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Abstract—Sixteen short sediment cores were recovered from the upper edge (UEO), within (WO) and below
(BO) the oxygen minimum zone (OMZ) off Peru during cruise 147 of R/V Sonne. Solids were analyzed for
major/trace elements, total organic carbon, total inorganic carbon, total sulfur, the stable sulfur isotope
composition (�34S) of pyrite, and sulfate reduction rates (SRR). Pore waters were analyzed for dissolved
sulfate/sulfide and �34S of sulfate. In all cores highest SRR were observed in the top 5 cm where pore water
sulfate concentrations varied little due to resupply of sulfate by sulfide oxidation and/or diffusion of sulfate
from bottom water. �34S of dissolved sulfate showed only minor downcore increases. Strong 32S enrichments
in sedimentary pyrite (to �48‰ vs. V-CDT) are due to processes in the oxidative part of the sulfur cycle in
addition to sulfate reduction. Manganese and Co are significantly depleted in Peruvian upwelling sediments
most likely due to mobilization from particles settling through the OMZ, whereas release of both elements
from reducing sediments only seems to occur in near-coastal sites. Cadmium, Mo and Re are exceptionally
enriched in WO sediments (�600 m water depth). High Re and moderate Cd and Mo enrichments are seen
in BO sediments (�600 m water depth). Re/Mo ratios indicate anoxic and suboxic conditions for WO and BO
sediments, respectively. Cadmium and Mo downcore profiles suggest considerable contribution to UEO/WO
sediments by a biodetrital phase, whereas Re presumably accumulates via diffusion across the sediment-water
interface to precipitation depth. Uranium is distinctly enriched in WO sediments (due to sulfidic conditions)
and in some BO sediments (due to phosphorites). Silver transfer to suboxic BO sediments is likely governed
by diatomaceous matter input, whereas in anoxic WO sediments Ag is presumably trapped due to sulfide
precipitation. Cadmium, Cu, Zn, Ni, Cr, Ag, and T1 predominantly accumulate via biogenic pre-concentration
in plankton remains. Rhenium, Sb, As, V, U and Mo are enriched in accordance with seawater TE availability.
Lead and Bi enrichment in UEO surface sediments is likely contributed by anthropogenic activity (mining).
Accumulation rates of TOC, Cd, Mo, U, and V from Peruvian and Namibian sediments exceed those from the
Oman Margin and Gulf of California due to enhanced preservation off Peru and Namibia. Copyright © 2004
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1. INTRODUCTION

The continental margin beneath the highly productive Peru-
vian upwelling system forms a major sink for decaying organic
material (e.g., Krissek et al., 1980; Scheidegger and Krissek,
1983). Sediments from basins between 10° and 14°S typically
consist either of diatomaceous mud or of fine-grained clay
enriched in organic carbon, phosphate, biogenic opal and car-
bonate (Krissek et al., 1980). Upwelling induced productivity
off Peru causes an intense oxygen minimum zone (OMZ � 5
�M O2; Brockmann et al., 1980) in water depths �50– 650 m
(Emeis et al., 1991; Lückge and Reinhardt, 2000) along the
shelf and upper slope. Particle transfer through these O2-defi-
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cient waters mainly occurs as aggregated organic/inorganic
material in fecal pellets besides direct settling of suspended
material (Krissek et al., 1980; Brodie and Kemp, 1995). Parti-
cle sorting/fixation is not only governed by undercurrent activ-
ities (Reimers and Suess, 1983; Reinhardt et al., 2002) but also
by extensive bacterial mats and fluff layers (e.g., Fossing,
1990). The sediments show complex laminations caused by
variations in biogenic and detrital fluxes and bottom water
oxygenation. However, mm-scale lamination is scarce within
near-surface sediments (Brodie and Kemp, 1994).

Upwelling off Peru is perennial, wind–driven, and presently
concentrated in the zones 7°–8°S, 11°–12°S and 14°–16°S
(Suess et al., 1986). The hydrography of the Peruvian up-
welling system is dominated by two currents (e.g., Hill et al.,
1998, and references therein): the equator-ward O2-rich Peru
Chile Current and the pole-ward undercurrent. The nutrient-
rich, O2-deficient undercurrent flows from 5°S to 15°S, and
touches the sea floor between 150–400 m water depth. At
present, the undercurrent reaches its highest velocity at 10°S
leading to partial erosion of the elongated shelf (Reimers and
Suess, 1983) whereas velocities are far lower between 11°S and
14°S allowing sediment deposition on the steeper shelf and

slope (Suess et al., 1986).
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Recent upwelling sediments from, e.g., the Gulf of Califor-
nia (Brumsack, 1989), the Oman Margin (Morford and Emer-
son, 1999) and Namibia Margin (Calvert and Price, 1983) show
enrichments in many trace metals (e.g., Ag, As, Cd, Cu, Cr, Ni,
Mo, Re, Sb, U, V, Zn). These enrichments are the consequence
of high productivity and/or enhanced preservation in the reduc-
ing environments. Trace metal data for Peruvian upwelling
sediments are rather scarce. Koide et al. (1986) presented data
for Peruvian anoxic sediments and phosphorites, which show a
strong enrichment in e.g., Mo, Re, and Ag. Von Breymann et
al. (1990) and Emeis et al. (1990) presented a geochemical
characterization of Peruvian upwelling sediments since the
Miocene/Pliocene (ODP Leg 112). They tested the role of Br,
Fe, and total reduced sulfur as indicators of early diagenetic
processes related to OM remineralization. Arthur and Sageman
(1994) reviewed the applicability of geochemical indicators of
conditions promoting black shale deposition using data from
Peruvian sediments. The highly sulfidic nature of Peruvian
near-coastal upwelling sediments was pointed out by Emeis
and Morse (1990) and Raiswell and Canfield (1996) on ODP
samples, as well as by Fossing (1990) and Suits and Arthur
(2000) on near-surface samples.

The aim of the present study is to provide a multi-element set
of geochemical data for near-surface Peruvian upwelling sed-
iments to (a) evaluate the spatial distribution patterns of major
and trace elements with respect to their sources and mobility
upon early diagenesis, (b) to illuminate the coupling of trace
elements to the carbon and sulfur cycles and (c) to compare
characteristic Peruvian trace metal signatures with those from
other upwelling areas.

2. MATERIAL AND METHODS

2.1. Sampling Material

Sediment cores were recovered during cruise 147 of R/V Sonne
(Kudrass, 2000). The location of the different sites and general infor-
mation are given in Figure 1 and Table 1. Cores from the shallow shelf
(cores 2MC, 5MC, 29MC, 120MC, and 126MC; 80–115 m water
depth) are located at the upper edge of the OMZ (UEO). In these water
depths the OMZ is well established (�10 �M O2; CTD measurements
by Lückge and Reinhardt, 2000) but the concentration of bottom water
O2 may reach higher levels during El Niño intervals (e.g., Levin et al.,
2002). Sites from within the OMZ (WO) are located on the lower shelf
and upper slope (120–600 m water depth; cores 18MC, 45MC, 71MC,
104MC and 122MC). At these sites the influence of the OMZ is strong
(�5 �M O2; Lückge and Reinhardt, 2000). Sites from below the OMZ
(BO) (cores 35MC, 14MC, 33MC, and 81MC; 600–1400 m water
depth) are located on the lower continental slope. Here, bottom water
oxygen concentrations are higher (�10 �M O2; Lückge and Reinhardt,
2000).

The sediments are typically composed of partly laminated diatoma-
ceous or diatom bearing muds. Three cores are foraminifera bearing
muds (Table 1). For high-resolution analysis, sampling was done at 0.5
or 1 cm intervals. Selected samples were squeezed for pore water
analyses (see 2.4.). The (solid phase) samples were stored in poly-
ethylene bags, sealed, and immediately frozen. In the laboratory the
samples were freeze-dried and homogenized in an agate mill.

2.2. Major Trace Elements

All samples were analyzed for the major elements Si, Al, Ti, Fe, Na,
Ca, K, P, and the TE As, Cr, Cu, Mo, Mn, Ni, Pb, Sr, U, V, Y, Zn, Zr
by XRF using a Philips PW 2400 X-ray spectrometer. 600 mg of
sample were mixed with 3600 mg lithiumtetraborate (Li2B4O7, Spe-

ktromelt), preoxidized at 500°C with NH4NO3 (p.a.) and fused to
glass-beads. XRF measurements were done according to Schnetger et
al. (2000) at the ICBM. Analytical precision was better than 2% for
major elements, better than 3% for P and better than 5% for TE.

ICP-MS (Finnigan MAT Element) was used to analyze for TE (Ag,
Bi, Cd, Co, Cr, Cu, Mo, Ni, Pb, Re, Sb, Tl, U, Y) in acid digestions,
performed according to Heinrichs and Hermann (1990) in closed PTFE
vessels (PDS-6; Heinrichs et al., 1986). The samples (50 mg) were
treated with 1 mL HNO3 over night to oxidize organic matter. After
that 3 mL HF and 3 mL HClO4 were added and the vessels were heated
for 12 h at 180°C. HNO3 and HClO4 were purified by subboiling
distillation while HF was of suprapure quality. After digestion acids
were evaporated on a heated metal block (180°C), residues were
redissolved and fumed off three times with 3 mL half-concentrated
HCl, followed by redissolution with 1 mL conc. HNO3 and dilution to
50 mL. ICPMS measurements were done according to Schnetger
(1997) at the ICBM. In low resolution, the isotopes 107Ag (91Zr), 109Ag
(93Nb), 111Cd (95Mo) and 114Cd (98Mo) were corrected for oxide
interferences (interfering isotopes in brackets). Oxide formation was
calculated after analyzing a solution containing solely the interfering
isotopes after blank subtraction. Typical oxide formation was low
(0.3–0.8%) for Zr, Nb and Mo due to two cooled spray chambers
connected to each other. Analytical precision (checked with interna-
tional standards GSD-3, GSD-12, PACS-1 and several in-house stan-
dards) was better than 5% for Bi, Co, Mo, Rb, Re, Sb, Tl, better than
7% for Cd, Cu, Ni, Pb, U, V, Y, Zn and 11% for Ag. All XRF/ICP-MS
data were corrected for pore water salt.

2.3. Carbon and Sulfur

Total sulfur (TS) and total carbon (TC) were analyzed using a Leco
SC-444 IR-analyzer while total inorganic carbon (TIC) was determined
coulometrically by a CM 5012 CO2 coulometer coupled to a CM 5130
acidification module (Huffman, 1977; Engleman et al., 1985). Total or-
ganic carbon (TOC) was calculated as the difference between TC and TIC.
The precision of bulk parameter measurements was checked in series of
double runs and accuracy was determined by using in-house standards as
described in Prakash Babu et al. (1999). Analytical precision was better
than 3% for TC and TIC, and 5% for TS. All data were corrected for pore
water contributions. According to Suits and Arthur (2000) pyrite forms the

Fig. 1. Map showing sampling locations during cruise R/V Sonne
147 (June 2000).
largest pool of solid-phase sulfur in surface sediments off Peru. Whereas
acid-volatile sulfur (AVS) contents are always low (below 0.04 wt%),
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organic sulfur contributes �0.1 to 0.2 wt% (Suits and Arthur, 2000). Low
AVS contents were confirmed via a two-step distillation procedure.

