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Abstract

Iron isotope compositions in marine pore fluids and sedimentary solid phases were measured at two sites along the California con-
tinental margin, where isotope compositions range from 8°°Fe = —3.0%, to +0.4%,. At one site near Monterey Canyon off central Cal-
ifornia, organic matter oxidation likely proceeds through a number of diagenetic pathways that include significant dissimilatory iron
reduction (DIR) and bacterial sulfate reduction, whereas at our other site in the Santa Barbara basin DIR appears to be comparatively
small, and production of sulfides (FeS and pyrite) was extensive. The largest range in Fe isotope compositions is observed for Fe(II),q in
porewaters, which generally have the lowest 3°°Fe values (minimum: —3.0%,) near the sediment surface, and increase with burial depth.
5°°Fe values for FeS inferred from HCI extractions vary between ~—0.4%, and +0.4%,, but pyrite is similar at both stations, where an
average 8°°Fe value of —0.8 & 0.2%, was measured. We interpret variations in dissolved Fe isotope compositions to be best explained by
open-system behavior that involves extensive recycling of Fe. This study is the first to examine Fe isotope variations in modern marine
sediments, and the results show that Fe isotopes in the various reactive Fe pools undergo isotopic fractionation during early diagenesis.
Importantly, processes dominated by sulfide formation produce high-8°°Fe values for porewaters, whereas the opposite occurs when
Fe(III)-oxides are present and DIR is a major pathway of organic carbon respiration. Because shelf pore fluids may carry a negative
5°°Fe signature it is possible that the Fe isotope composition of ocean water reflects a significant contribution of shelf-derived iron to
the open ocean. Such a signature would be an important means for tracing iron sources to the ocean and water mass circulation.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

The geochemical behavior of transition metals, particu-
larly those that occur in multiple oxidation states, has long
attracted attention as tracers of abiotic and biologically
controlled redox-transformations in marine sediments
(e.g., Froelich et al., 1979; Serensen and Jergensen, 1987;
Shaw et al.,, 1990; Lapp and Balzer, 1993; Thamdrup
et al., 1994; Thomson et al., 1996; Morford and Emerson,
1999). The chemistry of Fe in organic-rich sediments is of
particular interest because Fe chemistry controls the distri-
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bution of dissolved sulfide, the solubility of many trace
metals, and burial rates of phosphorus in sediments (Pyzik
and Sommer, 1981; Ruttenberg and Berner, 1993; Morse,
1994). In addition, the chemistry of Fe in the oceans plays
an important role in controlling primary production in the
surface ocean (Martin, 1990), and the delivery of dissolved
Fe from coastal or shallow margin marine sediments to the
water column could account for as much as 50% of the
global Fe input to the oceans (e.g., Elrod et al., 2004).
On a regional scale, the benthic Fe flux could account for
all of the required Fe necessary to support new production
(Berelson et al., 2003). Thus, given the importance of this
micronutrient and the importance of coastal sediments
for Fe input, it would be appealing to develop a tracer
for coastal sedimentary Fe flux. Some of the major chal-
lenges with respect to the role of Fe cycling in coastal
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environments concern quantifying rates of dissimilatory
iron reduction (DIR) in marine sediments (Canfield and
Des Marais, 1993; Thamdrup, 2000), and the relative con-
tributions of Fe fluxes from continental margin environ-
ments to the open ocean (Laés et al., 2003; Elrod et al.,
2004).

The field of Fe isotope geochemistry is growing rapidly,
and isotopic fractionations of up to ~5%, in *°Fe/>*Fe ra-
tios have been measured in natural samples (Zhu et al.,
2000; Bullen et al.,, 2001; Sharma et al.,, 2001; Beard
et al., 2003b; Beard and Johnson, 2004; Johnson et al.,
2003; Rouxel et al., 2003, 2004, 2005; Levasseur et al.,
2004; Matthews et al., 2004; Severmann et al., 2004; Yam-
aguchi et al., 2005). In contrast to the range in Fe isotope
compositions of rocks and fluids that involve Fe cycling or
precipitation of minerals at moderate to low temperature,
the isotopic compositions of igneous rocks and low organic
carbon clastic rocks are relatively homogeneous (Co.g)
(Beard et al., 2003a,b; Yamaguchi et al., 2005).

Because of the variability in isotopic compositions and
the potential usefulness of Fe isotopes as a proxy for Fe
biogeochemical processing, a number of studies have tar-
geted biological processing during oxidation and reduction
(Beard et al., 1999; Beard et al., 2003a; Croal et al., 2004;
Icopini et al., 2004; Johnson et al., 2004; Crosby et al.,
2005; Johnson et al., 2005). In addition to metabolic pro-
cessing of Fe, isotopic fractionation may also occur
through abiotic processes that are relevant to natural sys-
tems (Brantley et al., 2001; Bullen et al., 2001; Johnson
et al., 2002; Skulan et al., 2002; Welch et al., 2003; Brantley
et al., 2004; Wiesli et al., 2004). The largest fractionations
in abiotic and biotic systems occur between oxidized and
reduced phases of Fe, where ferric Fe species tend to have
the highest S6Fe/>*Fe ratios (Polyakov and Mineev, 2000;
Schauble et al., 2001; Johnson et al., 2002; Welch et al.,
2003; Anbar et al., 2005).

In this study, we examine the isotopic systematics of
aqueous and solid Fe phases in modern sediments from
the California continental margin. In particular, analysis
of porewaters allows us to directly assess the Fe isotope
composition of the benthic Fe flux in a classic continental
shelf setting. Partial extractions of different solid compo-

Table 1

nents are used to assess mineral transformation reactions
and to evaluate fluid-mineral isotope fractionations in a
natural, biologically active sedimentary environment.
These results provide important constraints on the mecha-
nisms and pathways involved in producing Fe isotope vari-
ations in diagenetic environments. Understanding how
these Fe isotope variations are expressed in modern
sediments is necessary for interpretation of Fe isotope vari-
ations in the ancient rock record and their potential for
re-construction of ocean—atmosphere interactions through-
out the Archean and Proterozoic (Rouxel et al., 2005).

2. Study sites

The two study sites reside along the highly productive
eastern boundary of the North Pacific from central to south-
ern California (Table 1). The first site in the Monterey
Canyon (MC) is located near Monterey Bay at a water depth
of ~450 m. Sediments in this region are generally sandy
muds, dark green in color, and often support abundant
macrofauna that promote intense bioturbation and bioirri-
gation (Berelson et al., 2003). Primary productivity in the re-
gion typically ranges from 40 to 220 mmol C m 2 day '
(during non-El Nino years), and carbon rain rates at 450 m
depth range from 0.8 to 10 mmol C m~2 day ' (Table 1;
Pilskaln et al., 1996). Sediment trap data from 450 meters
depth (Pilskaln et al., 1996) and incubation chamber deploy-
ments from multiple locations in this general area (Berelson
et al., 2003) point to seasonal variability in the sea floor
organic carbon oxidation rate, ranging from 6 to 12 mmol C
m 2 day~'. Although we did not measure organic carbon
concentrations at our sites, organic carbon contents range
from 0.2 to 0.5 dry weight percent (dwt.%) from a nearby site
in Monterey Bay (Berelson et al., 2003).

The second sampling site is located near the sill within
the Santa Barbara basin (SBB), which has the lowest bot-
tom water oxygen concentrations of the submarine Califor-
nia borderland basins, although the bottom water rarely
turns fully anoxic (Reimers et al., 1996). The cores studied
here were recovered from the slope of the basin at 498 m
water depth, where bottom water oxygen is typically
~10 uM O, (Zheng et al., 2000). The sediments are com-

Sample locations, water depth and bottom water oxygen concentrations of California Margin sites discussed in this study

Location Name Latitude/longitude Water depth (m)

Carbon rain rate
(mmol m~—2 day ™)

Bottom water
oxygen (LM)

Organic carbon
concentration (% dwt.)

Monterey Canyon 36° 47.67 N

121° 53.65 W 450
Santa Barbara basin 34° 16.87 N

119° 54.84 W 496

>100% 0.8-10° 0.2-0.5%

~10° ~64 2.1-2.6°

% Data for Monterey Bay from Berelson et al. (2003).

® Data from Zheng et al. (2000).

¢ Data for Monterey Bay from Pilskaln et al. (1996).

4 Data from Zheng et al. (2000) and Thunell et al. (1995).
¢ Data from Sholkovitz (1973).
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prised of fine-grained clays and silts that are dark brown to
black in color, and typical organic carbon contents range
from 2.1 to 2.6 dwt.% (Sholkovitz, 1973), higher than those
expected at MC. The organic carbon rain rate, however, is
comparable between the two sites, where fluxes of
~6mmol C m~2 day ' were measured by Zheng et al.
(2000) and Thunell et al. (1995) at the SBB locality
(Table 1).

