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30. EARLY DIAGENESISIN AMAZON FAN SEDIMENTS!

Stephen J. Burns?

ABSTRACT

Early diagenesis in sediments of the Amazon Fan is strongly influenced by the high iron content of the pre-Holocene fan

sediments. The diagenetic mineral assemblage is composed almost exclusively of iron-bearing phases: iron sulfides (hydrotroi-

lite and greigite), vivianite (FePO4- 8H,0), and siderite (FeCO3). Iron sulfides form in the zone of sulfate reduction. Millime-

ter-sized vivianite nodules are common and begin to form as shallow as 0.5 meters below seafloor (mbsf), and continue to form

to ~20 mbsf. Siderite is also common, forming as dispersed 1- to 5-um crystals from the upper few mbsf to ~20 mbsf.
Numerical modeling of sulfate reduction and ammonium production demonstrates that the modern pore-water profiles are

not in a steady state, but have been migrating through the sediments in respons#& ttecfd¥se in sedimentation rates at 9.5

ka. Calculated initial rates of sulfate reduction and ammonium formation rangé.f#oom6.0x 1013 moles/liter/second (M/s)

and 2.5t0 5.0x 1014 respectively. The pre-Holocene depths to sulfate depletion were on the order of 20-50 mbsf, rather than

the 5-10 mbsf presently observed. The zones of diagenetic mineral formation were thus considerably deeper than indicated by

present pore-water chemistry.

INTRODUCTION

The remineraization of organic matter in marine sediments is
probably the most studied aspect of sediment diagenesis. Organic
carbon burial and preservation in different marine environments have
obvious application to hydrocarbon exploration. By controlling the
redox chemistry of pore waters, organic carbon diagenesis also af-
fectsthe overall diagenetic environment. Early diagenesis and organ-
ic matter remineralization in the oceans are often considered to occur
in two end-member environments: the deep sea, where little metabo-
lizable organic matter reaches the seafloor and the effects of diagen-
esisaresmall, and near-shore environments, where significant organ-
ic material isburied with the sediments and the effects of early organ-
ic matter diagenesis arelarge.

The Amazon Fan, however, is an anomalous deep-sea environ-
ment in which significant amounts of organic matter reach the deep
sea. Furthermore, much of the organic material deposited is of terres-
trial rather than marine origin. The processes and rates of early di-
agenesisin such environments arerelatively unstudied in comparison
with either near-shore sediments or true pelagic sediments. The ob-
jectives of this paper are to investigate the processes, products, and
rates of early diagenesis of the Amazon Fan.

Geologic Setting

The Amazon Fan is built primarily of terrigenous sediment de-
rived from the Amazon Basin and carried out to sea by the Amazon
River. The behavior of this system, however, is greatly dependent on
sealevel. During sea-level lowstands, the Amazon River crossed the
continental shelf and delivered its sediment load directly to the Am-
azon Canyon and the deep sea (Damuth and Fairbridge, 1970; Da-
muth and Kumar, 1975). The tremendous volume of sediments reach-
ing the deep sea resulted in very high sedimentation rates, on the or-
der of several metersto more than 10 m/1000 yr (Flood, Piper, Klaus,
et a., 1995). In contrast, during sea-level highstands, such as at
present, Amazon River-borne sediments are deposited on the conti-
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nental shelf, building a shelf delta (Nittrouer et al., 1986). The Ama-
zon Fan, deprived of terrigenous input, isthe site of pelagic to hemi-
pelagic sedimentation, with sedimentation rates for approximately
the last 10 ka of several centimeters per thousand years (Damuth,
1977; Flood, Piper, Klaus, et a., 1995).

Detailed descriptions of sedimentary facies and the modes of dep-
osition of sediments deposited on the Amazon Fan may be found
esewhere (e.g., Damuth and Kumar, 1975; Damuth, 1977; Damuth
and Flood, 1984; Flood, Piper, Klaus, et al., 1995). With respect to
sediment diagenesis, it is worth noting that a variety of fan environ-
ments and sediment types were sampled during drilling during Leg
155 (Flood, Piper, Klaus, et a., 1995), including sand-rich channel
facies, mud-rich levee facies, and debris-flow units from both the up-
per to lower fan. In spite of thisvariation in adepositional setting, the
sediments’ organic carbon contents, chemistries, and mineralogies
show relatively little variation from site to site. In particular, organic
carbon contents are consistently between 0.8 and 1 wt% (Flood, Pip-
er, Klaus, et al., 1995), with an almost entirely terrestrial source
(Gonii, this volume), and total nitrogen contents are generally be-
tween 0.08 and 0.1 wt% (Flood, Piper, Klaus, et al., 1995). Major el-
ement compositions of the sediments are also consistent from site to
site and show high iron contents of 7 to 8.5 wt% Fe g3;K€lood,

Piper, Klaus, et al., 1995).