2.4. Pore Water Sulfate and Sulfide Concentrations

After recovery, the cores from the multicorer were taken immedi-
ately to the cool lab (�4°C) and extruded from the liner. The disturbed
outer part of the core was removed, the inner part cut into slices 0.5 cm
to 2 cm thick and transferred to the 125 mL HD-PTFE containers of the
pore-water press described in detail by Kriete et al. (2004). Pore water
was squeezed from the core samples under a 4–8 bar argon atmosphere
through 0.45 �m cellulose nitrate filters and collected directly in 25 mL
argon-flushed containers for storage. Immediately after extraction, total
dissolved sulfide (here termed H2S) in the pore water samples was
determined with an AMT picoamperemeter using an H2S microsensor.
Sulfate was analyzed onboard within 24 h after sampling by ion
chromatography (DIONEX IC 20). Accuracy (checked with IAPSO
seawater standard) was better than 2%.

2.5. Stable Sulfur Isotopes (�34S)

Stable sulfur isotope ratios of chromium reducible and sulfate sulfur
were measured on silver sulfide and barium sulfate samples, respec-
tively, by means of combustion-isotope-ratio-monitoring mass spec-
trometry (C-irmMS). 34S/32S isotope ratios were measured using an
elemental analyzer (Carlo Erba EA1108 or EuroVector) coupled via a
Finnigan MAT Conflo II interface to a triple collector gas mass spec-
trometer (Finnigan MAT 252, or ThermoFinnigan Delta�). Interna-
tional silver sulfide (IAEA-S-1, �2, �3) and barium sulfate (NBS 127)
standards were used for calibration. Isotope ratios are given in the
�-notation with respect to the SF6-based V-CDT standard (Ding et al.,
2001). Analytical precision was �0.5‰.

2.6. Sulfate Reduction Rates (SRR)

SRR were determined using the whole-core 35SO4
2�radiotracer

method of Jørgensen (1978). The subsampling technique is described
by Ferdelman et al. (1997). In cases where bacterial mats covered the
surface, the diameter of the tube was first cut with a scalpel to prevent
destruction of the sedimentary structure. The incorporation of
35SO4

2�radiotracer into reduced sulfur species (total reduced inorganic
sulfur, TRIS) consisting of acid volatile sulfur (AVS, dissolved sulfide
and monosulfides) and chromium reducible sulfur (CRS, pyrite and
elemental sulfur) was determined using the single step chromium
reduction method of Fossing and Jørgensen (1989). Radioactivity was
determined by a liquid scintillation counter (Packard 2500 TR), using

Table 1. Summary of sam

Site

Position
Water depth

(m)Latitiude Longitude

126MC 13°30.86 76°16.97 85
2MC 11°34.97 77°33.08 86
5MC 11°56.95 77°18.04 96
29MC 10°03.28 78°17.10 102
120MC 12°50.77 76°42.06 115
45MC 9°41.47 78°40.99 153
104MC 12°03.68 76°39.84 185
71MC 10°22.42 78°33.51 239
18MC 11°01.82 78°04.83 255
8MC 11°54.39 77°49.70 282
1MC 12°55.21 76°58.25 321
122MC 12°55.54 77°00.15 364
35MC 9°51.15 79°20.32 598
14MC 11°08.00 78°21.33 654
81MC 10°40.04 78°51.15 1278
33MC 9°44.56 79°44.22 1357
Lumasafe Plus (Lumac BV, Holland) scintillation cocktail. Analytical
precision was better than 5%. By comparing the activity of the radio-
labeled TRIS to the total sulfate radiotracer, the sulfate reduction rate
was calculated.

3. RESULTS AND DISCUSSION

3.1. Lithogenic Background for Peruvian Upwelling
Sediments

The provenance of the terrigenous material (TM) delivered to
the study area is (i) the arid Peruvian Andes (Clapperton 1993) and
(ii) the Atacama desert from which quartz-rich eolian dust is
spread NW by trade winds (Molina-Cruz, 1977). The terrigenous-
detrital input is either introduced by small rivers and/or as eolian
dust (Molina-Cruz, 1977; Reimers and Suess, 1983; Clapperton,
1993). However, terrigenous sediment flux calculations of Lyle
(1981) and Zuta and Guillen (1970) as well as mineralogical
studies of Scheidegger and Krissek (1982) indicate that Peruvian
rivers dominate TM supply to the margin and significantly dilute
eolian near-shore dust input.

According to Atherton and Sanderson (1985) the western slopes
of the Peruvian Andes North of 14°S are comprised of granodior-
itic plutons, such as the Cordillera Blanca Batholith and the
Coastal Batholith. Although the composition of batholiths (and
corresponding volcanic extrusions) show some regional chemical
variation from basic to acidic (Atherton and Sanderson, 1985) the
overall chemical TM composition delivered to Peruvian sediments
is andesitic. To test whether an average andesitic composition
corresponds to the lithogenic background all data were plotted in
the ternary diagram Al2O3-MgO · 2-K2O · 2 (Fig. 2a). Mg and K
were used since they are concentrated to different degrees in
igneous rocks; e.g., basaltic rocks have a higher Mg/Al and lower
K/Al ratios compared to rhyolitic rocks. Moreover, Al, K, and Mg
are not subject to early-diagenetic alteration processes. Mg-car-
bonate (dolomite) formation is not observed in the sediments since
neither total Mg nor nonterrigenous Mg correlates with TIC or
carbonate-Ca (not shown). Figure 2a shows that all samples plot
close to andesites. The enrichment in K and Mg in core 81MC
may be due to the presence of glauconite (Arthur et al., 1998).

The uniform composition of the TM in the sediments also

tes and general lithology.

re length
(cm) General lithology

Site position
relative to OMZ

0-49 diatom bearing mud upper edge OMZ
0-39 diatom bearing mud upper edge OMZ
0-46 diatom bearing mud upper edge OMZ
0-49 diatom bearing mud upper edge OMZ
0-41 diatom bearing mud upper edge OMZ
0-44 diatom bearing mud within OMZ
0-47 diatom bearing mud within OMZ
0-47 foraminifera bearing mud within OMZ
0-46 diatom bearing mud within OMZ
0-34 diatom bearing mud within OMZ
0-40 diatom bearing mud within OMZ
0-39 diatom bearing mud within OMZ
0-19 foraminifera bearing mud below OMZ
0-21 foraminifera-rich mud below OMZ
0-16 silty mud below OMZ
0-30 (diatom bearing) mud below OMZ
pling si

Co
becomes apparent from the rather indistinguishable Ti/Al and
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K/Rb ratios (Figs. 2b,c), which are both commonly used to
discern detrital matter provenance (e.g., Shimmield, 1992).

3.2. Geochemical Characterization of Peruvian Upwelling
Sediments

The chemistry of upwelling sediments is typically dominated
by five components: terrigenous material (TM), organic matter
(represented by TOC), biogenic carbonate (CaCO3), phosphate
(or phosphorites), and biogenic silica (opal). For a chemical
characterization of the sediments we use the contents of TOC,
opal (opal data from Wolf, 2002) and CaCO3 (Figs. 3a–c).
Zr/Al ratios (Fig. 3d) are sensitive to influences of current
activities (sediment reworking or winnowing) since Zr is typ-
ically enriched in the heavy mineral fraction. Phosphorus con-
tents indicate the proportions of productivity-related and/or
phosphoritic P (Fig. 3e). Phosphorites are generally associated
with reworked sediments (e.g., Suess, 1981) so that higher P
contents may also indicate physical sediment reworking.

Highest TOC contents are found in sediments from WO sites
whereas BO and UEO sites exhibit lower TOC values (Fig. 3a),
comparable to those reported in previous studies (Reimers and
Suess, 1983; Lückge et al., 1996; Arthur et al., 1998). TOC flux
is expected to be highest for near-coastal sites (as indicated by
TOC accumulation rates in Reimers and Suess, 1983), since
high SR and a shallow depth inhibit dissolution of biologic
particles in the water column, and TOC may be rapidly buried
and escapes aerobic decomposition (e.g., Canfield, 1994, and
references therein). However, TOC values for UEO sediments
are rather low (Fig. 3a) which may be due to clastic dilution
and/or anaerobic decomposition of OM by bacterial sulfate
reduction (BSR; see section 3.3). The peak in TOC contents
(Fig. 3a) corresponds to the impingement of the most intense
oxygen deficits within the OMZ (Lückge and Reinhardt, 2000)
and may be the result of better OM preservation under oxygen-
deficient conditions. The lower TOC contents in BO sediments
may be the result of reduced OM supply due to a deeper water
column and/or a preferential pole-ward OM export with the
undercurrent (Reimers and Suess, 1983). Furthermore, reduced
preservation may prevail due to higher O2 levels in bottom
waters (Lückge and Reinhardt, 2000), stronger current veloci-
ties and bioturbation leading to sediment reworking. However,
Arthur et al. (1998) and Lückge et al. (1996) reported relatively
high TOC contents for deeper sediments (�1000 m water
depth) and ODP Site 688 (�3500 m water depth; ODP Leg
112), supporting the hypothesis that rapid resedimentation pro-
cesses (turbidites) are as important for considerable OM accu-
mulation along continental margins as primary production in
surface waters.

Offshore, opal contents decrease while CaCO3 contents in-
crease (Figs. 3b,c). This distribution pattern may be explained
by onshore high nutrient induced diatom production and off-

Fig. 2. (a) Terrigenous components of Peruvian upwelling sediments
in the system Al2O3-MgO · 2-K2O · 2 (relative weight ratios). Data
points of andesites, basalts, and ryholites (Le Maitre, 1976, also shown
for comparison. 81MC � glauconite-rich sediments (presumably tur-

biditic; Dullo et al., 2000). (b) Correlation of Ti, Fe and Al. (c)
Correlation of K and Rb. For all plots: n � 645.
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shore lower nutrient induced calcareous production (Heinze
and Wefer, 1992; Dullo et al., 2000; Wolf, 2002). Similarly to
CaCO3, Zr/Al ratios increase with water depth (Fig. 3d). Ratios
equal or below average andesite (18 · 10�3) indicate the fine-
grained character of UEO/WO sediments. Higher Zr/Al ratios
imply that the carbonate-bearing sediments also contain a sig-
nificant amount of coarse-grained material reflecting the influ-
ence of reworking/winnowing most likely by enhanced bottom
currents. These findings are in agreement with those of Reimers
and Suess (1983) and Wolf (2002) who also found a covariance
of carbonate and coarse material influenced by bottom currents.