3. Methods
3.1. Sample collection and elemental analysis

Sediments and porewaters were collected in June and
July 2003 on board the R/V Point Sur. Undisturbed sur-
face sediments were sampled using a multi-corer, and con-
comitant deeper sediments were sampled using a gravity
corer. Upon recovery, sediment cores were placed immedi-
ately into N,-filled glove bags, where they were processed
within 1 h at approximately bottom water temperature
(~5 °C). Porewaters were isolated by centrifugation and fil-
tered under nitrogen through 0.45 pm cellulose-acetate fil-
ters. Small sub-samples of filtered porewater were reacted
with 10% Zn-acetate solution to fix H,S as ZnS (total dis-
solved sulfide is collectively termed £H,S). A second ali-
quot was used for ammonia analysis. The remaining
porewaters were acidified with ultra-pure 6 M HCI to pH
<2 for analysis of dissolved metal concentrations and Fe
isotope compositions. A portion of the centrifuged sedi-
ments was stored frozen for solid phase analysis.

Ammonia and XH,S analysis were performed at seca
generally within 24 h of sample collection, using standard
spectrophotometrical techniques (Cline, 1969; Parsons
et al., 1984). Only gravity cores were analyzed for XH,S.
The analytical uncertainties for ZH,S and ammonia were 1
and 0.2 uM, respectively (1-SD). Dissolved total Fe
and Mn were analysed by graphite-furnace atomic absorp-
tion spectrometry (GF-AAS) on acidified samples.
The detection limits for GF-AAS analysis was 0.2 pM,
and the precision was 0.4 pM (2-SD) for both metals. Dis-
solved sulfate concentrations were determined using ion
chromatography.

Frozen wet sediments were analyzed for solid-Fe phases.
Labile Fe (Feyc)) was extracted using cold 0.5 M HCI for
1 h. This method extracts amorphous Fe(III)-oxides, FeS,
non-S particulate Fe(II), some silicate Fe (e.g., chlorite),
but not crystalline Fe such as goethite, hematite, magnetite
and pyrite (Kostka and Luther, 1994). We note that this
method only extracts highly reactive Fe minerals and there-
fore underestimates the total reactive Fe concentrations
relative to the commonly applied dithionite and 1 min boil-
ing HCI methods (Berner, 1970; Raiswell et al., 1988; Can-
field, 1989; Raiswell et al., 1994). Iron concentrations were
measured spectrophotometrically using the Ferrozine meth-
od of Stookey (1970). Ferrous Fe in the HCI extract was
determined after adding Ferrozine reagent (0.02% Ferrozine
in 50 mM HEPES buffer, pH 7) to a small aliquot of the

sample. Total Fe for the HCI and all other sediment
extractions was determined using Ferrozine reagent, in
the presence of a reducing agent (1% hydroxalamine
hydrochloride). The concentration of ferric Fe in the
HCl-extractable Fe was calculated by subtraction of Fe(II)
from total HCI-Fe.

Solid phase components of magnetite, pyrite and silicate
were separated using standard methods. Magnetite was
separated with a strong magnet, using a modified version
of the method of Canfield and Berner (1987). The mineral
separates were dissolved in 6 M HCI, and total magnetite
Fe (Fepy) was determined as above. Pyrite-Fe (Fep,) was
determined using the sequential extraction method of
Huerta-Diaz and Morse (1990). Following HCI treatment,
the residual sediments were treated in 10 M HF for 16 h to
dissolve any silicate Fe, and this fraction was not analyzed
further. The only significant Fe phase in the residual sedi-
ments, following HCI and HF treatment, is pyrite (Huer-
ta-Diaz and Morse, 1990), which was dissolved in
concentrated HNOj3 over 2 h. Total solid phase Fe (Fe)
was determined in dried sediments that were heated at
850 °C for 6 h, followed by total digestion in a mixture of
HF and HNO;. Sediment Fe concentrations are reported
as dwt.%. 2'°Pb contents in the SBB sediments were mea-
sured by gamma counting (Gilmore and Hemingway,
1995) and corrected for background (supported) *'°Pb by
subtracting the activity of *?°Ra. !°Pb data were collected
on dried sediments from a parallel multicore from the same
deployment. All other concentration and isotope data were
obtained on samples from the same cores.

3.2. Iron isotope analysis

Iron isotope analysis was performed on a GV Instru-
ments IsoProbe multi-collector inductively coupled plasma
mass-spectrometer (MC-ICP-MS) at the University of Wis-
consin, Madison. A high ratio of major ions (esp. Ca and
Mg) to Fe in marine porewaters poses a particular chal-
lenge because of the potential for isobaric interference dur-
ing Fe isotope analysis (e.g., “*Ca'®OH on *’Fe), as well as
possible matrix effects, which can adversely impact accura-
cy of Fe isotope measurements (Albarede and Beard,
2004). For the initial purification step of porewater samples
we adopted a procedure that uses a 500 pul volume of 8-
hydroxiquinoline (8-HQ) resin, which is commonly used
for pre-concentration and purification of metals from sea-
water (Dierssen et al., 2001). Pre-concentrated samples
were further processed through standard anion-exchange
chromatography two to three times (Beard et al., 2003a).
To test the porewater purification method for analytical
bias that might be introduced during chemical processing,
we prepared a synthetic porewater sample by adding a
small amount (~1 pg Fe) of High Purity Standard (UW-
HPS Fe) or IRMM-014 Fe to 2ml of trace-metal-free
seawater. The ratio of Fe to major seawater ions in the
synthetic porewaters matched the lowest Fe to seawater-
matrix ratio in the porewater samples. The isotope
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Table 2

Fe isotope composition of artificial porewater samples

Sample® 5%Fe 2-SE 5" Fe 2-SE
UW-HPS dope 1 0.47 +0.08 0.74 +0.04
UW-HPS dope 2 0.32 +0.05 0.54 +0.03
UW-HPS dope 3 0.43 +0.05 0.63 +0.04
UW-HPS dope 4 0.53 +0.04 0.87 +0.04
UW-HPS nominal® 0.49 +0.05 0.74 +0.07
IRMM-014 dope —0.06 +0.04 —0.12 +0.03
IRMM-014 nominal® —0.09 +0.05 —0.11 +0.07

# To test for bias introduced during sample processing, a small aliquot of
ultra-pure standard UW-HPS Fe or IRMM-014 was added to trace-metal
free seawater.

® Isotope composition of UW-HPS Fe based on 52 analysis and IRMM-
014 based on 54 analysis at UW-Madison.

composition of the synthetic porewater, following chemical
purification, was analytically indistinguishable from the
pure, unprocessed Fe standards (Table 2). Sediment ex-
tracts were processed through anion-exchange columns
two to three times. The recovery of Fe following chemical
processing was monitored for each sample, and only sam-
ples that had a yield of >95% were used for Fe isotope
analysis.

Instrumental mass-bias was corrected using a standard
bracketing approach. Samples were introduced into the
mass-spectrometer as 200 or 400 ppb Fe solutions. Data
are reported using standard & notation in units of per mil
(parts per 10% or %,) for *°Fe/**Fe ratios

56Fe/ 54FeSAMPLE
Fe = [ ——L 22222 10° 1
¢ <56Fe/54FeIG RXS ) x ’ ( )

where *°Fe/**Feig rxs represents the average isotopic
compositions of terrestrial igneous rocks, which have a
8%Fe of 0.00 + 0.05%, (Beard et al., 2003a). On this scale,
the 8°°Fe value of the IRMM-14 standard is —0.09%,
(Beard et al., 2003a). Data reported for °’'Fe/>*Fe ratios
may be converted to &°°Fe values by multiplying the
5°"Fe value by ~0.667. The average external 1-SD repro-
ducibility of the analysis is =+0.05%, for 8°°Fe and
+0.07%, for 8°’Fe, as determined by duplicate analysis of
27 of the 84 samples analyzed in this study via re-process-
ing of different sample aliquots through chemistry. This
precision is identical to the long-term (several years) exter-
nal precision obtained for ultra-pure Fe metal standards
(Beard et al., 2003a).

