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CARIBBEAN SEA: HIGHLIGHTS FROM PORE-WATER RESULTS!

Timothy W. Lyons,? Richard W. Murray,? and D. Graham Pearson*

ABSTRACT

Leg 165 of the Ocean Drilling Program afforded a unique opportunity to investigate organic and inorganic geochemistry
across a wide gradient of sediment compositions and corresponding chemical pathways. The solid fractions at Sites 998, 999,
1000, and 1001 reveal varying proportions of reactive carbonate species, a labile volcanic ash fraction occurring in discrete lay-
ers and as a dispersed component, and detrital fluxes that derive from continental weathering. The relative proportions and
reactivities of these end-members strongly dictate the character of the diagenetic profiles observed during the pore-water work
of Leg 165. In addition, alteration of the well-characterized basaltic basement at Site 1001 has provided a strong signal that is
reflected in many of the dissolved components. The relative effects of basement alteration and diagenesis within the sediment
column are discussed in terms of downcore relationships for dissolved calcium and magnesium.

With the exception of Site 1002 in the Cariaco Basin, the sediments encountered during Leg 165 were uniformly deficient
in organic carbon (typically <0.1 wt%). Consequently, rates of organic oxidation were generally low and dominated by suboxic
pathways with subordinate levels of bacterial sulfate reduction and methanogenesis. The low rates of organic remineralization
are supported by modeled rates of sulfate reduction. Site 1000 provided an exception to the generally low levels of microbially
mediated redox cycling. At this site the sediment is slightly more enriched in organic phases, and externally derived ther-
mogenic hydrocarbons appear to aid in driving enhanced levels of redox diagenesis at great depths below the seafloor. The
entrapment of these volatiles corresponds with a permeability seal defined by a pronounced Miocene minimum in calcium car-
bonate concentration recognized throughout the basin and with a dramatic downcore increase in the magnitude of limestone
lithification. The latter has been tentatively linked to increases in alkalinity associated with microbial oxidation of organic mat-
ter and gaseous hydrocarbons.

Recognition and quantification of previously unconstrained large volumes and frequencies of Eocene and Miocene silicic
volcanic ash within the Caribbean Basin is one of the major findings of Leg 165. High frequencies of volcanic ash layers man-
ifest as varied but often dominant controls on pore-water chemistry. Sulfur isotope results are presented that speak to secondary
metal and sulfur enrichments observed in ash layers sampled during Leg 165. Ultimately, a better mechanistic understanding of
these processes and the extent to which they have varied spatially and temporally may bear on the global mass balances for a
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range of major and minor dissolved components of seawater.

INTRODUCTION

The present synthesis is designed to draw attention to an intrigu-
ing array of geochemical findings from the pore-water study of Leg
165 while incorporating new geochemical data and interpretative
methods. Leg 165 was diverse in its scientific agenda, with discover-
ies spanning the Cretaceous/Tertiary (K/T) boundary, records of ex-
tensive Cenozoic volcanism, multifaceted paleoceanographic consid-
erations such as a basinwide Miocene record of abrupt diminution in
carbonate accumulation, and records of the basaltic basement and
their chemical relationships to the overlying sediments. The intent of
the present synthesis is to provide a snapshot from the pore-water
work during Leg 165 within the context of the broad agenda of the
cruise. We have not attempted to integrate all the nuances of the com-
plex systems into this report—the many details and data are available
in Sigurdsson, Leckie, Acton, et al. (1997)—but rather our goal is to
illustrate through representative figures and supporting text the
geochemical story that unfolded during Leg 165. In doing this, we
have emphasized only Sites 998, 999, 1000, and 1001, which are
linked by their characteristic sedimentation rates, ash and carbonate
richness, and organic deficiencies (see Fig. 1 and Sigurdsson, Leckie,
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Figure 1. Site locations for ODP Leg 165. Water depths (drill-pipe measure-
ments from sea level) for Sites 998, 999, 1000, 1001, and 1002 are 3180,
2828, 916, 3260, and 893 m, respectively. Site 998 = Cayman Rise; Site 999
= Kogi Rise (Colombian Basin); Site 1000 = Pedro Channel (northern Nica-
raguan Rise); Site 1001 = Hess Escarpment (lower Nicaraguan Rise); and
Site 1002 = Cariaco Basin.

Acton, et al. [1997] for site background). The rapidly accumulating,
organic-rich sediments of Site 1002 in the anoxic Cariaco Basin are
not discussed in the present report. The included results allow us to
deconvolve complex pore-water signals derived from an abundance
of reactive carbonate phases, extensive alteration of labile volcanic
ash within the sediment column, strong pore-water linkages to alter-
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ation of underlying basaltic basement, and varying but low rates of
biogeochemical cycling of redox-sensitive elements.

METHODS

Procedural details for core processing and the analytical ap-
proaches, with the exception of the sulfur methodologies discussed
below, are provided in Sigurdsson, Leckie, Acton, et al. (1997). In
brief, sulfate was determined by ion chromatography. Dissolved cat-
ions were measured using flame atomic absorption spectrometry. Al-
kalinity was determined by Gran titration, and inorganic carbon
(CaCO,) was quantified via coulometric titration. Total carbon and
sulfur were measured using a Carlo Erba CNS analyzer; total organic
carbon (TOC) was calculated as the difference between total and in-
organic carbon. Silica, ammonium, and phosphate were quantified
spectrophotometrically. Headspace gases were evaluated using gas
chromatography equipped with both flame ionization and thermal
conductivity detectors.