As mentioned above, the character of Amazon Fan sediments
changes abruptly near the Holocene/Pleistocene boundary. The up-
permost 30 to 70 cm of sediments are brown to tan pelagic calcareous
00ze, at the base of which is a diagenetic iron-rich crust that can be
correlated throughout the fan (Damuth, 1977; Flood, Piper, Klaus, et
al., 1995). The crust formed as a response to the decrease in sedimen-
tation rate and the subsequent upward migration of reduced iron into
the oxic zone of the sediments. The exact age of the change in sedi-
ment type and rate of deposition probably varies somewhat across the
fan. The iron-rich crust has been dated at 9.3 ka (Showers and Bevis,
1988) on the Amazon Fan, but varies between 8 and 15 ka across the
Guiana Basin (Damuth, 1977).

METHODS

The methods for pore-water analyses are recorded in Flood, Piper,
Klaus, et al. (1995). Pore-water iron and manganese concentrations
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must be viewed with some caution, as there are no facilities on the
JOIDES Resolution for maintaining anoxic conditions during pore-
water extraction. It is possible that the oxidation of iron sulfides and/
or precipitation of dissolved iron and manganese into oxide phases 7°N |-
took place during pore-water sampling. For that reason, pore-water
iron and manganese results are not utilized herein discussing diagen-
esis, athough diagenetic iron minerals are common (Flood, Piper,
Klaus, et al., 1995).

The mineralogy of anumber of sediment sampleswas determined 4000 m
by standard X-ray diffraction techniques. Sediments analyzed includ-
ed those suspected of containing concentrations of siderite and asuite
of samples from Site 944 that contained visible iron sulfide—staine 6°
areas.

Six samples of sediment containing siderite and six vivianite not
ules were coated with osmium and studied using a JEOL scanni
electron microscope (SEM). Separate splits of these samples w
coated with aluminum and studied under the SEM using an ener
dispersive X-ray analytical system (EDS) to qualitatively assess tl
elemental chemistry of the minerals.

Carbon and oxygen stable isotope ratios were measured for
samples of siderite. Approximately 50 mg of sample was reacted
100% HPQ, at 75°C for 72 hr in an off-line reaction system. The re
sulting CQ was collected, and the stable isotope ratios were me
sured on a VG Prism ratio mass spectrometer. The oxygen isoto
ratios were corrected for phosphoric acid-@@ctionation using the
equation of Carothers et al. (1988). Reproducibility of standard m
terials is 0.%o for oxygen and 0.04%. for carbon. All results are re-
ported relative to the PDB standard.

3000

2000 m

1000 m

SUMMARY OF SHIPBOARD PORE-WATER
ANALYSES

Results of pore-water chemica analyses of al 17 Leg 155 sites | |
are reported in Flood, Piper, Klaus, et al. (1995). The analyses show 49°W 48° 47°
a quite uniform diagenetic environment with respect to position on ] ] ) ) ]
the fan. The downcore changesin pore-water chemistry are best seen F! gure 1. Qeneral_ ized map of the Amazon Fan showing thpf location of sites
inthethreesites, 931, 939, and 944 (Fig. 1), inwhich relatively close- discussed in relation to the Amazon Channel system. Modified from Damuth
ly spaced (1.5-3 m) samples were taken from the upper 35 to €t d.(1988) and Manley and Flood (1988).
meters below seafloor (mbsf; Flood, Piper, Klaus, et al., 1995). For
example, at Site 944 (Fig. 2), the sediments are anoxic by the sh@leak concentrations of alkalinity, ammonium, and phosphate, al-
lowest sample at 0.50 mbsf, where the sulfate concentration is 20tRough the relatively widely spaced sampling interval makes it likely
mM, well below seawater values. Sulfate reduction is complete at ~#hat pore waters with maximum concentrations were not sampled.
mbsf. Pore-water alkalinity increases through the sulfate reductiohhe relative positions of the pore-water profiles of other species, with
zone, to ~22 mM, then decreases to ~8 or 9 mM by 10 mbsf. Ammdespect to the sulfate profile, are very much the same from site to site.
nium values rise steadily over the upper 20 mbsf, to ~8 mM. Calciunhhe peak concentration of alkalinity and phosphate, in particular, co-
and magnesium concentrations decrease in the upper 8—10 mbsf frémide with the base of the sulfate reduction zone. Also, most of the
seawater values to concentrations of ~4.5 and 42 mM, respectivelgbserved decreases in calcium and magnesium occur within or just
Phosphate concentrations increase rapidly from a few tens of mielow the sulfate reduction zone. As at Site 944, the pore-water con-
crometers near the surface to almost 400 uM at ~5 mbsf, then desntrations of all dissolved species change little from 20 to over 400
crease to generally below 10 pM by 10 mbsf. mbsf.