4. Results
4.1. Porewater and solid phase concentrations

Ammonia concentrations in pore fluids at both stations
increase with increasing depth, indicating significant organ-
ic carbon cycling at our study sites. Concentrations are
markedly higher at the MC station, reaching maximum
values of 2.0 mM compared to only 0.3 mM at SBB (Table
3, Fig. 1). Ammonia concentrations in the slope sediments

from the SBB compare well with published values of
0.2 mM (Sholkovitz, 1973). Similar contrasts are seen in
dissolved sulfate concentrations, where at the MC station
they decrease progressively from a maximum value of
25.2 mM near the surface to 3.4 mM at the base of the
gravity core (152.5 cm; Table 3, Fig. 1). Sulfate concentra-
tions at the SBB site decrease slightly with depth. The ab-
sence of significant sulfate depletion in SBB sediments is in
good agreement with data of Sholkovitz (1973), who also
did not observe a decrease in sulfate concentrations in
slope sediments of the SBB. Total sulfide contents in the
gravity core were below the detection limit in the MC sed-
iments but increase in concentration below ~50 cm depth
in the SBB sediments (Fig. 1). Although it is surprising that
there is a significant dissolved sulfate gradient but no sul-
fide gradient in the MC sediments, the exceptionally high
concentration of dissolved Fe throughout the MC core
indicates that dissolved sulfide at this site should be con-
sumed during reduction of Fe(IlI)-oxides or quantitatively
titrated by dissolved Fe (II),q. These Fe(Il),q concentra-
tions are higher than any previously reported porewater
Fe(II),q contents for this area (Shaw et al., 1990; Reimers
etal., 1996; McManus et al., 1997). High pore fluid Fe(II),4
contents at the MC site are consistent with the high benthic
Fe fluxes that were predicted and measured in Monterey
Bay sediments (Berelson et al., 2003; Elrod et al., 2004).
A sharp peak in Fe(Il),q is observed in the gravity core
and is mimicked in the Mn(II),, concentrations for the
same core (data not shown), but similar peaks are not pres-
ent in the porewaters from the multi-core. The two cores
from MC were recovered from approximately the same sta-
tion; however, this is a dynamic region in terms of sediment
transport, and it is possible that the two sites have different
quantities of reactive Fe and Mn but similar carbon supply
rates. In comparison, porewater Fe(Il),q concentrations in
the sediments from the SBB site are markedly lower (max-
imum 185 uM; Table 3, Fig. 1). Both stations have elevated
Fe(Il),q concentrations within the top lcm of the
sediments.

Solid phase Fe, concentrations are similar at both sites,
and the average Fey, is 5.0+ 0.8dwt.% and 4.7 £+
0.2 dwt.% at stations MC and SBB, respectively (Table 3,
Fig. 2). Highly reactive Fe (Feyr) is defined as the fraction
of initial Fe that is available for, or has already undergone,
reductive dissolution during early diagenesis. The concen-
tration of Feypg is calculated as

[Feur| = [Fe(ID),q] + [Fe(Il)yq ] + [Fe(TT)yc]
+ [FeMt] + [Fepy] (2)

and comprises an average of 13.0 £+ 1.7% of Fe,,, at MC and
14.8 + 3.4% of Fe, at SBB (Table 3, Fig. 2). Magnetite is
markedly higher at the MC station, comprising an average
of 5.5% of the Feygr fraction compared to only 1% at the
SBB locality (Table 3, Fig. 2). Pyrite concentrations in the
MC sediments are low, averaging 5.3% of Feyg, and are rel-
atively constant downwards, whereas at the SBB site, pyrite
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Table 3

Porewater and solid phase concentrations for major ions and Fe-bearing minerals

S. Severmann et al. 70 (2006) 2006-2022

Sample ID Depth (cm) Porewater concentrations Solid phase concentrations

Ammonia Sulfate XH,S Fe(Il)aq Feiot Fenca Fe(Ilyc/Fena Fepy Few

(mM) (mM) (M) (M) (dwt.%) (dwt.%) (dwt.%) (dwt.%)
Monterey Canyon
MC-MC#1 0.5 0.10 150.0 5.00 0.53 0.44 0.02 0.03
MC-MC#2 1.5 0.17 795.9
MC-MC#3 2.5 0.20
MC-MC#4 35 0.22 892.6 4.87 0.53 0.58 0.03 0.01
MC-MC#5 4.5 0.20 685.3
MC-MC#6 5.5 0.21 655.3 5.50 0.61 0.53 0.03 0.01
MC-MC#7 7.3 0.16 595.0
MC-MC#38 9.8 0.17 539.0 5.42 0.50 0.69 0.03 0.04
MC-MC#9 12.3 0.26 283.1
MC-MC#10 14.8 0.53 352.1 3.09 0.39 0.86 0.04 0.08
MC-MC#11 17.3 0.78 536.4
MC-MC#12 19.8 0.85 266.9 5.69 0.69 0.66 0.05 0.02
MC-MC#13 22.3 0.92 108.5
MC-MC#14 24.8 0.90 277.3 5.62 0.69 0.66 0.04 0.04
MC-MC#15 27.3 0.84 416.5
MC-MC#16 29.8 091 465.1 5.81 0.68 0.58 0.04 0.02
MC-MC#17 32.3 0.95 493.2 5.02 0.58 0.65 0.04 0.05
MC-MC#18 34.8 1.04
MC-MC#19 37.3 1.15
MC-MC#20 39.8 1.22 88.3 5.11 0.73 0.58 0.04 0.03
MC-MC#21 423 1.28 229.5
MC-MC#22 44.8 1.34 257.8 5.08 0.59 0.88 0.03 0.03
MC-MC#23 47.3 1.40 131.2
MC-MC#24 49.8 1.41 257.8 4.14 0.43 0.66 0.03 0.04
MC-GC#25 5.5 0.49 25.2 <1 128.8
MC-GC#26 14.5 0.63 24.1 1.1 338.0
MC-GC#27 25.5 0.81 23.1 1.3 835.2
MC-GC#28 35.5 1.12 19.8 <1 1935.9
MC-GC#29 45.5 1.42 16.4 <1 730.3
MC-GC#30 55.5 1.43 14.9 <1 24.0
MC-GC#31 65.5 1.36 13.8 <1 15.1
MC-GC#32 75.5 1.31 13.9 <1 60.4
MC-GC#33 85.5 1.25 14.3 1.0 85.8
MC-GC#34 95.5 1.25 13.8 <1 275.3
MC-GC#35 105.5 1.29 12.8 1.0 432.0
MC-GC#36 115.5 1.51 9.1 <1 209.1
MC-GC#37 125.5 1.61 6.9 <1 55.2
MC-GC#38 135.5 1.90 5.4 1.2
MC-GC#39 145.5 1.99 4.1 1.1 258.6
MC-GC#40 152.5 2.06 34 1.1 164.9
Santa Barbara basin
SBB-MC#101 0.5 0.05 28.4 92.6 4.80 0.70 0.36 0.05 0.01
SBB-MC#102 1.5 0.05 28.6 185.2
SBB-MC#103 2.5 0.07 28.2 163.5 4.69 0.28 0.68 0.08 0.00
SBB-MC#104 3.5 0.09 27.7 157.7
SBB-MC#105 4.5 0.10 27.8 121.0 4.49 0.41 0.63 0.14 0.01
SBB-MC#106 5.5 0.22 27.8 112.5
SBB-MC#107 7.3 0.13 28.1 110.6 4.90 0.47 0.91 0.26 0.00
SBB-MC#108 9.8 0.14 28.1 32.7
SBB-MC#109 12.3 0.15 27.2 37.9 4.79 0.41 0.90 0.42 0.01
SBB-MC#110 14.8 0.14 27.9 24.1
SBB-MC#111 17.3 0.15 27.6 24.3 4.46 0.30 0.84 0.29 0.01
SBB-MC#112 19.8 0.18 27.0 7.6
SBB-MC#113 22.3 0.19 26.9 24.3 4.90 0.37 0.96 0.34 0.01
SBB-MC#114 24.8 0.17 27.0 23.2
SBB-MC#115 27.3 0.20 26.8 30.4 4.95 0.38 0.89 0.50 0.01
SBB-MC#116 29.8 0.22 26.3 28.1
SBB-MC#117 32.3 0.23 26.5 16.3 4.30 0.37 0.99 0.44 0.01
SBB-GC#149 15.5 0.19 27.7 <1 17.5
SBB-GC#150 25.5 26.3 <1 13.8
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Table 3 (continued)

Sample ID Depth (cm) Porewater concentrations Solid phase concentrations
Ammonia Sulfate ZH,S Fe(IT)aq Feor Feuc Fe(Il)yci/Fenc:  Fepy Fen,
(mM) (mM) (1M) (uLM) (dwt.%)  (dwt.%) (dwt.%)  (dwt.%)

SBB-GC#151 355 0.26 26.2 <1 9.0

SBB-GC#152 45.5 0.26 26.8 <1 4.7

SBB-GC#153 55.5 0.27 26.4 <1 1.7

SBB-GC#154 65.5 0.4

SBB-GC#155 75.5 0.28 26.3 34.8 0.6

SBB-GC#156 85.5 26.5 73.4 0.4

SBB-GC#157 95.5 0.29 26.3 0.5

SBB-GC#158  105.5 0.27 26.1

SBB-GC#159  115.5 0.26 26.9 0.9

SBB-GC#160  125.5 26.3 188.5 0.7

SBB-GC#161  135.5 26.5 71.6 0.6

SBB-GC#162  150.0 0.22 26.5 0.3

SBB-GC#163  162.0 0.19 26.7 72.5 0.4

Bold numbers indicate samples that were analyzed for Fe isotope composition. Speciation of dissolved Fe was not determined, but Fe(III) is assumed to be

negligible because of its the low solubility at ambient conditions.
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Fig. 1. Porewater profiles of ammonia, sulfate, hydrogen sulfide, and
aqueous Fe(II) for the two sites on the California continental margin. For
Fe(Il),q and ammonia, filled symbols are for porewaters from the multi-
core, and empty symbols are for the gravity core. Only samples from the
multi-core were analysed for Fe isotope compositions (shaded area).
Ammonia concentrations indicate that microbial carbon respiration is
much higher at Monterey Canyon (MC) relative to Santa Barbara basin
(SBB). Sulfate is consumed during bacterial sulfate reduction (BSR), but
high-Fe(II),q concentrations in the MC sediments probably prevent build-
up of sulfide in the porewaters. The large peak in porewater Fe(II) between
30 and 40 cm depth in the MC sediments is attributed to a sediment
disturbance, such as a turbidite.