Phosphorus contents increase with increasing water depth
(Fig. 3e). The near-shore clastic dilution may explain low P
contents. Phosphorus is primarily contributed to Peruvian sed-
iments as biodetritus (fecal pellets, plankton remains, fish de-
bris) from productive surface waters and may accumulate as
phosphorites in reworked sediments at greater water depths

Fig. 3. Water depth profiles for (a) TOC, (b) opal (data
(f) depth integrated sulfate reduction rates (SRR, 0–20
represents the average value (solide phase) for the upper 5
0 to 2 cmbsf). See also Appendix for data. Dashed lin
Al-normalized TOC, TS, P profiles display the same trend
surface TOC data from Arthur et al. (1998). Vertical arro
(Upper Edge OMZ); open circles � WO (Within OMZ);
(e.g., Müller and Suess, 1979; Suess, 1981; Glenn and Arthur,
1988). Downcore isolated P excursions are attributed to phos-
phorite nodules within individual layers, especially from P-rich
BO cores.

Phosphorus is preferentially remineralized relative to TOC in
biodetritus settling through the water column (e.g., Müller and
Suess, 1979) resulting in increased TOC/P ratios (TOC/P �
106:0.58; Knauer et al., 1979; Collier and Edmond, 1984).
Higher TOC/P ratios of sedimentary OM (e.g., TOC/P �
106:0.23 for Southern Peru margin samples; Müller and Suess,
1979) indicate the continued P remineralization within the
sediments. Preferential P loss is even higher when bottom
waters are depleted in O2 and Fe-(hydr)oxides which scavenge
phosphate are dissolved within anoxic sediments (Ingall and
Jahnke, 1994).

As shown in Figure 4a,b many samples from WO/UEO sites
plot below the TOC/Pmarine plankton ratio, rather close to the
ratio of water column biodetritus (TOC/p � 106:0.58; Knauer

olf, 2002), (c) CaCO3, (d) Zr/Al ratios, (e) phosphorus,
average of two parallel cores), (g) TS. Each data point
a single investigated core (except (b) average value from
OC smooth curve, dotted line � sulfur smooth curve.
own) as (a), (e) and (g). Shaded area in plot a) represents
) displays background ratio. Symbols: Windows � UEO
ircles � BO (Below OMZ).
from W
cmbsf;

cm of
e � T
(not sh
et al., 1979; Collier and Edmond, 1984) confirming the selec-
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tive premineralization. However, only TOC/P values from the
southernmost core (envelope in Fig. 4b) are close to those
reported by Müller and Suess (1979). All samples from BO and
some from WO/UEO show enrichments in P relative to TOC
since they plot above the “marine plankton line” (Fig. 4). For
UEO sites this may indicate an inherited TOC/P ratio from
biodetritus due to fast accumulation. The P source for samples
with low TOC/P ratios seems to be pore water phosphate and/or
hydroxyapatite from fish debris as proposed by Suess (1981)
for greater water depth sites. However, winnowing of less
dense material (indicated by higher Zr/Al ratios; Fig. 3d) is
essential for the preferential P enrichment in phosphorites
(Suess, 1981; Glenn and Arthur, 1988).

3.3. Sedimentary Sulfur Biogeochemistry

The biogeochemistry of sulfur was investigated in sedi-
ment cores at stations 29MC, 45MC, 18MC, 14MC, and
33MC (Fig. 1, Table 1) recovered from water depths cover-
ing the whole range of bottom water O2 conditions. Except
for the deepest sites (14MC and 33MC) pore water concen-
trations of dissolved sulfate decrease slightly with depth
(Fig. 5a) and show a corresponding shift to heavier values
for residual sulfate �34Ssulfate compared to bottom water
sulfate (Fig. 5d). This indicates minor net sulfate reduction.
Results are comparable to those found for the upwelling area
off Chile and on the NW shelf of the Black Sea (Table 2;
Fig. 5d). The observed trends are in general agreement with

Fig. 4. (a) Scatter plots of Pxs vs. TOC. (b) Blow-up of (
· Alsample) to remove inorganic P fraction. See text for de
the gross activity of sulfate reducing bacteria, measured at
these stations using radio-labeled sulfate (Fig. 3f). Highest
gross SRR were determined for the upper 5 cm of the cores.
Depth integrated SRR show maximum values at UEO sites
but decrease to low values at deeper stations (Fig. 3f). H2S
produced by sulfate reduction only occurs in deeper parts of
sediment cores from the OMZ (Fig. 5b). H2S formed due to
high SRR is reoxidized in the upper centimeters of the OMZ
cores, transformed into iron sulfide or, to a minor extent,
incorporated into OM (Fig. 5b; Suits and Arthur, 2000). In
the deeper parts, however, formation of free H2S in the pore
waters indicates the depletion in the iron-pool reacting with
sulfide on short time scales (Canfield et al., 1992; Raiswell
and Canfield, 1996). Formation of free H2S in the pore
waters was also reported for shallow Peruvian sediments
(Suits and Arthur, 2000) but was not observed in surface
upwelling sediments off Chile, except for a shallow harbor
site with strong anthropogenic influence (Ferdelman et al.,
1997; Zopfi et al., 2000). The sulfur isotopic composition of
pyrite (�34Spyrite) in Peruvian sediments varies significantly
with core depth, with minimum and maximum �34Spyrite

values of �48 and �29‰, respectively (Fig. 5e). These data
are within the range of previously published values for
upwelling sediments off Chile, sapropels from the Eastern
Mediterranean (Passier et al., 1999), and surface sediments
of the modern Black Sea (both above and below the chemo-
cline; Table 2). The magnitude of isotope discrimination
between sulfate and reduced sulfur species is not affected by

ss phosphorus (Pxs) was calculated as Psample-(P/Alandesite

d Figure 3 for symbols.
reservoir effects (Hartmann and Nielsen, 1969). �34Ssulfate of
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modern seawater and in the water column of the upwelling
area off Chile is about �21‰ and not affected by element
cycling within the OMZ.

A coupling of TS to TOC is indicated by almost parallel
downcore profiles for OMZ sediments whereas dissimilar
downcore profiles clearly indicate decoupling of TS and TOC
for BO sites (Figs. 5c,f). Diminished sulfur isotope fraction-
ation is associated with higher contents of sedimentary TS
(Figs. 5c,e). This is due to higher activity of sulfate reducing
bacteria when compared to the deep site 33MC. Due to the
minor sulfur isotope fractionation during formation of metal
sulfides from H2S solutions (Böttcher et al., 1998; Butler et al.,
2000) �34Spyrite signatures reflect the 34S/32S ratios of H2S
produced during overall sedimentary (sum of microbial and
chemical) processes. A comparison of �34Spyrite and �34Ssulfate

yields an apparent isotope discrimination of up to �70‰. This
fractionation is much higher than results obtained in experi-
ments with pure cultures of sulfate reducing bacteria (e.g.,
Kaplan and Rittenberg, 1964; Bolliger et al., 2001; Detmers et
al., 2001) and was attributed to reactions in the oxidative part
of the sulfur cycle such as bacterial disproportionation of sulfur
intermediates (Passier et al., 1999; Habicht and Canfield, 2001)

Fig. 5. (a) Downcore profiles of (a) concentration of por
(pore water), (e) �34Spyrite (solid phase) and (f) TOC con
for 14MC.
and/or sulfate reduction at very low cell-specific rates (Kaplan
and Rittenberg, 1964; Wijsman et al., 2001). Bacterial dispro-
portionation of sulfur intermediates leads to an additional 34S
depletion in the resulting H2S (Canfield et al., 1998; Cypionka
et al., 1998; Habicht et al., 1998; Böttcher et al., 2001).

An increase in accumulation of reactive OM promotes BSR
(Berner, 1980). Additionally, rapid burial leads to reservoir-
related shifts in net fractionation and moves a given surface
sediment layer from the zone of most intense sulfide oxidation
where sulfur intermediates are available for disproportionation
(with corresponding sulfur isotope effects) into a different
diagenetic regime. In agreement with this line of reasoning, the
observed overall isotope fractionation decreases with the in-
ferred enhanced activity of sulfate reducing bacteria. This dem-
onstrates the dominant control of isotope discrimination by
BSR in the investigated sediments. At lower OM contents,
however, an increasing contribution from disproportionation
reactions of sulfur species may have to be considered, as
indicated by the strong depletion in 34S at the deepest station
(33MC; Fig. 5e). This is also in agreement with recent findings
by Habicht and Canfield (2001) who observed a higher contri-
bution of disproportionation reactions at lower SRR. Further-
more isotope discrimination may be influenced by lower cel-

sulfate, (b) pore water H2S, (c) TS contents, (d) �34Ssulfate

r selected cores. TS, TOC data on a carbonate-free basis

e water
lular rates, as shown in culture studies by Kaplan and
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Rittenberg (1964), or by the changing availability of metabo-
lizable organic compounds which may lead to a different bac-
terial community structure (Detmers et al., 2001).

The degree of pyritization is visualized in a ternary Fex-
TOC-S diagram (Fig. 6a) which is based on bulk sediment
analyses (Brumsack, 1988). The content of reactive iron (FeX)
was estimated empirically assuming that a certain fraction of
alumosilicate-bound iron is not available for fast pyrite forma-
tion. Canfield et al. (1992) showed that silicate-bound iron only
reacts with dissolved sulfide when exposed for very long time
periods. Such conditions are not attained in the surface sedi-
ments investigated in this study. According to Raiswell and
Canfield (1996) 30% of the total iron at the Peru margin
consists of a fraction that reacts with sulfide only on time scales
of millions of years. Based on an andesitic Fe/Al ratio of 0.48
(see also Fig. 2b) this nonreactive Fe fraction is equivalent to
0.16 multiplied by the Al content.

As shown in Figure 6a many WO samples are TOC-rich and
very low in FeX and plot below the pyrite saturation line (PSL).
This suggests the presence of organic sulfur compounds
(Brumsack, 1988), in agreement with extraction results of Suits
and Arthur (2000). Most UEO samples are not completely
pyritized and approach the PSL. Sediments from BO sites are
presumably limited by metabolizable OM. It should be men-
tioned that a higher proportion of nonreactive Fe would shift
samples onto or below the PSL.

At a first glance, Peruvian upwelling sediments exhibit
highly variable TOC/TS ratios (Fig. 6b), depending on water
depths. UEO site sediments plot close to ‘normal marine sed-

Table 2. �34S of pyrite and pore water sulfate for samples from the
of analyzed sample; upper 20 cm of sediments).