Between 10 and 377 mbsf at Site 944, the concentrations of most
major dissolved species are nearly constant (Fig. 2; Shipboard Scien-  Diagenetic Reactionsand Mineral Formation
tific Party, 1995). Only ammonium concentrations continue to
change, increasing slowly over the upper 40-50 mbsf. The changes in pore-water concentrations with depth can be inter-

Pore-water results from other sites on the Amazon Fan are vepreted in terms of various reactions involving organic carbon rem-
similar to those from Site 944 (Flood, Piper, Klaus, et al., 1995). Thaeralization and diagenetic mineral formation. A sequence of bacte-
major difference from site to site is that the depth to total sulfate detally mediated organic carbon remineralization reactions has been
pletion varies somewhat. At Sites 931 and 939, sulfate concentratiordentified for marine sediments (Berner, 1974; Froelich et al., 1979).
are 0 by ~6 and 9 mbsf, respectively. For other sites, there was gdn-general, the sequence of terminal electron acceptors for organic
erally only one pore-water sample within the zone of sulfate reduanatter oxidation proceeds from the reduction of oxygen to nitrate,
tion, making it difficult to accurately locate the point at which sulfateMn oxides, iron oxides, sulfate, and dissolved carbon dioxide, al-
is totally depleted. At most sites, however, sulfate is removed somé¢hough these reactions do not occur exclusively in discrete depth
where above 10 mbsf, with the exception of Site 940, where the deptdones within the sediments (Froelich et al., 1979). The products of
is ~20 mbsf. There are also slight differences from site to site in thiese reactions—manganese, iron, sulfide, and methane, along with
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Figure 2. Pore-water chemistry of the upper 40 mbsf for Hole 944D.
ammonium, phosphate, and dissolved CO,—are released to the pore
waters and are available for authigenic mineral formation. The por
water sampling intervals on Leg 155 were not sufficient to resol\
most of the organic matter remineralization reactions. As mentione
pore-water sulfate concentrations are below seawater values in e'
the shallowest samples, from 0.2 to 0.5 mbsf. The diagenetic envirc
ments can be subdivided only as within and below the zone of sulf: I I I T I I T T I I

reduction. 0 2 4 6 8 10
In some cases, the mineral products of early diagenesis, and the
fore the sedimentary sink for some dissolved species, were reac X-ray Energy (keV)

visible and identifiable in the sediments, but in others, they were n
The first indications of diagenetic mineral formation are irregula Figure 3. EDS patterns for vivianite (Sample 155-932A-5H-CC) and siderite
patches and layers of sediments stained black with iron sulfides. T (Sample 155-938A-17X-2, 81-87 cm). Y-axis is a logarithmic scale of total
first appearance of iron sulfide is generally just below the Holocen counts.
calcareous ooze layer, but within the uppermost meter of the se
ments. X-ray diffraction analyses of the iron sulfides from Site 944
and in other work on Amazon Fan sediments (Ericson et al., 196¥jvianite nodules first occur at ~10 mbsf, although the first occur-
Flood and Green, this volume) show that the initial mineral formed isence can be as deep as 50—60 mbsf, such as at Sites 930 and 942. At
hydrotroilite (FeS - nkD). Hydrotroilite was the only iron sulfide only Site 940 do visible vivianite nodules occur within the present
found to 23 mbsf at Site 944. Greigite {&2 was also present below zone of sulfate reduction. In all other sites, the first macroscopic
32 mbsf. Pyrite was not found. Except for the absence of greigite newivianite nodules were found below the depth of total sulfate deple-
the surface, there was no clear depth-related control on whethgon (Flood, Piper, Klaus, et al., 1995).
greigite or hydrotroilite were present or absent. Either or both were Pore-water phosphate analyses suggest that vivianite forms pri-
found in the iron sulfides from below 32 mbsf. It is therefore not cleamarily in the 5-10 m below the zone of sulfate reduction. Phosphate
whether greigite replaces hydrotroilite, or whether formation of on€oncentrations at all sites increase through the zone of sulfate reduc-
or the other is controlled by a depositional parameter such as setion, reaching a maximum of typically 100—-400 uM just at the base
mentation rate. of the sulfate reduction zone (Fig. 2; Flood, Piper, Klaus, et al.,
One of the unusual features of the glacial-age Amazon Fan sedi995). Thereafter, phosphate concentrations decrease rapidly over
ments is that they are rich in iron oxides, with concentrations typicathe next 5-10 m, to several tens of micrometers. Because the only
ly between 7 an@ wt% iron as oxides (Flood, Piper, Klaus, et al., identifiable sink for phosphate is vivianite, the rapid decrease in pore-
1995). In most marine systems, iron put into the pore waters by irowater concentration is presumably in response to vivianite precipita-
oxide reduction will entirely be precipitated as iron sulfides. On theion.
Amazon Fan, however, sufficient reduced iron is available such that EDS analyses of the vivianite nodules also provide information on
two other diagenetic iron minerals form in significant amounts; vivi-where vivianite forms. The analyses show that the vivianite nodules
anite (FePQ- 8H0) and siderite (FeC{ contain considerable amounts of magnesium (Fig. 3). Although EDS
Vivianite was commonly observed in fan sediments in the form ofinalyses of siderite show that it also contains some magnesium (Fig.
small nodules, 1-5 mm in size (Flood, Piper, Klaus, et al., 1995). Th&), the major sink for magnesium in the sediment appears to be vivi-
shallowest occurrence of vivianite nodules in core-catcher samplemite. The zone of the sediments where magnesium concentrations
sieved for microfossil analysis is 2.75 mbsf in Hole 940A. In generaldecrease thus identifies the zone of vivianite formation. At all sites,
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Figure 4. SEM photomicrograph of siderite crystals from Sample 155-938A-