Concentrations of total reduced inorganic sulfur were measured
using the chromium reduction method described by Canfield et al.
(1986). Based on visual evaluations of sediment samples and discrete
ash layers, it is likely that most, if not all, of this Cr-reducible sulfur
represents pyrite. Isotopic compositions of bulk “pyrite” sulfur for
selected ash samples were measured on Ag,S precipitates of the sul-
fide liberated during chromium reduction (Lyons, 1997). Aliquots of
the Ag,S were combusted in the presence of cupric oxide under vac-
uum for a quantitative conversion to sulfur dioxide and analyzed via
mass spectrometry. Sulfur isotope data are expressed as per mil (%o)
deviations from the sulfur isotope composition of the troilite phase of
the Cafion Diablo meteorite (CDT) using the conventional delta
(0*S) notation. Sulfur isotope results are generally reproducible
within + 0.1%o to 0.2%o. Sulfur yields via the chromium reduction
method are typically 96% or better using pyrite standards.

ORGANIC REMINERALIZATION:
REDOX PATHWAYS

With the exception of Site 1002, the sites of Leg 165 were char-
acterized by low TOC contents and, correspondingly, redox path-
ways dominated by suboxic diagenesis and low rates of bacterial sul-
fate (SO,*) reduction, an anaerobic process (Froelich et al., 1979).

These reactions are recorded as enrichments in dissolved manganese
and iron in the upper sediment layers and as decreases in dissolved
sulfate downcore that vary in magnitude from site to site. Pore-water
ammonium (NH,*) concentrations are strongly linked to release asso-
ciated with decomposition of organic nitrogen compounds (Table 1).
Nevertheless, mass balance considerations based on the reaction
stoichiometry for bacterial sulfate reduction (assuming a Redfield
C:Nratio), as well as the observed downcore variability in concentra-
tion, suggest that uptake of biologically liberated ammonium during
silicate alteration (ion exchange reactions) is likely a factor (Berner,
1980). Downcore and intersite relationships for dissolved phosphate,
although being sourced by organic decomposition, are complicated
by the effective adsorption of phosphate onto the surfaces of carbon-
ate sediment (Walter and Burton, 1986; Morse and Mackenzie,
1990).

Increases in pore-water manganese and iron record microbially
mediated reductive dissolution of manganese and iron oxides and
oxyhydroxides, whereas sinks are represented by incorporation into
calcite (Dromgoole and Walter, 1990; Morse and Mackenzie, 1990)
and by iron sulfide formation (Berner, 1984), albeit of generally mi-
nor extent for the latter. Downcore variability in the dissolved iron
and manganese reflects nonsteady-state concentrations of TOC and
the reactive solid phases of iron and manganese. These concentration
relationships are linked in part to variations in calcium carbonate ac-
cumulation (i.e., varying dilution effects). Differences also reflect
variation in the provenance of the solid manganese and iron as re-
corded in varying Mn/Ti and Fe/Ti ratios in the host sediments. Al-
kalinity (bicarbonate) levels are strongly influenced by production
during organic decomposition (i.e., oxidation of organic matter), al-
though carbonate reactions overprint the redox pathways (Table 1).
Details of redox relationships are well represented in the data from
Site 999 (Fig. 2) and in site chapters provided in Sigurdsson, Leckie,
Acton, et al. (1997). Aspects of sulfate reduction will, however, be
explored in further detail.

Generally low levels of sulfate reduction are corroborated by the
paucity of methane in the headspace gases collected at the four sites
(see exception at Site 1000 discussed below under the “Carbonate
Reactions” section). The observed deficiencies in methane are ex-
pected given that appreciable methanogenesis occurs only after sul-
fate is depleted and sulfate reduction gives way to methane genera-
tion in the hierarchy of bacterial redox reactions observed in marine
sediments (Martens and Berner, 1974; Froelich et al., 1979; Berner,
1980). To compare rates of sulfate reduction among Leg 165 sites and

Table 1. Representative reactions.

Carbonate reactions
Calcite/aragonite dissolution/precipitation:
H,0 + CO, + CaCO, = Ca* + 2HCO,"

Dolomite dissolution/precipitation:

2H,0 + 2CO, + CaMg(CO,), = Ca®* + Mg** + 4HCO,"

Organic remineralization (redox pathways)
Suboxic diagenesis:

Mn and Fe reduction — dissolved Mn?* and Fe?* increase

Sulfate reduction:

(CH,0),5(NH,),((H,PO,) + 5350,2" — 106HCO,” + 53HS" + 16NH, + H,PO, + 53H"

Silicate reactions

Low-temperature decomposition (dissolution/hydrolysis) of basaltic basement:
basaltic glass, plagioclase, and olivine — e.g., release of Ca®*, Mg?*, Fe**, HCO,", and H,SiO,
(liberated Mg?*, H,Si0,, and Fe?* rapidly removed via smectite precipitation)

K-feldspar — kaolinite:

2KAISi,0, + 2H' + 9H,0 — ALSi,0,(OH), + 2K* +4H,Si0,

Kaolinite — illite:
5ALSi,0,(OH), + 2K* + 2HCO,™ + 4SiO

Kaolinite — Mg-smectite:
7ALSi,04(OH), + 8SiO

Albite — Na-smectite:
2.33NaAlSi O, + 8.64H,0 +2CO, — Na

2(aq)

2(aq)

0.33

—5 2KALSi,0,(OH), + TH,0 +2C0,
+ Mg™ — 6[(AL, ))(Si, Al 51)0,((OH), Mg, | ; + TH,O +2H*

AL, Si, -O,(OH), + 2Na* + 2HCO,” + 3.32H,SiO,
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relative to deep-sea sediments throughout the world, depth-integrated
rates (mmol SO,> cm™ yr!) were modeled at Sites 998, 999, 1000,
1001 (Berner, 1980; Canfield, 1991):

