the uppermost (gray) oxic

deposits resulting from the diffusional overprint. Inter-

estingly, Mo/Al ratios do not track Spy concentrations

in either the oxic or euxinic deposits, which challenges
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previous assertions that Mo deposition is linked to

pyrite accumulation (Huerta-Diaz and Morse, 1992).

There is little evidence for Mo enrichment via

diffusion into the sulfur-rich (gray, oxic) sediments.

Here, Mo/Al ratios fall within the range of 10� 5,

which are roughly average-shale (continental) values

(Taylor and McLennan, 1985) lacking syngenetic or

diagenetic enrichment. (The gray clays show Mo/Al

ratios that are about a factor of two higher than in the

underlying reddish-brown clay but are substantially

lower than the 10� 3 range observed for the micro-

laminated sediments). This lack of appreciable enrich-

ment could reflect the critical but poorly constrained

direct role played by organic matter in Mo sequestra-

tion, but the comparatively low Corg concentrations in

the gray clay show no relationship to Mo distributions

despite the presence of high amounts of sulfide in the

system (Fig. 9). These observations are seemingly

inconsistent with models favoring Mo enrichment by

reaction at or diffusion across the sediment–water

interface into HS�-rich sediments (i.e., diagenetic

pathways; Francois, 1988; Emerson and Huested,

1991; Crusius et al., 1996; Zheng et al., 2000; Adelson

et al., 2001; see also Erickson and Helz, 2000)—rather

than possible water-column scavenging (this study;

Helz et al., 1996)—as the principal mechanism for Mo

enrichment in low-oxygen/high-sulfide settings,

including but not limited to euxinic waters.

One possible explanation for the striking contrast in

Mo enrichment in the microlaminated sediments vs.

the gray and reddish-brown oxically deposited muds is

the requirement for a sulfidic water column, in which

particulates can scavenge Mo (Helz et al., 1996). The

model of Helz et al. (1996) argues that molybdate

begins to convert to thiomolybdate at a critical value

(switchpoint) for aHS�, which then becomes reactive to

particles that include sulfurized organic matter. (Path-

ways and the timing of organic-matter sulfurization in

the Cariaco Basin are explored in Werne et al. (2003)).

There is nothing about this model, however, that

requires this process to occur in the water column,

and past studies in the Black Sea and Saanich Inlet

(Francois, 1988; Crusius et al., 1996) have relied on

the absence of Mo enrichment in the sediment traps to

argue for mineralization mechanisms within sulfidic

pore waters rather than in the water column.

Sediment trap results from the Cariaco are unfortu-

nately too preliminary to rule out water-column pro-

cesses. Initial results from trap samples collected

immediately above and below the chemocline in an

ongoing study (R.W. Murray and R.C. Thunell,

unpublished results) show Mo concentrations that

are actually below continental (average shale) values

and thus the concentrations observed for the gray and

reddish-brown sediments. While this may argue

against water-column scavenging, the sulfide concen-

trations (and thus activities) immediately below the

O2/H2S interface (de Baar et al., 1988; Fry et al.,

1991) are well below the sulfide switchpoint of Helz

et al. (1996) required for production of thiomolybdate.

Whether Mo scavenging occurs deeper in the sulfidic

water column is still unknown, although the sulfide

concentrations of < 100 AMmay be inadequate. If Mo

enrichment occurs only via diffusion into the sulfidic

pore waters, however, it is curious that the highly

sulfide-overprinted bioturbated sediments show no

enhanced Mo concentrations—the kick in elevated

Mo/Al ratios corresponds precisely with the onset of

microlaminated deposition. The role of organic matter

may be the key ingredient as a substrate for thiomo-

lybdate scavenging and/or the controlling factor in

attaining the threshold HS� activity. Regardless, it is

risky to extrapolate modern water-column chemistry

as a simple template for paleoenvironmental condi-

tions in a temporally dynamic depositional system.