17X-2,81-87 cm.

pore-water magnesium concentrations begin to decrease very near
the surface and continue to decrease to a depth of approximately
twice the thickness of the zone of sulfate reduction, or ~10-20 mbsf.
The magnesium concentrations, therefore, suggest that vivianite
forms within this zone.

The third diagenetic iron mineral, siderite, was not as readily ob-
served as iron sulfides or vivianite. Siderite rarely occurred as dis-
crete nodules or layers. Severd lines of evidence, however, suggest
that small amounts of siderite occur dispersed through the sediments.
First, routine shipboard X-ray diffraction analyses of the sediments
commonly identified siderite asaminor component of the sediments.
Second, measured carbonate contents of the sediments are consistent-
ly between 2 and 3 wt% (calculated as CaCOs). Given the relative
scarcity of foraminifers and cal careous nannoplankton (Flood, Piper,
Klaus, et a., 1995), it islikely that much of this carbonateis actually
diagenetic siderite. Third, some sink for pore-water akalinity is re-
quired. Sulfate reduction in marine sediments generally produces ap-
proximately 2 molesof alkalinity for 1 moleof sulfate reduced (Bern-
er, 1980, and references therein). Total sulfate reduction should,

Figure 5. Cross-plot of carbon and oxygen isotope values for siderites.

These values record the carbon isotopic composition of the dissolved
inorganic carbon (DIC), plus ~10%. fractionation between DIC and
solid carbonate (Emrich et al., 1970). The low carbon isotope values
of DIC reflect the oxidation of carbon sources depletedGn such

as organic matter and methane (Claypool and Kaplan, 1974). In Am-
azon Fan sediments, tR&C values of the DIC decrease from ~
10%o near the surface to values as low48%o at the base of the sul-
fate reduction zone and then increase again to near 0%. by 10 to 20
mbsf (Burns and Shipboard Scientific Party, 1994; and unpubl. data).
The precipitation of siderite is, therefore, probably presently restrict-
ed to the upper 10 to 20 mbsf.

Thed*0 values of the siderites provide less of a constraint on the
depth of precipitation, but are consistent with shallow formation. The
680 values are mostly between +4.5%. and +5.7%o (Fig. 5), corre-
sponding to temperatures of 2° to 9°C (using the siderite-water tem-
perature equation of Carothers et al., 1988, and us¥#®ga,, = 0.3
standard mean ocean water; Burns and Maslin, 1995). Typical mea-
sured mudline temperatures were ~2.5°C with geothermal gradients
of ~30 to 40°C/km (Flood, Piper, Klaus, et al., 1995). Consequently,