Rate = gD dC/dx + ¢ wC_ — ¢,0C,,

where @ is the average porosity in the zone (depth interval) of sulfate
reduction, and dC is taken as the overall change in sulfate concentra-
tion over the zone of sulfate reduction (dx). This approach simplifies
the expression by assuming a linear decrease in sulfate concentration
over the interval of interest, which yields approximate and minimum
estimates that are sufficient for our general comparative purposes
given the shapes of the observed profiles. C and C, are the concen-
trations of sulfate at the sediment/water interface (assumed to be the

DIAGENETIC PATHWAYS IN SEDIMENTS

seawater value of 28.9 mM) and at the base of the zone of sulfate re-
duction, respectively. Porosity at the sediment/water interface and at
the base of the zone of sulfate reduction are represented by ¢ and ¢,,
respectively. D_ is the diffusion coefficient for dissolved sulfate in
sediment, which is affected by temperature and the tortuosity of the
sediment (Li and Gregory, 1974; Berner, 1980). Ultimately, the val-
ue for D, was carefully chosen (Table 2) based on a recent evaluation
of the effects of sediment type and porosity/tortuosity (Iversen and
Jgrgensen, 1993). The assumption of a constant D_ value within the
zone of sulfate reduction is a simplification, given variations in po-
rosity as a function of depth, but is warranted in light of the objec-
tives of the study and the comparatively minor impact a more rigor-
ous approach would have on the conclusions. The average sedimen-
tation rate over the zone of sulfate reduction is indicated as .

SO, (MM) NH, (M) Fe (uM)
010 15 20 25 30 0 200 400 600 800 50
100f 1 1 1
200 1 1 1
z
E
= 300F 1 1 1
& Figure 2. Depth profiles for sulfate, ammonium, manga-
a . . L s
400} | | | nese (open circles), and iron (solid circles) in Site 999
interstitial waters. The fraction of bulk sediment com-
posed of dispersed volcanic ash (shaded area) is plotted
500 - 1 1 1 vs. depth on the ammonium profile to permit evaluation
of the effect of ash alteration on pore-water ammonium
‘ ‘ ‘ concentrations. The arrow indicates mean ocean bottom-
600 0 10 20 30 40 0 50 100 150 Water sulfate concentration. The two symbols (open and
Dispersed ash Mn (uM) solid) used in the sulfate profile reflect the incorporation

Notes: For nonasymptotic sites (Sites 998 and 1001), depth-integrated rates reflect sulfate reduction only within the interval analyzed and are therefore minimum estimates. The asymp-
totic sulfate trend at Site 999 was treated as a single linear decrease. The asymptotic decrease at Site 1000 was divided into two distinct linear trends; each was treated separately in
the calculations: * = depths of 0-50 mbsf, + = depths of 50-384.6 mbsf. Site 1001 is characterized by a major unconformity at ~165 mbsf. Intervals above and below were treated
separately: ** = depths of 0-165 mbsf, I = depths of 165-365.4 mbsf. Complete data are available in Sigurdsson, Leckie, Acton, et al. (1997). See text for equation and full expla-

(% of bulk)

of data from two holes at Site 999.

Table 2. Modeled sulfate reduction rates.

Site 998 Site 999 Site 1000 Site 1001
Depth to asymptotic SO, 42‘ concentration (mbsf): Not achieved; “linear” decrease 192.6 384.6 Not achieved; “linear” decrease
to deepest sample (515.5 mbsf) to deepest sample (365.4 mbsf)
dC (in mM relative to 28.9 mM of overlying seawater): (28.9-21.0) (28.9-12.5) (28.9-17.0)" (28.9-23.5)""
(17.0-1.29) (23.5-18.9)
28 0.78 0.79 0.70" 0.67""
0.60" 0.60*
@, 0.51 0.60 0.60" 0.63""
0.58" 0.40*
a: 0.60 0.65 0.65" 0.63""
0.59f 0.44%
o (m/m.y.): 16.1 27.5 334" 13.8"
33.4% 16.7¢
D, (cm?s™): 20x10°° 20x10°° 2.0x10°° 2.0x 106
Depth-integrated sulfate reduction rate 2.5% 107 7.7 % 107 13.1x 102" 1.9x 107"
(mmol cm2 yr'): 49 % 1071 1.7 x 1075
Total: 18.0x 107 3.6 x 107
Mean total organic carbon (wt%): 0.007 0.13 0.15 0.03™
0.02¢
Mean total sulfur (wt%): 0.06 0.08 0.10 0.16™
0.05*

nation of parameters.
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These estimated parameters (based on data in Sigurdsson, Leckie,
Acton, et al., 1997) and the calculated depth-integrated sulfate reduc-
tion rates are summarized in Table 2. The calculations are predicated
on the assumption that infaunal mixing is not a factor over the zone
of interest, which is justified given depths of tens to hundreds of
meters for the zones of sulfate decrease at these sites (Canfield,
1991). The base of the zone of sulfate reduction is typically delineated
by the attainment of asymptotic sulfate concentrations (Sites 999 and
1000); however, such concentrations are not observed over the ana-
lyzed intervals at Sites 998 and 1001. Consequently, the calculation
can only be performed over zones of steadily decreasing sulfate for
these latter sites and thus yields minimum values for the total depth-
integrated rate of sulfate reduction. Furthermore, given the presence
of a temporally significant unconformity at Site 1001, the sampled in-
tervals above and below the hiatus were treated separately in the cal-
culation and summed for a total rate (Table 2).

