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A B S T R A C T   

In the marine environment, nickel distributions are linked to the biogeochemical cycling of both organic matter 
and manganese. Thus, Ni and its isotopes have the potential to be used to reconstruct changes of bioproductivity 
and oxygenation in paleoenvironments. However, their utility relies on an understanding of the behaviour of Ni 
in modern marine environments. Here we investigate the distribution of Ni under a range of oxidation-reduction 
conditions, with organic carbon (Corg) burial rates that range from approximately 0.08 to 8.4 mmol m− 2 d− 1, 
none of the sites show deep (> 5 cm) penetration of dissolved oxygen into the sediment. We present Ni con
centrations for sediments and pore fluids, as well as Ni isotope compositions from pore fluids, from the California 
and Mexico continental margins. The sites are sufficiently reducing that solid-phase Mn concentrations are 
typically <1000 ppm, but two of the stations, where oxygenated bottom water bathes the underlying sediment, 
have near-surface sediment Mn concentrations that reach up to 2.3%. 

Dissolved Ni is lower in pore fluids for stations with high solid phase Corg compared to those stations with 
oxygenated bottom water and high solid phase Mn concentrations. The calculated benthic fluxes of Ni at all 
stations are small relative to their burial rates, which implies a high Ni burial efficiency (> 85%). Pore fluid δ60Ni 
values range from approximately − 0.39 to +2.36 ‰, with the higher δ60Ni values occurring at the Corg-rich 
station, and the lower values at the Mn-rich stations. At the station with the highest Corg content, the distribution 
of solid-phase Ni as a function of Corg content is consistent with the strong association of Ni with Corg seen at 
open-ocean upwelling margins globally. In contrast, the other stations investigated here clearly do not show such 
an association. Our data offer support for the notion that Ni accumulation within sediments is linked to organic 
matter accumulation in regions of high photic zone productivity and where the sediments are reducing. How
ever, at the sites in our study where Mn oxidation-reduction reactions occur near the sediment-water boundary, 
any simple relationship between Ni and Corg burial is obfuscated. With a sufficiently deep oxygen penetration 
depth and the formation of a solid-phase Mn oxide layer, Ni burial within the sediment can be highly efficient. 
Importantly, Ni is well preserved in sediments deposited under the full range of conditions studied here. This 
observation of high Ni preservation is an important constraint if Ni is to be used as a proxy to reconstruct 
paleoenvironmental conditions.   

1. Introduction 

Nickel is a bioactive metal that is essential for the metabolism of 
organisms, particularly for enzymes involved in nitrogen metabolism (e. 
g., Bruland, 1980; Ragsdale, 2009; John et al., 2022; Lemaitre et al., 
2022). Within the oceanic water column, Ni shows a distribution anal
ogous to a number of macronutrients, with low (as low as about 2 nM) 

concentrations at the surface and higher concentrations (up to 10 nM) in 
deep water (e.g., Bruland, 1980; Mackey et al., 2002; Archer et al., 
2020). Although not depleted to near-zero concentrations like many 
other bioactive metals, (e.g., Cd, Fe, Zn), low concentrations of Ni in the 
surface ocean have been suggested to limit phytoplankton growth (e.g., 
Sclater et al., 1976; Bruland, 1980; Boyle et al., 1981; Mackey et al., 
2002; Archer et al., 2020; Yang et al., 2021; John et al., 2022), possibly 
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due to strong complexation of a portion of the photic zone pool, 
rendering it non-bioavailable (Mackey et al., 2002; Archer et al., 2020). 
However, significant uncertainties persist concerning Ni cycling in 
modern marine environments, particularly regarding its behaviour 
during the earliest phases of diagenesis. 

In addition to its association with organic carbon (Corg), Ni is coupled 
to the behaviour of Mn, which itself is related to Corg cycling via electron 
donor and acceptor interactions (e.g., Shaw et al., 1990; Atkins et al., 
2016). Positively charged Ni ions readily adsorb onto negatively 
charged surfaces of Fe and Mn oxides (Koschinsky and Hein, 2003). 
Laboratory experiments have demonstrated that surface-bound Ni can 
migrate via diffusion until it is structurally incorporated into Mn oxides, 
such as birnessite (Peacock, 2009). In natural Mn oxides, Ni can also be 
structurally incorporated rather than being surface-bound (Peacock and 
Sherman, 2007). Regardless of its mechanistic association with Mn, the 
oxidation and reduction processes that occur in near-surface marine 
sediments have the potential to concentrate Ni, either in the dissolved 
phase, through Mn dissolution, or the solid phase, through Mn precipi
tation (e.g., Shaw et al., 1990). Nickel can also be associated with Fe-rich 
sediment phases, including Fe sulfides (FeS), Fe(oxyhydr)oxides or Fe- 
rich clays (e.g., Hein et al., 1979; Landing and Lewis, 1991; Stumm 
and Morgan, 1996). 

The strong associations between Ni and Corg and Mn oxides result in 
sediments that are rich in these phases being the dominant sinks for Ni in 
the modern ocean (e.g., Tribovillard et al., 2006; Cameron and Vance, 
2014; Böning et al., 2015; Gueguen et al., 2016, 2018; Ciscato et al., 
2018; Little et al., 2020; Gueguen and Rouxel, 2021; Fleischmann et al., 
2023). In the case of Corg-rich sediments, which typically lie below re
gions of high biological production, Ni accumulation is attributed to 
delivery in association with settling organic matter (Böning et al., 2015; 
Ciscato et al., 2018). Likewise, because Mn is delivered to the sea floor 
with settling particulate material (e.g., Johnson et al., 1996), Ni will also 
be delivered via its association with Mn. Once at the seafloor, particu
larly where Corg rain rates are high, the lack of dissolved oxygen and low 
nitrate concentrations within the sediment package facilitate the release 
of Ni from the initial solid phases. 

The Ni isotope system has received increasing attention recently, 
including in the marine realm (e.g., Cameron and Vance, 2014; Vance 
et al., 2016; Gueguen et al., 2016, 2018; Takano et al., 2017; Wang et al., 
2019; Ciscato et al., 2018; Archer et al., 2020; Little et al., 2020; Yang 
et al., 2020, 2021; Gueguen and Rouxel, 2021; Lemaitre et al., 2022; He 
et al., 2023; Fleischmann et al., 2023). The distribution of Ni isotopes in 
the modern ocean appears to be characterised by a biogeochemical 
divide. While the deep ocean and surface waters north of the Subarctic 
Front show rather homogeneous Ni concentrations and δ60Ni values, 
surface waters of low-latitude regions show increased δ60Ni values 
associated with the lowest Ni concentrations, a feature that has been 
linked to isotope fractionation associated with N2 fixation (Lemaitre 
et al., 2022). 

