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Abstract

Over the past decades, observations have confirmed decreasing oxygen levels and shoaling
of oxygen minimum zones (OMZs) in the tropical oceans. Such changes impact the
biogeochemical cycling of micronutrients such as Cd, but the potential consequences are only
poorly constrained. Here, we present seawater Cd concentrations and isotope compositions for 12
depth profiles at coastal, nearshore and offshore stations from 4°S to 14°S in the eastern tropical
South Pacific, where one of the world’s strongest OMZs prevails.

The depth profiles of Cd isotopes display high 8''*''°Cd at the surface and decreasing
§"1¥1°Cd with increasing water depth, consistent with preferential utilization of lighter Cd
isotopes during biological uptake in the euphotic zone and subsequent remineralization of the
sinking biomass. In the surface and subsurface ocean, seawater displays similar 8''¥''°Cd
signatures of 0.47 £0.23%o to 0.82+0.05%o across the entire eastern tropical South Pacific despite
highly variable Cd concentrations between 0.01 and 0.84 nmol/kg. This observation, best
explained by an open system steady-state fractionation model, contrasts with previous studies of
the South Atlantic and South Pacific Oceans, where only Cd-deficient waters have a relatively
constant Cd isotope signature. For the subsurface to about 500 m depth, the variability of seawater
Cd isotope compositions can be modeled by mixing of remineralized Cd with subsurface water
from the base of the mixed layer. In the intermediate and deep eastern tropical South Pacific (>
500 m), seawater [Cd] and 8'"''°Cd appear to follow the distribution and mixing of major water
masses. We identified modified AAIW of the ETSP to be more enriched in [Cd] than AAIW from

the source region, whilst both water masses have similar 8''*''°Cd. A mass balance estimate thus

constrains a 8'"¥!'°Cd of between 0.38%o and 0.56%o for the accumulated remineralized Cd in the
ETSP.

Nearly all samples show a tight coupling of Cd and PO4 concentrations, whereby surface
and deeper waters define two distinct linear trends. However, seawater at a coastal station located
within a pronounced plume of H,S, is depleted in [Cd] and features significantly higher 8''*''°Cd.
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This signature is attributed to the formation of authigenic CdS with preferential incorporation of
lighter Cd isotopes. The process follows a Rayleigh fractionation model with a fractionation factor
of o' Cdseawater-cas = 1.00029. Further deviations from the deep Cd-PO, trend were observed
for samples with O, < 10 umol/kg and are best explained by in situ CdS precipitation within the

decaying organic matter even though dissolved H,S was not detectable in ambient seawater.
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Constant surface 8''¥''°Cd is best described by a steady-state model

Large Cd isotope fractionation due to CdS precipitation in the euxinic Peruvian OMZ
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Water mass control on intermediate and deep water 8''¥!'°Cd distribution in the ETSP
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1. Introduction

The oceanic cycling of dissolved Cd is enigmatic. Whilst low levels of dissolved Cd in the
surface ocean generally do not appear to limit marine phytoplankton growth, seawater Cd
concentrations show a nutrient-like distribution, which resembles that of the macronutrient
phosphate (e.g., Boyle et al., 1976). Although the mechanisms of Cd removal from surface waters
are debated (Horner et al., 2013a, 2013b; Morel 2013), the biological function of Cd in the marine
environment is clear in some cases. In particular, Cd was shown to promote phytoplankton growth
by substituting Zn in Zn-specific carbonic anhydrase under Zn-limiting conditions (e.g., Price and
Morel, 1990). The discovery of a Cd-specific carbonic anhydrase in 7. weissflogii further supports
a metabolic role of Cd in some species (Lane and Morel, 2000).

The biological function of Cd is further supported by recent studies on marine Cd isotopes
(e.g., Abouchami et al., 2011; Lacan et al., 2006; Ripperger et al., 2007). In the surface ocean,
seawater generally has more positive 8''*''°Cd values that decrease with depth (Abouchami et al.,
2011; Abouchami et al., 2014; Ripperger et al., 2007). This is in line with culturing experiments
that revealed preferential assimilation of light Cd isotopes during biological uptake (John and
Conway, 2014; Lacan et al., 2006), although the seawater (SW)-biomass isotope fractionation
factors a observed in these experiments for 4cd/"%Cd were much higher, at M MOCdsw biomass =
1.0008 to 1.0014, than those observed in the global ocean (o' °Cdsw.biomass = 1.0002 to 1.0004;
e.g. Abouchami et al., 2014; Xue et al. 2013). This difference in isotope fractionation has been
ascribed to differences in the phytoplankton uptake pathways at low vs. high Cd concentrations
(Conway and John, 2015a).

The mechanisms governing Cd isotope fractionation during biological uptake in the surface
ocean seem to vary spatially and temporally. In the Southern Ocean and part of the North Pacific,
the evolution of seawater 8''¥''°Cd in the upper water column appears to closely follow a
Rayleigh fractionation model (Abouchami et al., 2011; 2014; Janssen et al., 2017; Xue et al., 2013;

Yang et al., 2018), whereby Cd is continuously removed from the system. Conversely, Xie et al.
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(2017) suggested that global Cd-deficient seawater, regardless of location, has a relatively uniform
§"14M0Cd of +0.4%o to +1.0%o that can be explained by a steady state model, in which the export of
Cd out of the surface ocean is balanced by the input via upwelled Cd-rich seawater. This inference
was recently corroborated by a Cd isotope study along the meridional GEOTRACES GP19 section
in the South Pacific (Sieber et al., 2019). Alternatively, Xie et al. (2017) proposed that, if Rayleigh
fractionation indeed governs Cd isotope fractionation in Cd-deficient surface waters, the low and
homogeneous 8''*''°Cd values may reflect that >85% of the dissolved Cd budget is buffered by
ligand complexation. Recent studies also showed that physical processes such as water mass
advection or the temporal presence of eddies may determine if Cd uptake follows Rayleigh or
steady state fractionation trends (Janssen et al., 2017; Yang et al., 2018). Furthermore, a supply-
limited model was proposed to explain the relatively small Cd isotope fractionations observed for
Cd-depleted surface waters off the east coast of New Zealand (Gault-Ringold et al., 2012).

The processes that control the distribution of Cd isotopes in deep waters are more
straightforward. Deep Pacific and Southern Oceans waters are characterized by a relatively
constant 8''*1°Cd = +0.26%o (Abouchami et al., 2014; Janssen et al., 2017; John et al., 2018;
Sieber et al., 2019; Xue et al., 2013; Yang et al., 2018), while the deep Atlantic Ocean features a
north-south contrast between more fractionated North Atlantic Deep Water (NADW, §''''°Cd~
+0.42%0) and less fractionated Antarctic Bottom Water (AABW, 8"'!'°Cd~ +0.24%0) (Xie et al.,
2017). This quasi-conservative behavior of Cd isotopes allows the use of 8''*''°Cd as a reliable
water mass tracer in the intermediate and deep Atlantic, at least in the modern ocean (Abouchami
et al., 2014; Sieber et al., 2019; Xie et al., 2017; Xie et al., 2019).