Station Water depth (m) Range �3

Peru Margina

29MC 102 �30.4/�
45MC 120 �30.0/�
18MC 255 �29.1/�
14MC 654 �
33MC 1369 �39.1/�

Chile Margin
4 24 n
4b 24 �27.7/�
7 32 n
7b 32 �32.
7 32 �33.2/�
14 64 n
14b 64 �26.7/�
18 88 �32.0/�
18b 88 �27.9/�
26 122 n

NW Black Sea
2c 26 �6
9c 57 �38
10c 72 �42
24c 137 �12
St.6 394 �36
22c 1494 �37

n.d. � not determined.
a This study.
b Zopfi et al. (2000).
c Wijsman et al. (2001).
iments’ which are deposited under oxic conditions (although
this classification is defined for max. 5% TOC and 1.8% TS;
Berner and Raiswell, 1983). WO site sediments can be dis-
cerned into two groups (envelope Fig. 6b). The relatively low
TS values (in comparison to TOC) in WO sites result from the
lack of Fe available for pyrite formation, the significant sulfide
reoxidation (by sulfide-oxidizing bacteria) or loss of free sul-
fide to the overlying water column. Higher TS values in WO
sites also indicate incorporation of sulfur into OM, in agree-
ment with the above reasoning.

3.4. Trace Elements

Trace elements may be added to the sediments by precon-
centration in, and adsorption to, settling biodetritus, precipita-
tion from solution at the sediment-water interface (SWI), and
diffusion to a discrete precipitation depth following a redox
gradient. Nameroff et al. (2002), for example, studied metal
contents in the water column, sinking particles (sediment
traps), and sediments from suboxic sites off Western Mexico
and proposed that the direct input of plankton material enriched
in metals significantly contributes to the total sedimentary
composition, especially for Cd, U, and Mo. Zheng et al. (2000),
on the other hand, reported nonlithogenic Mo contents from
sinking particles suggesting Mo enrichments with Mn-
(hydr)oxides in sediments from the Santa Barbara Basin. In
addition, Zheng et al. (2002) state that particulate nonlithogenic
U in sinking particles accounts for 10–70% of the total authi-
genic U in sediments off the central California margin, the
Santa Barbara Basin, and Saanich Inlet. Since no sediment trap

n and Chilean Margin and the NW Black Sea (in brackets � number

(‰) Range �34Ssulfate (‰) Sampling date

4) 19.6/21.8 (2) 6-2000
6) 20.9/23.5 (5) 6-2000
3) 22.5/24.8 (4) 6-2000
1) 21.1 (1) 6-2000
3) 20.3 (1) 6-2000

21.7/27.5 (9) 5-1997
17) 21.2/22.4 (9) 5-1998

21.2/21.8 (9) 5-1997
20.9/21.2 (4) 5-1998

2) 20.6/21.2 (2) 3-1999
21.4/22.7 (16) 5-1997

15) 20.8/22.5 (8) 5-1998
10) 21.0/23.9 (12) 3-1999
7) 21.1/22.6 (4) 5-1998

21.2/22.5 (9) 5-1997

9) n.d. 5-1997
7) n.d. 5-1997
4) n.d. 5-1997
5) n.d. 5-1997
5) n.d. 9-1997
7) n.d. 5-1997
Peruvia

4Spyrite

34.8 (
34.7 (
32.5 (
32.0 (
48.0 (

.d.
30.2 (
.d.

2/�35.7
35.3 (
.d.
36.4 (
38.5 (
37.2 (
.d.

/�21 (
/�44 (
/�46 (
/�45 (
/�38 (
/�40 (
samples were collected for our study, the role of trace metal
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delivery to the sediments via sinking particles is difficult to
assess. Hence, our discussion of TE distribution patterns is as
follows: (1) We present TE enrichments vs. lithogenic back-
ground and vs. water depth. Downcore TE distribution with
special focus on Cd, Mo, Re and Mn reveals insights into their
redox-dependent behavior. (2) We discuss anthropogenic metal
contributions and present an assessment of mass accumulation
rates. (3) We compare TE signatures of upwelling sediments
from different areas.

3.4.1. Trace Element Distribution with Water Depth and
Sediment Depth

As given in the Appendix and shown in Figures 7 and 8,
Peruvian upwelling sediments are characterized by extremely
high Cd, Mo and Re contents (with enrichment factors, EF �
300 vs. lithogenic background), as well as high Ag, U, Sb, Ni,
As (EF � 5), slightly elevated Cr, V, Zn, Cu, Pb, Bi, Tl (EF �
2), and depleted Mn, Co contents (EF � 1). Manganese, Co,
Pb, Bi, and Tl contents are highest in sediments from UEO sites

Fig. 6. (a) Major components of Peruvian upwelling sediments in the
system Fex · 2-TOC-TS · 4 (relative weight ratios); 81MC � glauco-
nite-rich sediments. Grey field indicates sulfur excess and Fe limitation.
(b) Scatterplot of TOC vs. TS of all investigated samples (n � 405);
line depicts trend for “typical marine sediments” (Berner and Raiswell,
1983). See Figure 3 for symbols.
decreasing offshore. All other TE contents are most enriched in
sediments from WO sites. Cadmium, Mo, and As are least
enriched in BO sediments and Re, Ni, U, Sb, Ag, V, Zn, and Cu
in UEO sediments. TE depth transect distribution patterns
generally follow TOC trends presented in section 3.2.

The good correlation between TS and TOC seen for some
samples (section 3.3) simply expresses the sulfide-generating
capacity of the diagenetic system (accompanied by good OM
preservation) and/or common dilution by lithogenic material.
Therefore, one cannot distinguish whether TE (which are
known to be trapped with OM and sulfides, like e.g., Mo, Re,
Ag, Ni) are primarily associated with TOC or TS in Peruvian
samples. Furthermore, incorporation of S species into OM
during early diagenesis (section 3.3) and the presence of in situ
bacterial biomass additionally hamper the interpretation of TE
covariance with TOC and TS. The correlation between TOC (or
TS) and TE may reflect direct input of plankton material
enriched in TE and preservation.

3.4.1.1. Mn and Co The significant depletion in Mn (Fig.
8) implies the loss of Mn by reduction of Mn-(hydr)oxides
either in the water column and/or in the reducing sediments.
Mobile Mn2� which is produced within the OMZ or within the
reducing sediments may be reoxidized in oxygenated waters
further offshore, transported in particulate form [Mn4�-
(hydr)oxides] to the deep ocean floor and accumulated in oxic
sediments (e.g., Morford and Emerson, 1999; Schnetger et al.,
2000). However, this behavior is not observed in the two
deeper water sites (�1200 m water depth; Fig. 7). Mn/Al ratios
are as low as those within the OMZ, and TOC contents are
rather high (�3–6% TOC) compared to deep-sea sediments
(e.g., Arabian Sea, 0.2–0.6% TOC; Schnetger et al., 2000).
These observations imply that suboxic conditions must prevail
in this depth range, too.

From sediment downcore profiles (Fig. 9a) it becomes fur-
ther apparent that Mn is depleted vs. the lithogenic background
and that Mn/Al ratios are essentially constant or even slightly
increase with depth. If significant sedimentary Mn reduction
would occur one would expect a near-surface solid-phase Mn
peak where bottom water O2 concentrations are higher allow-
ing formation of Mn-(hydr)oxides. However, this is not ob-
served for Peruvian sediments and implies that a significant
proportion of Mn-(hydr)oxides was reduced within the suboxic
water column before sedimentation.

The behavior of Co provides further indications for the
reductive dissolution of Mn-(hydr)oxides. Like Mn, Co is also
significantly depleted in Peruvian sediments (Fig. 8) and cor-
relates well with Mn (Fig. 10a). The Mn/Co ratio of Peruvian
sediments is identical to the background ratio (Fig. 10a). The
behavior of Co strongly parallels that of Mn in seawater (e.g.,
Bruland, 1983) and in sediments (e.g., Hem, 1989). Co is
mobilized in pore waters under suboxic conditions (Heggie and
Lewis, 1984) and may diffuse out of the sediments along with
Mn (Hartmann, 1964). In contrast to Mn, however, Co is
known to form stable sulfides under sulfidic conditions (e.g.,
Luther, 1991; Huerta-Diaz and Morse, 1992), which are en-
countered in Peruvian sediments. Burial of Co in the sediments
would, therefore, result in lower Mn/Co ratios. However, this is
not seen in the samples investigated, leading to the assumption

that Mn and Co are mobilized from particles settling through



phase) for the upper 5 cm of a single investigated core (see App
Upper and lower horizontal arrows show TS and TOC maxima,

cm of all cores (except turbidites) were used. Ag, Bi, Cd and Tl data
from Wedepohl (1971, 1991), Re data from Colodner et al. (1993).
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the suboxic water column before reaching the sea floor. Addi-
tionally, this process leads to the remobilization of reactive TE
scavenged onto Mn-(hydr)oxides. For this reason this carrier
phase can be ruled out for TE transport to the WO/BO sediments.

3.4.1.2. Cd, Mo, and Re Cadmium is strongly associated
with phosphate in the oceans (“nutrient-type element”; Boyle et
al., 1976; Bruland, 1983). Phosphoritic deposits accumulate
considerable amounts of Cd (e.g., Baturin and Oreshkin, 1984;
Nathan et al., 1997). These observations suggest a distinct
relationship between Cd and P in biodetritus and sediments.
However, our results show that Cd is significantly enriched in
sediments with rather low P contents (Fig. 10b). If Cd and P
were uniquely derived from productivity Peruvian samples
would plot close to the Cd/P ratio of POM (0.7 · 10�3; Collier
and Edmond, 1984). However, almost all WO and UEO sam-
ples plot above this line (Fig. 10b) indicating a preferential P
loss (in agreement with findings from section 3.2) relative to

ized). Each data point represents the average value (solide
endix). Vertical arrows indicates lithogenic background.
respectively (see Fig. 3 for TS, TOC and symbols).
Fig. 7. Waterdepth profile for several trace elements (Al-normal
Fig. 8. Enrichment factors for several trace elements vs. average
andesitic composition (Sarbas, 2002). Average values from the upper 5
Cd. Most BO samples plot along or below this line indicating
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the preferential loss of Cd due to a reduced preservation.
Additionally, leaching experiments for Peruvian samples indi-
cate that phosphoritic nodules do not contain significant Cd
compared to OM fractions.

The extreme Cd enrichment in contrast to many other TE
(Fig. 8) may be due to the distinct metal contribution by
plankton (e.g., Collier and Edmond, 1984), strongly inhibited
water column regeneration processes owing to shallow water
depths and high SR, and efficient sulfide precipitation in the
sediments even at trace amounts of H2S (Rosenthal et al.,
1995).