Despite recent advances in the understanding of Ni isotope behav
iour in the modern water column (e.g., Archer et al., 2020; Yang et al., 
2021; Lemaitre et al., 2022) and at the sediment-water interface (e.g., 
He et al., 2023; Fleischmann et al., 2023), the database for Ni concen
trations and isotope compositions in sediments, pore fluids and the 
water column remains limited. This study contributes to the under
standing of Ni in marine environments by investigating sites with 
differing dominant modes of electron transport. Under these environ
mental conditions, we examine the processes affecting Ni and its isotope 
values during early diagenesis. While the distribution of a range of trace 
metals, including Ni, has been described by Shaw et al. (1990) for three 
of the stations investigated here, we add new pore fluid Ni isotope data, 
and re-examine the extended data set of sediments and pore fluids. 

2. Material and methods 

2.1. Sampling sites 

Our sampling sites are located within an upwelling zone along the 
California and Mexico continental margins (Fig. 1). These stations have 
a range of bottom water oxygen concentrations, Corg burial and mass 
accumulation rates (MAR; Table 1). The geology and geochemistry of 
these sites have been characterised extensively elsewhere (e.g., Berelson 
et al., 1987; Shaw et al., 1990; McManus et al., 2006; Chong et al., 2012; 
McManus et al., 2012). 

The Mexico site (Soledad) is within the Eastern Tropical North Pa
cific OMZ (see McManus et al., 2006). At this site, bottom water oxygen 
concentrations are <0.1 μM and the Corg burial rate is high (8.4 mmol 
m− 2 day− 1; McManus et al., 2006). Previous work at Soledad has shown 
that pore fluid dissolved H2S concentrations increase with depth, from 
approximately 7 μM close to the sediment-water interface up to 42 μM at 
9.5 cm sediment depth (Supplementary Material Table S1; Chong et al., 
2012). Furthermore, Soledad has high dissolved Fe concentrations near 
the sediment surface that decrease with depth, reaching values that are 
below the detection limit by 9.6–10.8 cm sediment depth, which co
incides with an increase in dissolved sulfide concentrations (Chong 
et al., 2012). 

The California sites, which include the Catalina Basin and San 
Clemente, and the off-shore Patton Escarpment, underlie the California 
current system (McManus et al., 1997). At water depths between 500 
and 1000 m, the oxygen minimum zone bathes the sediment along this 
continental margin (McManus et al., 1997). The submarine basins of the 
inner continental margin have restricted water and chemical exchange 
that influences the chemical character of each basin (e.g., Sholkovitz, 
1972; Berelson et al., 1987; Shaw et al., 1990). Bottom water oxygen 
concentrations vary depending on the depth of the sill relative to the 
oxygen minimum zone and the Corg rain rate, as does oxygen con
sumption in deep water or within the sediment package (Berelson et al., 
1987; McManus et al., 1997; Shaw et al., 1990). These sites span a range 
of bottom water oxygen concentrations between 19 and 132 μM and 
have Corg burial rates that range from 0.08 to 1.2 mmol m− 2 day− 1 

(Berelson et al., 1996; McManus et al., 2006). In Catalina Basin, San 
Clemente, and at the Patton Escarpment, oxygen penetrates the sedi
ment to ~0.3 cm, ~1.3 cm and ~2.9 cm, respectively (Berelson et al., 
1996 and references therein). Because oxygen is present in bottom water 
and penetrates the upper surface sediment, the California sites are 
hereafter referred to as the “oxic” sites. The sediments of the San 
Clemente Basin and those along the Patton Escarpment are also enriched 
in solid-phase Mn (McManus et al., 2006). This enrichment is likely 
driven by the deeper penetration of dissolved oxygen compared to the 
more reducing sites. In short, the penetration of oxygen into the upper 

Fig. 1. Map showing the sampling sites for this study (GEBCO Compilation 
Group (2020) GEBCO 2020 Grid). 
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few mm to cm of sediment fosters precipitation of reduced Mn that 
diffuses upward into the oxidised layer from below, where Mn is un
dergoing reductive dissolution (McManus et al., 2006). 

2.2. Sample collection and preparation and TOC analysis 

Sediment and pore fluid samples at these stations were collected with 
a multi-corer during a research expedition in May/June of 2018 (Barnett 
et al., 1984). The samples were processed on board under anoxic con
ditions and in a temperature-controlled cold room. 

Pore fluid samples were collected from sediment cores by sequen
tially loading sediment into 85 cm3 polycarbonate centrifuge tubes 
down to a depth of ~10 cm, and pore fluids were extracted using 
traditional centrifugation techniques under anaerobic conditions. Each 
centrifuge tube nominally represents an interval of approximately 1.2 
cm and data are presented as the mid-point of each interval. Centrifuge 
sample supernatants were filtered with 0.45 μm filters and acidified to a 
pH of ≈ 1.8 with HCl for storage. 

Solid phase sediment was collected separately by slicing a core in 1 to 
2 cm increments and the data are presented as the mid-point of a sedi
ment interval. Directly after slicing, sediment samples were placed in 
plastic freezer bags and the samples were then frozen. The sediment 
samples were freeze-dried and powdered before further processing. 

Sediment samples were digested following a standard procedure for 
marine sediment digestion, including incineration and dissolution with 
a mixture of HF and HNO3. Samples that contained solids (Al fluorides) 
after treatment with HF and HNO3 were heated in 12% HNO3 at 60 ◦C 
for 36 h (Muratli et al., 2012). Total organic carbon (TOC) contents were 
analysed on a GVI (now Elementar) Isoprime 1000 with Eurovector EA 
at Bigelow Laboratory for Ocean Sciences. The uncertainties of TOC 
analyses are between 0.1 and 0.4% C (see also Bruggmann et al., 2023). 

2.3. Concentration analyses 

Aliquots of pore fluids were diluted to determine concentrations on a 
Thermo Scientific Element XR at ETH Zurich. These concentrations were 
used to estimate the appropriate volume of Ni double spike. Final Ni 
concentrations of pore fluids were calculated using isotope dilution as 
part of the double spike isotope analysis (Thermo Scientific Neptune 
Plus, ETH Zurich; see Section 2.4). 