The persistence of lamination, the comparatively low

and uniform d34Spy values in the laminated deposits,

and the elevated FeT/Al ratios all argue for continu-

ously euxinic conditions over the f 14.5 calendar ky

period of Mo enrichment but provide few specifics

about the quantity and quality of the organic matter

and related HS� concentrations in the water column

and sediments over time. The subtle downcore

increase in FeT/Al ratios (and DOP) over the upper
f 1.0 mbsf could, however, reflect higher water-

column sulfide concentrations in the past. Accumu-

lation of Mo in the Cariaco Basin over the last f 24

and f 580 calendar ky is further addressed in Dean et

al. (1999) and Yarincik et al. (2000a), respectively.

7. Paleoenvironmental implications

The modern euxinic conditions of the Cariaco

Basin and, in particular, the abrupt juxtaposition of

oxic and euxinic sediments at f 14.5 calendar ka BP
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are ideal for the development and refinement of

paleoredox proxies used in paleoenvironmental recon-

structions of ancient fine-grained siliciclastic sequen-

ces. Invariant 34S-depleted d34Spy values in the

microlaminated sediments of the modern euxinic

Black Sea (Muramoto et al., 1991; Calvert et al.,

1996; Lyons, 1997; Wilkin and Arthur, 2001) and

ancient analogs (Anderson et al., 1987; Fisher and

Hudson, 1987; Beier and Hayes, 1989; Werne et al.,

2002) are commonly taken as indicators of domi-

nantly water-column pyrite formation, reflecting the

large size and uniform nature of the water-column

sulfate and sulfide reservoirs. This syngenetic pyrite

formation is corroborated by independent assessments

of pyrite framboid size distributions (Wilkin et al.,

1996, 1997; Wignall and Newton, 1998). While the

specifics of pyrite formation in the Cariaco Basin are

complex, given the very nonsteady-state properties of

deposition and diagenesis, the sulfur isotope relation-

ships of the pyrite within the microlaminated sedi-

ments are consistent with a substantial syngenetic

contribution (this study; Werne et al., 2003, this

volume). Degree-of-pyritization values are mostly

intermediate (in the 0.50–0.60 range), which by the

convention of Raiswell et al. (1988) would suggest an

oxygenated water column. However, a refined view of

DOP reveals that these intermediate values are

expected under euxinic deposition in the presence of

a comparatively large, diluting siliciclastic flux (this

study; Canfield et al., 1996; Lyons, 1997; Raiswell

and Canfield, 1998; Raiswell et al., 2001; Werne et

al., 2002). Similarly, FeT/Al ratios are elevated above

the oxic (continental) level, suggesting Fe scavenging

through syngenetic pyrite formation in the euxinic

water column (i.e., reactive Fe augmentation that is

decoupled from the local siliciclastic flux). The Car-

iaco data, along with those from the Black Sea and

ancient black shales, indicate that FeT/Al ratios can be

used as an unambiguous indicator of a sulfidic water

column, as well as a proxy for spatially and tempo-

rally varying clastic influx across euxinic basins (this

study; Lyons, 2000; Wilkin and Arthur, 2001; Werne

et al., 2002).

The Spy overprint in the oxic sediments caused by

diffusion following the onset of euxinic deposition

highlights the care necessary in using Corg–Spy rela-

tionships in paleoenvironmental reconstructions.

Without the context of the diffusional secondary over-

print (and careful sedimentological and paleoecolog-

ical observations), the very high levels of Spy relative

to the amount of Corg present would falsely suggest

euxinic depositional conditions (i.e., the low Corg/Spy
ratios that sometimes characterize euxinic conditions;

Berner and Raiswell, 1983; Leventhal, 1983; Raiswell

and Berner, 1985; compare Calvert and Karlin, 1991;

Lyons and Berner, 1992), just as pyrite overprints in

the Black Sea, the Baltic Sea, and Kau Bay (Indone-

sia) could lead to spurious marine interpretations for

the freshwater deposits (Middelburg, 1991; Middel-

burg et al., 1991; Leventhal, 1995; Sternbeck and

Sohlenius, 1997). Despite the sulfur overprint in the

Cariaco Basin, the onset of elevated Mo/Al ratios

corresponds precisely with the onset of euxinic dep-

osition; the oxically deposited sediments show essen-

tially continental Mo/Al ratios little affected by the

pronounced secondary effect. Overall, geochemical

relationships in the sediments of the Cariaco Basin

have obvious implications for the interpretation of

paleoredox in ancient sequences, particularly when

combined in an integrated, multiproxy investigation.