In contrast, the distribution of Cd and Cd isotopes in oxygen-deficient waters does not
appear to follow a pattern defined by biological utilization or water mass mixing. Cadmium
depletion relative to PO, in these waters was reported for the upper part of oxygen minimum zones
(OMZs) in the northeast subarctic Pacific (Janssen et al., 2014) and the eastern subtropical Atlantic

(Conway and John, 2015a; Janssen et al., 2014; Waeles et al., 2013, 2016). This depleted Cd
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signal was attributed to authigenic CdS precipitation within microenvironments of decaying
organic matter, which host a sulfate reducing core that provides free H,S to bind Cd (Bianchi et
al., 2018). This process appears to preferentially incorporate lighter Cd isotopes into the solid
phase, as shown by analyses of sulfidic minerals (Schmitt et al., 2009), ab initio calculations
(Yang et al., 2016), and precipitation experiments (Guinoiseau et al., 2018). Indeed, particulates
from such low-oxygen waters are characterized by relatively low 8''“''°Cd~ 0%o (Janssen et al.,
2014). However, Cd depletions do not appear to be a ubiquitous feature for all low-oxygen marine
environment (John et al., 2018; Yang et al., 2018).

The eastern tropical South Pacific (ETSP) hosts one of the world’s largest OMZ, but data
on dissolved Cd isotopes are scarce. A recent study on samples from the GEOTRACES GP16
section reported slight Cd depletions relative to PO, at nearshore and offshore stations off Peru,
which might be related to changes in ecological communities (John et al., 2018). As such, it
remains unclear whether low oxygen waters of the ETSP OMZ act as a sink for light Cd isotopes
within the water column, which is not only important for an improved understanding of
micronutrient cycling in the present day ocean but will also allow more reliable reconstructions of
oxygen depleted marine paleoenvironments. This study systematically investigates the
biogeochemical cycling of Cd and its isotopes within the ETSP, with particular focus on the Cd
isotope fractionation in an oxygen depleted water column, the Cd-PO, correlation within anoxic
and sometimes sulfidic subsurface waters, and the importance of water mass mixing for the

distribution of Cd isotopes.

2. Sampling and analytical methods
2.1 Sampling

Seawater was sampled during two back-to-back cruises on board of the German research
vessel Meteor from Guayaquil (Ecuador) to Callao (Peru) in January 2009 (M77/3) and from

Callao to Colon (Panama) in February 2009 (M77/4) (Fig. 1a). In total, 82 samples were collected
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from 12 depth profiles covering the full range of low oxygen waters between 4°S and 14°S along
two semi-meridional transects at 86°W and 82°W, and along a coastal transect; these encompass
three coastal, four nearshore and five offshore stations (Fig. 1).

All samples were collected using ultraclean GO-FLO bottles mounted on a plastic coated
rosette system and deployed with a Kevlar cable. Upon return of the rosette system, samples were
immediately filtered through 0.45 um Millipore cellulose acetate filters into acid-cleaned
polyethylene canister/bottles and acidified to pH ~2 using distilled 12 M HCI inside a Class-5

clean room container. All sample bottles were double-bagged and shipped to the home laboratory.

2.2 Analytical Methods

The methods for the acquisition of oxygen and phosphate concentrations are described
elsewhere (Grasse et al., 2016). Salinity and potential temperature were retrieved from the CTD
sensors. The separation and isotopic analysis of Cd were carried out at the Imperial College
MAGIC Laboratories following Ripperger and Rehkédmper (2007) and Xue et al. (2012), and only
a brief summary of methods is provided here. For samples with [Cd] = 0.1 nmol/kg, 0.3 to 3 L of
seawater containing ~30 ng of Cd were weighed and spiked with a '''Cd-'">Cd tracer to a ratio of
spike to natural Cd of ~1. Cadmium was then extracted from the seawater using a three-stage
column chemistry procedure (Xue et al., 2012). For seawater samples with [Cd] < 0.1 nmol/kg,
sample volumes of 3 to 20 L were weighed and spiked. Cadmium from these samples was first
extracted by co-precipitation with Al(OH)s, followed by purification using the standard column
chemistry procedure (Xue et al., 2012).

The Cd isotope compositions were measured on a Nu Plasma HR multiple collector
inductively coupled plasma mass spectrometer (MC-ICP-MS), following established methods
(Ripperger and Rehkdamper, 2007; Xue et al., 2012). The stable Cd isotope compositions of the
samples are expressed as 8''¥''°Cd values relative to the NIST SRM 3108 isotope standard (std)

(Abouchami et al., 2013):
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14100 (%0) = ( - 1) x1000

The secondary Cd isotope standards BAM-1012 Cd, JMC Cd Miinster, and Alfa Cd Zurich
were routinely analyzed alongside with the seawater samples (Xue et al., 2012) and yielded results
identical, within error, to the reference values (Abouchami et al., 2013). The total procedural Cd
blank was ~20 pg per sample, which corresponds to a maximum contribution of ~0.05% to the
total Cd present in the sample aliquots. The blank was subtracted from the measured sample [Cd]
data but no corrections were applied to 8''*!'°Cd results, as the isotope composition of the blank

was not well defined.

3. Results
3.1 Hydrographic Setting off Peru

Surface waters (upper 10 m) in the study area show a wide range of temperatures (15°C to
27°C) and salinities (34.4 to 35.6; Figs. 1b, 2). Accordingly, surface waters at offshore stations can
be divided into Equatorial Surface Water (ESW: T<25°C, Sal. >34) influencing Sts. 109 and 134,
and Subtropical Surface Water (STSW: Sal. >35), present at Sts. 86, 93 and 97 (Sal. > 35; Fiedler
and Talley, 2006; Fig. 2). The STSW, originating from the eastern flank of the subtropical gyre, is
a highly oxygenated water mass found both in the mixed layer and upper thermocline off Peru
(Silva et al., 2009). Nearshore and coastal stations (Sts. 11, 19, 78, 117, 120, 122, and 124) are
strongly influenced by upwelling of cold and nutrient-rich subsurface waters, the so-called
Equatorial Subsurface Water (ESSW: T =12.5°C; Sal. = 34.9; oy =26 kg/m3 ; Silva et al., 2009;
Fig. 2). The ESSW is carried southward within the Peru Chile Undercurrent (PCUC; Fig. 1b),
which is partly fed by the Equatorial Undercurrent (EUC) and the Southern Subsurface
Countercurrent (SSCC; e.g., Fiedler and Talley, 2006). In its southward flow path, the PCUC
alters its biochemical properties due to enhanced remineralization within the OMZ and processes
at the seawater-sediment boundary (e.g., Bruland et al., 2005). In the same density range as the
ESSW but at a distance from the continental slope, the Shallow Salinity Minimum Water
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(SSMW), characterized by a distinct salinity minimum at oy = 26 kg/m’ (Karstensen, 2004),
influences the southernmost offshore stations (Sts. 86, 93 and 97).