contents increase from 6.4% of Feyr near the surface to
53.8% of Fepg at the base of the multi-core (32 cm depth;
Fig. 2). The markedly higher iron sulfide contents at the
SBB locality correlates with the much lower Fe(II),q concen-
trations at this locality relative to those observed at the MC
site. Feyycp is the dominant fraction of the highly reactive Fe
pool, comprising an average of 89.3% of Fegr at MC and
60.5% of Feyr at SBB (Fig. 2). The concentration of
Fe(IT) g is relatively constant with depth in MC sediments
but decreases to 1% of HCl-extractable Fe at SBB. The pro-
portion of HCl-extractable Fe that is ferrous averages
64.7 + 12.6% at MC and 79.8 + 20.2% at SBB. Most of
the Fe(I)yc is believed to be bound by S*~, and for conve-
nience we will refer to this fraction as FeS. This interpreta-
tion is consistent with the sediment’s dark brown to black
color and the strong sulfidic smell that developed during
HCI extraction of sediments from both sites, although we
did not measure reduced or total solid phase sulfur concen-
trations directly. It should be noted, however, that a signif-
icant proportion of authigenic, non-sulfidic, particulate
Fe(II) is commonly observed in sulfidic sediments (Thamd-
rup et al., 1994; Thamdrup and Canfield, 1996), comprising
as much as 30% of the total reactive Fe (Thamdrup et al.,
1994). Poulton (2003) has confirmed the presence of this
non-S Fe(II) experimentally, and Poulton et al. (2004) sug-
gest that this pool represents a non-dissolved Fe(Il) phase
that remains associated with the oxide surface.

Excess 2'°Pb concentrations in SBB sediments decrease
progressively until they reach relatively constant values at
~30 cm depth (Table 4, Fig. 3). A sedimentation rate of
2.5mmyr ' was calculated for the surface 30 cm depth
interval assuming uniform sedimentation and absence of
significant bioturbation.

4.2. Fe isotope compositions

Sediments and porewaters from the multi-cores were
analysed for their Fe isotope compositions (Table 5,
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Fig. 2. Partitioning of solid Fe phases as a proportion of the highly reactive Fe (Feyr) pool. Note that on this scale, Fe(Il),q contributes negligibly to the
highly reactive Fe pool and so is not plotted. Line graphs show the concentrations of Fe,,, and Feygr. Bioturbation, bioirrigation, and sediment slumping
at the MC site cause a continuous re-charge of oxidants. The presence of highly reactive Fe(I1I) and magnetite throughout this core indicates that DIR is
an important pathway for carbon oxidation at this site. In contrast, BSR is the dominant pathway of organic matter oxidation below ~10 cm depth in the
SBB sediments, as indicated by the absence of highly reactive Fe(I1l) and the significant quantity of pyrite.

Fig. 4). For the solid phase, Fe isotope compositions were
determined for the total solid (Fe,), the HCl-extractable
component (Feyc) and the pyrite component (Fepy). The
83%Fe values of these components span a range nearly equal
to that observed for all terrestrial samples, from —3.0%, to
+0.49,. The range in 8°°Fe values for the solid phase com-
ponents is not an artifact of the extraction procedure. Par-
tial dissolution of many solid phases by HCI, HNO; and
HF has been shown to produce no isotopic fractionation
if they dissolve congruently (Skulan et al., 2002; Beard
and Johnson, 2004; S. Severmann unpublished results).
Further, Brantley et al. (2004) have shown that extractions
using citrate—dithionite, another standard method of sub-
sampling solid phase components, do not produce isotopic
fractionations, suggesting that the reactive Fe mineral phas-
es dissolve congruently using these extraction procedures.
The 8°°Fe values of Fe,, cluster about the average for
igneous rocks at 8°°Fe = 09, (Fig. 4; Beard et al., 2003a).
In addition, the 8°°Fe values for Fe,, from the MC and
SBB sites are in close agreement with previously reported
data for total digests of modern marine sediments and sus-
pended river particulates, which have 8°°Fe= +0.04 +
0.07%, and —0.01 +0.06%,, respectively (Beard et al.,
2003b; Fantle and DePaolo, 2004). In contrast to the isoto-
pic homogeneity of Fe.y, Fe(Il),q varies the greatest in Fe
isotope compositions, where the 5°°Fe values range from
—3.0%, to +0.4%,. The 5°°Fe values for Fe(Il),q from the
MC locality porewaters are all negative (<—0.6%,), and
the lowest 3°°Fe values correlate with the lowest Fe(Il),q
contents (Fig. 4). In contrast, at the SBB locality, 8°°Fe val-

ues change from <0%, near the surface to >09,, with increas-
ing depth; with the exception of one sample, the 5°°Fe
compositions of Fe(Il),q at the SBB locality closely track
those of Feycy below ~10 cm (Fig. 4). Compared to the wide
range in 8°°Fe values for Fe(Il),q and Feycy, the Fe isotope
composition of the pyrite fraction is relatively constant at
both stations, where the average 8°Fe value is
—0.8 £0.2%,.

The isotopic composition of Feyy is calculated from iso-
topic mass balance
5 Fepr = 5561:6Fe(11)aq X X, + 8 Fenc x Xnuc

+ 856Fepy X Xpy, (3)

where X denotes the mole fraction of each component.
Magnetite is omitted from this calculation because no iso-
tope compositions were obtained for the Feyy fraction.
However, because magnetite is generally <8% of Fegg,
the isotope composition of magnetite would have to be sev-
eral per mil different from the bulk Fe to significantly affect
the calculated Feygr isotope composition, which would be
inconsistent with experimental work that indicated a
—1.39,, fractionation between Fe(Il),; and magnetite
(Johnson et al., 2005). The average 8°°Fe value of Fepg
from both stations is similar at —0.40 + 0.13%,, which is
significantly lower than the average 8°°Fe value of Fe.
Notably, the Fe isotope composition for Feygr trends to
lower 8°°Fe values upward in the upper 10 cm of the MC
core, where the lowest 8°°Fe values occur near the surface.
By simple mass balance we derive an isotope composition
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Table 4
Excess 2!°Pb and supported 2*Ra concentrations for Santa Barbara basin
sediments

Depth (cm) Excess 20py,  210pp error Supported 22°Ra  ?*Ra error
(dpm/g) (dpm/g)  (dpm/g) (dpm/g)
0.25 29.9 1.5 2.5 0.3
0.75 58.8 1.7 39 0.2
1.25 49.8 1.6 3.7 0.2
1.75 45.8 1.3 34 0.2
2.25 41.8 1.0 3.0 0.2
2.75 41.8 1.1 33 0.2
3.25 41.9 1.2 35 0.2
3.75 40.8 1.0 34 0.1
4.25 39.6 0.9 34 0.1
4.75 38.8 0.9 35 0.1
5.25 38.0 0.9 3.6 0.1
5.75 34.6 1.0 35 0.1
6.25 31.2 1.1 33 0.1
6.75 29.7 1.0 33 0.1
7.25 28.1 0.9 32 0.1
7.75 27.2 0.9 33 0.1
8.25 26.2 0.8 33 0.1
8.75 26.8 0.9 35 0.1
9.25 27.3 0.9 3.7 0.2
9.75 233 1.0 34 0.2
10.50 184 0.7 33 0.1
11.50 15.2 0.6 35 0.1
12.50 12.0 0.5 3.5 0.1
13.50 9.4 0.4 34 0.1
14.50 6.7 0.3 33 0.1
16.50 5.5 0.3 3.0 0.1
18.50 4.3 0.4 2.8 0.1
21.00 34 0.3 3.0 0.1
25.00 2.5 0.3 3.1 0.1
29.00 1.3 0.3 32 0.1
33.00 0.2 0.3 33 0.1
37.00 0.2 0.3 34 0.1
41.00 0.3 0.3 34 0.1
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Fig. 3. Lithogenous (supported) **°Ra and excess 2'°Pb profiles for the
surface sediments from SBB, suggesting that bioturbation is absent at this
site. The sedimentation rate calculated from this profile is 2.5 mm yr™!,
consistent with previous estimates for the SBB (Koide et al., 1972; Zheng
et al., 2000). Data from Table 4. Error bars are equal to or smaller than

the size of the symbol except where displayed.

for the non-reactive Fe pool, which we define as Fe cgqual
(Fig. 4) and which has a 8°°Fe value of +0.07 + 0.06%,;
Fe esiquar 18 likely to include a mixture of primary and sec-
ondary silicate minerals, and its isotopic composition over-
laps the average for igneous rocks.