Solid-phase Ni concentrations were analysed using an iCap collision 
cell ICP-MS Thermo Fisher (Rutgers University). A shale standard 
reference material (SDo-1, Devonian shale) gave an average Ni con
centration of 98.1 ± 11 ppm (SD, n = 4), compared with the certified 
concentration of 99.5 ± 10 ppm (SD). 

2.4. Nickel isotope analysis 

Nickel isotope analyses were carried out following previously pub
lished procedures at the ETH Zurich laboratories (Cameron and Vance, 
2014; Little et al., 2014; Archer et al., 2020; Sun et al., 2021; Lemaitre 
et al., 2022), and only important modifications from the above are 
described in detail below. The main modification employed here was 

during the pre-concentration of Ni from the porewater fluids. Aliquots of 
between 5 and 45 ml of pore fluids were spiked with a 61Ni–62Ni double 
spike at a sample:spike ratio of approximately 1. After spike equilibra
tion, Ni was pre-concentrated using an ethylenediaminetriacetic acid 
chelating resin, Nobias PA1 (Hitachi High Technologies), seated in 
gravity flow columns (Sun et al., 2021). Here the sample is loaded in a 
solution buffered to pH 5 with 0.1 M ammonium acetate onto a resin bed 
(9 mm long by 6 mm inner diameter). The low aspect ratio of this col
umn was designed specifically to allow re-suspension of the Nobias resin 
after sample chelation, required to maintain an adequate flow-through 
of the sample solution. Nickel was then purified from the resultant 
trace metal mixture, first via an anion exchange resin (AG MP-1 M, Bio- 
Rad) to isolate Ni from other transition metals. The Ni fraction was then 
further purified using a second pass of the gravity-driven Nobias col
umn, to remove any residual Na, Mg or Ca. Finally, the Ni fraction was 
then passed through a second, small, anion column to remove any re
sidual Fe or Zn. Typical procedural Ni blanks for this multi-step protocol 
are <0.5 ng. 

Isotope compositions were analysed using a multi-collector ICP-MS 
(Thermo Scientific Neptune Plus) at ETH Zurich. Prior to analysis, the 
purified Ni samples were refluxed in an HNO3 + H2O2 mixture to oxidise 
and eliminate residual organic matter. Samples were re-dissolved in 2% 
HNO3 (v/v ~ 0.3 M) and typically run at 100 ppb Ni. The samples were 
introduced with a Savillex C-Flow PFA nebuliser (50 μl min− 1) via a 
Teledyne-Cetac Aridus II desolvator. Analyses were performed in low- 
resolution mode, using N2 gas to suppress the formation of molecular 
interferences. To detect potential 58Fe interferences on 58Ni, masses 56Fe 
and 57Fe were monitored. For a more complete discussion on the 
importance of robust interference monitoring for Ni isotope analysis, see 
Sun et al. (2021). 

The Ni double spike was used to correct for instrumental mass 
fractionation. Isotope compositions of Ni are reported relative to the 
NIST SRM 986 Ni standard in the usual delta notation (Eq. 1). 

δ60Ni =

( ( 60Ni
/58Ni

)

sample
( 60Ni

/58Ni
)

SRM986

− 1

)

*1000 (1) 

The long-term reproducibility of Ni isotope analyses was assessed by 
repeat analyses of natural standards (USGS Fe–Mn nodules, Nod-A1 
and Nod–P1). The natural Ni standards give δ60Ni = 1.04 ± 0.07 ‰ 
(2SD, n = 228 over 2 years) and δ60Ni = 0.34 ± 0.07 ‰ (2SD, n = 168 
over 2 years) for Nod-A1 and Nod–P1, respectively. These values 
overlap with the reproducibility during an individual analytical session 
(n = 5 for each of the nodules), and are in agreement with published 
values (Gueguen et al., 2013). The internal errors generated during an 
individual analysis are generally low and we report long-term repro
ducibility as uncertainties, unless internal errors are higher. 

2.5. Diffusive benthic fluxes and Ni MAR 

Diffusive benthic fluxes of Ni were calculated using Fick’s first law of 
diffusion 

Table 1 
Geographic locations and information on oxygen content, organic matter burial and mass accumulation rates.  

Location  Depth ◦N ◦W BW O2  

μM 
O2 penetrationa Corg burialb MARc 

m cm mmol m− 2 d− 1 mg cm− 2 y− 1 

Soledad Mexico 430 25.2 112.7 <0.1  8.4 50 
Catalina Basin CA, USA 1300 33.3 118.6 19 0.33 1.2 14 
San Clemente CA, USA 2053 32.6 118.1 52 1.28 0.9 15 
Patton Escarpment CA, USA 3707 32.4 120.6 132 2.87 0.08 3  

a Berelson et al., 1996 
b McManus et al., 2006 
c MAR = sediment mass accumulation rate; McManus et al., 2006; Poulson et al., 2006 
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benthic flux = − ϕ*Dsediment*
d[C]
dx

(2) 

using the average porosity (ϕ; McManus et al., 2005). The concen
tration gradient (d[C]/dx) is estimated as a linear gradient between the 
bottom water value and the value of the uppermost pore fluid sample (0 
to 1.2 cm sediment depth). For dissolved Ni concentrations in bottom 
water, we use the value of 10 nM as an upper limit on the concentration. 
This value is based on oceanographic data for the Pacific (Bruland, 
1980) because we do not have an independent estimate from this study. 
Based on the dissolved profile within the ocean, it is likely that this value 
is an overestimate, but is nevertheless demonstrative for our study. The 
diffusion coefficient in the sediment (Dsediment) was calculated as 

Dsediment =
Dseawater

θ2 (3) 

The diffusion coefficient of Ni2+ in seawater (Dseawater) was taken 
from Li and Gregory (1974). The tortuosity was derived using the rela
tionship between porosity and tortuosity (θ2; Boudreau, 1996). 