therefore, yield a concentration of 50—-60 mM of alkalinity. Yet, the9°C is within the upper 250 to 300 mbsf. Overall, the pore-water
maximum pore-water values are only ~25 to 30 mM, at the base @hemistry suggests that all three diagenetic minerals can precipitate
the sulfate reduction zone, and values decrease to ~10 mM below tsienultaneously in the zone of sulfate reduction and that vivianite and
sulfate reduction zone (Fig. 2). No carbonate mineral other than sididerite are presently precipitating to depths of ~10-20 mbsf. Precip-
erite has been found in the sediments. Finally, SEM analyses of tli@tion of diagenetic iron minerals over this zone must indicate that
sediments show that siderite occurs as small, individual 1- to 5-psedimentary iron oxides are rapidly being reduced throughout this
rhombs (Fig. 4), suggesting that in fan sediments siderite precipitatasea and that iron oxide reduction is not restricted to a discrete zone
as finely disseminated crystals rather than as nodules. above the sulfate reduction zone. Co-precipitation of iron minerals
Both pore-water analyses coupled with EDS analyses of sideriteyithin the zone of sulfate reduction further suggests that the rate of
and stable isotope ratios of siderite demonstrate that siderite formaen oxide reduction must exceed the rate of sulfate reduction because
tion takes place primarily in the upper 20 mbsf. EDS analyses of siggxcess iron is available beyond that precipitated by iron sulfides.
erites indicate that they contain considerable amounts of calcium Berner (1971) suggested that the association of greigite, vivianite,
(Fig. 3). Because no other calcium-bearing diagenetic mineral hasd siderite indicated nonmarine sedimentation. This may often be
been found, siderite is likely the only diagenetic sink for calcium. Intrue, but it is clearly not the case here. In most marine sediments, the
response to siderite precipitation, the pore-water calcium concentreate of iron oxide reduction is far exceeded by the supply of sulfide
tions decrease steadily over the upper few tens of meters (Fig. 2hrough sulfate reduction, and all available dissolved iron can be pre-
This area probably delimits the area over which most siderite precigipitated as FeSIn the Amazon Fan, however, the iron rich nature
itation takes place. As mentioned, siderite is also likely the major sinkf sediments dictates that there is excess dissolved iron relative to
for alkalinity in the sediments. The point at which pore-water alkalin-dissolved sulfide, even within the sulfate reduction zone. The iron
ity stops decreasing coincides with the point at which calcium stopsulfides formed are therefore hydrotroilite and greigite, not pyrite;
decreasing. siderite and vivianite can also precipitate. An additional factor that
Siderite stable isotopes also demonstrate that siderite precipitatignobably favors vivianite precipitation over calcium-apatite, which is
takes place primarily in the upper few tens of mbsf. The carbon is& much more common phosphate mineral in marine sediments, is the
tope ratios of the siderites range from +2.3%. to —22.4%. (Fig. 5)lack of detrital calcium carbonate. Calcium carbonate surfaces pro-
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mote apatite precipitation (deKanel and Morse, 1978), which is oth-
erwise kinetically inhibited by the high dissolved magnesium con-
centration of seawater (Martens and Harriss, 1970).

MODELED RATESOF REACTION
Approach

Early diagenesis may produce or utilize various dissolved species
in sediment pore water. The resulting pore-water concentration gra-
dients may be used to calculate fluxesinto or out of the sedimentsand
alsoto calculateratesfor the variousreactionsinfluencing pore-water
composition. A commonly made simplifying assumption is that a
pore-water/sediment system isin steady state with respect to the sed-
iment/water interface. In the Amazon Fan sediments, however, the
very large change in the sedimentation rate that occurred at ~10 ka
meansthat the systemisunlikely to bein asteady state. The pore-wa
ter profiles are probably migrating relative to the sediment surface as
a result of the change in sedimentation rate. A simple steady-state
transport model therefore cannot be used to estimate reaction rates.
For example, for sulfate, a qualitative assessment would suggest that
the high sedimentation rates prior to 10 ka effectively generate ahigh
burial flux of sulfate into the sediments. When sedimentation rates
drop at 10 ka, thisflux disappears. For aconstant rate of reaction, sul-
fate will be more rapidly removed from the pore fluids, and the con-
centration profile and depth to total sulfate depletion will migrate up-
ward until the diffusive flux into the sediments increases enough to
balance the removal of sulfate by bacterial sulfate reduction.

To quantitatively assessthereaction ratesin this situation, several
simplifying assumptions are required if the mathematics are not to
become too intractable. The assumptions made are as follows:

1. Prior to 9.5 ka, the system had achieved a steady state.

2. The 100x decrease in sedimentation rates at 9.5 kais modeled
as a complete cessation in sedimentation.

3. Porosity is constant with depth (no compaction).

4. Thereaction rates remain constant with time for any particul ar
depth below the seafloor.

5. Only simple linear adsorption is considered.

For the numerical models, a steady-state model incorporating dif-
fusion, advection, and reaction is first applied to the system. This
model is used to estimate the pre-Holocene, steady-state pore-water
profile and rate of reaction. Then, asecond, nonsteady-state model is
applied to model the change in the pore-water concentrations since
the sedimentation rate change. The second model uses the profile
generated from the first model as an initial condition and uses the
same reaction rate used in the first model. The second model is al-
lowed to run for 9.5 ka, the period of time over which the Amazon
Fan has received only pelagic sediment. The resulting pore-water
profileisthen compared with modern pore-water chemistry. By vary-
ing only thereaction rate (i.e., al other parameters are held constant),
auniquereaction rate will be found that, when put through both mod-
s, will generate the modern pore-water profile. Thisreaction rateis
relatively easily determined by iteration.

The steady-state diffusion-advection-reaction model solves the
following general equation:

dc dc dc

gt = 0 = Dz~ 0~ o™ @

where D is the sediment diffusion coefficient corrected for porosity
and ammonium, for adsorption as discussed below. C is concentra-
tion, zis depth, wisthe advective velocity (in this case the sedimen-
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tation rate), J, istheinitial reaction rate, and ais an exponential term
that determines how rapidly the reaction rate decreases with depth.