To test the validity of treating the sulfate trends (dC/dx) as linear,
the sulfate profile from Site 1000 was subdivided into two distinct
linear trends to account for the “steeper” sulfate depletion in the up-
per 50 meters below seafloor (mbsf) (Table 2). Of the four sites, this
profile is least effectively represented by a single linear approxima-
tion, yet the calculated depth-integrated sulfate reduction rates differ
only by a factor of 1.9 for this most extreme example: 9.3 x 107
mmol cm™2 yr-'vs. 18.0 X 10~ mmol cm yr~! for approximation via
one vs. two lines, respectively. The sulfate profile for Site 1000 is
provided in the “Carbonate Reactions” section.

In a general sense, the calculated rates of sulfate reduction (in
mmol cm~ yr'), which range from 2.5 x 107 to 18.0 x 10~ (Table
2), are low and consistent with the rates presented by Canfield (1991)
for deep-sea sediments along the margins of ocean basins. This fun-
damental conclusion is insensitive to any reasonable manipulation of
the calculation outlined above (e.g., choice of D_ or curve fitting the
sulfate data). By contrast, the organic-rich surface sediments of the
anoxic Cariaco Basin (Shipboard Scientific Party, 1997d) show a ten-
fold decrease in dissolved sulfate concentration over only 6 m of
burial depth (see Lyons et al., 1998). Although the rates presented in
Table 2 are only estimates, they do show a general positive relation-
ship with respect to TOC concentration over the narrow ranges for
both parameters. Sulfate depletion at Site 1000 is further complicated
by the possibility of gaseous hydrocarbons providing additional elec-
tron donors to facilitate bacterial sulfate reduction. Details for Site
1000 are provided below in the “Carbonate Reactions” discussion.

The low TOC values and correspondingly low rates of sulfate re-
duction are ultimately a function of generally low surface primary
production away from continental margins (coastal upwelling) and
the great water depths and slow rates of sediment accumulation at the
Leg 165 sites. Suess (1980) and others have demonstrated a strong in-
verse relationship between water depth and the percent of surface
organic-carbon production preserved, reflecting progressive degra-
dation within the settling particulates. Furthermore, it is well estab-
lished that carbon burial efficiency (i.e., the proportion of the flux of
organic carbon to the sediment surface that survives diagenetic oxi-
dation and becomes permanently buried) is positively related to sed-
imentation rate (Miiller and Suess, 1979; Henrichs and Reeburgh,
1987; Canfield, 1989b, 1994). Rapid burial not only fosters enhanced
preservation but also increases the availability of reactive organic
phases for sulfate reduction (i.e., favors enhanced survival from aer-
obic respiration in the uppermost layers). This relationship manifests
as a positive correlation between the rate constant for sulfate reduc-
tion (k) and sedimentation rate (®) (Toth and Lerman, 1977; Berner,
1978, 1980), which can be stated as

k=A0?
where A is an empirical constant. Consequently, the comparatively
low rates of accumulation at the pelagic to hemipelagic sites of Leg

165 are consistent with both low rates of sulfate reduction and pore-
water profiles bearing strong signals of suboxic redox processes.
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Given the low rates of sulfate reduction summarized in Table 2
and the aforementioned strength of the suboxic signal, it is not sur-
prising to see low total sulfur contents in the sediments, with mean
values of <0.16 wt% (Table 2). Despite the availability of iron, inad-
equate supplies of bacterially produced H,S limit the amount of sedi-
mentary pyrite formation. In other words, detritally delivered reactive
iron is in sufficient supply despite the high dilution by calcium car-
bonate (Berner, 1984; Canfield, 1989a; Canfield et al., 1992; Lyons
and Berner, 1992; Raiswell and Canfield, 1998). Overall, total sulfur
concentrations, which reflect pyrite in these sediments, are generally
low and nonsystematic in the sediments at the four sites (e.g., Fig. 3).

Notable exceptions to the low pyrite sulfur contents are several of
the discrete volcanic ash layers within the cores where pyrite enrich-
ments, as secondary overgrowths on ash fragments, were first ob-
served on board and later substantiated via the chromium reduction
method described above (Table 3). It should be noted that these “dis-
crete” layers, in many cases, bear bioturbational overprints of varying
degrees. In addition to elevated sulfur contents, the ashes also show
trace-metal concentrations that are enriched, particularly for nickel,
relative to the host sediments and expected concentrations given the
lithologies of the ash layers (Table 3) (Sigurdsson, Leckie, Acton, et
al., 1997). This relationship is particularly well expressed in the ash
layers from Site 999 where there is a general correlation between
nickel and sulfur contents (Fig. 4). Furthermore, Site 999 shows un-
usually nonsystematic variation in pyrite sulfur content within the
routinely analyzed bulk sediment samples (Fig. 3). This distribution
of sulfur is reminiscent of the downcore variability that characterizes
the distribution of ash within the core.

Preliminary evaluations suggest that secondary nickel and sulfur
enrichments may be linked mechanistically to externally derived flu-
ids bearing sulfide and metals that follow permeability pathways con-
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Figure 3. Downcore distribution of total sulfur concentrations at Site 999
reported as weight percent on a carbonate-free basis to remove dilution
effects. The total sulfur values are thought to represent pyrite in these sam-
ples. A schematic representation of the predicted distribution of pyrite sulfur
for a steady-state diagenetic system has been included for comparison. This
idealized profile is not based on parameters of the actual host sediment, so
the general shape rather than the absolute concentrations is the most mean-
ingful aspect for comparison.