Intermediate water masses (500 m to 1200 m) in the study area mainly consist of
Equatorial Pacific Intermediate Water (EqPIW), whereas stations in the south (Sts. 78, 86, and 93)
show admixture of Antarctic Intermediate Water (AAIW) characterized by lower salinities (34.3 to
34.5). Below AAIW, Pacific Deep Water (PDW) has a broad silicate maximum (up to 160
umol/kg, oo> 27.5 kg/m’) centered at depths between 1200 and 3000 m. The PDW arrives in this
region following an intricate path through the North Pacific and is thought to be the return flow of
modified bottom waters originating from the South Pacific in the Antarctic Circumpolar Current
(ACC) (Llanillo et al., 2013; Reid, 1973; Tsuchiya and Talley, 1998). The densest water mass of
the study area derives from the Southern Ocean and is a mixture of Lower Circumpolar Deep
Water (LCDW) and the underlying Antarctic Bottom water (AABW; Kawabe and Fujio, 2010),
whereby the latter is characterized by a salinity maximum and a silicate minimum. According to

the salinity data, only St. 93 shows week admixture of LCDW at depth.

3.2 Depth profiles of Cd and £""*""’Cd along with oxygen and PO,

The vertical profiles of [Cd] and 8''*"'°Cd (Table 1) are presented along with oxygen and
PO, concentrations in Figs. 3 and S1 (see supplementary material). The ETSP is characterized by a
pronounced OMZ with oxygen concentrations in the core of the OMZ generally below 10
umol/kg. The extent of the OMZ varies between stations. At coastal stations (Sts. 122 and 19), the
water column is anoxic below 20 m depth. The largest extent of the OMZ, between approximately
50 m and 400 m in depth, occurs at nearshore stations (Sts. 117, 124, 11, and 78), whereas at
offshore stations (Sts. 109, 134, 97, 93, and 86) the OMZ ranges from about 150 m to 400 m depth
(Fig. 3). In the following, waters with O, < 10 pmol/kg are defined as oxygen minimum waters,

and the sharp decline in [O,] above the OMZ as the upper oxycline.
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Cadmium concentrations in surface waters within the Peruvian OMZ are more depleted at
the offshore stations ([Cd] = 0.01 — 0.04 nmol/kg) and increase towards the coast where [Cd]
reaches values up to 0.63 nmol/kg. Conversely, surface waters at all stations have relatively
constant 8''1'°Cd of 0.47%o to 0.82%o, which are within, or almost within, error of each other. No
discernable trend in surface water 8''¥11°Cd is observed between the offshore, nearshore, and
coastal stations.

At offshore (Sts. 109, 134, 97, 93, and 86) and nearshore (Sts. 117, 124, 11, and 78)
stations (Fig. 3), the vertical variations of [Cd] closely match those of [PO4] (no PO, data are
available for Sts. 78 and 86). Below the surface, both Cd and PO4 concentrations increase rapidly
within the upper oxycline where O, drops below 50 umol/kg (4°S and 6°S) or below detection
limit (12°S and 14°S) (Fig. 3). Just below the upper oxycline, the increase in [Cd] is interrupted by
a pause at the northern stations at 4°S and 6°S, or a shift of up to 0.1 nmol/kg toward lower [Cd] at
the southern stations at 12°S and 14°S. These slight decreases in [Cd] are accompanied by more
slowly increasing [PO4]. A more gradual increase in [Cd] and [PO4] is observed within the OMZ,
followed by only a slight increase below the OMZ. Maxima of [Cd] and [PO4] are seen at these
stations between depths of 500 and 1500 m (Fig. S1).

At nearshore locations, a sharp decrease in 8''*''°Cd from the surface to ~200 m is
observed at most stations, which matches the rapid increase in [Cd] and the decrease in O, (Figs. 3
and S1). Below ~200 m, 8''*"'°Cd slowly decrease to values typical for deep Southern and Pacific
Ocean waters. At the offshore stations, the sharp subsurface decrease in 8''*''°Cd is not evident
except at St. 109 at 4°S. Instead, these stations display a gradual decrease in 8''*''°Cd with depth.

At coastal stations (Fig. 3), where the upper oxycline only occupies a very shallow depth of
20-40 m, vertical trends of [Cd] and 8''*''°Cd at 4°S and 6°S are similar to those at the offshore
and nearshore stations, with perhaps a smaller vertical [Cd] gradient due to intense upwelling. At

St. 19 at 12°S, however, [Cd] decreases drastically with depth, whilst S¥110Cd increases from
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255  0.65%o at the surface to 1.3%o at 60 m. The latter depth corresponds to the center of a large H,S
256  plume (30 — 100 m water depth) at the time of sampling (Schunck et al., 2013).

257 Although the sampling program did not include a direct crossover station with the

258  GEOTRACES program, our new Cd and 8'"¥''°Cd data for Sts. 11 and 97 at 12°S show excellent
259  agreement with results obtained for samples from the nearby Sts. 4, 5 and St. 7, respectively, of the
260 GEOTRACES P16 transect (Fig. S2; see supplementary material) (John et al., 2018). Minor

261 differences of up to 60 pmol/kg (240 pmol/kg at the surface) in [Cd] and up to 0.25%o in &''*''°Cd
262  are evident between the datasets but these likely reflect inter-annual variability, particularly at the
263  surface.

264

265 4. Discussion

266 Biological control on the vertical distribution of Cd and Cd isotopes in the Peruvian

267  upwelling region is evident in the [Cd] and 8"'*"'°Cd profiles (Figs. 3 and S1). Low [Cd] coupled
268  with high 8'"¥"'°Cd values in the surface waters suggests preferential uptake of light Cd isotopes
269  during phytoplankton growth, while higher [Cd] and lower 8''*''°Cd in deeper waters result from
270  remineralization of sinking biomass. These systematics are comparable to those seen in the

271  western (e.g. Abe, 2002; Boyle et al., 1976; Sieber et al., 2019; Yang et al., 2018) and eastern

272  Pacific (e.g. Bruland et al., 1978; Conway and John, 2015b; Janssen et al., 2017; John et al., 2018).
273  However, the shapes of the [Cd] and 8'"¥''°Cd profiles of this study are clearly affected by the
274  vertical distribution of oxygen, whereby the most rapid increases in [Cd], and thus rapid decreases
275  in 8"""%Cd, are restricted to the upper oxycline. The maximum concentrations of Cd and POy,
276  observed at mid-depth in our study and others most likely reflect maximum remineralization of
277  organic matter in the epipelagic (0 - 200 m) and mesopelagic (200 - 1000 m) regions (Henson et
278  al, 2012).

279 Aside from that, however, the vertical profiles of [Cd] and 8''*''°Cd in this region show

280  distinct features that cannot be reconciled with a simple one-dimensional biological uptake-
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remineralization model. In the following, we explore processes that may be responsible for the
near-constant &' '¥''°Cd values of surface and subsurface waters, the small but significant [Cd]
decrease in the OMZ compared to non OMZ profiles, and the water mass control on Cd isotopes in

the Peruvian upwelling region.