θ2 = 1 − ln
(
ϕ2) (4) 

Sediment mass accumulation rates of Ni (Ni MAR) were calculated 
using published MAR from McManus et al. (2006) and Poulson et al., 
2006, Table 1). Published MAR were multiplied by Ni concentrations 
averaged over the upper 10 cm of the sediment. The burial efficiency of 
Ni was calculated after Berelson et al. (1996) as 

burial efficiency =
Ni MAR

Ni MAR − benthic flux
(5)  

3. Results 

3.1. Anoxic environment: soledad 

The Soledad station on the Mexican continental margin is anoxic and 
Corg-rich, with TOC concentrations roughly between 7 and 8 wt%, and 
increasing pore fluid H2S with depth (Fig. 2; Supplementary Material 
Tables S1 and S2; Chong et al., 2012). For this Soledad station, Ni and 
Corg concentrations fall on the tight correlation found for sediments 
along the Peru and Namibia upwelling margins (Fig. 3), with sediment 
Ni concentrations of approximately 45.5 ± 8.5 ppm (SD) or average Ni/ 

Al * 10− 3 of approximately 1.61 ppm/ppm (Fig. 4). These Ni/Al ratios 
are high compared with the highest estimate of detrital Ni/Al in Böning 
et al. (2012), who estimated a range between 0 and 3.3 *10− 4 

(ppm/ppm). Calculated authigenic Ni fractions (Niauth = Nitotal – 
(Ni/Aldetrital *Altotal), using the maximum estimate for detrital Ni con
tributions (Böning et al., 2012), suggests that this fraction consists of a 
minimum of 78% of the total Ni (Table S2). 

Dissolved Fe concentrations in pore fluids decrease from 57.9 μM at 
the surface to around 1 μM at 7.2–8.4 cm and below, while dissolved Mn 
is consistently below 0.2 μM (Fig. 5; Supplementary Material Table S3). 
Dissolved Ni concentrations are elevated over bottom water values and 
show only a slight increase with depth (from 39 nM to 52 nM between 
0–1.2 and 10.8–12.0 cm; Fig. 6). The MAR of Ni at the Soledad station is 
≈ 37 nmol cm− 2 y− 1 (Table 2). The net benthic Ni efflux calculated 
according to Eqs. 2 to 6 is − 2.8 nmol cm− 2 y− 1 (with negative being out 
of the sediment), and the burial efficiency is 0.93 (Table 2). Dissolved Ni 
isotope compositions increase by approximately 1 ‰ with depth, from 
1.3 ‰ at the surface to 2.3 ‰ at 10.8–12.0 cm (Fig. 6). At depth, the 
δ60Ni values at the Soledad site are higher compared with the typical 
seawater δ60Ni value (+1.3 ‰; Fig. 6, Table S3; Cameron and Vance, 
2014; Takano et al., 2017; Wang et al., 2019; Archer et al., 2020; Yang 
et al., 2020; Lemaitre et al., 2022). 

3.2. Oxic stations: Catalina Basin, San Clemente and Patton Escarpment 

The oxic stations on the California continental margin (Catalina 
Basin, San Clemente and Patton Escarpment) have bottom water oxygen 
concentrations that generally increase with decreasing TOC. The Cata
lina Basin site has a higher TOC content (around 5 wt% TOC) compared 
with the other two oxic stations (around 3 and 1% TOC; Fig. 2; Table S2). 
In contrast to the Catalina Basin site, the San Clemente and Patton 
Escarpment sites show solid phase enrichments of Mn and Ni in the 
surface sediment (Mn/Al = 1.08 and 0.13 ppm/ppm, Ni/Al * 10− 3 =

2.96 and 12.6 ppm/ppm; Fig. 4). The authigenic Ni fraction contributes 
>74% of Ni (Table S2). 

Fig. 2. a) Distributions of porewater dissolved phase O2 and H2S, plotted as 
functions of depth below the sediment-water interface. The dissolved O2 and 
H2S data are from Chong et al. (2012). b) Concentrations of total organic carbon 
(%) in the sediment, shown as a function of sediment depth. 

Fig. 3. Nickel concentrations in the sediments studied here, plotted as a 
function of TOC concentrations, and compared to literature data for the Peru 
and Namibia upwelling margins from Böning et al. (2015), Ciscato et al. (2018) 
and He et al. (2023). The data from Soledad are consistent with the data array 
for Corg-rich sediments from these other localities. The sites with lower Corg 
contents have higher Ni concentrations in the solid phase, suggesting that Ni 
behaviour at these sites is impacted by additional processes. 

S. Bruggmann et al.                                                                                                                                                                                                                            



Chemical Geology 662 (2024) 122234

5

The San Clemente and Patton Escarpment stations have dissolved Mn 
concentrations that increase with depth to maximum values of 90 μM 
and 14 μM, respectively (Fig. 5; Table S3). In line with dissolved Mn, 
dissolved Ni concentrations at all oxic stations increase with depth, 
reaching a concentration maximum of nearly 500 nM at the Patton 
Escarpment (Fig. 6). Dissolved Fe concentrations below ~7 cm at the 
Catalina site (~21 μM) are higher than at the San Clemente site (~7 
μM), whereas at the Patton Escarpment, dissolved Fe is consistently 
below 1 μM (Fig. 5; Table S3). The Ni MAR at Catalina Basin, San 
Clemente and Patton Escarpment are 22, 21 and 16 nmol cm− 2 y− 1, 
respectively (Table 2). Fluxes of Ni are directed out of the sediment at 
San Clemente and Catalina Basin (− 3.5 and − 0.8 nmol cm− 2 y− 1, 
respectively). The Ni burial efficiency is lowest at the San Clemente site 
(0.86), compared to values of 0.96 or higher for the other two oxic sites 
(Table 2). In contrast, a small Ni flux into the sediment is suggested at 
Patton Escarpment (0.2 nmol cm− 2 y− 1). The δ60Ni values in the dis
solved phase decrease with depth at all oxic stations, with the most 
pronounced shift in δ60Ni values at Patton Escarpment (+1.88 ‰ at the 
surface and approximately − 0.13 ‰ at depth; Fig. 6; Table S3). 

4. Discussion 

Our data highlight a striking difference in the behaviour of Ni under 
intermediate geochemical conditions when the sediments are neither 
highly reducing nor fully oxic. This difference is illustrated in Fig. 3, 
where samples from Soledad are aligned with an array of data exhibiting 
a positive correlation between Ni and TOC. In contrast, the data from the 
oxic stations fall off this trend, implying that under the conditions at 
these sites, other processes drive Ni cycling. The plot of δ60Ni values as a 
function of dissolved Ni concentrations in pore fluids (Ln(Ni)) further 
highlights the fact that Ni isotope fractionation at these sites is influ
enced by other processes than those dominant at the Soledad site 
(Supplementary Material Fig. S1). 