5. Discussion

5.1. Major pathways of organic matter oxidation and
Fe transformations

One significant distinction between the two sites is the
nature of Fe cycling that has occurred. Contrasts in the sol-
id phase proportions of the reactive Fe pool between the
two sites, such as the relatively high proportion of Fe(Il),q
and HCl-extractable reactive Fe(IT) and Fe(III) contents in
the solid phase at the MC site, and the high proportion of
insoluble pyrite in the SBB site (Fig. 2), suggests that Fe cy-
cling was more active at the MC locality as compared to
the SBB site. This contrast is reflected in the Fe isotope
compositions between the two sites (Fig. 4). If we assume
that the difference in the ammonia contents of the pore flu-
ids is driven by differences in the amount of carbon re-
spired, the markedly higher ammonia levels at the MC
site (Fig. 1) suggest higher levels of microbial reduction
and total carbon respiration. This interpretation would re-
quire that, despite similar carbon rain rates for the two
localities (Thunell et al., 1995; Pilskaln et al., 1996), MC
sediments must have a lower carbon burial efficiency. This
contention is consistent with the observation of high organ-
ic carbon contents in the SBB compared to the MC site.

The irregular shape of the Fe(Il),q profile in the MC sed-
iments (Fig. 1) is characteristic of bioturbated sediments
(e.g., Aller et al., 1986; Canfield and Des Marais, 1993).
210ph data from the Monterey Bay suggest a well-mixed
(bioturbated) upper 10 cm and an average sedimentation
rate of 2.5 mm yr~' (Berelson et al., 2003). Further, Berel-
son et al. (2003) demonstrate that advective processes
(bioirrigation) enhance diffusive transport in these sedi-
ments by a factor of 2.5-11. Sediments of the SBB, in con-
trast, do not appear to undergo significant bioirrigation
(Fig. 3), consistent with anoxic conditions within the upper
few millimeters, as well as the presence of finely laminated
sediments within the basin (Bruland et al., 1981; Kennett
and Ingram, 1995; Reimers et al., 1996; Behl and Kennett,
1999). The sediment accumulation rate for our particular
SBB core of 2.5 mm yr~ ' is similar to a previous estimate
for the basin of 4mmyr~' (Koide et al., 1972; Zheng
et al., 2000). Although we did not measure oxygen, nitrate
and Mn-oxides directly, we assume that these oxidants are
exhausted within the surface few millimeters of the SBB
sediments (Reimers et al., 1996), consistent with accumula-
tion of Fe(Il),q in the upper 1 cm interval of the multi-core.
In the MC sediments it is likely that bioturbative mixing re-
supplies oxidants such as nitrate and Mn-oxides down to a
few centimeters depth, but porewater Fe(Il),, concentra-
tions >150 uM in the surface interval indicate that carbon
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Table 5

Fe isotope compositions of porewater Fe, particulate total Fe, HCl-extractable Fe and pyrite

S. Severmann et al. 70 (2006) 2006-2022

Sample Depth (cm) Aliquot® Individual analysis Grand mean
5°°Fe 2-SE 3°"Fe 2-SE 5°°Fe 1-SD°
Sediment total digest
MC-MC#]1-td 0.50 1 —0.09 +0.03 —0.14 +0.03 —0.09 +0.00
1 —0.09 +0.03 —0.02 +0.03
MC-MC#4-td 3.50 1 —-0.07 +0.04 —0.03 +0.03 —-0.07 +0.04
MC-MC#6-td 5.50 1 —0.03 +0.04 0.04 +0.04 —-0.03 +0.04
MC-MC#38-td 9.75 1 0.08 +0.07 0.08 +0.03 0.08 +0.07
MC-MC#10-td 14.75 1 0.00 +0.04 0.00 +0.04 0.00 +0.04
MC-MC#12-td 19.75 1 0.02 +0.04 0.05 +0.03 —0.01 +0.03
1 —0.03 +0.04 —0.01 +0.05
MC-MC#14-td 2475 1 —0.02 +0.04 —0.07 +0.03 —0.02 +0.04
MC-MC#16-td 29.75 1 0.02 +0.06 —0.01 +0.04 0.02 +0.06
MC-MC#17-td 32.25 1 0.08 +0.03 0.05 +0.03 0.03 +0.07
1 —0.02 +0.03 0.01 +0.03 0.03 +0.06
MC-MC#20-td 39.75 1 0.10 +0.03 0.12 +0.03 0.10 +0.03
MC-MC#22-td 44.75 1 0.02 +0.03 0.13 +0.03 0.02 +0.03
MC-MC#24-td 49.75 1 0.01 +0.03 0.01 +0.04 0.01 +0.03
SBB-MC#101-td 0.5 1 —0.09 +0.03 —0.14 +0.04 —0.09 +0.03
SBB-MC#103-td 2.5 1 —0.02 +0.04 —0.01 +0.03 —0.03 +0.01
2 —0.04 +0.04 0.01 +0.03
SBB-MC#105-td 4.5 1 0.00 +0.03 0.06 +0.03 0.00 +0.03
SBB-MC#107-td 7.25 1 0.07 +0.03 0.08 +0.03 0.07 +0.03
SBB-MC#109-td 12.25 1 0.02 +0.03 0.06 +0.03 0.01 +0.01
1 0.00 +0.03 —0.01 +0.03
SBB-MC#111-td 17.25 1 0.05 +0.03 0.09 +0.03 0.05 +0.03
SBB-MC#113-td 22.25 1 0.00 +0.04 0.08 +0.03 0.01 +0.02
2 0.03 +0.04 0.16 +0.03
SBB-MC#115-td 27.25 1 0.04 +0.04 0.06 +0.03 0.04 +0.02
1 0.02 +0.03 0.03 +0.03
2 0.06 +0.03 0.08 +0.03
SBB-MC#117-td 32.25 1 —0.05 +0.07 —0.05 +0.04 —0.02 +0.05
1 0.01 +0.03 0.04 +0.03
Sediment HCI extractions
MC-MC#1-HCl 0.50 1 —0.88 +0.03 —1.31 +0.03 —0.88 +0.03
MC-MC#4-HCl 3.50 1 —0.60 +0.04 —0.88 +0.04 —0.57 +0.05
1 —0.58 +0.03 —0.90 +0.03
2 —0.51 +0.03 —0.79 +0.03
MC-MC#6-HCl 5.50 1 —0.49 +0.04 —0.57 +0.03 —0.51 +0.02
1 —0.52 +0.04 —0.67 +0.02
MC-MC#8-HCl 9.75 1 —0.37 +0.03 —0.59 +0.04 —0.32 +0.06
1 —0.28 +0.03 -0.33 +0.03
MC-MC#10-HCl 14.75 1 —0.43 +0.04 —0.62 +0.03 —0.40 +0.04
1 —0.36 +0.03 —0.55 +0.03
2 —0.43 +0.03 —0.59 +0.03
2 —0.36 +0.04 —0.46 +0.03
MC-MC#12-HCl 19.75 1 —0.18 +0.04 -0.28 +0.03 —0.18 +0.04
MC-MC#14-HCl 2475 1 —0.42 +0.02 —0.59 +0.02 —0.42 +0.02
MC-MC#16-HCI 29.75 1 —0.39 +0.03 —0.54 +0.02 —-0.39 +0.00
2 —-0.39 +0.04 —0.58 +0.03
MC-MC#17-HCl 32.25 1 —0.53 +0.02 —0.58 +0.02 —0.53 +0.02
MC-MC#20-HCl 39.75 1 —0.41 +0.02 —0.60 +0.02 —0.39 +0.02
2 —0.38 +0.04 —0.55 +0.03
MC-MC#22-HCl 44.75 1 —0.45 +0.03 —0.64 +0.03 —0.40 +0.07
2 —0.35 +0.04 —0.45 +0.04
MC-MC#24-HCl 49.75 1 —0.24 +0.02 —0.34 +0.03 —0.32 +0.12
2 —0.41 +0.03 —0.60 +0.03
SBB-MC#101-HCl 0.5 1 —0.29 +0.03 —0.44 +0.02 —0.33 +0.06
2 —0.37 +0.04 —0.51 +0.03
SBB-MC#103-HCl 2.5 1 —0.13 +0.02 0.16 +0.03 —0.13 +0.02
SBB-MC#105-HCl 4.5 1 —0.26 +0.03 +0.23 +0.03 -0.26 +0.03
SBB-MC#107-HCl 7.25 1 —0.06 +0.10 0.01 +0.04 —0.03 +0.02
1 —0.02 +0.03 —0.10 +0.03
1 —0.01 +0.03 0.00 +0.03
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Table 5 (continued)