4.1 Biological control on upper-ocean Cd isotope systematics
4.1.1 Steady-state Cd isotope fractionation in surface waters

A striking feature of the present dataset is that as surface water [Cd] decreases from coastal
to offshore stations, seawater Cd isotope compositions remain relatively constant, ranging between
§MM10Cd = 0.47+0.23%o0 and 0.82+0.05%o (2SE; Fig. 3, Table 1). In particular, ''¥''°Cd values in
the top 100 m, as well as the top 200 m for the offshore stations from 6° to 14 °S, are identical
within error. This suggests that biological uptake of Cd does not generate large isotope
fractionation in this region, regardless whether the waters have high or low Cd contents. This
stands in contrast to previous studies of the North Atlantic and North Pacific, where highly
fractionated 8''¥''°Cd values were reported (Conway and John, 2015a; Ripperger et al., 2007).
Furthermore, the relatively constant surface 8''*''°Cd values are at odds with dissolved Si isotope
distributions (8°°Si(OH)s) for largely the same samples from the same cruises in the Peruvian
OMZ. The latter samples display large Si isotope differences as surface water [Si] decreases from
coastal to offshore stations, due to intense biological uptake by diatoms, and advection and mixing
of different water masses with distinct §°°Si(OH), signatures (Grasse et al., 2013). The different
behavior of surface water 8''*!''°Cd and 8*°Si(OH), likely reflects different processes that control
Cd and Si isotope fractionation during biological assimilation. While the distribution of
8*"Si(OH), in the Peruvian OMZ tends to closely follow a closed-system Rayleigh fractionation
model (Grasse et al., 2016), and although seawater Cd isotope data from the Southern Ocean
(Abouchami et al., 2011; Abouchami et al., 2014; Xue et al., 2013) and part of the North Pacific

(Janssen et al., 2017; Ripperger et al., 2007; Yang et al., 2018) are also best explained by Rayleigh
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fractionation, such a model appears to be less suitable for the biogeochemical cycling of Cd in the
Peruvian OMZ.

Water mass mixing at the surface may adequately explain the large west-east [Cd] gradient
seen in the Peruvian OMZ (Fig. 2). At the coastal and nearshore stations, upwelled waters are
primarily sourced from the PCUC, which prevails at depths of 50 — 100 m at ~ 5°S but deepens to
~ 150 — 200 m at 10°S (Huyer et al., 1987; Penven et al., 2005). The upwelled nutrient-rich waters
are subsequently transported westward to the offshore stations. Along their westward flow, Cd is
continuously removed from the surface water during biological uptake. Surface water masses
originating from the equatorial and central Pacific may, furthermore, have different preformed
[Cd]. However, it remains elusive why different surface water masses have essentially the same
§"'19Cd. Note that these systematics differ from those observed along the Zero Meridian in the
Southern Ocean (Abouchami et al., 2011; Xue et al., 2013) where surface biological drawdown in
[Cd] is accompanied by increasing &''*'°Cd.

Possible explanations for the relatively constant surface §''''°Cd signature include
supply-limited diffusion of Cd through cells, which results in no apparent Cd isotope fractionation
(Gault-Ringold et al. 2012), and Cd-ligand complexation, which buffers surface water §''*''°Cd to
low values (Xie et al., 2017). Yet, these hypotheses are based on Cd isotope data from Cd-depleted
waters and cannot explain why some Cd-replete surface waters of the Peruvian OMZ have
§"141°Cd similar to the global Cd isotope dataset at low [Cd] levels, as seen in supplementary Fig.
S3.

The relatively constant Cd isotope signature for surface and subsurface waters (top 100 -
200 m), characterized by high O, and low potential densities, can be explained by an open system
steady-state fractionation model (Fig. 4). This is in line with previous studies of the South Pacific
(Gault-Ringold et al., 2012; Sieber et al., 2019), the North Pacific (Janssen et al., 2017) and the
South Atlantic (Xie et al., 2017). Addition of the new Cd isotope data from the Peruvian upwelling

zone to the global compilation (Fig. S3), suggests that a homogeneous surface water signature of
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§"M0Cd = 0.4%o to 1.0%o is likely a common feature of the global oceans and that global Cd
isotope systematics are possibly governed by steady state fractionation. A few deviations from the
steady-state model at very low [Cd] in Fig. S3 might reflect real oceanic features. But these highly
fractionated values were also only measured using MC-ICP-MS and are not from TIMS analyses,
and thus may reflect potential artifacts of the MC-ICP-MS technique (Janssen et al., 2017; Xie et
al., 2017).

The calculation of surface water Cd isotope compositions as a function of [Cd] for the
steady-state model requires an initial estimate for [Cd] and §''¥''°Cd of the source waters that are
upwelled to the surface layer (Ripperger et al., 2007; Xie et al., 2017). Here, we choose two
distinct starting compositions, based on the average values observed for northern nearshore
stations at 4° and 6°S for water depths between 40 and 150 m (with [Cd] = 0.63 nmol/kg,
§"14M0Cd = 0.54%0) and for depths between 150 and 200 m depth ([Cd] = 0.71 nmol/kg, 8''*''°Cd
= 0.57%o) at southern stations at 12° and 14°S (Fig. 4a). This practice assumes that changes in
source water Cd isotope compositions and seawater-biomass fractionation factors (of o' '*!'°Cdg.
biomass = 1.0001 to 1.0004) best explain the evolution of [Cd] and 8'"*''°Cd in surface and
subsurface waters (Xue et al., 2013; Xie et al., 2017). Although this one-dimensional model
ignores lateral advection and atmospheric inputs, and is hence an oversimplification, it provides a
simple mechanism, which is able to account for the Cd isotope fractionation that accompanies

biological uptake in many parts of the surface oceans.

4.1.2 Remineralization-mediated intermediate water Cd isotope fractionation

The vertical increase in [Cd] with increasing depth is tightly coupled to elevated [PO4]
(Fig. 3), and is thus likely a result of in situ remineralization. Indeed, the concomitant variations of
Cd and 8'"*"'°Cd highlight the importance of remineralization for the distribution of Cd and Cd
isotopes in intermediate waters. As such, the evolution of subsurface and intermediate water
§"11°Cd values with increasing [Cd] at depth can be modeled by adding remineralized Cd to

15



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

subsurface waters, to produce binary mixing curves between these two endmembers (Fig. 4b; see
supplementary material). The calculated mixing lines for mixing between remineralized and
preformed seawater Cd (Fig. 4b) cover a large range of [Cd] and 8''*''°Cd values and although the
model oversimplifies the biogeochemical processes of the Peruvian upwelling region, it can
account for the observed intermediate water [Cd] and Cd isotope distribution. Future studies that
include coupled analyses of seawater and particulate samples are desirable in this context to

improve understanding of Cd isotope fractionation during remineralization.