TS contents, Cd/Al and Mo/Al are highest in sediments from
sites of less than 300 m water depth and show the same trend
(Fig. 7). Moreover, SRR are highest in sediments from sites of
�200 m water depth (Fig. 3f) and show a subsurface peak at
5cm sediment depth. These findings strongly suggest that the
presence of H2S due to near surface SRR seems to be the key
process for Cd and Mo accumulation. The good correlation of
Mo and Cd (Fig. 10c) suggests (i) similar source and/or (ii)
similar mechanism of preservation. But what is the reason for
the very high Mo accumulation? To answer this question one

Fig. 9. Downcore profiles of (a) Mn/Al, (b, c) Cd, (d, e)
Cd, Mo, Re (not shown) equal absolute TE contents. Mn w
� 0.01). Strong variations in deeper parts of 45MC (b, d
reworking or bioturbation during El Niño (Kriete et al., 2
has to elucidate the removal pathway of Mo. In the simplest
case, Mo diffuses into the sediment pore waters along a con-
centration and redox gradient from bottom waters to precipita-
tion depth (Shaw et al., 1990; Emerson and Huested 1991).
This depth seems to be close to the SWI for anoxic OMZ
sediments due to the subsurface sulfate reduction peak (chapter
3.3.) and at deeper depth intervals for suboxic BO sediments
(Fig. 9). For the reduction of Mo strongly anoxic (sulfidic)
conditions are required (e.g., Emerson and Huested, 1991).
However, Helz et al. (1996) hypothesized that in the presence
of free H2S, sulfur replaces oxygen on MoO4

2�, creating a
thiomolybdate complex that promotes Mo scavenging by Fe-S
phases and humic materials. This mechanism de-emphasizes
the importance of Mo reduction as the initial step in its precip-
itation under reducing conditions. An anoxic water column was
proposed for high Mo removal rates from solution and accu-
mulation in various anoxic basin settings such as the Black Sea
or the Mediterranean Sea during sapropel formation (e.g., Em-
erson and Huested, 1991; Nijenhuis et al., 1998). However, off
Peru the water column is suboxic (no H2S) and shows no Mo
removal as indicated by dissolved Mo concentrations which
equal open ocean values.

d (f) Re for selected cores (see also Fig. 5). Al-normalized
ormalized to show depletion vs. background (Mn/Alandesite

lithogical changes, and in upper cm of the cores due to
Mo, an
as Al-n
From downcore profiles (Figs. 9b–d) it becomes apparent
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that Cd and Mo generally decrease with depth for OMZ sedi-
ments whereas they increase with depth for BO sediments.
These findings suggest that Cd and Mo removal seems to be
governed for BO sediments by diffusion following a redox
gradient to precipitation depth as sulfides (see Fig. 5c and Figs.
9c,e). The enrichment with depth in BO sediments is only
moderate for Cd whereas it is higher for Mo. This may reflect
the higher TE availibility in sea water for Mo than for Cd (e.g.,
Bruland, 1983). For OMZ sites an authigenic Mo contribution
may be important (presumably as a scavenged Mo-phase, as

Fig. 10. Scatter plots of (a) Mn vs. Co (diamond � an
4) (c) Cd vs. Mo for all samples; data from samples from
samples (positive correlation exists for samples from belo
BO cores (35MC, 81MC), and (f) Bi vs. Pb. For symbol
proposed by Helz et al., 1996).
Rhenium is regarded as a paleoredox-indicator element as its
concentration is extremely low in the continental crust (0.5 ppb;
Crusius et al., 1996) and in oxic sediments (�0.1 ppb; Koide et
al., 1986), whereas it may be accumulated to high levels under
reducing conditions (Koide et al., 1986; Colodner et al., 1993;
Crusius et al., 1996). Rhenium is thought to behave similarly to
Mo, with the exception that Mo, in contrast to Re, is rapidly
scavenged by Mn-(hydr)oxides (Koide et al., 1986). Rhenium
apparently requires suboxic conditions for its removal from
solution whereas Mo is accumulating under anoxic (sulfidic)

(b) Cd vs. Pxs (Excess P to remove inorganic P, see Fig.
OMZ are highlighted), (d) Re vs. Mo for all investigated
[except 35MC: isolated cluster; see text]), (e) U vs. P in

gure 3 (except (e)).
desite),
below

w OMZ
conditions (e.g., Crusius et al., 1996). However, the removal
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pathway of Re is poorly understood (it may diffuse across the
SWI to precipitation depth; Colodner et al., 1993), and the role
of Re contribution by sinking particles is not well constrained.

Rhenium contents increases downcore, even for the UEO site
(Fig. 9f). By contrast, Mo decreases downcore at this site. This
indicates independent removal pathways for both, Re and Mo
for the UEO site. This fact is also indicated by highly variable
Re/Mo ratios (Fig. 10d) for WO and UEO sediments. However,
the positive correlation of Re and Mo in suboxic BO sediments
(Fig. 10d) leads to the assumption that the accumulation of both
Re and Mo may be governed by diffusion into the sediments
and subsequent fixation most likely as sulfides as indicated by
TS contents (Fig. 5c). The high Re/Mo ratios from BO sites
(average Re/Mo ratio of 15) indicate suboxic conditions
whereas low ratios from WO and UEO sites (close to seawater
ratio of 0.8 · 10�3; Crusius et al., 1996) indicate anoxic
conditions.

The very low Re/Mo ratios in UEO site sediments (Fig. 10d)
below the seawater ratio are close to the crustal ratio (0.3
· 10�3; Crusius et al., 1996). However, the crustal ratio implies
oxic depositional conditions (see below) which are definitely
not encountered for UEO sites because of high TOC flux/
preservation. This contradiction may be explained by (1) an
enrichment of Mo relative to Re, and/or (2) a depletion of Re
relative to Mo. In case (1) Mo is adsorbed onto Mn-(hydr)ox-
ides that are not reduced when settling through the relatively
shallow water column because of high SR. In case (2) the
suboxic water column is not reducing enough to account for
significant transfer of Re to the sediments, especially when the
upper 200 m of the water column turn completely oxic during
El Niño events (Levin et al., 2002). This may also have affected
the preferential remobilization of more labile Re phases (rela-
tive to Mo) which are not yet fixed as sulfides.

3.4.1.3. Silver In the oceans, Ag is associated with sili-
ceous material (Martin et al., 1983; Flegal et al., 1995) possibly
in the hard parts of diatoms (Fisher and Wente, 1993; Flegal et
al., 1995). McKay and Pedersen (2000, 2002) suggest that Ag
scavenging onto settling particles delivers Ag to the sediments
and/or that the Ag bottom water concentration controls sedi-
mentary Ag enrichment rather than redox conditions. However,
the removal mechanism for Ag from seawater is poorly
understood.

In samples with low opal contents (almost exclusively sam-
ples from BO sites, see Fig. 11a) a good correlation of Ag with
opal is observed. In samples with higher opal contents
(UEO/WO sites) we observe a good correlation of Ag with
TOC (Fig. 11b). However, since TOC and TS are correlated in
some samples from WO/UEO sites (section 3.3) an association
of Ag with sulfides is also likely for samples presented in
Figure 11b. From the above observations we conclude that the
source of Ag is diatomaceous matter. For ‘low-opal sediments’
(Fig. 11a) the original opal/Ag relationship may reflect disso-
lution processes during particle settling through the deep water
column where opal and associated Ag may be remineralized in
equal proportions (because Ag can not be trapped). Within
fast-accumulating ‘high-opal sediments’ an early-diagenetic
fixation of Ag with OM (or TS) during sedimentary opal

dissolution seems likely. Hence, the use of Ag as a proxy for
paleo-opal flux is questionable because of interfering early-
diagenetic processes in response to OM remineralization, like
near-surface H2S generation.

3.4.1.4. Ni, Zn, Cu, Cr, U and V Nickel, Zn (and Cu)
exhibit a nutrient-type oceanic distribution and display consid-
erable contents in plankton/sinking particles (Broecker 1974;
Collier and Edmond 1984). Copper is strongly involved in
particle scavenging (Boyle et al., 1977). In reducing environ-
ments they may be fixed as sulfides during OM diagenesis (e.g.,
Kremling, 1983; Huerta-Diaz and Morse, 1992). Uranium, Cr,

Fig. 11. Scatterplot of Ag vs. (a) opal and (b) TOC. Data are average
values (see Appendix). Samples from the envelope in (a) are excluded
from curve fit and shown in (b). See Figure 3 for symbols. Opal data
(0–2 cmbsf) from Wolf (2002).
and V, despite a small depletion in surface waters, are essen-
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tially conservative in oxic waters (e.g., Bruland, 1983) and
diffuse into reducing sediments to precipitation depth (e.g.,
Veeh, 1967; Breit and Wanty, 1991). Uranium and V do not
form stable sulfides, however, free sulfide may promote reduc-
tion/fixation of both elements (Emerson and Huested, 1991;
Klinkhammer and Palmer, 1991). Reduced U is reactive to-
wards organic particles (Kremling, 1983; Calvert et al., 1985;
Anderson et al., 1989) and may be removed with OM, as may
be the case for Peruvian sediments. However, the good corre-
lation between U and P in two BO cores (Fig. 10e) suggests the
early diagenetic enrichment of U with phosphorites, as ob-
served by e.g., Calvert and Price (1983) for upwelling sedi-
ments off Namibia. The rather low enrichment in V, Cr, Zn, Ni,
Cu (Fig. 8) may result from the masking of the nonlithogenic
component by rather high lithogenic metal concentrations. Rel-
atively low Cr, Ni, Cu, and Zn enrichments are also reported for
reducing sediments from the Gulf of California (Brumsack,
1989), whereas off Namibia these four metals are moderately
enriched because of lower lithogenic metal dilution.

3.4.1.5. As, Sb, and Tl Arsenic and Sb occur as (hydr)oxo-
anions in oxygenated seawater (e.g., Bruland, 1983), and may
diffuse into reducing sediments to precipitation depth (Krem-
ling, 1983; Calvert et al., 1985; Huerta-Diaz and Morse, 1992;
Thomson et al., 1995). Arsenic shows some nutrient-like dis-
tribution in the oceans while Sb appears to be scavenged on
metal oxides (Cutter et al., 2001, and refernces therein).

The fixation of As as a sulfide is suggested due to the sulfidic
nature of Peruvian sediments (Mossmann et al., 1991; Suits and
Arthur, 2000), its distribution pattern similar to Mo (Fig. 7) and
the affinity of As to pyrites (Huerta-Diaz and Morse, 1992).
However, it remains questionable whether Sb is trapped as a
sulfide or in association with OM since highest Sb/Al ratios
coincide with the TOC maximum (Fig. 7).

Thallium was thought to belong to the conservative element
group in oxic seawater (Flegal and Patterson, 1985). Flegal et
al. (1986) suggested that biological activity may be of impor-
tance for T1 export to the deep ocean. The likely involvement

Fig. 12. Depth profiles of (a) Pb/Al and (b) Bi/Al for se
Table 3.
of T1 in bio-cycling is indicated by recent measurements of T1
in a sea water profile exhibiting a significant surface water
depletion in total dissolved T1 and elevated contents of bio-
methylated T1 (Schedlbauer and Heumann, 2000). However, to
date the behavior of T1 under reducing conditions and its
mechanism of accumulation is essentially unknown.