Sample Depth (cm) Aliquot® Individual analysis Grand mean
3°°Fe 2-SE 3°"Fe 2-SE 3°Fe 1-SD°
2 —0.04 +0.04 —0.03 +0.03
SBB-MC#109-HCl 12.25 1 0.15 +0.04 0.20 +0.04 0.15 +0.04
SBB-MC#111-HCl 17.25 1 0.26 +0.05 0.37 +0.03 0.25 +0.00
2 0.25 +0.03 0.38 +0.03
SBB-MC#113-HCl 22.25 1 0.44 +0.04 0.65 +0.03 0.44 +0.04
SBB-MC#115-HCl 27.25 1 0.19 +0.02 0.28 +0.02 0.19 +0.02
SBB-MC#117-HCl 32.25 1 0.30 +0.04 0.47 +0.04 0.35 +0.06
1 0.41 +0.04 0.64 +0.04
2 0.36 +0.04 0.52 +0.04
Pyrite fraction
MC-MC#l-py 0.50 1 —0.50 +0.04 —0.69 +0.04 —0.49 +0.02
2 —0.47 +0.04 —0.66 +0.03
MC-MC#4-py 3.50 1 —0.73 +0.04 —1.04 +0.03 —0.71 +0.02
1 —0.69 +0.03 —1.08 +0.03
1 —0.71 +0.05 —1.03 +0.04
MC-MC#6-py 5.50 1 —0.49 +0.04 —0.76 +0.03 —0.49 +0.04
MC-MC#38-py 9.75 1 —0.86 +0.05 —1.31 +0.04 —0.86 +0.05
MC-MC#10-py 14.75 1 —0.85 +0.03 —1.21 +0.03 —0.85 +0.03
MC-MC#12-py 19.75 1 —0.67 +0.05 —0.88 +0.04 —0.71 +0.06
2 —0.76 +0.05 —1.05 +0.05
MC-MC#14-py 24.75 1 —0.70 +0.05 —1.00 +0.04 —0.70 +0.01
1 —0.69 +0.03 —1.03 +0.02
MC-MC#16-py 29.75 1 —0.80 +0.04 —1.24 +0.03 —0.80 +0.04
MC-MC#17-py 32.25 1 —0.79 +0.03 —1.16 +0.03 —0.74 +0.07
2 —0.69 +0.05 —0.92 +0.02
MC-MC#20-py 39.75 1 —0.83 +0.04 —1.18 +0.04 —0.83 +0.04
MC-MC#22-py 44.75 1 —0.64 +0.19 —1.02 +0.25 —0.71 +0.07
1 —0.78 +0.05 —1.19 +0.04
1 —0.71 +0.04 —0.99 +0.03
MC-MC#24-py 49.75 1 —0.74 +0.05 —1.03 +0.04 —0.69 +0.04
1 —0.66 +0.03 —0.95 +0.02
2 —0.68 +0.06 —0.84 +0.03
SBB-MC#101-py 0.5 1 —0.64 +0.04 —0.93 +0.03 —0.64 +0.04
SBB-MC#103-py 2.5 1 —0.72 +0.04 —0.96 +0.04 —0.78 +0.09
1 —0.84 +0.05 —1.18 +0.03
SBB-MC#105-py 4.5 1 —0.77 +0.02 —1.13 +0.03 —0.76 +0.03
2 —0.74 +0.06 —1.00 +0.04
SBB-MC#107-py 7.25 1 —0.74 +0.04 —1.12 +0.02 —0.74 +0.04
SBB-MC#109-py 12.25 1 —0.96 +0.05 —1.36 +0.04 —0.95 +0.02
2 —0.93 +0.10 —1.43 +0.03
SBB-MC#111-py 17.25 1 —1.09 +0.04 —1.49 +0.03 -0.97 +0.11
1 —0.96 +0.03 —1.36 +0.03
2 —0.88 +0.04 -1.29 +0.03
SBB-MC#113-py 22.25 1 —1.04 +0.08 —1.51 +0.08 —0.98 +0.09
1 -0.92 +0.04 —1.25 +0.03
SBB-MC#115-py 27.25 1 -1.22 +0.09 -1.72 +0.08 —1.02 +0.13
1 —0.98 +0.05 —1.42 +0.03
2 -0.92 +0.04 —1.34 +0.04
2 —0.96 +0.05 —1.45 +0.04
SBB-MC#117-py 32.25 1 —0.94 +0.04 —1.44 +0.03 —0.99 +0.07
2 —1.04 +0.12 —1.44 +0.04
Porewaters
MC-MC#1-pw 0.50 1 -2.96 +0.04 —4.29 +0.04 —2.96 +0.04
MC-MC#4-pw 3.50 1 —1.41 +0.02 —1.96 +0.03 —1.40 +0.06
1 —1.45 +0.07 —2.04 +0.07
2 —1.34 +0.10 —2.09 +0.05
MC-MC#6-pw 5.50 1 —0.62 +0.03 —1.01 +0.03 —0.62 +0.03
MC-MC#8-pw 9.75 1 —1.33 +0.03 —1.91 +0.03 —-1.33 +0.03
MC-MC#10-pw 14.75 1 —1.20 +0.03 —1.94 +0.03 —1.17 +0.03
1 —1.16 +0.06 —1.63 +0.04
2 —1.14 +0.07 —1.64 +0.03

(continued on next page)
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Table 5 (continued)

Sample Depth (cm) Aliquot® Individual analysis Grand mean
3°°Fe 2-SE 3°"Fe 2-SE 3°°Fe 1-SD°
MC-MC#12-pw 19.75 1 —1.90 +0.03 —2.78 +0.03 —1.95 +0.07
2 —2.00 +0.10 -2.98 +0.07
MC-MC#14-pw 2475 1 —1.10 +0.04 —1.41 +0.03 —1.15 +0.06
2 —1.19 +0.08 -1.73 +0.04
MC-MC#16-pw 29.75 1 —1.29 +0.07 —1.87 +0.03 —1.25 +0.04
2 -1.22 +0.03 -1.79 +0.03
2 —1.24 +0.04 -1.79 +0.03
MC-MC#17-pw 32.25 1 -1.17 +0.02 —1.69 +0.02 -1.17 +0.02
MC-MC#20-pw 39.75 1 —2.69 +0.04 —3.88 +0.04 —2.69 +0.04
MC-MC#22-pw 44.75 1 —1.51 +0.03 -2.18 +0.04 —1.51 +0.03
MC-MC#24-pw 49.75 1 —1.49 +0.03 —2.06 +0.04 —1.49 +0.03
SBB-MC#101-pw 0.5 1 —1.82 +0.03 -2.71 +0.03 —1.82 +0.03
SBB-MC#103-pw 2.5 1 —0.94 +0.03 —1.35 +0.03 —0.94 +0.03
SBB-MC#105-pw 4.5 1 —0.81 +0.04 -1.22 +0.04 —0.81 +0.04
SBB-MC#107-pw 7.25 1 —-0.35 +0.03 —0.50 +0.03 -0.35 +0.03
SBB-MC#109-pw 12.25 1 0.16 +0.02 0.26 +0.03 0.17 +0.00
1 0.17 +0.03 0.36 +0.03
SBB-MC#111-pw 17.25 1 —0.43 +0.04 —0.47 +0.03 —0.46 +0.04
1 -0.49 +0.03 —0.67 +0.02
SBB-MC#113-pw 22.25 1 0.41 +0.03 0.66 +0.03 0.31 +0.09
1 0.26 +0.04 0.39 +0.03
1 0.25 +0.03 0.34 +0.03
SBB-MC#115-pw 27.25 1 0.42 +0.10 0.71 +0.07 0.36 +0.07
1 0.29 +0.04 0.53 +0.03
1 0.37 +0.03 0.62 +0.03
SBB-MC#117-pw 32.25 1 0.33 +0.03 0.55 +0.03 0.33 +0.03

% Aliquot numbers refer to re-processed aliquot from original sample through separate chemical processing.
® For samples were only a single analysis was performed errors are cited as 2-SE for the individual analysis, which is typically the same as 1-SD.

oxidation occurs dominantly through anaerobic pathways.
Bioturbation and bioirrigation promote re-oxidation of
ferrous Fe-bearing phases, and this process tends to main-
tain sediments in a suboxic condition, which enhances DIR
rates (Aller and Rude, 1988; Canfield et al., 1993; Thamd-
rup and Canfield, 1996; Thamdrup, 2000). Canfield et al.
(1993) estimated that individual Fe atoms may undergo
hundreds of oxidation-reduction cycles before ultimate
burial. Mineralogical products of DIR include magnetite
(Fe304) (Karlin et al., 1987; Lovley et al., 1987), and mag-
netite concentrations in the order of 0.1 dwt.% that have
been measured in continental margin sediments might be
a product of DIR (Canfield and Berner, 1987).

An alternative mineralogical product of DIR is siderite
(FeCO3), but in marine sediments its presence is considered
anomalous because of its thermodynamic instability in the
presence of sulfide and therefore its rarity in environments
where bacterial sulfate reduction (BSR) occurs (Coleman
et al., 1993). The sediment’s dark brown to black color
and strong sulfidic smell during the HCI extraction of sed-
iments from both sites further suggests that most Fe(Il)c
is FeS and not siderite.