4.2 The origin(s) of Cd-PO4 decoupling in the OMZ

A cross plot of Cd versus PO4 concentrations (Fig. 5) highlights that processes other than
utilization and remineralization also play an important role in the biogeochemical cycling of Cd
within the Peruvian OMZ. Specifically, seawater samples from this study exhibit two distinct
linear trends between Cd and PO4 — one trend for surface waters with PO, < 1.5 wmol/kg that is
defined by [Cd] = (0.18 = 0.02)[PO4] — (0.06 + 0.02) (1> = 0.87), and a second one for subsurface,
intermediate and deep waters with PO4 > 1.5 umol/kg defined by [Cd] = (0.32 + 0.02)[PO4] —
(0.01 £0.05) (r* = 0.89). The slopes of these trends agree well with slopes (~0.27 nmol/umol to
0.36 nmol/umol) reported previously for Pacific seawater (Cullen, 2006; de Baar et al., 1994; and
references therein). The subsurface to deep water Cd-POy relationship of this study appears to
show a slight offset towards higher [PO4] from the trend of the GEOTRACES P16 transect (John
et al., 2018); however, the slopes defined by the two datasets are identical within error.

Importantly, there are clear deviations from the linear subsurface to deep water Cd-PO4
correlation of this study. Specifically, these are (1) Cd enrichment relative to POy at St. 122; (2)
minor depletion of Cd relative to PO4 for OMZ samples with O, < 10 umol/kg; and (3) a strong
depletion of Cd relative to POy at St. 19.

The Cd enrichment in bottom water samples of St. 122 most likely reflects oxidation and

release of sedimentary Cd. The organic-rich anoxic sediments underlying upwelling areas at
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continental margins, such as the Peruvian margin, are important sinks for redox-sensitive elements
(e.g., Fe) and sulfide forming trace metals such as Cd. But more importantly, the preservation of
organically-bound Cd is greatly improved in anoxic compared to oxic sediments (Rosenthal et al.,
1995). For example, the average enrichment factor of Cd in Peruvian shelf sediments relative to
upper continental crust is >550 (Boning et al., 2004). Resuspension of shallow shelf sediments at
St. 122 may promote partial oxidation of the organically-bound Cd in the slightly oxygenated

water column resulting in elevated dissolved seawater Cd contents.

4.2.1 Cd depletion in OMZ waters

The minor but significant depletion of Cd relative to PO, in the core of the Peruvian OMZ
with O, < 10 wmol/kg (Fig. 5) can be attributed to authigenic sulfide precipitation within micro-
environments with high organic carbon contents (e.g., Conway and John, 2015a; Janssen et al.,
2014; Waeles et al., 2013). The ratio of Cd to acid-volatile sulfides on the eastern GEOTRACES
GP16 transect within the Peruvian OMZ was lower than 1:1, which implies that a sulfide carrier
phase may indeed be important for Cd in this region (Ohnemus et al., 2017). Detectable sulfide
within large decaying organic particles has long been recognized (Shanks and Reeder 1993), and a
possible role of micro CdS precipitates as an important sink for oceanic Cd was initially proposed
independently for the northeast Pacific and Mauritanian OMZs (Janssen et al., 2014) and the
Angola Basin (Waeles et al., 2013). These findings were later corroborated for other marine
regions (Conway and John, 2015a; Conway and John, 2015b; Janssen et al., 2017; Waeles et al.,
2016). A recent modeling study has further demonstrated that large (millimeter-size) decaying
organic particles within the Mauritanian OMZ have the ability to host a sulfate reducing core that
can provide free H,S to bind metal cations such as Cd (Bianchi et al., 2018).

Conversely, mass balance considerations dictate that authigenic precipitation of CdS in low

oxygen waters has little influence on dissolved seawater 8''*''°Cd values. For example, the

projection of data points with low Cd and O, contents (O, < 10 umol/kg) onto the steep linear Cd-
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POy correlation of Fig. 5 suggests that < 20% of Cd is lost in the Peruvian OMZ. Assuming that
this indeed reflects in-situ CdS precipitation and that the associated Cd isotope fractionation
follows a Rayleigh trend with ol 0Cdsw.cas = 1.00029 (see discussion in session 4.2.2), this
would raise the §''¥''°Cd value of the remaining dissolved Cd by only 0.06%o. This small
difference in ''''°Cd implies that the Cd isotope compositions of OMZ waters are expected to be
essentially constant even if a substantial fraction of dissolved seawater Cd is removed as CdS.

Although authigenic CdS precipitation is likely the dominant mechanism that affects the
Cd-POy correlation of Peruvian OMZ waters, other processes that may account for the offset of
some data from the linear Cd-PO, trend of Fig. 5 are also evaluated.

Firstly, it is conceivable that the depletion of Cd relative to PO, for the Peruvian OMZ
reflects addition of POg, for example by advection from the coast. Studies in the California and
Peru margins both indicate enhanced remineralization of PO, from reduced sediments (Ingall and
Jahnke, 1994; Lomnitz et al., 2015; Noffke et al., 2012) and a higher benthic flux of PO4 can be
transported offshore via Ekman advection or eddy transport. However, most of the excess PO4
observed for the Peruvian OMZ is confined to coastal and nearshore areas (Meyer et al., 2017),
and thus cannot explain the Cd-PO4 deviations observed for the offshore stations.

Secondly, preferential remineralization of POy relative to Cd (Xie et al., 2019) or depth-
dependent remineralization of suspended and sinking particulates with distinct Cd/P ratios (Wu
and Roshan, 2015) have been proposed to account for the Cd-PO4 decoupling in the Mauritania
OMZ. These mechanisms are, however, based on Cd data for seawater with [O,] >40 umol/kg.
Further studies on particulate Cd speciation are thus needed to investigate if the suggested
processes are also relevant for the Peruvian OMZ, where Cd-PO4 decoupling is only observed at
[02] <10 umol/kg.

Lastly, changes in ecological communities may also impact the distribution of Cd and PO4
in OMZs. For example, the Cd/P ratios of prokaryotes from the Peruvian OMZ were found to be

higher than those of the mixed layer biomass (Ohnemus et al., 2017), which may result in a slight
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depletion of Cd in ambient seawater. Furthermore, a shift from autotrophic to heterotrophic
biomass just above and within the upper Peruvian OMZ (Ohnemus et al., 2017) could also affect

the seawater distribution of Cd, Cd isotopes and PO,.

4.2.2 Fractionation of Cd isotopes during CdS precipitation in the presence of H,S

A large sulfidic plume that covered an area of over 5500 km” on the continental shelf from
12°S to 14°S was observed during cruise M77/3 (Schunck et al., 2013). At St. 19, H,S
concentrations of up to 4.2 uM were detected below 26 m water depth, slightly deeper than the
depth at which [O,] dropped below detection limits (Fig. S4; see supplementary material).
Corresponding to the profiles of [O,] and [H,S], [Cd] drops from 0.46 nmol/kg at the surface to
0.05 nmol/kg at 60 m depth, whilst 8''*''°Cd increases from 0.65%o to 1.30%o.