4.1. Soledad: the behaviour of Ni under Corg-rich reducing conditions 

The thesis that Ni is associated with organic matter is consistent with 
the importance of Ni for biological processes, and is borne out through 
observations demonstrating a strong co-variance between these two 
constituents in marine sediments beneath productive upwelling settings 
(e.g., Böning et al., 2015; Ciscato et al., 2018; Plass et al., 2021; He et al., 

Fig. 4. Solid-phase distribution of the Fe, Mn, and Ni to Al ratio, plotted as functions of sediment depth at a) to c) the anoxic station (Soledad), and d) to f) the oxic 
stations (Catalina, San Clemente, Patton Escarpment). The horizontal dotted lines in d) to f) indicate the oxygen penetration depth at San Clemente (upper line) and 
Patton Escarpment (lower line). The vertical dashed line indicates the highest estimate of detrital Ni/Al (3.3 * 10− 4 (ppm/ppm); Böning et al., 2012). Please note that 
the x-axis scales of b) and c) differ from those in e) and f). 
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2023). Indeed, Ni to TOC ratios for Soledad sediments, ranging between 
~100 and 200 μmol/mol, are similar to previously published data that 
range between 120 and 200 μmol/mol (Table S2; Fig. 3; Böning et al., 
2015; Ciscato et al., 2018; He et al., 2023). These ratios are significantly 
higher than the Ni:C ratio in phytoplankton from the Equatorial Pacific 
(6 and 12 μmol/mol; Twining et al., 2011), which is most likely caused 
by loss of C during respiration, both in the water column and the sedi
ment (Böning et al., 2015; Ciscato et al., 2018; Plass et al., 2021). Sol
edad sediment Ni/TOC ratios show an increase with depth (Fig. 7a), a 
pattern that is similar to that observed along the Peruvian Margin by 
Böning et al. (2015). These authors conclude that the increase in Ni/TOC 
with sediment depth results from the preferential accumulation and 
preservation of Ni over TOC during the degradation of Corg during early 
diagenesis (Böning et al., 2015; Ciscato et al., 2018; Plass et al., 2021). 
Preferential retention of Ni in the sediment compared with TOC is 
consistent with the observation reported here that the burial efficiency 
of Ni is >90% at the Soledad station whereas Corg burial efficiencies are 
typically much lower than this value along continental margins (e.g., 
Berelson et al., 1996; Table 2). This hypothesis is also consistent with the 
fact that Ni/Al ratios barely change down core at the Soledad site 
(Fig. 4). We note that the detrital sediment fraction contributes a 
maximum of around 20% to the total Ni (Table S2). Compared to the Ni/ 
Al ratios, the Ni concentrations show an increase downcore (from 36.6 
to a maximum of 61.4 ppm at 18 to 20 cm sediment depth; Table S2). 

Even though the change in solid phase Ni concentrations with 

Fig. 5. Depth plots (below sediment-water interface) showing the distributions 
of a) Fe and b) Mn in the dissolved phase. 

Fig. 6. a) Nickel concentrations and b) isotope compositions in the dissolved 
phase, plotted as a function of sediment depth. The error bars in b) are ±2σ. 
The typical Ni concentration of bottom water is indicated with the arrow in a), 
the δ60Ni value typical for seawater in b) is illustrated as vertical grey bar (+1.3 
‰; Cameron and Vance, 2014; Takano et al., 2017; Wang et al., 2019; Archer 
et al., 2020). 

Table 2 
Benthic fluxes, MAR and burial rates of Ni.  

Station C0
a M1 M2 Φb T Dsediment

c Flux MARd Nie Ni MAR Ni burial 
efficiencyf 

Flux out relative to 
input  

nmol 
m− 3 

nmol 
m− 3 

cm  ◦C 10− 6 cm− 2 

s− 1 
nmol cm− 2 

y− 1 
mg cm− 2 

y− 1 
μg/ 
g 

nmol cm− 2 

y− 1  
% 

Soledad 10 38.94 1 0.94 4 3.28 − 2.82 50 42.9 36.5 0.93 7.7 
Catalina Basin 10 19.72 1 0.89 4 2.99 − 0.82 14 93.2 22.2 0.96 3.7 
San Clemente 10 46.59 1 0.93 4 3.22 − 3.46 15 81.0 20.7 0.86 16.7 
Patton 

Escarpment 10 7.35 1 0.93 1.5 2.90 0.23 3 303 15.5 1.01 − 1.5  

a approximation; Bruland, 1980 in Archer et al., 2020. 
b McManus et al., 2005, Soledad estimated based on McManus et al., 2005. 
c Dseawater at 25 ◦C = 6.79 10− 6 cm− 2 s− 1 (Li and Gregory, 1974). 
d MAR = sediment mass accumulation rate; McManus et al., 2006; Poulson et al., 2006. 
e average of upper 10 cm. 
f calculated as the Cr MAR divided by the MAR minus the benthic flux. 

Fig. 7. Depth plot of a) Ni/TOC (ppm/wt%), showing that Ni/TOC increases 
with depth, and suggesting that Ni is more prone to accumulate in the sediment 
compared to TOC. The crossplot b) shows that Ni is positively correlated with 
Fe in sediments. 
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sediment depth is small, the elevated porewater concentrations relative 
to bottom water (39–52 nM versus 10 nM, respectively; Fig. 6) at Sol
edad imply that Ni is undergoing diagenetic remobilisation within the 
sediment. Given the strong association of solid phase Ni with TOC, it is 
likely organically-bound Ni, released into the pore fluid dissolved phase 
during organic carbon remineralisation, that is the source of this addi
tional porewater Ni (He et al., 2023). However, this source of Ni is un
likely to control porewater isotope compositions. The surface pore fluid 
shows a δ60Ni value of approximately 1.3 ‰ (Fig. 6), which is compa
rable with typical seawater (1.3 ‰; Cameron and Vance, 2014; Takano 
et al., 2017; Wang et al., 2019; Archer et al., 2020; Yang et al., 2020; 
Lemaitre et al., 2022). Deeper samples are enriched in the heavier 
isotope (up to 2.36 ‰; Fig. 6). Given that seawater Ni taken up into cells 
in the photic zone is delivered to the sediment with a negligible isotope 
fractionation (Ciscato et al., 2018; He et al., 2023), the heavy isotope 
compositions of Soledad porewaters cannot be explained by an organic 
matter source and are likely due to isotope fractionation during a 
superimposed removal process. 