Table 3. Geochemical data for discrete ash* layers.

Core, section,

interval (cm) St (wt%) %S (%o)t Ni (ppm)**
165-998A-
13H-3, 25-27 0.01 * 187
13H-5, 118-120 0.02 * 90
14H-6, 16-18 0.03 it 134
20X-2,9-11 0.01 it 9
20X-CC, 32-33 0.01 ul 9
37X-1, 142-144 0.03 t 173
165-998B-
1R-7,51-53 1.91(7)H * 84
9R-4, 48-50 0.02 * 115
31R-CC, 5-7 0.01 * 97
33R-2, 88-91 0.02 * ”
35R-5, 109-111 0.33 it 319
35R-6, 68-71 0.18 ft 25
165-999A-
17H-4, 112-114 1.72 i 514
20H-2, 142-144 1.24 -30.9™ 233
28X-5, 15-18 0.61 -34.9 223
32X-1, 107-109 2.26 -32.9 554
34X-3,51-54 0.80 -29.2 239
37X-6, 98-100 0.51 -354 61
39X-2, 8-11 0.37 -34.6 56
42X-1, 68-70 0.07 * 26
45X-5, 123-125 0.27 -41.4 83
46X-2, 11-13 0.06 * 90
48X-1, 14-16 1.68 it it
58X-5, 57-60 0.03 * ”
165-999B-
9R-2, 98-102 0.08 ul 26
24R-3, 103-107 0.10 * 57
38R-2, 135-137 0.02 t t
165-1000B-
6R-4, 143-145 0.70 -26.9 153
11R-1, 142-145 0.06 t 6
21R-4, 43-46 0.21 -27.1 3
165-1001B-
31R-5, 37-39 0.03 ft 74
Notes: * = see text for relevant caveats. | = total Cr-reducible S; see text for details. & =
total Cr-reducible S; relative to CDT standard. ** = complete trace element data and
analytical details are available in Sigurdsson, Leckie, Acton, et al. (1997). ¥ = data

not available; missing 833 data reflect small ash samples and/or low S content. £} =
very low Ag,S yield during Cr-reduction for 5%S determination. *** = small sam-
ple; acceptable gas yield. 1 = small SO, yield.

trolled by ash distribution. It is important to note that the pyrite en-
richments do not reflect local sites of enhanced sulfate reduction (i.e.,
organic enrichment) or iron availability (iron is not limiting through-
out the host sediments). Thus, it is difficult to envision the establish-
ment of concentration gradients toward the ash layers. It is also im-
portant to note that this phenomenon is best expressed at Site 999
where high-angle faulting has been described in detail (Shipboard
Scientific Party, 1997a). The sulfur isotope data—with the striking
presence of 3S-depleted values—are unambiguous in delineating a
bacterial source for the sulfide (Ohmoto, 1972; Chambers and
Trudinger, 1979; Machel et al., 1995; Lyons, 1997; Raiswell, 1997),
which precludes basement-derived magmatic fluids or thermochem-
ical sulfate reduction as a source for the sulfur (Table 3). The sugges-
tion, therefore, is that bacterial sulfate reduction is occurring away
from the sites of mineralization, perhaps deep within the sediment
package, and that reducing fluids may be moving up along fault con-
duits and mineralizing the ash layers and, to a lesser extent, the adja-
cent host sediments. Such a model could also explain the atypical sul-
fur distribution in Figure 3. At this juncture we cannot preclude a
basement origin for the metals, and the mechanistic details of metal
and sulfur transport and emplacement, including the timing, remain
uncertain.

CARBONATE REACTIONS

The sediments at Sites 998, 999, 1000, and 1001 are characterized
by high concentrations of calcium carbonate, with mean values of
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Figure 4. Plot of Cr-reducible sulfur vs. total Ni in discrete volcanic ash lay-
ers from Sites 998, 999, 1000, and 1001 (see Table 3 for data). Cr-reducible
sulfur is thought to represent pyrite in these samples. A linear regression fit
has been included for Site 999 (solid squares) only.

717.9, 58.6, 80.6, and 68.1 wt%, respectively. Consequently, the pore-
water profiles for a range of species, including calcium, magnesium,
strontium, and alkalinity (bicarbonate), are intimately linked to disso-
lution and precipitation of reactive carbonate phases (e.g., Emerson et
al., 1980; Archer et al., 1989; Morse and Mackenzie, 1990). This is
particularly well expressed at Site 1000 (Fig. 5), where aragonite dis-
solution and/or inversion to calcite and deep precipitation of calcium
carbonate (for reasons outlined below) appear to be dominant factors.
Although not simple relationships, these reactions are reflected at Site
1000 by the general correspondence between dissolved calcium and
strontium (Sr is enriched in aragonite); however, the decrease in dis-
solved strontium deeper in the core is less well understood and may
reflect deep precipitation of aragonite or, more likely, celestite pre-
cipitation or adsorption onto clay minerals (Shipboard Scientific
Party, 1997b). Precipitation of celestite (SrSO,) is consistent with the
high levels of dissolved strontium observed at Site 1000 (Fig. 5) and
would contribute to the observed downcore decrease in dissolved sul-
fate; however, the strontium concentration continues to drop at depths
below the attainment of asymptotic pore-water sulfate concentra-
tions. The sulfate profile is provided later in this discussion.