The decrease in [Cd] and associated Cd isotope fractionation most likely result from in situ
precipitation of dissolved Cd, with preferential incorporation of light Cd isotopes into CdS, similar
to observations for low-temperature hydrothermal systems (Schmitt et al., 2009) and laboratory
precipitation experiments (Guinoiseau et al., 2018). This is the first direct observation of seawater
Cd isotope fractionation in a euxinic open ocean environment. As precipitation of CdS follows a
Rayleigh fractionation model (Guinoiseau et al., 2018), the new data define a seawater - CdS
fractionation factor of a!'¥! 0Cdsw.cas = 1.00029. Although the calculated fractionation factor is
based on only two samples, it is similar to the value observed for euxinic waters of the Black Sea
(a""*M°Cdgw.cqs = 1.0003 + 0.0002; Georg, 2017) and only slightly larger than that seen in CdS
precipitation experiments (oc”4/ MO0Cdew.cas = 1.00016; Guinoiseau et al., 2018). Furthermore,
using established Rayleigh fractionation equations for Cd isotopes (Abouchami et al., 2014;
Ripperger et al., 2007), our data imply that the accumulated CdS precipitates are characterized by
§"M10Cd = -0.04%o, which agrees well with 8''*''°Cd values of —0.18%o to 0.16%o reported for

continental sulfides (Schmitt et al., 2009).
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4.3 Cd isotopes as a water mass tracer in the eastern tropical South Pacific

Recent Cd isotope studies of the South Atlantic, the Southern Ocean, and the North and
South Pacific demonstrated that Cd isotope compositions reliably trace major deep water masses
(Abouchami et al., 2014; Janssen et al., 2017; Sieber et al., 2019; Xie et al., 2017; Yang et al.,
2018) and a similar impact of water mass mixing on intermediate and deep water Cd isotope
distributions can be shown for the ETSP.

For this evaluation, the individual samples of this study were assigned to the different
water masses of the ETSP based on physical parameters (Fig. 6). The deepest samples of this study
(from >3000 m) have compositions consistent with the dominant presence of PDW ([Cd] = 0.93
nmol/kg; Conway and John, 2015b; Janssen et al. 2017; Yang et al., 2018) with minor admixture
of less Cd-rich LCDW ([Cd] = 0.75 nmol/kg; Sieber et al., 2019). This is in agreement with the
water mass analysis along the GEOTRACES GP16 transect at ~12°S, which demonstrates the
dominant impact of PDW (>40 %) at depths from 1200 to 4000 m for the Peruvian nearshore and
offshore stations, and a shift to increasing influence of LCDW only below 3500 m depth (Peters et
al., 2017). Surprisingly, a few bottom water samples from 3500 m and 4000 m at the northern
stations (Sts. 109, 117, 134) show higher 8''*''°Cd of 0.35%o to 0.43%o (Figs. 4 and S1). The
cause of these higher 8''¥''°Cd values at depth is unclear at present, as contamination effects are
unlikely for these Cd-rich waters whilst resuspension of bottom sediments should shift seawater
Cd isotope compositions to lower 8''*''°Cd (e.g. Schmitt et al., 2009).

At depths between 700 m and 3000 m, both [Cd] and &' 10Cd are in accord with vertical
mixing between PDW and modified AAIW, similar to that seen along the GEOTRACES GP19
section (Sieber et al., 2019). The modified AAIW identified in this study at 500 — 1100 m based on
hydrographic data (Peters et al., 2017) has an average [Cd] of 0.95 nmol/kg, which exceeds the
source region AAIW by nearly a factor of two (Sieber et al., 2019). However, the 8''¥''°Cd values
of both modified AAIW (8"'¥''°Cd = 0.49%; this study and John et al., 2018) and AAIW from the
source region (8''''°Cd = 0.50%o; Sieber et al., 2019) are identical within uncertainty. It thus
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appears that, although aging intermediate water masses accumulate remineralized Cd en route
from the Southern Ocean to the Peruvian basin, &' W19 remains conservative.

Thus, we can constrain the Cd isotope composition of the accumulated dissolved Cd from
remineralization of particulates during transport of the AAIW from the Southern Ocean to the
ETSP. Using a simple mass balance and following Janssen et al. (2017), the net accumulated Cd in
the ETSP is characterized by 8'''°Cd = 0.38%o to 0.56%o. As endmembers, this calculation uses
weighted 8'"''°Cd means of 0.50+0.05%o (2SE; Sieber et al., 2019) for Southern Ocean AAIW
and 0.49+0.01%o for ETSP AAIW (2SE; this study and John et al., 2018). The estimated 8''*''°Cd
range for the accumulated Cd is in perfect agreement with that deduced from a steady state
fractionation model with a''#! 0Cdsw biomass = 1.0001 to 1.0004 (see chapter 4.1), which suggests
that remineralized Cd has a similar or slightly lower 8''*''°Cd than ETSP intermediate waters.
Using a different approach and assuming Cd is completely depleted by phytoplankton uptake in
the equatorial Pacific, Sieber et al. (2019) estimated a slightly larger range in 8''*''°Cd of 0.25%o
to 0.63%o for the remineralized Cd in the ETSP. It is noteworthy that Janssen et al. (2017)
observed a similarly narrow but lower 8''*''°Cd range of 0.13%o to 0.42% for accumulated
remineralized Cd in the deep subarctic North Pacific. This difference in the inferred 8''*''°Cd of
accumulated dissolved Cd may result from distinct water mass compositions or differences in

nutrient supply to the surface ocean and local biological uptake intensities.

5. Conclusions

Cadmium concentrations and isotope compositions are reported for the water column of the
ETSP from 12 coastal, nearshore and offshore stations between 4°S and 14°S. The data reveal
several distinct aspects of the marine biogeochemical cycling of Cd and Cd isotopes that are
important for low oxygen environments.

The surface waters have highly variable Cd concentrations but a nearly constant Cd isotope

signature. This observation is consistent with a steady-state fractionation model for the biological
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uptake of Cd from surface waters. In contrast, the diverse Cd isotope systematics of intermediate
depth water masses are best explained by mixing of remineralized Cd with ambient seawater.

Small but significant deviations from the regional seawater Cd-PO4 correlation towards
lower Cd concentration are observed for all stations with O, < 10 wmol/kg. This decoupling is
attributed to in situ CdS precipitation in microenvironments with millimeter-scale decaying
organic matter, in accord with the conclusions of previous studies. A large H,S plume was
detected at a single coastal station resulting in significantly depleted [Cd] and heavier Cd isotope
compositions, in accord with an isotope fractionation factor of o''*!''"°Cdgw.cqs = 1.00029.

These results suggest that further deoxygenation in the future global ocean may have two
key impacts on the biogeochemistry of Cd in subsurface waters. First, climatically forced changes
in global ocean oxygen concentrations are expected to reduce (increase) particle-related
denitrification at low (high) latitudes in the Pacific Ocean (Bianchi et al., 2018). As both particle-
related denitrification and CdS precipitation occur within decaying organic matter in the presence
of dissolved O, in ambient seawater (Bianchi et al., 2018; and references therein), similar impacts
of climate are hence expected for both processes. Second, increasing deoxygenation may promote
bottom water hypoxia and H,S events along the shallow continental shelf off Peru (Lavik et al.,
2009; Schlosser et al., 2018). This will likely result in more frequent occurrences of bottom water
Cd depletion, whereby isotopically light Cd is stored in sediments as CdS.