Dissolved Ni, from organic or inorganic sources, can be fixed in solid 
sulfide phases (e.g., Landing and Lewis, 1991; Vance et al., 2016). Thus, 
Ni that is delivered to the sediment with organic matter can be redis
tributed to pore fluids, from which a proportion is retained in the 
sediment in an alternative phase as suggested by Ciscato et al. (2018) 
and recently confirmed by He et al. (2023). The positive correlation 
between solid-phase Fe and Ni at the Soledad site (Fig. 7b) supports the 
thesis that Ni can be incorporated into a solid sulfide phase. At the 
Soledad site the dissolved Fe decrease with depth and increase in H2S 
produces a solid phase Fe-sulfide diagenetic sink (up to 42 μM at 9.5 cm; 
Chong et al., 2012). The fact that the distribution of Ni does not appear 
to follow that of Fe-sulfide is likely simply due to the presence of two 
different processes competing to control porewater Ni concentrations: 
the organic matter source and the sulfide sink. Finally, the heavy Ni 
isotope compositions of deep porewaters is also consistent with the 
notion that a proportion of dissolved pore fluid Ni is incorporated into a 
solid sulfide phase, as this process preferentially removes isotopically 
light Ni, leaving the dissolved phase enriched in heavy Ni isotopes 
(Vance et al., 2016; He et al., 2023). 

The fact that there is significant Ni in porewaters that is diageneti
cally mobilised from sediment is not inconsistent with relatively con
stant Ni abundances in sediment: this feature simply reflects the 
overwhelming importance in the overall mass balance of the solid pool 
relative to porewater. For example, given minimum observed Ni con
centrations in sediment, maxima in porewaters and maximum observed 
porosity, the solid phase holds >99.9% of the total sediment-porewater 
Ni. Furthermore, while the porewaters exhibit significant variability in 
Ni isotope compositions, this mass balance implies that the differential 
isotope partitioning between the solid and dissolved pool cannot be 
important for the Ni isotope composition of the sediment. Diffusion of 
heavy porewater Ni across the sediment-water interface may, however, 
be important for the overlying water column. On the other hand, only 
approximately 8% of the input flux of Ni is released back to the bottom 
water (Table 2). This small benthic efflux, coupled with the fact that the 
near-surface dissolved Ni isotope values are identical to seawater, sug
gests that this process may be too insignificant to impact the marine Ni 
isotope balance. 

4.2. The behaviour of Ni under Mn-rich oxidising conditions 

Sediments deposited under conditions where Mn oxides deliver a 
significant amount of Ni to the sediment, and where they play a signif
icant role in Corg oxidation, show marked differences to those at the 
Soledad site. The most obvious distinction is that the sediment Ni and 
TOC data for these stations are shifted off the trendline found for other 
sites, towards higher Ni and/or lower TOC concentrations (Fig. 3). We 
note that these stations have oxygenated bottom waters, but at none of 
the sites is oxygen present below ~3 cm in the sediment column. At San 

Clemente and Patton Escarpment, there are distinct near-surface en
richments in solid-phase Ni, occurring along with peaks in solid-phase 
Mn (Figs. 4 and 8). While the solid-phase Mn/Al and Ni/Al concentra
tions are correlated at the Patton Escarpment and San Clemente sites (R2 

= 0.51 and 0.90), they do not correlate as a whole (Fig. 8a). Enrichments 
of Ni along with Mn in the oxygenated surface sediment have previously 
been observed at San Clemente and Patton Escarpment, respectively; 
Berelson et al., 1996; Fleischmann et al., 2023). Due to the availability of 
oxygen in the overlying water column and the shallow oxygen pene
tration depth, Mn oxides precipitate in the surface sediment of these 
sites. Consequently, Ni has been proposed to be fixed in the solid phase 
by sorption onto Mn oxides (e.g., Shaw et al., 1990). In contrast to the 
San Clemente and Patton Escarpment sites, there are no enrichments in 
solid phase Ni and Mn at the Catalina site. Here, Mn oxides are restricted 
to the uppermost 0.3 cm of the sediment column, as evidenced by 
slightly elevated Mn and Ni concentrations at a sediment depth of 0–1.2 
cm. Below that depth, Mn oxides are reductively dissolved and thus, not 
preserved in the deeper sediment record. Comparing with published 
data, our data from the Patton Escarpment typically fall close to data 
from abyssal sediments (Fig. 8b; Fleischmann et al., 2023). Furthermore, 
the San Clemente station falls in the group of sediments from the Cali
fornia margin with high Corg contents and reductive mobilisation of Mn 
as identified by Fleischmann et al. (2023; Fig. 8b). These authors note 
that Mn oxides and associated Ni are differentially re-processed during 
diagenesis. Following the mobilisation of Mn and Ni under reducing 
conditions at depth and upward Ni and Mn diffusion, Mn is enriched in 
the solid phase in the oxygenated surface sediment, whereas Ni can be 
lost to the water column 

In the surface sediments of the San Clemente and Patton Escarpment 
sites, dissolved Ni concentrations are lower compared with deeper 
samples. This pattern reflects deeper remobilisation of Ni from Mn ox
ides. In short, where the conditions in the sediment become anoxic, Mn 
oxides dissolve, releasing Ni along with Mn from the solid to the dis
solved phase (as suggested by Shaw et al., 1990). This upward diffusion 
transports dissolved Ni into the oxygenated surface sediment, where Ni 
can be released to the bottom water or removed from solution by (re-) 
adsorption onto precipitating Mn oxides (Koschinsky and Hein, 2003; 
Peacock and Sherman, 2007; Peacock, 2009; Gall et al., 2013). Thus, the 
maxima of solid-phase Ni/Al in the surface sediments of the San Clem
ente and Patton Escarpment sites are caused by a combination of Ni 
input from the water column and recycled Ni from deeper in the sedi
ment, likely from both Mn oxide dissolution and organic matter remi
neralisation at depth followed by upward diffusion. The absence of a 
relationship between either dissolved or solid Ni and Mn at the Catalina 
Basin site is likely because most of the solid-phase reactive Mn, which is 
a primary carrier of Ni, is dissolved and lost to the overlying water 
column. This Mn dissolution is because dissolved oxygen is less than half 
the concentration at the Catalina Basin (20 μM) as compared to San 
Clemente (50 μM), thus initiating Mn reduction much shallower within 
the sediment column or even within the water column at Catalina Basin. 