What is perhaps most striking at Site 1000 and most consistent
with carbonate reactions occurring within the sediment is the ob-
served relationship between dissolved calcium and magnesium (Fig.
5). Well-developed downcore increases in dissolved calcium and cor-
responding systematic decreases in magnesium are a common obser-
vation in pelagic sediments (Gieskes, 1981, 1983). The lack of this
simple inverse relationship at Site 1000 (Fig. 6) has important impli-
cations. Simply put, inverse behavior has been linked in past studies
to calcium carbonate dissolution, dissolution of volcanic glass, and
carbonate and silicate reactions within the sediments (Table 1), in-
cluding the formation of Mg-rich smectite and dolomite. However,
the best defined inverse relationships are often attributed to low-
temperature alteration of basement basalt, whereby the observed
pore-water profiles dominantly reflect diffusion between the overly-
ing seawater and the underlying basaltic crust.

Extensive effort has been made to distinguish among the various
internal (i.e., within the sediments) and external sources and sinks for
dissolved calcium and magnesium. For example, McDuff and
Gieskes (1976) and McDuff (1981) argued that a comparison be-
tween measured values and modeled diffusion profiles would yield
an indication of conservative behavior (i.e., extent of reaction within
the sediment column) for both calcium and magnesium (see also Ler-
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Figure 5. Depth profile for calcium (solid circles), strontium (open circles),
and magnesium in Site 1000 interstitial waters. The arrows indicate mean
ocean bottom-water concentrations for each of the three species.

man, 1975; Kastner and Gieskes, 1976; Gieskes, 1983). Differences
in the two profiles can be ascribed to the carbonate and silicate reac-
tions addressed in Table 1 and approximated by deviance from a sim-
ple inverse linear relationship between concentrations of dissolved
calcium and magnesium (Fig. 6). Clearly, Figures 5 and 6 show that
a simple inverse relationship between the two species is not observed
at Site 1000, suggesting nonconservative behavior linked at least in
part to carbonate diagenesis. Further details and the implications of
this observation will be addressed in greater detail below in the “Ba-
saltic Basement/Seawater Reactions” section.

The suggestion that deep calcium carbonate precipitation may be
occurring at Site 1000 is well supported by a range of independent
observations, including a downcore decrease in alkalinity (Fig. 7; Ta-
ble 1). This site is unique in a number of respects: (1) there is an
abrupt downcore transition between poorly lithified and well-lithified
limestone (Fig. 7); (2) there is an interval of pronounced subsurface
enrichment in volatile hydrocarbons bounded by the minimum in
solid-phase calcium carbonate and the “lithification front” marking
the transition into well-lithified limestone (Figs. 7, 8); (3) there is a
downcore increase in TOC content (Fig. 9); and (4) the near zero
asymptotic concentration of sulfate corresponds very closely with the
top of the carbonate minimum zone (Miocene carbonate “crash”) and
the top of the hydrocarbon-enriched interval (Fig. 10). Details are
provided by the Shipboard Scientific Party (1997b), including exten-
sive discussion addressing the character and origin of the middle/late
Miocene carbonate concentration/accumulation “crash,” but are sum-
marized as follows.

The enrichment in volatile hydrocarbons is thought to represent
trapping of thermogenic gases below a permeability seal caused by
the reduction in carbonate content. The external origin of these gases
is supported by present burial depths and maximum temperature es-
timates based on Rock-Eval pyrolysis that argue against sufficient
thermal maturation of the local organic matter (Shipboard Scientific
Party, 1997b). The enrichments in hydrocarbons (dominated by
methane; Fig. 8) and the greater TOC values in this portion of the
core may drive enhanced rates of microbial reaction, including sul-
fate reduction (see Shaw and Meyers, 1996, for a discussion on meth-
ane as a carbon source for sulfate reduction). In other words, cemen-
tation defining the lithification front could be driven by bicarbonate
production resulting from the oxidation of both solid and gaseous
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Figure 6. Plot of pore-water magnesium vs. calcium for Sites 998, 999, 1000,
and 1001. Linear regression fits have been included for the data from each of
the four sites.
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carbon compounds (Table 1). The low sulfate concentrations in the
hydrocarbon zone (Fig. 10) suggest that in situ methanogenesis may
be a factor; however, the broader array of hydrocarbons in the zone
(C, and greater; Fig. 8) eliminate bacterial production as the only gas
source.

The position of the cementation front may be controlled by equi-
librium relationships (i.e., saturation states) or kinetic (nucleation)
considerations whereby precipitation is favored by the more carbon-
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Figure 8. Chromatogram composite from the zone of volatile hydrocarbon
enrichment at Site 1000 (see text and related figures). Data from overlying
and underlying hydrocarbon-deficient zones are included for comparison.
Concentrations can be estimated by comparing signal amplitudes (peak
heights) of the sample intervals to those of the standard. Vertical scales are
constant, and a linear correspondence between the unknowns and the stan-
dard can be assumed for a given hydrocarbon.

ate-rich substrate beneath the carbonate minimum. The associated ce-
mentation would give rise to the observed decreases in dissolved cal-
cium and alkalinity, as well as strontium if aragonite is precipitated
(Figs. 5, 7; Table 1). This model, invoking deep-burial microbial me-
diation, is speculative and not supported by preliminary 8'*C mea-
surements of the well-cemented limestones (M. Mutti, pers. comm.,
1998); however, the isotopic data may be dominated by substrate
compositions (i.e., host sediments rather than the inferred “late-stage”
cement). Furthermore, the striking stratigraphic correspondence
among a diverse range of geochemical parameters is undeniable. It
should also be noted that the upward curvature of the sulfate profile
and the model results of Table 2 indicate that sulfate reduction is oc-
curring throughout the sediment column, including maximum calcu-
lated rates in the upper 50 mbsf. In a more general sense, enhanced
carbonate reactivity at Site 1000, in terms of both deep precipitation
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Figure 9. Depth profile for total organic carbon (TOC) for Site 1000 reported
as weight percent on a total sediment basis (open diamonds) and a carbonate-
free basis (solid squares). A schematic of the interstitial sulfate profile has
been included for comparison (see Fig. 10 for the actual profile). Concentra-
tions of calcium carbonate over the same interval and the stratigraphic posi-
tion of the hydrocarbon-enriched zone are also included (see text for
discussion).