The utility of this collective sulfur/trace-metal

approach is well documented in a recent study of

Devonian shales from western New York (Werne et

al., 2002). Despite the patterns observed in the Car-

iaco, however, it is unlikely that Mo/Al ratios provide

a universally valid proxy for the presence of hydrogen

sulfide in ancient water columns. FeT/Al ratios show

more promise in that regard.

8. Summary and conclusions

Recent drilling in the Cariaco Basin revealed a

roughly 580-ky record of deposition that alternated

between oxic and anoxic conditions on glacial– inter-

glacial time scales (Shipboard Scientific Party, 1997;

Peterson et al., 2000). The transition between the

persistently euxinic (anoxic–sulfidic) bottom waters

of the last f 14.5 ky and the preceding oxic bottom

waters of the last glacial episode was abrupt. The

present study of this paleoredox transition and the

overlying euxinic deposits suggests the following.

(1) Pyrite formation in the microlaminated, euxinic

sediments is Fe-limited. Downcore trends for

pyrite concentrations, degrees-of-pyritization, and
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iron/aluminum ratios—in combination with sulfur

isotope constraints—confirm that a substantial

portion of the pyrite in the microlaminated

sediments formed within the euxinic water

column. However, estimates for the relative

proportions of diagenetic vs. syngenetic pyrite

vary. It is difficult to uniquely deconstruct the

relative proportions of syngenetic vs. diagenetic

pyrite in the microlaminated interval given the

complex, nonsteady-state history of deposition

and (perhaps) pyrite formation and the uncertain-

ties in age models that are required for alternative

approaches based on accumulation rates (Werne et

al., 2003, this volume). The proportions would

ultimately reflect the availability of dissolved

sulfide in the water column and the distribution of

Fe that is reactive on short time scales.

(2) Pyrite formation in the underlying oxic sediments

was controlled initially by organic-carbon avail-

ability and, for the uppermost bioturbated layers,

by ‘‘secondary’’ Fe limitation linked to HS�

diffusion from the overlying Fe-limited, organic-

carbon-rich euxinic sediments and water column.

This transition from oxic marine to euxinic marine

conditions manifests in pyrite overprints that are

strongly 34S-depleted relative to those in tempo-

rally analogous but hydrographically distinct

marine settings elsewhere in the world, such as

the Black Sea (i.e., silled basins where the last

glacial–interglacial transition is marked instead by

transitions from freshwater to oxic marine depo-

sition followed by euxinic conditions).

(3) Ratios of total Fe to Al that are slightly elevated

above continental levels and the intermediate

degrees-of-pyritization in the microlaminated

sediments of the Cariaco Basin are consistent

with an iron reservoir controlled by Fe scavenging

during water-column (syngenetic) pyrite forma-

tion in combination with ‘‘intermediate’’ rates of

Fe-bearing siliciclastic sedimentation. Cariaco

FeT/Al ratios and DOP values lie between those

of the siliciclastic accumulation-rate end members

in the euxinic Black Sea that bracket accumulation

rates in the Cariaco. These intermediate values

confirm that both parameters ultimately reflect the

balance between syngenetic pyrite formation and

temporally and spatially varying detrital sedimen-

tation in modern and, by inference, ancient

oxygen-deficient settings. The Cariaco data cor-

roborate that FeT/Al ratios can be used as an

unambiguous indicator of sulfidic water columns,

as well as a proxy for spatial and temporal

gradients in clastic influx within euxinic basins.

(4) Trends for Mo/Al ratios in the Cariaco Basin

record clear Mo enrichment in the microlaminated

sediments (relative to the continental levels

recorded by the oxic sediments). Organic matter

plays a role by enhancing HS� production and/or

by providing a (sulfurized?) substrate for thio-

molybdate scavenging. Our study provides no

direct evidence for significant Mo enrichment via

diffusion into HS�-rich pore waters despite the

heavily sulfide overprinted sediments in the upper

portion of the bioturbated zone. However, the

importance of high sulfide concentrations within

the water column as an essential ingredient for

enhanced Mo sequestration requires further in-

vestigation.
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