Solving for C(2) for boundary conditions of C(z) =C, atx=0, and
C(2 = C at x=1,wherel isany depth below which the concentra-
tions are no longer changing and C, isthe concentration at that depth,
the particular solution is

w0z
e -1
C(2) = C,—(C;—Cy) = + 2
“B
e -1
wZ
J e’ —1 | —
5 (e ")+ (e -],
Da -wa| wg
e —1

The nonsteady-state model with diffusion and reaction but no ad-
vection solves the following general equation:

dc _ @ —az
dt ~ Ddzz_ o )

where the terms are as above with the addition that t istime. The so-
lution to this equation is taken from asimilar heat flow problem giv-
enin Cardlaw and Jaeger (1959, p. 79). The solution is

Cla) = u+vad®s Q-2 @
zt) = u+vze ——
0 DaD Zﬂ

J 1 2

0 —az Dta —az z O
—l1l-e“+Ze erfcta. /Dt — ——5—
Daz[ 2 % 2./bt!
1 Dta +az

erfc=a./Dt + }

2 Ba ﬂ

The equation has been modified to include an initial profile de-
scribed by the terms u, the concentration at the surface, and v and X,
which control the shape of theinitia profile with depth.

Although it is possible to apply the model to any of the dissolved
species, only sulfate and ammonium were chosen for modeling. A
large body of research has been done on sulfate reduction ratesin a
variety of marine environments. These results can be compared with
those obtained here, alowing the Amazon Fan sediments to be put
into a broader perspective.

In modeling ammonium production, an additiona factor, adsorp-
tion, must be taken into account (Berner, 1976). Depending on sedi-
ment type, more than half of the ammonium produced during early
diagenesis may be adsorbed onto the sediments or fixed into clay
minerals (Berner, 1976; Rosenfeld, 1979). When applying the above
equations to modeling pore-water ammonium concentrations, how-
ever, the equations need to be modified to include an anmonium ad-
sorption coefficient, K (see Berner [1976] and Rosenfeld [1979] for
discussion). In Equation 2, the solution to the steady-state model, the
w term must be replaced by ' = w(1 + K), and in Equation 4, the so-
lution to the nonsteady-state model, D must bereplaced by D' = D/(1
+K) and J, isreplaced by J) = J, /(1 + K). For Long Island Sound
sediments, which have similar high aluminosilicate contents to those
of the Amazon Fan, Rosenfeld (1979) determined that K was between
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land 2. A valueof K = 1.5 wasthus used in the above equations when
modeling ammonium.

Results
Rates of Sulfate Reduction and Ammonium Production

Model estimates of the rates of sulfate reduction and ammonium
production for Sites 931, 939, and 944 are given in Table 1. Figures
6 and 7 show model results together with modern pore-water profiles
for sulfate and ammonium respectively at Site 944. For sulfate, the
model results indeed show that the large decrease in sedimentation
rate has led to a significant upward migration of the sulfate concen-
tration gradient (Fig. 6). The estimated pre-Holocene steady-state
profileyields adepth to total sulfate depletion of ~35 m, as compared
with the value of ~4 m in the modern sediments. The calculated pre-
Holocene depth to complete sulfate depletion, however, should be
viewed with some caution. Oncetheinitial sulfate profileis such that
the depth to sulfate depletion is greater than ~30 mbsf, the model is
relatively insensitive to thisinitial gradient, because relatively large
changesin the gradient cause small changes in the amount of sulfate
in the pore-water reservoir available for sulfate reduction. For exam-
ple, increasing the gradient so that sulfate goesto 0 at 30 vs. 40 mbsf,
only causes about a 10% change in the calculated sulfate reduction
rate. The model is, however, quite sensitive to the J, term, with small
variations causing significant differencesin thefinal sulfate gradient.

The model can also be used to test whether the system hasreached
anew steady-state by inputting the calculated reaction rate to the non-
steady-state model fort — co. Inall cases, t > 9.5 ka produced further
migration of the pore-water sulfate profile to above the present loca-
tion. Any estimate of sulfate reduction rates based solely on the mod-
ern profile would thus underestimate the rate if the Holocene sedi-
mentation rates were used in the calculation, or greatly overestimate
the sulfate reduction rate if the pre-Holocene sedimentation rates
were used.

The model also shows that pore-water ammonium concentrations
have increased significantly in the last 9.5 ka. For example, pre-Ho-
locene ammonium concentrations are calculated to have reached a
maximum of ~4 mM at ~80 mbsf at Site 944, compared with a max-
imum of ~8 mM at 40 mbsf for the modern sediments (Fig. 7). The
ammonium pore-water profilesare aso not currently at asteady state.