The average T1 contents of Peruvian sediments (see Appen-
dix) are lower than those found in other reducing sediments
(3–4 ppm T1 on average; Brumsack, 1980; Thomson et al.,
1995; Warning and Brumsack, 2000; Lipinski et al., 2003). The
involvement of T1 in bio-cycling (Schedlbauer and Heumann,
2000) implies input of T1 through settling biodetritus. The high
sulfur contents and the proposed affinity of reduced T1 to pyrite
(Heinrichs et al., 1980) suggest trapping of T1 with sulfides in
Peruvian sediments.

3.4.1.6. Pb and Bi In seawater, Pb and Bi have a low
abundance, very short residence times, and are rapidly scav-
enged (Schaule and Patterson, 1981; Lee et al., 1986). Hein-
richs et al. (1980) found Bi enrichments related to TS contents
(rather than OM) in black shales with high Cd and Tl contents.
In C/T black shales Bi is not significantly enriched compared to
adjacent sediments (Brumsack, 1980). Bi is moderately en-
riched in Mediterranean sapropels (Warning and Brumsack,

cores. Vertical arrows � lithogenic background. See also

Table 3. Assessment of sedimentation rates (SR) for selected cores
(see text for details).

Core 29MC 45MC 18MC 14MC 33MC

Water depth 102 153 255 654 1357
Average core

depth (cm)
for 1900
A.D.a

30 18 20 —b —b

Estimated avg.
SR [cm/kyr]

300 180 200 100c 100c

a Onset of anthropogenic Pb contribution to sediments.
b
 No visible Pb enrichment above average andesite.
c Assumed according to comparable data from Levin et al. (2002).
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2000) and Jurassic/Cretacecous black shales from the Norwe-
gian shelf (Lipinski et al., 2003).

Lead and Bi are enriched vs. lithogenic levels in Peruvian
UEO near-surface sediments (Figs. 7 and 8) and correlate well
(Fig. 10f). The enrichment patterns of Pb and Bi (Fig. 7)
suggest an offshore decreasing anthropogenic contribution,
rapid scavenging and removal from solution, in agreement with
findings of Schaule and Patterson (1981) and Lee et al. (1986).
The proposed anthropogenic contribution of Pb (Bi) to the
sediments is further evidenced by shallow enrichments (up to
10 times) over the lithogenic background (Fig. 12). The vari-
ation seen in the upper cm of some profiles (Fig. 12) may result
from bioturbation or resuspension processes most likely during
periods of bottom water ventilation.

SR may be estimated from the onset of the near-surface Pb
anomaly. Previous work showed that SR are generally high on
the Peruvian shelf decreasing offshore with local variations
depending on the position of upwelling cells, clastic riverine
supply and current strengths all influencing the distribution of
sinking particles (e.g., Reimers and Suess, 1983; McCaffrey et
al., 1990; Levin et al., 2002; Kriete et al., 2004).

Table 4. �34S (pyrite), dry weight density (�dry) and contents and ac
for calculations (14MC: TOC on a carbonate-free basis).

Core
Depth
(cm)

�34Spyr

(‰)
�dry

(g cm�

29MC 12.5 �30.4 1.70
29.5 �34.8 2.50
34.5 �34.2 3.20

45MC 4.75 �30.0 1.34
10.75 �30.3 1.32
15.75 �31.6 1.75
22.75 �34.7 1.97
27.75 �33.2 1.40
43.5 �32.4 1.70

18MC 3.5 �29.1 1.10
17.5 �29.5 1.15
29.5 �32.5 2.00

14MC 8.5 �32.0 2.19
33MC 9.5 �39.1 2.14

22.5 �46.0 2.10
28.5 �48.0 1.97

Fig. 13. �34Spyrite values vs. (a) accumulation rates of

Table 4). Data point for 14MC (reworked carbonate sediments)
dashed line � seawater ratio. See Figure 3 for symbols.
Lead forms a major constituent in mineral deposits from the
Andes (like porphyry copper deposits; e.g., MacFarlane et al.,
1990). In association with these deposits high contents of Bi are
commonly reported (Vila et al., 1991; Sillitoe, 2003). Accord-
ing to Benavides (1990) the mining industry in Peru started to
prosper at the end of the 19th century. If the onset of anthro-
pogenic Pb at around 30 cm core depth for site 5MC (Fig. 12a)
corresponds to the year 1900, we obtain a linear sedimentation
rate (LSR) of 0.3 cm · yr�1 which is in agreement with SR for
5MC reported by Kriete et al. (2004) using 210Pb and 137Cs
measurements. LSR can be estimated for other cores simply by
establishing the onset of the anthropogenic Pb contribution
using the downcore Pb/Al profile (Fig. 12; results in Table 3).

Given the assumed sedimentation rates (Table 3) and mea-
sured bulk dry density (�dry; Table 4) for the five cores dis-
cussed in chapter 3.3, accumulation rates (AR) can be calcu-
lated for TOC according to the following equation:

ARTOC � TOC · SR · �dry (1)

From Figures 13a,b it is apparent that �34Spyrite is positively

tion rates (AR) for TOC and Re/Mo for selected samples; see Eqn. 1

TOC (%)
AR TOC (g
cm�2 kyr)

Re/Mo
(�10�3)

6.03 30.7 0.60
2.38 17.8 2.24
1.86 17.9 2.30

19.1 46.1 1.10
17.1 40.1 0.63
14.0 44.1 1.36
10.5 37.3 2.89
12.8 32.4 1.54
10.0 30.6 1.74
19.8 43.6 0.75
16.5 38.0 0.90
11.5 45.9 2.52
12.2 26.8 15.4
6.29 13.4 16.9
5.50 11.5 10.9
4.90 9.65 7.84

d (b) Re/Mo for selected samples of this study (see also
cumula

3)
TOC an

in brackets excluded from curve fit calculation. Vertical
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correlated with ARTOC and negatively correlated with Re/Mo
ratios (indicative for overall sedimentary redox conditions).
This indicates that sulfur isotope fractionation and dispropor-
tionation of sulfur intermediates increase when ARTOC de-
crease and overall sedimentary redox conditions become less
reducing.

3.4.2. Metal Accumulation in Peruvian Sediments and Metal
Abundance in Seawater

The significant TE enrichment seen in Peruvian upwelling
sediments raises the question of metal sources. Any sedimen-
tary excess metal content must be related to metal availability
in seawater or metal preconcentration in marine plankton/
particles and associated preservation processes. To test this
hypothesis we have plotted average excess TE contents of
Peruvian upwelling sediments vs. seawater concentrations for
various TE investigated (Fig. 14). Two differing trends are
seen: Re, Sb, As, U, Mo and V enrichment seems to be directly
related to seawater TE availability. We interpret this as TE
accumulation by fixation processes from seawater diffusing to
precipitation depth, either as sulfides or bound (possibly in a
reduced state) to OM. The depth of free H2S appearance in the
sedimentary column is a critical factor for the degree of en-
richment of these TE.

Another group of elements including Cd, Cu, Zn, Ni, Cr, Ag,
and T1 plots two orders of magnitude above the seawater trend.
These elements are involved in nutrient-type bio-cycling pro-
cesses and characterized by surface-seawater depletion (see
compilation in Bruland, 1983; Schedlbauer and Heumann,
2000). At the same time most of these TE are enriched in
plankton (see Brumsack, 1986 and references therein). Hence,

Fig. 14. Scatter plot of average TE concentration in sea water vs.
TExs contents (average of the upper 20cm) from Peruvian sediments
(PeruXS). For calculation of excess contents see Figure 4. Samples with
higher Zr/Al ratios (�30 · 10�4) (and therefore many samples from
suboxic BO sites) were excluded from calculation. Sea water TE data
from Bruland (1983) and references in Morford and Emerson (1999).
See text for details.
this group of elements is brought to the sediments by biodetri-
tus. The close vicinity of H2S at the SWI plays an important
role in preventing metal regeneration thus fostering TE fixation.
Figure 14 therefore clearly demonstrates, that TE patterns in
Peruvian upwelling sediments bear a close relationship to TE
behavior and availability in seawater.

3.4.3. Comparison of Peruvian Upwelling Sediments with
Those from Other Areas

Upwelling areas such as the Gulf of California (GOC), the
Arabian Sea and the Namibian Margin are characterized by
high primary production and subsequent formation of an in-
tense OMZ (see Table 5). Sediments deposited beneath up-
welling areas are known to accumulate several TE under sub-
oxic or anoxic conditions. In the following, accumulation rates
for Peruvian TE and TOC data are compared with data com-
piled from the literature. TE data are expressed as excess
contents (see Fig. 4 for calculation), since the proportion of
diluting lithogenic material (as reflected by total Al contents)
varies strongly from area to area. High energy sediments (char-
acterized by higher Zr/Al ratios �30 · 10�4) were excluded
from calculating average values for Peruvian sediments. In
Figure 15 average TE excess and TOC AR are compared with
those from the Gulf of California (GOC; Brumsack, 1989),
Oman Margin (Morford and Emerson, 1999) and Namibian
Margin. All sediments are comparable in lithology and consist
of diatomaceous to diatom bearing mud (with minor contents of
carbonate and silt). Unfortunately, element data are incomplete
(see below) and the number of cores investigated is lower for
the other upwelling areas.

Five short cores from 400–800 m water depth (within OMZ)
presented by Brumsack (1989) were taken from the eastern
slope of the GOC. The short core recovered off Namibia during
Meteor cruise M48–2 (Emeis, 2000) was taken from 83 m
water depth within the strong OMZ that occasionally experi-
ences H2S eruptions from underlying sediments (Hart and
Currie, 1960). Morford and Emerson (1999) presented TE data
for Cd, Mo, Mn, Re, V, U from three cores recovered off Oman
from a transect through the OMZ. For this comparison, only
data from core TN047–20 (806 m water depth, OMZ) were
used since at this location bottom water O2 concentration was
below detection limit and TE enrichment was highest (Morford
and Emerson, 1999). TOC values from Pedersen et al. (1992)
were used from comparable water depths and geographical
position.

Peruvian upwelling sediments show highest enrichments for
TOC, Cd, Mo, U, and V, followed by Namibian upwelling
sediments. These two settings strongly contrast the low TOC
and TE abundance in sediments from the GOC and Oman
margin (Fig. 15). For Peru and Namibia, the combination of
perennial upwelling, high productivity, a strong OMZ, and
strong sulfate reduction along with free H2S close to the SWI
seem to promote OM and TE preservation.

The OM preservation encountered throughout the Oman
margin is diminished due to efficient sediment reworking by
bottom currents and subsequent OM degradation (Pedersen et
al., 1992). Moreover, sulfate reduction (Passier et al., 1997) and
the formation of pyrite (Schenau et al., 2002) is less intense,

lowering the TE fixation capacity. Additionally, a strong sea-
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sonality and a comparably low AR hamper efficient input of
productivity-derived TE.