and aragonite dissolution in the upper layers, agrees with the absence
of a linear inverse relationship in Figures 5 and 6, where the downcore
decrease in dissolved magnesium may reflect deeper reactions with
basaltic crust, but the expected corresponding increase in calcium is
buffered by precipitation reactions within the sediment column.

BASALTIC BASEMENT/SEAWATER REACTIONS

In contrast to the complexities at Site 1000, the remaining three
sites show significantly more robust inverse relationships between
calcium and magnesium in the pore waters (Fig. 6), suggesting strong
controls linked to alteration of basaltic basement and arguing for sed-
iment pore-water profiles that correspondingly reflect diffusion be-
tween the overlying seawater and underlying basaltic crust. This rela-
tionship is best expressed in the striking mirror-image profiles for dis-
solved calcium and magnesium at Site 1001 (Fig. 11). The calcium
and magnesium profiles for Site 999 (not shown; see Shipboard Sci-
entific Party, 1997a) and the weaker linear relationship in Figure 6
suggest that sediment reactions may play a more significant role, al-
though nonconservative behavior is undoubtedly a factor at all three
sites (see “Alteration of Volcanic Ash” section, below). For example,
despite the strong inverse relationship and the mirror-image profiles
between calcium and magnesium displayed in Figures 6 and 12, re-
spectively, the upward curvature of the Site 998 profiles suggests that
much of the calcium and magnesium variation may be because of
reactions in the sediment. Concentrations of dissolved strontium at
Sites 998, 999, and 1001 (see Figs. 11, 12) (Shipboard Scientific Par-
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ty, 1997a) appear to be controlled by a combination of carbonate re-
actions, alteration of basaltic basement, and likely reactions involving
interbedded and dispersed volcanic ash, although ®’Sr/%Sr relation-
ships are required to resolve the relative contributions (Gieskes, 1981,
1983; Gieskes et al., 1998).

In terms of low-temperature interactions between seawater and
basaltic basement (see Gieskes, 1981, 1983; Thompson, 1983; Bern-
er and Berner, 1996), the critical reactions include the decomposition
(hydrolysis/dissolution) of basaltic glass, calcic plagioclase, and oli-
vine—which liberate Ca%*, Mg?*, Fe?*, bicarbonate, and silica—and
the rapid precipitation of smectite that serves as an essential sink for
Mg?** (e.g., Seyfried and Bischoff, 1981; Staudigel and Hart, 1983)
(Table 1). It is also certain that the formation of additional silicate
phases (clay minerals and zeolites) in association with basalt alter-
ation acts as an important sink (and source) for a wide range of cat-
ions. The downcore increase in calcium is the most striking pore-
water manifestation of basalt alteration at Site 1001 (Fig. 11), with in-
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creases greater than those at Sites 998 and 999 by factors of ~4 and
2.5, respectively. This relationship attests to the strong basement al-
teration signal in the pore waters at Site 1001 (Fig. 6). The corre-
sponding decrease in alkalinity is thought to reflect the precipitation
of calcium carbonate as abundant calcite veins present throughout the
altered basalt (Table 1), although mass-balance confirmation was not
attempted, and the associated Ca?* sink is overwhelmed by the basalt
source term. General styles of basalt alteration at Site 1001, including
the precipitated vein calcite, are documented in Shipboard Scientific
Party (1997c).

ALTERATION OF VOLCANIC ASH

Like the alteration of basaltic basement, patterns of silicate reac-
tion within the sediments, or more specifically alteration of the abun-
dant ash, influence the pore-water profiles at Sites 998, 999, 1000,
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Figure 12. Depth profiles for calcium (open circles), magnesium (solid
squares), and strontium in Site 998 interstitial waters. The arrows indicate
mean ocean bottom-water concentrations for each of the three species.
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Figure 13. Depth profile for silica in Site 998 interstitial waters. Frequency of
chert layers with depth are indicated in the histogram. Distribution of dis-
crete ash layers (shaded area) is also included. The arrow indicates mean
ocean bottom-water silica concentration.

and 1001 (Sigurdsson, Leckie, Acton, et al., 1997; see also Gieskes
and Lawrence, 1981). The large volumes and frequencies of Eocene
and Miocene silicic ash observed and quantified during Leg 165, both
as discrete layers and fine disseminations within the host sediment,
show undeniable stratigraphic correlations between their indepen-
dently determined distributions and a wide range of dissolved spe-
cies. For example, interstitial silica faithfully mirrors the ash distribu-
tion at Site 998 (Fig. 13), reflecting the release of silica during glass
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Figure 14. Depth profile for total alkalinity in Site 998 interstitial waters.
Distribution of discrete ash layers (shaded area) is also included. The arrow
indicates mean ocean bottom-water alkalinity.

dissolution/alteration and silicate hydrolysis during alteration of the
ash (Table 1). Figure 13 also documents the correspondence between
ash-related silica concentration and chert distribution, which acts as
a sink for the dissolved silica. Furthermore, the silicate reactions (hy-
drolysis; e.g., Table 1) result in alkalinity relationships that are also
strongly linked to ash distribution (e.g., Fig. 14). The fine ash dissem-
inations within the host sediment were quantified using elemental
mass balances (see Sigurdsson, Leckie, Acton, et al., 1997).