The calculated reaction rates are shown together with reaction
rates for sediments from Long Island Sound and the Amazon shelf
(Table1). Long Idland Sound sediments were used because they have
sedimentation rates similar to Amazon Fan sediments, and thereisa
generally good correlation between sedimentation rates and both or-
ganic carbon burial rates and carbon oxidation rates for marine sedi-

ments (Muller and Suess, 1979; Henrichs and Reeburgh, 1987; C
field, 1989; Ingall and Van Capellen, 1990). Table 1 shows that ¢
though sedimentation rates are similar, the rates of sulfate reduct
and ammonium production are more than 2 orders of magnitude lo
er in the Amazon Fan than in Long Island Sound. Similarly, Bernt
(1978) found that Mississippi Delta sediments had anomalously lc
initial sulfate gradients (effectively a measure of the sulfate reductic
rate) when compared with other marine sediments with similar se«

Table 1. Diagenetic rates of reaction.

%) J, SO;2 Jo NH,*
Site (m/ka) M/s M/s
931 3.6 25x10713 3.7 %1074
939 9 1.7 x10°13 25x 1014
944 11 6.0 x 10713 5.0x 10714
Amazon shelf 30 6.8-9.8x 10710
LongIsland Sound 3.0 6.3x 101! 8.8 x 10712

Notes: Amazon shelf data from Aller and Blair, 1996; Long Island Sound sulfate data
from Goldhaber et a. (1977). Ammonium data from Rosenfeld, (1981).
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Figure 6. Model results for sulfate vs. depth for Site 944. Stars = pore-water
data from Hole 944D. Values of constants used in model are D = 4 x 107®
cm?/s, a=0.001 cm™, u=0.028 M, v=-1.6 x 10™° M/cm, and x = 0.002
cm™L. Seetext for details.
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mentation rates. In both cases, the low carbon remineralization ra Figure 7. Model results for ammonium vs. depth for Site 944. Stars show
seem to be caused by low reactivity of the organic matter in the s) Pore water (iatafrom Hole 944D. Values of CO”Stam_SGUSEd inmodel are D =
tem, which is probably related to the terrestrial origin of the organ 8> 107 cm /s,2=0.0003cm™, u=0M,v=2x10"M/cm, and x = 0.0015

matter.

cm

Studies of organic matter remineralization on the Amazon sheir,

however, suggest that physical factors associated with the envirorarly diagenesis (Aller et al., 1986; Mackin et al., 1988). Regardless
ment of deposition can lead to high remineralization rates in spite aff these similarities, sulfate reduction rates on the shelf are 2 to 3 or-
a dominantly terrestrial origin of the organic material (Aller et al.,ders of magnitude greater than those of the fan (Aller and Blair,
1986; Aller and Blair, 1996). Modern Amazon shelf sediments ard996). This difference is mainly attributable to the frequent rework-
very similar in composition to glacial-aged Amazon Fan depositsing of surficial Amazon shelf sediments, which results in very high
and in both settings metal-oxide reduction plays an important role ifapparent sediment advection rates,” ~900 m/k.y., much higher than
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the actual sedimentation rates of ~30 m/k.y. (Aller and Blair, 1996).
The apparent sediment advection rates are 2 to 3 orders of magnitude
greater than the advection rates (sedimentation rates) on the Amazon
Fan (Table 1).

agenetic minerals formed was likely to have been much greater in the
pre-Holocene than at present. For example, if the pre-Holocene sul-
fate reduction zone at Site 944 extended to ~40 mbsf, then iron sul-
fide minerals could have formed to that depth, and siderite and vivi-
anite may have formed as deep as8&mbsf.

Total Anoxic Carbon Remineralization

The ammonium production rate can aso be used to roughly esti- CONCLUSIONS

mate the overall anoxic rate of organic carbon remineralization since

all the anoxic carbon remineralization reactions produce ammonium 1. The hlgh sedimentation rates and hlgh iron contents of Ama-

(Froelich et al., 1979). Using ammonium production in this manner
can lead to overestimation of the overall anoxic remineralization rate
(Berner, 1980) if, as observed in some environments, the more nitro-
gen-rich organic compounds are preferentially being metabolized.
The Amazon Fan, however, probably represents the best case for
such an estimation. The organic material reaching the fan is amost
entirely of terrestrial origin, isuniform in composition, and is appar-

zon Fan sediments result in the assemblage of early diagenetic
minerals such as iron sulfides (hydrotroilite and greigite),
vivianite, and siderite.