The deep ocean distribution of ''''°Cd in the ETSP appears to be governed by water
mass mixing, similar to that observed for the Atlantic, Southern, and western and South Pacific
Oceans. However, the modified AAIW of the ETSP is characterized by a two-fold higher [Cd]
than AAIW at its source region, whilst both water masses have similar 8''*''°Cd. These
observations constrain that the accumulated remineralized Cd in the ETSP has a 8'"¥''°Cd of

between 0.38%o and 0.56%o, in perfect agreement with the steady state model calculation.
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Figure captions

Figure 1: (a) Sampling locations off Peru occupied during R/V Meteor cruises M77-3 and M77-4
in January and February 2009. Profiles are divided into three groups according to their distance
from land. ‘Offshore’ stations along 85°50°W (Sts. 109, 134, 97, 93) and St. 86 are marked in blue
colors. ‘Nearshore’ stations (Sts. 117, 124, 11, 78) are marked in yellow and red colors whilst
‘coastal’ stations are shown in green colors. (b) Sea surface temperatures (SSTs; °C) obtained
during M77-3 and M77-4 with a schematic overview of important surface and subsurface currents
according to Montes et al. (2010) and Czeschel et al. (2011). Solid lines indicate surface currents
and dashed lines show subsurface currents. PCC: Peru Coastal Current; EUC: Equatorial
Undercurrent (~100 m); SSCC: Southern Subsurface Countercurrent (~50 m to 750 m); SECC:
South Equatorial Countercurrent (~50 m to 300 m); PCUC: Peru-Chile Undercurrent; POC: Peru
Oceanic Current (also called Humboldt Current, HC; surface to 750 m). Data were plotted using

ODV 4.6.2 (Schlitzer, 2014).

Figure 2: T-S diagram with potential density (o,) for all stations of this study. Colors indicate the
dissolved oxygen concentration (umol/kg) at the corresponding depths. Note the inset figure for
the intermediate and deep ocean (> 26.5 kg/m’). Surface (< 25 kg/m’), subsurface (25 to 26.5
kg/m’), intermediate (26.5 to 27.5 kg/m’) and deep water masses (> 27.5 kg/m’) are defined
according to Schneider et al. (2003); Karstensen et al. (2004); Fiedler and Talley (2006) and Silva
et al. (2009). STSW: Subtropical Surface Water; ESW: Equatorial surface Water; TSW: Tropical
Surface Water; SSMW: Shallow Salinity Minimum (also called Eastern South Pacific Intermediate
Water, ESPIW); ESSW: Equatorial Subsurface Water; AAIW: Antarctic Intermediate Water;

EqPIW: Equatorial Pacific Intermediate Water; PDW: Pacific Deep Water.
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Figure 3. Depth profiles of the upper 1500 m (upper 160 m for coastal stations) for ''''°Cd (blue
circles) and the concentrations of Cd (red circles), oxygen (green), and PO, (grey circles) for the

offshore (left), nearshore (middle), and coastal (right) stations.

Figure 4. Cd isotope systematics colored coded with (a) oxygen concentrations and (b) potential
density. Gray and black lines in (a) highlight the isotopic evolution of seawater for steady state
isotope fractionation with ol MO0 dsw piomass = 1.0001 and 1.0004, using starting compositions of
[Cd] = 0.71 nmol/kg, 8"'“''°Cd = 0.57%o (dashed lines), and [Cd] = 0.63 nmol/kg, 8'"¥''°Cd =
0.54%0 (solid lines). Cyan and blue lines in (b) are mixing curves between seawater and
remineralized Cd, with biomass 8''*''°Cd of 0.17%o and 0.51%. and seawater compositions of
[Cd] = 0.43, 8""°Cd = 0.66%o (solid lines), and [Cd] = 0.58 nmol/kg, &"'*"'°Cd = 0.80%o

(dashed lines); see supplementary material for details.

Figure 5. Cross plot of dissolved Cd and POj for the eastern South Pacific OMZ. (Left) Station
color coding is the same as in Figure 1. In the right panel, Samples are subdivided into those from
the surface (grey circles), and those above (purple), within (blue circles) and below (orange
circles) the core of the OMZ. Blue arrows highlight the deviation of low-oxygen waters from the
linear Cd-POy correlation. Grey and black dashed lines are the Williamson-York bivariate fits
(Cantrell, 2008) of the surface and deep (excluding St. 19 and 122, and OMZ samples) waters,
respectively. The dotted grey line shows the linear trend defined by data for the eastern Pacific

GP16 section of the GEOTRACES programme (John et al., 2018).

Figure 6. Cross plot of 8'"*!'°Cd vs. 1/[Cd], illustrating the influence of water mass mixing on the
biogeochemistry of Cd isotopes in the deep ETSP. Colors representing the major water masses are
assigned to the samples. Colored boxes indicate endmember values for the water mass source

regions. The inset displays the data for all samples. Note the difference in [Cd] between the
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779  modified AAIW of the ESTP and the AAIW from the Southern Ocean source region. Water mass
780  acronyms are: ESW — Equatorial Surface Water; STSW — Subtropical Surface Water; SSMW —
781  Shallow Salinity Minimum Water; ESSW — Equatorial Subsurface Water; AAIW — Antarctic

782  Intermediate Water; EQPIW — Equatorial Pacific Intermediate Water; PDW — Pacific Deep Water;

783  LCDW — Lower Circumpolar Deep Water.
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Table 1. Cd concentrations and isotope compositions, along with physical parameters and macronutrient concentrations for seawater samples analyzed in this study. ¢"'*"'°Cd values are reported relatively to NIST SRM3108 standard and

converted to 3'"¥"'°Cd for interlaboratory comparison.