Like the solid phase relationships between Mn and Ni, their dissolved 
concentrations also correlate at each site (R2 = 0.82 or higher; Fig. 8c). 
Dissolved Ni concentrations stabilise at 3.6–4.8 cm sediment depth at 
around 157 ± 8 nM (SD, n = 7) at the San Clemente site, and at 7.2–8.4 
cm depth at the Patton Escarpment site (422 ± 57 nM (SD, n = 4), while 
dissolved Mn concentrations increase steadily with depth. Despite the 
near-surface solid Mn peak, a proportion of dissolved Mn diffuses from 
sediment into the bottom water (McManus et al., 2012). In addition, 
efflux of Mn is influenced by the oxidation of Corg, since Mn can be 
scavenged by organic matter (Johnson et al., 1996; McManus et al., 
2012). Consequently, Mn can be partially lost to the bottom water, 
instead of being quantitatively trapped within the sediment column by 
repetitive cycles of precipitation and dissolution below the water- 
sediment interface (recycling). The Ni benthic flux out of the sediment 
at the San Clemente site (− 3.5 nmol cm− 2 y− 1) is higher compared with 
the other sites studied here (Table 2). Based on this benthic Ni flux, we 
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suggest that Ni is partially released to the bottom water resulting in a 
lower burial efficiency (0.86) than at all our other stations (Table 2). 
This contribution of Ni may impact the dissolved seawater Ni pool as 
well as its isotope composition. 

While we find evidence for the accumulation of Ni in the solid phase 
along with Mn oxides at both the San Clemente and Patton Escarpment 
sites, Ni and Mn show distinct behaviours as described by Fleischmann 
et al. (2023). While the solid-Ni peak is most pronounced in the sedi
ments of the Patton Escarpment, the peak in solid-phase Mn at this site is 
smaller than the one at the San Clemente Basin site (Fig. 4). The differing 
behaviours of sediment Ni and Mn can result from preferential loss of Mn 
compared with Ni from the solid to the dissolved phase at the Patton 
Escarpment. The overall down-core trend of higher solid-phase Ni/Mn 
ratios is more pronounced at Patton Escarpment than in San Clemente 
(Fig. S2, Supplementary Information). Similar to the observations here, 
Little et al. (2020) found that due to Mn reduction, Mn may be more 
prone to loss from the sediment package compared to Ni during cycles of 
dissolution and reprecipitation of Mn oxides and this effect of Mn 
diagenesis is apparent to varying degrees along the continental margins 
studied here. In addition, non-quantitative trapping of Ni from pore 
fluids to reprecipitating Mn oxides in the oxygenated surface sediment 
can result in lower sediment Ni/Mn ratios compared with deeper sam
ples (Fleischmann et al., 2023). Hence, at the San Clemente site, where 
the oxygen penetration depth is shallower than at the Patton Escarpment 
site, the proportion of Ni that escapes trapping by Mn oxides is larger. 
Consequently, Ni is diffusing out of the sediment package, whereas at 
the Patton Escarpment site, the burial of Ni in the sediment is more 
efficient and leads to the high Ni/Al * 10− 3 ratios (Fig. 4). It is likely that 
the relatively deep oxygen penetration depth at the Patton Escarpment 
allows the preservation of Mn oxides in the surface sediment, forming a 
“lid” that prevents dissolved fluxes from escaping to the bottom water. 

An additional influence on the behaviour of Ni and Mn at the San 
Clemente and Patton Escarpment sites, could relate to the behaviour of 
Mn linked to its mineralogy (Little et al., 2020; Fleischmann et al., 
2023). Though the effect may be subtle, and difficult to deconvolve from 
other controls, the formation of todorokite from birnessite leads to the 
preferential loss of Ni compared to Mn from the sediment (Atkins et al., 
2016; Little et al., 2020). During todorokite transformation, Ni is not 
significantly incorporated in the crystal structure, and can thus be 
transferred to the pore fluid (Atkins et al., 2016). At the Patton 

Escarpment site, the conditions are more oxidising compared to the San 
Clemente site. Environments with lower oxidation potential favour 
todorokite formation (McMurtry, 2009; Wegorzewski et al., 2020). 
Therefore, it is possible that more todorokite is present at the San 
Clemente compared with the Patton Escarpment site, since the former 
has a lower bottom water oxygen concentration and shallower oxygen 
penetration depth (Table 1). Thus, the mineralogy may explain the 
preferential retention of Mn at the San Clemente site. We recognise that 
this mineralogical explanation is speculative as we do not have infor
mation on the abundance of todorokite in our samples. 

The oxygenated surface pore fluids are enriched in heavier Ni 
compared with the Ni isotope composition in the pore fluids deeper in 
the sediment at the San Clemente and Patton Escarpment sites (Fig. 6), 
whereby surface pore fluids show the highest δ60Ni values at the Patton 
Escarpment site (up to 1.88 ‰; Fig. 6; Table S3). The net Ni isotope shift 
from the interface (0–1.2 cm) to 10.8–12.0 cm sediment depth is − 0.55 
‰ for San Clemente, and − 1.88 ‰ for Patton Escarpment. These shifts 
likely result from the repetitive cycling of Ni associated with Mn oxides 
or the mineralogy of the Mn as described above, or a combination 
thereof. Both of these processes eventually shift the δ60Ni of the pore 
fluid towards higher values (Little et al., 2020; Sorensen et al., 2020; 
Chen et al., 2022; Fleischmann et al., 2023). Isotopically light Ni pref
erentially sorbs onto (re-) precipitating Mn oxide, leaving the remaining 
pore fluids in the oxygenated upper few cm of the sediment column 
enriched in heavy Ni isotopes (Little et al., 2020; Sorensen et al., 2020). 
In addition, Ni desorbing from Mn oxides during early diagenesis is 
isotopically heavier compared with the remaining solids, as previously 
suggested by Little et al. (2020). During the transformation of birnessite 
to todorokite, the latter mineral retains isotopically light Ni, whereas 
isotopically heavy Ni is released into the pore fluid (Chen et al., 2022). 