The relatively high magnetite abundances throughout
the surface sediments at the MC locality, the evidence for
bioturbation, high porewater Fe(Il),q and the low concen-
tration of pyrite (Figs. 1-3) combined suggest that DIR
plays an important role in organic carbon oxidation at this

site. Thamdrup (2000) observed a consistent, positive cor-
relation between relative rates of DIR and the concentra-
tion of poorly crystalline Fe(III) in sediments from
different sites. This apparent co-variation suggests that as
much as ~90% of total carbon oxidation may occur
through DIR if concentrations of poorly crystalline Fe(IIT)
exceed 30 pmol cm >. Assuming a sediment porosity of 0.8,
sediments from the MC site contain an average of 30 pmol
cm > of poorly crystalline Fe(III). Surface sediments from
the SBB contain as much as 63 pmol cm ™ of poorly crys-
talline Fe(III), but this concentration decreases with depth
and Fe(III)yr is absent below 10 cm (Fig. 2). These obser-
vations suggest that a significant proportion of organic car-
bon is respired through DIR in the upper 40 cm at the MC
site, but that DIR is restricted to the surface few centime-
ters at the SBB site.

BSR is interpreted to be the primary pathway by which
organic carbon oxidation occurs throughout most of the
SBB core. Bioturbation is probably restricted to the upper
few millimeters of the sediment surface at the SBB site, as
indicated by the drop in 2!°Pb contents (Fig. 3). Magnetite
is almost absent throughout the core, and pyrite constitutes
up to 56% of Feyr. Porewater Fe(11),q becomes depleted to
concentrations <40 pM below 9 cm (Fig. 1), coincident
with the depth at which highly reactive Fe(Ill) becomes
exhausted (Fig. 2), and this is interpreted to be the maxi-
mum depth at which DIR could be important in the
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Fig. 4. Fe isotope compositions of Fe, porewater Fe(Il),q, HCl-extractable Fe, and pyrite (filled symbols). The HCl-extractable Fe fraction includes
Fe(I1I) phases as well as FeS and possibly non-S Fe(II) solid phases, but not pyrite. The isotope composition of Feyyg is calculated as the sum of the highly
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lines show the concentrations from Figs. 1 and 2. The difference in the dominant pathways of organic carbon oxidation between the two sites is reflected in
the Fe isotope variations of the highly reactive Fe pool, and most notably in the Fe isotope compositions of Fe(II),q.

electron transport budget. These observations collectively
suggest that BSR is important in the SBB core of this
study, which is consistent with the results of Reimers
et al. (1996), who measured high rates of BSR in SBB sed-
iments using standard radiotracer techniques. The lack of
bioturbation and the dominance of BSR likely facilitated
pyrite formation, which, due to its low solubility and reac-
tivity, is the ultimate end product of BSR in the presence of
reactive Fe.

Paradoxically, sulfate concentrations in the surface
160 cm at the SBB site decrease only slightly from surface
values, whereas in the MC sediments sulfate decreases
markedly to a minimum of 3.4 mM over the 150 cm depth

of the core (Fig. 1). This observation implies that absolute
BSR rates at the MC site were high, significantly exceeding
BSR activity in the SBB sediments. The contrasting sulfate
porewater profiles from our two stations are consistent
with the interpretation that overall rates of microbial car-
bon respiration are much higher in the MC sediments. It
is surprising, however, that a large proportion of sulfide
apparently escapes re-oxidation in this dynamic environ-
ment, and further, that the FeS in not converted to pyrite.
Assuming that all Fe(IT)yc is FeS, which is likely to be an
overestimate, the MC sediments have an average FeS-S/
pyrite-S ratio of 5.6, distinctly higher than the ratios mea-
sured for most marine sediments, which are less than unity
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(Howarth and Jergensen, 1984; Morse and Cornwell, 1987;
Thode-Andersen and Jorgensen, 1989; Fossing and Jorgen-
sen, 1990; Middelburg, 1991; Reimers et al., 1996). High
FeS-S/pyrite-S ratios have been reported from the subox-
ic/anoxic sediments of the Sagueney Fjord, Canada (FeS—
S/pyrite-S ratios of 0.08 to 7.2; Gagnon et al., 1995) and
the anoxic Orca basin (FeS-S/pyrite-S ratios of 1.6 to
26.9; Hurtgen et al., 1999). Conversion of FeS to pyrite
may be inhibited by limited availability of S intermediates
(Gagnon et al., 1995), and we speculate that a similar
mechanism is operating here.

In summary, the high FeS-S/pyrite-S ratios inferred
from the MC site, the co-existence of significant amounts
of highly reactive Fe(III) and FeS to >50 cm depth and
the irregular shapes of the Fe(Il),q, sulfate and ammonia
porewater profiles suggest that the sediments and pore flu-
ids are not at steady-state. We infer that the MC sediments
have been affected by non-diffusive transport processes
such as bioirrigation or sediment slumping on the canyon
walls. Despite some remaining uncertainties in the interpre-
tation of the diagenetic boundary conditions, relevant
points with respect to the interpretation of the Fe isotope
data are: (a) between 10% and 51% of highly reactive Fe
pool in the surface 50 cm of the MC sediments is ferric
Fe, whereas in SBB sediments ferric Fe is deplete below
~10 cm depth, and (b) pyrite concentrations are low in
MC sediments, whereas in SBB pyrite concentrations in-
crease rapidly with depth. Further, we suggest that, despite
the significant gradient in sulfate concentrations in the MC
core, both BSR and DIR were active in the MC sediments.
In the SBB sediments DIR is probably limited to the sur-
face few centimeters, and BSR is the dominant carbon oxi-
dation pathway below. However, net rates of BSR are
higher at the MC site compared to SBB sediments.

5.2. Principal controls on Fe isotope compositions

The HCl-extractable fraction is the major component of
the highly reactive Fe pool we have analyzed for Fe isotope
compositions at the MC locality, and it remains the major
component in the upper half of the sediment column at the
SBB locality (Fig. 2). Although it is possible to measure the
concentration of FeS operationally by analyzing the Fe(II)
and the acid-volatile sulfide contents of the HCl-extract-
able sediment component, there is no extraction technique
that can physically separate the Fe(IIl) and FeS fractions
from the highly reactive Fe pool so that the Fe isotope
composition of FeS may be exclusively determined. We
can, however, explore the isotopic compositions of these
two fractions in a mixing diagram (Fig. 5). The §°°Fe val-
ues of the HCI extractions that have >80% Fe(II) are inter-
preted to lie close to those of FeS, and we estimate that FeS
at both localities has 3°°Fe values between —0.4%, and
+0.49,, where the higher 3°°Fe values appear to be associ-
ated with the SBB locality (Fig. 5). At both localities, how-
ever, the 3°°Fe values for FeS are significantly higher than
those of pyrite, in the order of 19, based on the average
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Fig. 5. Mixing diagram of Fe(Il)yc/Fency ratios versus 856FeHC], which
provides a means for distinguishing end-member Fe isotope compositions
of ferrous and ferric Fe in the highly reactive Fe pool. Based on samples
that have Fe(Il)ic/Feuc ratios 0.8, the data indicate that the 8°°Fe
value of the solid Fe(Il) component, which likely is dominated by FeS,
varies between ~ —0.4%, and ~ +0.4%,. The 5°°Fe values for the Fe(III)
component in the HCI extractions are less well constrained because of the
paucity of data at low Fe(Il)yc/Feyc ratios, but the general trend
suggests that the highly reactive ferric component has §°°Fe values
between —1.7%, and —0.7%,.

compositions in Fig. 5, suggesting an Fe isotope fraction-
ation during conversion of precursor FeS to pyrite.

Constraining the likely 8°°Fe values for the pure Fe(III)
component in the HCI extractions is more difficult because
few samples have >50% Fe(III), but the Fe(Il)yo/Fencr—
5°°Fe trends suggest that the Fe(II) component has very
low 8°°Fe values, between —1.7%, and —0.7%, (Fig. 5). This
conclusion is surprising given the expectation that the
3°°Fe values of ferric Fe-bearing species are generally high-
er than those of ferrous Fe-bearing species (Polyakov and
Mineev, 2000; Schauble et al., 2001; Beard and Johnson,
2004; Johnson et al., 2004; Anbar et al., 2005). In addition,
such low 3°°Fe values for ferric hydroxides contrast with
the initial detrital values near zero. We take these observa-
tions to indicate that extensive Fe cycling has occurred in
an open system.