. Core descriptions, pore-water analyses, and EDS analyses of

vivianite and siderite indicate that all three diagenetic minerals
are presently forming within the zone of sulfate reduction (5—
10 mbsf). Vivianite and siderite continue to form in the 5-10

ently fairly “weathered” by the time it reaches the sea (Hedges etal., M below the zone of sulfate reduction.
1986; Goiii, this volume). As a result, there is neither a mixture of 3. Numerical modeling demonstrates that the present pore-water
carbon sources nor a highly labile fraction of marine origin. More im- profiles are not in a steady state and have migrated through the
portantly, there is no measurable change in the C:N ratio of the sedi- ~ sediments in response to the large reduction in sedimentation
ments over the depth range of the calculation, or even over several  rates that occurred at ~9.5 ka. Calculated initial rates of sulfate
hundreds of mbsf. The relatively constant C:N ratios, however, may  reduction and ammonium formation range from 1.7 t0>6.0
partly be a result of the relatively low overall rates of organic carbon 10 M/s and 2.5 to 5.8 10 M/s, respectively. These rates
oxidation and the low percentage of the total organic carbon (TOC) ~ are more than 2 orders of magnitude lower than near-shore
remineralized over the upper 100 m (see below). Still, modeling the ~ Sediments deposited at similar sedimentation rates.
ammonium production will give a rough estimate of the overall an- 4. The total rate of anoxic carbon remineralization is roughdy 2
oxic carbon remineralization and will be useful for comparison to x 10° moles C/criyr.
other areas. . The pre-Holocene depths to sulfate depletion were on the or-
For this calculation, the initial reaction ralg,must be integrated der of 20-50 mbsf, rather than the 5-10 mbsf observed at
over the depth range for which it is significantly large. The latter is present. Thus, the zones of diagenetic mineral formation were
effectively the depth range over which the pore-water concentration ~likely also considerably deeper than indicated by present pore-
is changing, or fronz = 0 to 10,000 cm: water chemistry.

10000
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I am grateful to Karl Ramseyer for help with SEM and EDS anal-

Using Site 944 as an example, this formula yields an integrated raﬁes‘ and to Urs Mader for assistance with the numerical modeling.
of ammonium production of 1.6710% M/s/cm or 5.26< 10° mol/ elpful reviews were provided by R. Aller and J. Compton. My par-

cré/yr. If this rate is multiplied by the average C/N of the sedimentsmlpaltlon on Leg 155 was partially supported by the Schweizerischer

Zg (Shipboard Scientific Party, 1995). then the TOC remineraliza[\latlonalfonds zur Forderung der wissenschaftlichen Forschung.

tion rate at Site 944 is 4210° moles C/crifyr. Similarly, the rate
for Site 939 would be 2.4 10°° moles C/criyr.

The anoxic carbon remineralization rate can be used to calculajgyer, r.c., and Blair, N.E., 1996. Sulfur diagenesis and burial on the Ama-
the TOC remineralized in the sediments during burial. The sedimen- zon shelf: magjor control by physical sedimentation processes. Geo-Mar.
tation rate for Site 944 is ~11 m/k.y. for the sediments older than 9.5 Lett., 16:3-10.
ka, giving an age of the sediment at 100 mbsf of ~18.5 ka (Holocengler, R.C., Mackin, J.E., and Cox, R.T., 1986. Diagenesis of Fe and S in
sediments = 9.5 ka). Multiplying times the rate yields a total of 0.77 Amzon inner shelf muds: apparent dominance of Fe reduction and impli-
moles C/crf or 9.2 g C/criremineralized. The same 100x1 cn? cations for the genesis of ironston€ent. Shelf Res,, 6:263-289.
column of sediment contains ~234 g C (using a sediment density §Mer R.A., 1971Principles of Chemical Sedimentology: New York
2.6 g/crd and an organic carbon content of 0.09%; Shipboard Scien- (McGraw-Hill). . . .
tific Party, 1995). A maximum of 3.9% of the organic carbon in the —, 1974. Kinetic models for the early diagenesis of nitrogen, sulfur,

. . - ? phosphorous, and silicon in anoxic marine sedimént&oldberg, E.D.
sediments thus has been remineralized by anoxic processes. (Ed.), The Sea (Vol. 5): New York (Wiley), 427—450.

—, 1976. Inclusion of adsorption in the modeling of early diagenesis.

Earth Planet. Sci. Lett., 29:333-340.

—, 1978. Sulfate reduction and the rate of deposition of marine sedi-
The calculated pre-Holocene sulfate profiles show that the depth me”tS-Ela;g%PI'Ea”Ia' g‘?" Lett.,_317:19ﬁ;49§ 4 A o New J

to total sulfate depletion was probably on the order of several tens of -Early Diagenesis: coretical Approacn. New Jersey

. - (Princeton Univ. Pr.).
meters, rather than the present several meters. Profiles of other dl%?frns, S.J., and the Shipboard Scientific Party, 1994. Pore-water geochemis-

solved species, such as phosphate, alkalinity, calcium, and magne- " ang early diagenesis of Amazon Fan sediments, Leg 155 EBP.
sium, are related to the sulfate reduction zone, and it is therefore log- 75:317.

ical to assume that the pore-water profiles of these ions also were alg@rns, S.J., and Maslin, M., 199520 values of glacial seawater estimated
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