To distinguish between the influence of Mn cycling on Ni and the 
degree of structural incorporation of Ni into birnessite and isotopic re- 
equilibration, Fleischmann et al. (2023) utilise Co/Mn ratios. While 
the flux of Co to the sediment is nearly constant (Halbach et al., 1983), 
Co can diffuse from the sediment under reducing conditions (e.g., Shaw 
et al., 1990; Tagliabue et al., 2018; Plass et al., 2021). During the 
transformation of birnessite to todorokite, Co is retained in the solid 
phase (Wu et al., 2019). Due to this behaviour of Co, samples that un
derwent diagenetic redox processing fall off a trendline of positively 
correlated sediment δ60Ni values and Co/Mn ratios towards lower or 

Fig. 8. Ratios of solid Mn and Ni and b) concentrations of dissolved Mn and Ni, showing the positive correlations of Ni and Mn at the San Clemente and Patton 
Escarpment sites. The literature data in a) are from Fleischmann et al. (2023) for California Margin and abyssal sediments, and from Little et al. (2020) for MANOP 
sediments (Fe–Mn crusts). The slopes of abyssal sediments and Fe–Mn crusts as described in Fleischmann et al. (2023) are indicated by thin grey line. 
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higher Co/Mn (Fleischmann et al., 2023). Along with the data presented 
by Fleischmann et al. (2023) for the California margin, the sediment 
samples from the San Clemente Basin fall along a trend line between Co/ 
Mn and Ni/Mn (Fig. S3), reflecting that Ni cycling is strongly linked to 
Mn redox processes in these sediments. 

The δ60Ni values in Catalina Basin are shifted towards higher δ60Ni 
values throughout the core compared with San Clemente, with surface 
δ60Ni values similar to the ones at the Soledad, but lower than the Patton 
Escarpment site (Fig. 6). In addition, the Corg burial rate at the Catalina 
site is slightly higher (1.2 mmol m− 2 d− 1; Table 1) compared with the 
one at the San Clemente site (0.9 mmol m− 2 d− 1), but still much lower 
than at Soledad (8.4 mmol m− 2 d− 1). The δ60Ni values of Catalina Basin 
pore fluids are thus likely influenced by a combination of weak redox 
cycling of Mn oxides due to the shallow oxygen penetration depth (0.33 
cm; Berelson et al., 1996), and, to a lesser extent, delivery of Ni to the 
sediment with organic matter and subsequent release of isotopically 
heavy Ni to the pore fluid. 

The benthic Ni flux out of the sediment at the San Clemente site is 
larger compared to all other stations (− 3.46 nmol cm− 2 y− 1; Table 2). 
The Ni isotope composition of this flux is thought to be similar to the 
δ60Ni values of the surface pore fluids, 0.2 ‰, and thus isotopically 
lighter than typical seawater (+1.3 ‰; Cameron and Vance, 2014; 
Takano et al., 2017; Wang et al., 2019; Archer et al., 2020). Similarly, at 
the Catalina site, the benthic flux likely has a δ60Ni value similar to the 
surface pore fluid sample and thus lower than seawater (1.15 ‰). 
However, the benthic flux at the Catalina Basin site is high (− 0.8 nmol 
cm− 2 y− 1), and also the burial efficiency is high (0.96). For the Patton 
Escarpment site, our benthic flux calculations (0.23 nmol cm− 2 y− 1; 
Table 2) as well as the calculated burial efficiency (1.01), predict that 
this isotopically heavy Ni is not released to the bottom water, but pre
served within the sediment record. As a consequence of the high burial 
efficiency, repeated cycles of Mn oxide formation and dissolution lead to 
the progressive enrichment of isotopically heavy Ni in the Patton 
Escarpment surface pore fluid (up to 1.88 ‰). In contrast, at the San 
Clemente site, some of the dissolved Ni escapes to the bottom water, 
resulting in a weaker enrichment of isotopically heavy Ni (only up to 0.2 
‰) than observed at the Patton Escarpment site. Even though the burial 
efficiencies at the oxic sites studied here vary, all of them are >0.85, and 
the range overlaps with the burial efficiency at the sulfidic site (Sol
edad). Thus, Ni is well-preserved in the sediment column of all stations 
studied here. 

5. Conclusions 

In this study, we provide new insights on Ni cycling across the 
sediment-water boundary and during early diagenesis under interme
diate redox conditions. Under Corg-rich conditions at the Soledad site, Ni 
is effectively retained in the sediment, having a burial efficiency of 
>90%. Based on pore fluid results, Ni is partially removed to the sedi
ment in an authigenic sulfide phase, whereby isotopically light Ni is 
likely preferentially bound to sulfides. The δ60Ni values of the remaining 
pore fluid show an increase from seawater-like values at the surface to 
2.28 ‰ at depth, the most enriched in heavy Ni of all the sites studied 
here. Given the fact that the solid phase overwhelmingly dominates the 
mass balance of the sediment-porewater system, these isotope frac
tionations that control porewater will have no significant impact on the 
Ni finally buried at highly reducing sites like Soledad, as previously 
concluded for the Namibia margin (He et al., 2023). Further, the recy
cling efficiency of Ni at this site is low and the pore fluid δ60Ni value is 
close to seawater near the sediment-water boundary. Under these types 
of conditions, diagenesis probably does not significantly impact the 
global Ni recycling inventory or its isotope composition. 

Under conditions where the near-surface sediment is Mn-rich, Ni’s 
distribution and its isotope fractionation appear linked to Mn dissolution 
and reprecipitation. Under these conditions, Ni accumulates in the solid 
phase by sorption onto Mn oxides, and is released by reductive 

dissolution of Mn oxides deeper in the sediment column. Our data 
indicate that isotopically light Ni is preferentially retained in the sedi
ment along with Mn oxides, whereas isotopically heavy Ni is preferen
tially released to the pore fluids, confirming previous findings (e.g., 
Little et al., 2020; Fleischmann et al., 2023). A shallow oxygen pene
tration depth at San Clemente leads to a Ni benthic flux out of the 
sediment of − 3.46 nmol cm− 2 y− 1, and this Ni isotope composition is 
lower than typical seawater. In contrast, a deep oxygen penetration 
depth (Patton Escarpment) facilitates the formation of a Mn oxide layer 
in the surface sediment, preventing the significant release of isotopically 
heavy Ni from pore fluids to bottom water. Under these conditions, Ni 
burial in the sediment is highly efficient with all (or nearly all) Ni being 
retained within the sediment. 

It is noteworthy that the Ni burial efficiencies are similar to each 
other at all stations investigated here, even though the processes driving 
Ni cycling differ between the sulfidic Soledad (linked to the C cycle) site 
and the manganous sites (Table 2). The utility of this observation is that 
for Ni concentrations or isotope compositions to serve as tracers for 
biogeochemical conditions of the past oceans, it is important that Ni is 
well preserved following deposition. 
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