A similar relationship among volcanic ash, chert, and the concen-
tration of silica is observed at Site 1001 (Fig. 15). Although chert for-
mation may be possible at the stratigraphic level of first appearance
(~165 mbsf), pre-unconformity physical conditions (specifically
higher temperatures and greater burial depths) would have favored di-
agenetic precipitation. Consequently, we support pre-erosional chert
formation with substantial removal of overlying sediment. This is
substantiated by the almost 40 Ma represented by the hiatus between
the Paleogene and Neogene sections in unconformable contact at
~165 mbsf (Shipboard Scientific Party, 1997¢). Of interest, the ash-
related pore-water enrichment in silica that is likely responsible for
chert formation is still recorded at Site 1001 (Fig. 15), which suggests
that ash alteration in this core, as in the others, is ongoing. Under the
conditions of slow sediment accumulation of the present study (i.e.,
pelagic to hemipelagic rates), diffusion is sufficiently rapid to smooth
out records of nonsteady-state sinks and sources of interstitial compo-
nents unless the reactions are ongoing or occurred in the recent past
(Lasaga and Holland, 1976).

The silica/ash relationship is also well recorded at Site 999 (Fig.
16), where a striking correspondence is observed among ash and dis-
solved silica distributions and the occurrence of biogenic silica. This
important relationship likely represents the enhanced preservation of
biogenic opaline silica within ash-rich intervals as a consequence of
silica buffering during ash alteration (e.g., smectite formation; Table
1). Furthermore, the observed enhanced preservation of carbonate
microfossils proximal to ash layers attests to the buffering capacity of
alkalinity production associated with ash alteration (e.g., smectite
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Figure 15. Depth profile for silica in Site 1001 interstitial waters. The strati-
graphic position of a major unconformity (see text and Sigurdsson, Leckie,
Acton, et al., 1997, for details) and the basaltic basement are indicated. Ash
(as discrete layers) and chert distributions are also included. The arrow indi-
cates mean ocean bottom-water silica concentration. The two symbols (open
and solid) used in the silica profile reflect the incorporation of data from two
holes at Site 1001.

formation). These observations have important taphonomic implica-
tions. Future studies should attempt to quantify the alteration of
Eocene ashes—which are now known to represent a significant frac-
tion of the Cenozoic stratigraphic section in the Caribbean—in its
role toward imprinting levels of oceanic silica and ultimately cata-
lyzing the accumulation of the vast amount of chert that abounds in
the Eocene marine record (McGowran, 1989).

Important reactions between the volcanic ash and seawater in-
clude the dissolution/alteration (hydrolysis) of volcanic glasses and
crystalline phases and the back precipitation (reverse weathering)
that results in zeolites and clay minerals, including smectites (Table
1). These reactions, as sources and sinks, exert a strong control on the
downcore distributions of a wide range of dissolved species, includ-
ing cations such as rubidium, potassium, and lithium (see Sigurdsson,
Leckie, Acton, et al., 1997, for extensive details). As an example,
Figure 17 shows the downcore distribution of rubidium at Site 999
relative to both discrete ash layers and dispersed ash as quantified us-
ing independent elemental mass balances. This example is included
to highlight the importance of not only the individual ash “events”
but also the volumetric significance of the abundant reactive ash dis-
seminated within the host sediments, reflecting perhaps a steady
background flux of ash between major eruptions and/or the effects of
bioturbational mixing that may be capable of obliterating the record
of smaller events.

SUMMARY

These highlights from ODP Leg 165 emphasize the value in ad-
dressing the aqueous geochemical aspects of deep-marine sediments
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Figure 16. Depth profile for silica in Site 999 interstitial waters. Distribution
of discrete ash layers (shaded area) is also included. Also plotted is the distri-
bution of biogenic silica as determined by smear-slide analysis. The arrow
indicates mean ocean bottom-water silica concentration. The two symbols
(open and solid) used in the silica profile reflect the incorporation of data
from two holes at Site 999.

within a well-constrained, integrated context. By defining the system
carefully in terms of both solid and dissolved species of varying con-
centrations and reactivities, the downcore distributions of a wide
range of interstitial components are qualitatively and perhaps at least
semiquantitatively interpretable with regard to rates and styles of se-
questration and release. The above results, although only highlights,
document the complex interplay among reactive carbonate phases,
alteration of volcanic ash occurring as discrete layers and as a dis-
persed fraction within the host sediment, and alteration of the crystal-
line basement. Biogeochemical processes overprint many of the con-
stituents as a function of the reactivity and availability of solid
organic phases and, possibly, secondary hydrocarbon enrichments
controlled by the physical properties of the sediment. In general, the
sediments at Sites 998, 999, 1000, and 1001 are characterized by low
levels of organic carbon and, correspondingly, microbial redox path-
ways dominated by suboxic process and low modeled levels of sul-
fate reduction. However, concentration and isotope relationships for
sulfur, when viewed in conjunction with trace metal distributions,
suggest that basinal fluids may epigenetically overprint permeable
ash layers and associated sediments in tectonically active deep-sea
settings such as Site 999. Finally, a better mechanistic understanding
of these diverse processes further constrains the global mass balances
for a wide range of major and minor components of seawater.
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