For the eastern slope of the GOC, fresh OM is produced and
exported during the dry winter season whereas terrigenous
detrital material is deposited during the wet summer (Brum-
sack, 1989, and references therein). Brumsack and Gieskes
(1983) reported that BSR is intense and that reducing condi-
tions promote TE accumulation (Brumsack, 1989). However,
lower TE accumulation may be influenced by (a) lower primary
production rates (subsequently lower biologic uptake of nutri-
ent-type TE; Table 5), (b) strong upwelling seasonality (affect-
ing the dimensions of the OMZ), and (c) iron availability and
ongoing pyritization at greater sediment depth. Therefore, en-
hanced productivity and a strong OMZ alone do not lead to
significant TE accumulation off Oman and in the GOC.

4. CONCLUSIONS

This study presents results of an extended geochemical study
on Peruvian near-surface upwelling sediments. The most im-

Fig. 15. Comparison of average accumulation rates for excess TE
and TOC (average of the upper 20 cm) from Peruvian sediments (this
study), Oman Margin (TE data: Morford and Emerson, 1999; TOC
data: Pedersen et al., 1992), Gulf of California (GOC, Brumsack, 1989)
as well as Namibia Margin. See text for details, and Figure 4 for

Table 5. Basic characteristi

Site
Upwelling

type
OM

(m wate

Peru year-roundb 50-6
Oman seasonalc 150-1
Gulf of California seasonald 400-8
Namibia year-rounde 50-7

a Within OMZ.
b De Mendiola (1981).
c References in Morford and Emerson (1999).
d References in Brumsack (1989).
e Calvert and Price (1983) and references therein.
f Lückge and Reinhardt (2000); Emeis et al. (1991).
g Emeis (2000).
h Müller and Suess (1979).
i Reimers and Suess (1983); McCaffrey et al. (1990); Kriete et al. (
calculation of excess contents. Dry bulk densities were assumed to be
�1.4–1.8 g · cm�3 (sediments off Namibia, Oman, Gulf of California).
portant facts are summarized in the following and visualized in
a general scheme (Fig. 16).

(1) High TOC contents within OMZ sediments are due to
enhanced preservation whereas P is preferentially remineral-
ized within OMZ sediments (no P trapping with Fe-(hydr)ox-
ides) and only enriched in phosphorites in sediments below the
OMZ. High opal contents in the sediments decreasing offshore
reflect high near-shore diatom productivity off Peru whereas
biogenic carbonate contents and Zr/Al ratios increase offshore
indicating calcareous plankton production and/or current influ-
ences on sediment deposition.

(2) Intense sulfur cycling at the sediment-water interface is
indicated by strong depletions of 34S in sedimentary pyrite.
�34S values as light as �48‰ indicate isotope fractionation
relative to sea water sulfate by BSR. Such low �34S values are
most likely explained by additional sulfide reoxidation and
disproportionation of sulfur intermediates when overall sedi-
mentary redox conditions become less reducing and AR de-
crease. In all cores the highest SRR were observed in the top 5
cm where pore water sulfate concentrations varied little due to
resupply of sulfate by sulfide oxidation and/or diffusion of
sulfate from bottom water.

fferent upwelling systems.

Avg. prim. production
(g C m�2yr�1)

Avg. sed. rates
(cm kyr�1)a

350h 150i

300c 14c

100d 180d

300e 100e

Levin et al. (2002); this work.
cs of di

Z
r depth)

50f

200c

00d

00g
Fig. 16. Scheme summarizing geochemical processes encountered
off Peru.
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(3) Mn and Co are significantly depleted in WO/BO sedi-
ments most likely due to mobilization from particles within the
water column when settling through the OMZ. Diffusion of Mn
and Co from reducing sediments only seems to occur in near-
coastal UEO sediments at shallow sediment depth.

(4) Cadmium, Mo and Re are extremely enriched (with
enrichment factors � 300 vs. lithogenic background) in WO
sediments (�600 m water depth). High Re and moderate Cd
and Mo enrichments are seen in BO sediments (�600 m water
depth). Due to their specific behavior under different redox
conditions the Re/Mo ratios indicate anoxic conditions for
UEO/WO and suboxic conditions for BO sediments. Cadmium
is considerably contributed to OMZ sediments by biodetritus.

(5) Silver transfer to ‘low-opal’ BO sediments bears a dis-
tinct relationship to opaline matter input. Within fast-accumu-
lating ‘high-opal sediments’ an early-diagenetic fixation of Ag
with OM (or TS) during sedimentary opal dissolution seems
likely. Based on these findings the use of Ag as a proxy for
paleo-opal flux is questionable because of interfering early-
diagenetic processes in response to OM remineralization.

(6) Uranium is distinctly enriched in WO sediments (due to
sulfidic sedimentary conditions) and in some BO sediments
(due to formation of phosphorites).

(7) Lead and Bi are contributed by anthropogenic mining
activity to coastal sediments, allowing to estimate sediment
accumulation rates. �34Spyrite is positively (negatively) corre-
lated with ARTOC (Re/Mo ratios), indicating an increase in
sulfur isotope fractionation and disproportionation of sulfur
intermediates when ARTOC decrease and sedimentary redox
conditions become less reducing.

(8) Rhenium, Sb, As, U, Mo, and V enrichment seems to be
directly related to seawater TE availability, implying diffusive
supply to a certain precipitation depth and fixation either as
sulfides or bound to OM. The dominant source for elements
like Ag, Cd, Cu, Zn, Ni, Cr, and T1, seems to be biodetritus.
The depth of free H2S appearance in the sedimentary column is
a critical factor for the degree of TE enrichment.

(9) TOC, Cd, Mo, U, and V accumulation rates of Peruvian
(and Namibian) upwelling sediments by far exceed those from
off Oman and the Gulf of California. For Peru (and Namibia),
the combination of perennial upwelling, high productivity, a
strong OMZ, high SR of OM and high SRR promote OM/TE
accumulation.
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APPENDIX
Average contents (0–5 cmbsf) of TIC, TOC, TS, main/trace elements, depth integrated sulfate reduction rates (SRR, 0–20 cmbsf; average of two

parallel cores) and element/Al ratios. Water depth (wd) in [m]; AV � average value, SD � standard deviation. TIC, TOC, TS, Si, Ti, Al, Fe, Mg,
Ca, K, P in [%], Re in [ppb], other in [ppm], SRR in [mmol · m�2 · d�1], E/Al ratios are (�10�4) except Re/Al (�10�7), Mn/Al, Re/Mo (�10�3).
Data in italics semiquantitative.

Site/wd SRR TIC TOC TS Si Ti Al Fe Mg Ca K P Ag As

126MC AV 11.9 0.35 2.03 1.01 24.5 0.43 8.73 4.63 1.71 1.62 2.16 0.11 0.51 25.8
85 SD 0.05 0.20 0.02 0.2 0.01 0.07 0.07 0.01 0.07 0.02 0.00 0.03 1.7
2MC AV 10.1 0.08 6.36 1.36 23.9 0.33 6.27 3.19 1.11 1.05 1.59 0.17 30.3
86 SD 0.08 1.03 0.18 0.9 0.03 0.55 0.20 0.10 0.16 0.12 0.02 2.4
5MC AV 3.9 0.10 7.03 1.26 27.1 0.29 5.78 3.34 1.08 0.93 1.36 0.17 0.75 42.3
96 SD 0.38 0.15 0.5 0.01 0.27 0.14 0.06 0.20 0.03 0.02 0.06 12.1
29MC AV 0.13 7.89 1.30 24.7 0.32 6.36 2.92 0.92 0.95 1.43 0.20 0.40 29.1
102 SD 0.18 1.67 0.12 0.5 0.09 1.58 0.47 0.21 0.12 0.27 0.03 0.05 2.2
120MC AV 1.3 1.3 9.78 1.52 24.6 0.29 6.08 3.07 1.18 1.29 1.46 0.21 27.7
115 SD 0.25 1.81 0.26 0.8 0.04 0.81 0.34 0.16 0.35 0.15 0.04 2.5
45MC AV 3.1 0.38 20.7 2.05 15.9 0.19 3.89 1.57 0.79 1.17 0.94 0.33 0.97 29.6
153 SD 0.40 0.50 0.13 1.0 0.03 0.66 0.21 0.09 0.48 0.10 0.02 0.05 3.0
104MC AV 3.1 0.90 16.8 1.74 17.9 0.21 3.98 1.92 0.87 2.76 1.33 0.31 30.9
185 SD 0.33 1.0 0.28 0.6 0.02 0.43 0.05 0.08 0.61 0.10 0.05 2.6
71MC AV 0.2 3.48 19.5 0.74 7.4 0.11 2.36 0.93 0.61 7.03 0.58 0.37 0.86 15.2
239 SD 0.28 1.2 0.06 0.5 0.01 0.15 0.05 0.02 0.51 0.04 0.06 0.31 1.1
18MC AV 1.9 0.30 20.6 1.34 17.7 0.22 4.35 1.84 0.83 1.27 1.07 0.31 29.0
255 SD 0.20 1.3 0.15 0.4 0.03 0.36 0.25 0.05 0.41 0.16 0.05 2.6
8MC AV 1.15 14.4 0.92 21.6 0.26 5.06 1.96 0.86 1.68 1.22 0.45 0.75 22.1
282 SD 0.81 1.4 0.19 3.3 0.09 1.23 0.48 0.15 0.61 0.28 0.43 0.07 2.8
1MC AV 0.3 0.97 21.3 1.53 15.5 0.18 3.41 1.49 0.66 2.14 0.70 0.29 22.4
321 SD 0.85 4.3 0.16 2.2 0.04 0.83 0.28 0.12 1.33 0.12 0.03 3.2
122MC AV 0.1 1.00 20.6 1.02 13.7 0.17 3.53 1.40 0.86 2.58 0.91 0.39 19.1
364 SD 1.22 3.1 0.20 0.8 0.03 0.63 0.20 0.06 1.58 0.11 0.03 1.3
35MC AV 0.4 4.04 6.2 0.80 16.7 0.18 3.79 2.00 0.92 9.50 1.11 1.95 0.92 11.6
598 SD 1.64 0.9 0.12 5.4 0.06 1.08 0.24 0.16 3.67 0.27 0.53 0.14 3.0
14MC AV 0.3 7.73 5.6 0.14 7.0 0.09 1.86 1.23 0.47 15.3 0.62 0.38 0.23 �10
654 SD 0.47 0.9 0.03 0.6 0.01 0.14 0.07 0.04 0.79 0.02 0.13 0.03
.56 8.82 1.64 4.83 3.23 1.03 0.41 14.2
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Site/wd SRR TIC TOC TS Si Ti Al Fe Mg Ca K P Ag As