The 5°°Fe values for Fe(Il),q decrease with increasing %o
Fe(I11) in the highly reactive Fe pool (Fig. 6), which we
interpret to reflect mixing between sulfide-dominated dia-
genesis and Fe cycling due to DIR at high % Fe(I1I). Pore
fluids in the SBB samples where the highly reactive Fe is al-
most entirely Fe(II) have the highest 8°°Fe values, and this
is taken as the end member for sulfide-dominated diagene-
sis. These samples have the lowest Fe(Il),q contents at the
SBB site, between 16 and 38 uM (Fig. 6), consistent with
control by low-solubility sulfide minerals. Using the esti-
mated range in 5°°Fe values of —0.4%, to +0.49%, for FeS
from Fig. 5 and the experimentally determined Fe(II),q—
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Fig. 6. Variations in 8°°Fe values for Fe(Il),q relative to the % Fe(III) in
the highly reactive Fe pool as sampled by the HCl extraction §°°Fe values
for porewater Fe(Il) decrease at both the MC and SBB sites with
increasing % Fe(I1l) in the reactive Fe pool, suggesting variable contri-
butions from sulfide-dominated diagenesis, which produces high-5°°Fe
values for Fe(Il),q, and Fe oxide/hydroxide-dominated diagenesis, which
produces low-5>°Fe values for Fe(Il),q. The later reflects DIR-catalyzed
cycling. Note that the lowest 5°°Fe values in the MC sediments are
associated with the lowest Fe(Il),q concentrations, reflecting the relative
mass balance between the highly reactive Fe(II),q and Fe(III) reservoirs.

FeS fractionation of +0.39, reported by Butler et al.
(2005), Fe(Il),q in isotopic equilibrium with FeS would
be expected to have 5°°Fe values between —0.1%, and
+0.7%,, which overlap those measured in the SBB samples
that are interpreted to reflect the sulfide-dominated end
member (Fig. 6).

The greatest amount of Fe cycling due to DIR is
expected in the sections that have the greatest % Fe(III)
in the highly reactive Fe pool (Fig. 2), and these samples
have the lowest 8°°Fe values for Fe(Il),q (Fig. 6). Exper-
imental studies of Fe isotope fractionation produced by
DIR consistently indicate that the &°°Fe values for
Fe(Il),q are 19, to 2%, lower than the initial ferric
oxide/hydroxide before reduction (Beard et al., 1999;
Beard et al., 2003b; Icopini et al., 2004; Crosby et al.,
2005; Johnson et al., 2005). Although Icopini et al.
(2004) proposed that sorption of Fe(II) might provide
an abiologic mechanism for producing low-5°°Fe
Fe(Il),q, they did not directly measure the Fe isotope
compositions of sorbed Fe(II). Crosby et al. (2005)
directly measured the Fe(Il)son—Fe(Il),q fractionation
and determined that it is much less than that inferred
by Icopini et al. (2004) and concluded that in general
sorption of Fe(II) to ferric oxide/hydroxide surfaces can-
not explain the low-8°°Fe values for Fe(Il),q that are ob-
served in DIR experiments. We therefore conclude that
the low-8"°Fe values for Fe(Il),q in the SBB and MC
samples are produced during isotopic exchange between
co-existing Fe(IIl) and Fe(Il),q pools and reflect Fe cy-
cling that has been catalyzed by DIR.

Within the general trend of decreasing 5°°Fe for Fe(Il),q
and increasing % Fe(III) in the highly reactive Fe pool is a

tendency for the lowest 8°°Fe values to be associated with
the lowest Fe(Il),q contents in the MC sediments (Fig. 6),
which can also be seen in the profiles of Fig. 4. Crosby
et al. (2005) noted that the Fe isotope fractionations pro-
duced during DIR reflect isotopic partitioning between
reactive Fe(IIl) in the ferric oxide/hydroxide substrate
and Fe(Il),q, coupled to electron exchange, and that the
absolute 3°°Fe values for Fe(Il),, reflect the relative mass
balance of the Fe(Il),q and reactive Fe(Ill) reservoirs.
When Fe(Il),q is a minor component, for example, the re-
sults of Crosby et al. (2005) predict that the 8°°Fe values
should shift to strongly negative values, and this is ob-
served in the data for the pore fluids.

The distinct Fe isotope compositions of FeS and pyrite
(Fig. 5) may reflect an intrinsic isotope fractionation be-
tween these species and/or a pathway dependence in the
isotopic fractionations involved in pyrite formation. In
addition, the apparent Fe(Il),q—pyrite fractionations mea-
sured at both the MC and SBB localities are significantly
different than the theoretical fractionation that is obtained
using the B factor for Fe'(H,0)s>" from Schauble et al.
(2001) and the p factor for pyrite from Polyakov and
Mineev (2000), which predict a Fe(Il),q—pyrite fraction-
ation of —4.5 +1.59, at 20 °C. In contrast, we measure
apparent Fe(II),q—pyrite fractionations between —2.5%,
and +1.59%,. Our results indicate that the Fe isotope com-
position of reactive Fe undergoes significant modification
during early diagenesis and in particular during formation
of sulfides. The origin of low-8°°Fe values for pyrite at both
sites is not yet clear, given the lack of experimental determi-
nation of Fe isotope fractionation factors for pyrite. The
average 6 Fe value for pyrite from our study is
—0.78 + 0.15%,, indicating that low-3>°Fe pyrite may form
in modern anoxic diagenetic environments. Although these
values are not as low as those measured for Archean-age
sedimentary pyrite by Rouxel et al. (2005), which has an
average 8°°Fe value of —1.68 4 0.90%,, our results show
that low-8"°Fe pyrite is not exclusive to Archean
environments.

6. Conclusions

Large isotopic variations of up to 3.4%, in *°Fe/>*Fe ra-
tios in suboxic to anoxic sediments from the California
continental margin likely reflect a combination of biologi-
cally influenced processes. On balance the evidence sug-
gests that the low &°°Fe values of Fe(Il),q in the
porewaters in sediments that contain ferric hydroxides
are produced by DIR. Isotopic exchange between Fe(Il),q
and highly reactive ferric phases, catalyzed by DIR, domi-
nates the isotope composition of porewater Fe(Il),q in the
MC sediments. Oxidation that accompanies extensive bio-
turbation and bioirrigation provides a recharge mechanism
for ferric hydroxides that may be used as the terminal elec-
tron acceptor. Continental margin sediments that undergo
intense suboxic Fe-recycling are expected to produce a sig-
nificant benthic Fe(Il),q flux, and these results show that
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such fluxes may have very low 5°°Fe values, significantly
lower than those of mid-ocean ridge hydrothermal fluids
(Sharma et al.,, 2001; Beard et al.,, 2003b; Severmann
et al., 2003). Benthic Fe(II),q fluxes therefore offer a possi-
ble explanation for the very low 5°°Fe values that appear to
characterize Fe-Mn crusts near continental margins
(Levasseur et al., 2004). Extensive biologically mediated
Fe redox cycling appears to produce low 8°°Fe values for
highly reactive Fe(III) oxide/hydroxide minerals, which
contrasts with the near-zero 8°°Fe values that characterize
the detrital flux of these minerals to the sediment column.

In contrast, the relatively anoxic sediments in the Santa
Barbara basin (SBB) contain significant ferric hydroxides
only in the upper few cm, and this is accompanied by
low 8°°Fe values for porewater Fe(Il),q that occurs only
in the upper portion of the sediment column. At depth
the 8°°Fe values for porewater Fe(Il),q increase as diage-
netic processes become increasingly sulfide dominated.

The observed Fe isotope compositions in the highly reac-
tive Fe pool, which includes Fe(II),q, ferric hydroxides, FeS
and pyrite, cannot be explained through simple mineral pre-
cipitation under equilibrium conditions. The large negative
Fe(II),q—pyrite fractionations of —5.09, to —3.8%, at low
temperatures (5-50 °C) that are predicted by Polyakov
and Mineev (2000) and Schauble et al. (2001) do not follow
the observed isotopic differences between these components
at the MC and SBB localities, suggesting possible pathway
dependence in sulfide formation, fluid—mineral disequilibri-
um, errors in the predicted fractionations, or a combination
of these. Although observed Fe(Il),—FeS fractionations
are generally far from the +0.39,, fractionation that is inter-
preted by Butler et al. (2005) to approach equilibrium con-
ditions, they converge toward the experimentally
determined value when the reactive Fe pool is dominated
by sulfide and is almost entirely ferrous Fe.

Our results demonstrate that large Fe isotope variations
that span the entire range yet measured on Earth may be
produced in modern marine sediments through DIR and
Fe sulfide formation. In the case of DIR, low-8°Fe
Fe(Il),q and reactive Fe(Ill) solid phases reflect extensive
redox cycling of Fe. For sulfide-dominated Fe cycling,
which is ultimately driven by BSR, relatively high 8°°Fe
values are produced for FeS and especially Fe(II),q, reflect-
ing isotopic exchange between these species. The distinct Fe
isotope compositions involved in the DIR and sulfide-dom-
inated pathways provide a framework for interpreting Fe
isotope variations in ancient marine sedimentary rocks
(Johnson et al., 2003; Matthews et al., 2004; Rouxel
et al., 2005; Yamaguchi et al., 2005).
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