1278 SD 0.11 0.5 0.05 0.4 0.01 0.16 0.79 0.08 0.27 0.25 0.10 0.09 0.7
33MC AV 0.5 1.61 6.4 0.27 21.9 0.31 5.49 3.66 1.10 3.82 1.63 0.30 1.23 �10
1357 SD 0.03 0.1 0.11 0.2 0.00 0.07 0.10 0.04 0.08 0.05 0.00 0.03

Site/wd Bi Cd Co Cr Cu Mn Mo Ni Pb Rb Re Sb Tl U V Zn Zr

126MC AV 0.58 5.0 15.0 28 98.4 697 22 17 57.2 117 11.3 3.1 1.40 4.4 156 193 130
85 SD 0.02 1.0 0.2 1 3.8 10 6 2 1.6 2 11.2 0.2 0.12 0.6 12 2 3
2MC AV 90 54.5 306 40 41 37.1 84 6.6 174 144 115
86 SD 12 1.6 37 12 6 3.5 9 3.0 43 10 11
5MC AV 0.70 42.8 7.6 99 82.8 339 66 46 72.4 79 13.9 3.0 2.65 6.5 184 231 84
96 SD 0.08 5.0 0.6 11 1.9 17 4 2 2.3 5 3.5 0.3 0.51 0.9 35 8 4
29MC AV 0.49 37.7 7.0 99 56.6 283 51 47 32.2 76 20.6 2.7 2.21 7.3 155 137 118
102 SD 0.09 3.5 1.5 10 7.7 93 12 2 4.3 20 8.4 0.4 0.76 3.0 39 27 38
120MC AV 105 73.4 371 74 64 37.0 79 17.8 250 149 85
115 SD 22 4.5 51 24 16 7.1 11 2.7 37 7 13
45MC AV 0.31 80.5 5.0 138 59.0 157 96 118 21.3 44 106 3.1 1.71 18.5 166 109 76
153 SD 0.05 3.7 0.3 17 10.4 25 10 18 0.7 6 6.4 0.2 0.33 2.1 63 10 15
104MC AV 0.35 59.7 5.2 148 83.6 159 96 127 27.0 45 68.5 4.8 1.56 13.4 281 130 71
185 SD 0.04 1.5 0.8 13 10.5 19 20 18 2.7 4 10.6 0.1 0.14 1.5 91 7 5
71MC AV 0.21 22.3 3.9 119 53.7 95 40 130 10.8 31 121 3.7 0.48 20.8 178 97 44
239 SD 0.08 2.8 0.2 10 6.1 8 13 10 3.5 2 15.2 1.2 0.13 5.5 53 2 4
18MC AV 140 89.9 146 117 152 28.9 56 26.2 419 148 73
255 SD 22 13.0 25 29 32 4.6 26 6.5 79 14 15
8MC AV 0.23 45.7 3.4 122 53.0 244 53 101 18.7 58 46.2 3.7 1.38 17.8 210 115 112
282 SD 0.05 12.4 0.8 13 10.3 75 18 18 3.3 14 11.2 0.4 0.53 4.9 70 6 45
1MC AV 144 82.7 112 39 179 15.3 34 31.4 458 132 55
321 SD 23 18.2 44 8 45 2.3 6 13.9 176 16 10
122MC AV 151 59.3 177 57 158 13.3 44 34.3 377 122 69
364 SD 27 11.2 27 9 32 2.1 6 9.8 95 15 11
35MC AV 0.20 9.1 3.9 122 40.6 167 27 54 16.2 52 60.6 1.9 1.37 31.0 87 97 90
598 SD 0.07 2.5 1.2 9 7.6 57 5 5 3.2 14 20.2 0.3 0.35 3.2 24 7 21
14MC AV 0.08 2.0 2.3 92 42.6 24 2.2 49 5.0 23 40.1 1.1 0.22 6.7 37 73 56
654 SD 0.01 0.2 0.1 1 3.3 7 0.4 6 0.7 2 3.7 0.1 0.02 1.3 2 7 5
81MC AV 0.09 1.6 3.0 297 39.4 129 1.2 41 6.3 119 17.1 2.3 0.61 16.3 127 95 109
1278 SD 0.02 0.1 0.3 22 6.7 16 0.1 4 0.7 6 2.4 0.2 0.02 2.3 6 6 7
33MC AV 0.19 0.9 5.4 128 52.2 191 1.2 77 10.2 80 22.7 1.5 0.51 5.8 88 136 151
1357 SD 0.06 0.1 0.1 4 1.6 2 0.1 4 0.5 1 1.3 0.1 0.01 0.2 2 3 3

Site/wd Ag/Al As/Al Bi/Al Cd/Al Co/Al Cr/Al Cu/Al Mn/Al Mo/Al

126MC AV 0.059 2.96 0.067 0.58 1.72 3.2 11.3 10.3 2.55
85 SD 0.004 0.20 0.003 0.11 0.03 0.1 0.5 0.2 0.73
2MC AV 4.88 14.5 8.7 6.3 6.47
86 SD 0.78 2.0 0.8 0.2 2.51
5MC AV 0.130 7.40 0.121 7.38 1.31 17.1 14.3 7.6 11.41
96 SD 0.006 2.50 0.008 0.54 0.04 1.2 0.5 0.1 0.52
29MC AV 0.068 5.04 0.082 6.58 1.15 16.2 9.2 5.6 9.17
102 SD 0.017 2.34 0.015 2.53 0.17 3.7 1.8 0.7 5.92
120MC AV 4.64 17.4 12.2 7.9 12.20
115 SD 0.98 3.1 1.4 0.3 3.62
45MC AV 0.235 7.76 0.076 19.56 1.20 35.8 15.3 5.2 25.89
153 SD 0.011 1.02 0.012 0.78 0.07 3.1 1.7 0.2 9.18
104MC AV 7.90 0.084 14.37 1.24 37.5 21.3 5.2 24.61
185 SD 1.36 0.000 1.99 0.04 5.0 4.1 0.2 6.47
71MC AV 0.364 6.47 0.087 9.27 1.62 50.4 22.9 5.2 17.14
239 SD 0.149 0.81 0.035 1.61 0.10 4.5 3.2 0.2 5.27
18MC AV 6.72 32.3 20.8 4.3 27.30
255 SD 0.91 5.0 3.2 0.5 7.89
8MC AV 0.177 4.66 0.053 10.90 0.79 25.3 11.2 6.1 11.54
282 SD 0.075 1.38 0.023 6.13 0.34 5.4 3.8 0.5 5.56
1MC AV 6.75 43.0 24.5 4.1 11.45
321 SD 0.95 4.5 1.7 0.8 1.04
122MC AV 5.54 42.9 16.8 6.5 16.25
364 SD 0.81 1.5 1.3 0.2 1.01
35MC AV 0.264 3.13 0.055 2.56 1.10 35.3 11.5 5.6 7.33

598 SD 0.038 0.63 0.006 0.16 0.06 12.7 4.0 0.4 1.40
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Site/wd Ag/Al As/Al Bi/Al Cd/Al Co/Al Cr/Al Cu/Al Mn/Al Mo/Al

14MC AV 0.126 �2 0.040 1.06 1.25 49.5 22.9 1.7 1.18
654 SD 0.016 0.005 0.13 0.03 3.5 1.4 0.3 0.11
81MC AV 0.114 4.01 0.026 0.45 0.83 83.8 11.0 4.6 0.34
1278 SD 0.019 0.37 0.003 0.06 0.06 9.7 1.4 0.4 0.03
33MC AV 0.224 �2 0.034 0.16 0.99 23.3 9.5 4.5 0.22
1357 SD 0.007 0.011 0.03 0.01 1.0 0.4 0.0 0.01

Site/wd Ni/Al Pb/Al Re/Al Sb/Al Tl/Al U/Al V/Al Zn/Al Zr/Al Re/Mo

126MC AV 1.91 6.56 1.29 0.35 0.16 0.51 17.9 22.1 14.9 1.03
85 SD 0.20 0.20 1.26 0.03 0.02 0.07 1.5 0.3 0.4 1.08
2MC AV 6.66 5.97 1.08 28.2 23.1 18.3
86 SD 1.24 1.06 0.54 8.8 3.4 0.9
5MC AV 7.92 12.55 2.39 0.52 0.46 1.13 32.1 40.1 14.5 0.22
96 SD 0.45 0.73 0.49 0.02 0.12 0.23 7.7 2.4 0.2 0.03
29MC AV 7.92 5.26 3.22 0.48 0.42 1.45 27.9 22.0 18.1 0.44
102 SD 2.45 1.02 0.62 0.26 0.32 1.25 18.1 2.4 2.4 0.22
120MC AV 10.54 6.22 2.99 42.2 24.8 14.0
115 SD 2.14 1.65 0.74 12.0 3.7 0.5
45MC AV 30.43 5.18 25.87 0.76 0.41 5.01 48.9 28.5 19.6 0.88
153 SD 1.84 0.17 1.46 0.04 0.08 1.76 41.5 3.8 1.8 0.05
104MC AV 32.33 6.45 16.31 1.16 0.38 3.19 72.2 32.9 18.1 0.77
185 SD 5.85 0.09 0.69 0.11 0.08 0.00 26.9 3.6 1.1 0.11
71MC AV 55.35 4.48 50.36 1.54 0.20 8.84 76.7 41.3 18.7 2.85
239 SD 6.15 1.56 7.61 0.57 0.06 2.36 27.6 2.8 0.8 0.69
18MC AV 35.28 6.66 6.10 97.6 34.2 16.8
255 SD 7.69 1.04 1.63 22.4 3.3 2.9
8MC AV 21.57 4.37 10.54 0.88 0.32 3.79 46.8 24.0 21.4 0.95
282 SD 8.39 1.92 3.57 0.35 0.17 1.56 28.2 5.8 3.8 0.33
1MC AV 52.59 4.69 8.85 130.6 39.7 16.3
321 SD 4.03 1.20 1.99 22.3 5.4 1.5
122MC AV 44.81 3.82 9.58 105.8 34.8 19.7
364 SD 2.34 0.69 1.26 10.5 3.4 0.5
35MC AV 15.09 4.61 16.77 0.53 0.39 8.94 22.9 27.1 24.1 2.31
598 SD 3.57 0.35 1.70 0.05 0.03 3.24 1.3 6.4 1.6 0.71
14MC AV 26.44 2.66 21.69 0.60 0.12 3.64 20.0 39.4 30.0 18.55
654 SD 1.79 0.19 3.13 0.05 0.02 0.77 1.5 2.2 2.1 3.77
81MC AV 11.37 1.77 4.81 0.64 0.17 4.61 35.8 26.6 30.5 14.11
1278 SD 0.77 0.14 0.71 0.07 0.01 0.75 3.3 0.5 0.9 1.22
33MC AV 14.02 1.86 4.14 0.27 0.09 1.05 16.0 24.8 27.4 19.10
1357 SD 0.46 0.09 0.27 0.02 0.002 0.04 0.4 0.7 0.6 2.06
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