Cruise  Station  Transect Cast  Latitude Longitude Depth  Potential Density Temperature ~ Salinity O, (CTD)  Chla NO; NO, PO, Cd giocq 20 giiocy 20
m kg/m3 °C PSS-78 umol/kg umol’kg umolkg wmol’kg nmol/kg %0
M77-3 11 Nearshore 35 -12.03 -78.00 2 24.44 21.2 34.99 255.1 1.16 0.63 0.19 1.10 0.12 8.1 0.4 0.81 0.04
M77-3 11 Nearshore 35 -12.03 -78.00 50 26.13 14.2 34.98 2.8 0.06 30.00 0.29 2.65 0.77 7.2 0.5 0.72 0.05
M77-3 11 Nearshore 35 -12.03 -78.00 99 26.32 13.2 34.95 1.9 0.06 20.90 491 2.88 0.74 5.7 0.4 0.57 0.04
M77-3 11 Nearshore 35 -12.03 -78.00 199 26.46 12.3 34.89 2.1 0.06 28.24 2.84 2.78 0.71 5.8 0.6 0.58 0.06
M77-3 11 Nearshore 35 -12.03 -78.00 694 27.23 5.8 34.54 20.2 0.05 51.30 0.10 3.50 1.06 48 0.5 0.48 0.05
M77-3 11 Nearshore 35 -12.03 -78.00 1485 27.59 3.0 34.61 76.5 0.05 44.87 0.13 3.23 1.01 34 0.6 0.34 0.06
M77-3 19 Coastal 50 -12.36 -77.00 7 25.95 15.1 34.99 172 032 - - - 0.46 6.5 0.8 0.65 0.08
M77-3 19 Coastal 50 -12.36 -77.00 60 26.22 13.8 34.97 20 0.17 - - - 0.05 13.1 2.3 1.31 0.23
M77-4 78 Nearshore 4 -14.00 -77.06 2 24.77 19.8 34.93 2222 1.07 - - - 0.31 8.2 0.5 0.82 0.05
M77-4 78 Nearshore 4 -14.00 -77.06 21 25.71 15.9 34.92 128.7 0.21 - - - 0.54 8.7 0.5 0.87 0.05
M77-4 78 Nearshore 4 -14.00 -77.06 49 26.07 14.5 34.97 2.8 0.08 - - - 0.84 7.7 0.5 0.77 0.05
M77-4 78 Nearshore 4 -14.00 -77.06 100 26.26 13.5 34.95 2.8 0.07 - - - 0.75 6.3 0.4 0.63 0.04
M77-4 78 Nearshore 4 -14.00 -77.06 199 26.44 124 34.89 3.0 0.06 - - - 0.71 5.5 0.4 0.55 0.04
M77-4 78 Nearshore 4 -14.00 -77.06 397 26.85 9.2 34.67 32 0.06 - - - 0.87 5.4 0.6 0.54 0.06
M77-4 78 Nearshore 4 -14.00 -77.06 904 2733 4.9 34.53 40.7 0.05 - - - 1.07 4.7 0.5 0.47 0.05
M77-4 78 Nearshore 3 -14.00 -77.06 1485 27.59 3.0 34.60 82.7 0.05 - - - 1.02 3.9 0.6 0.39 0.06
M77-4 78 Nearshore 3 -14.00 -77.06 2986 27.76 1.8 34.68 132.6  0.04 - - - 0.89 2.7 0.6 0.27 0.06
M77-4 86 Offshore 12 -14.00 -82.00 3 23.62 24.6 35.21 2155 0.08 - - - 0.03 5.6 2.0 0.56 0.20
M77-4 86 Offshore 12 -14.00 -82.00 26 25.13 19.0 35.12 2529 021 - - - 0.04 42 2.6 0.42 0.26
M77-4 86 Offshore 12 -14.00 -82.00 72 25.61 16.2 34.88 1955 0.11 - - - 0.24 6.8 0.8 0.68 0.08
M77-4 86 Offshore 12 -14.00 -82.00 109 26.14 14.0 34.92 9.1 0.06 - - - 0.79 6.2 0.6 0.62 0.06
M77-4 86 Offshore 12 -14.00 -82.00 198 26.44 122 34.86 3.0 0.06 - - - 0.68 6.1 0.4 0.61 0.04
M77-4 86 Offshore 12 -14.00 -82.00 397 26.84 9.2 34.67 7.7 0.05 - - - 0.81 5.8 0.4 0.58 0.04
M77-4 86 Offshore 12 -14.00 -82.00 792 27.24 5.5 34.51 35.1 0.05 - - - 1.04 48 1.0 0.48 0.10
M77-4 93 Offshore 19 -14.00 -85.83 3 23.82 247 35.52 2212 038 3.72 0.08 0.53 0.02 6.5 1.9 0.65 0.19
M77-4 93 Offshore 19 -14.00 -85.83 26 23.95 24.1 3545 2232 045 4.79 0.14 0.62 0.02 7.2 2.6 0.72 0.26
M77-4 93 Offshore 19 -14.00 -85.83 149 26.22 133 34.83 183 0.05 21.15 0.18 2.68 0.70 6.9 0.4 0.69 0.04
M77-4 93 Offshore 19 -14.00 -85.83 199 26.44 12.1 34.83 3.0 0.05 20.86 1.72 2.73 0.65 5.9 0.5 0.59 0.05
M77-4 93 Offshore 19 -14.00 -85.83 348 26.79 9.6 34.69 44 0.05 3542 0.00 2.87 0.80 5.7 0.4 0.57 0.04
M77-4 93 Offshore 18 -14.00 -85.83 794 27.29 5.2 34.53 38.0 0.05 45.76 0.01 3.26 1.03 4.0 0.7 0.40 0.07
M77-4 93 Offshore 18 -14.00 -85.83 1487 27.57 3.0 34.59 86.6 0.05 41.03 0.00 3.02 0.99 32 1.1 0.32 0.11
M77-4 93 Offshore 18 -14.00 -85.83 2964 27.76 1.8 34.68 1324 0.04 37.58 0.01 2.66 0.88 23 0.7 0.23 0.07
M77-4 93 Offshore 18 -14.00 -85.83 3976 27.78 1.8 34.69 153.0 0.04 35.71 0.02 2.53 0.83 2.7 0.7 0.27 0.07
M77-4 97 Offshore 23 -12.00 -85.83 2 23.80 24.9 35.56 218.8 0.13 4.05 0.09 0.54 0.01 47 2.3 0.47 0.23
M77-4 97 Offshore 23 -12.00 -85.83 51 2532 18.7 35.28 229.8 034 2.81 0.21 0.73 0.04 7.9 2.0 0.79 0.20
M77-4 97 Offshore 23 -12.00 -85.83 149 26.26 13.0 34.81 6.3 0.05 21.35 0.02 2.66 0.67 6.9 0.4 0.69 0.04
M77-4 97 Offshore 23 -12.00 -85.83 248 26.60 11.1 34.79 6.3 0.05 31.09 0.00 2.67 0.65 5.6 0.5 0.56 0.05
M77-4 97 Offshore 23 -12.00 -85.83 499 27.02 7.6 34.58 20.9 0.05 40.83 0.00 3.06 0.92 5.2 0.8 0.52 0.08
M77-4 97 Offshore 23 -12.00 -85.83 991 27.39 4.5 34.55 54.1 0.05 43.29 0.01 3.19 1.02 3.9 0.9 0.39 0.09
M77-4 109 Offshore 35 -3.58 -85.83 2 22.81 25.5 34.49 215.0 025 6.33 0.19 0.59 0.04 6.8 1.4 0.68 0.14
M77-4 109 Offshore 35 -3.58 -85.83 51 25.98 153 35.08 69.2 0.25 24.00 0.85 1.74 0.53 7.5 0.5 0.75 0.05
M77-4 109 Offshore 35 -3.58 -85.83 150 26.26 13.5 34.96 46.4  0.04 27.64 0.01 2.00 0.55 4.9 0.4 0.49 0.04
M77-4 109 Offshore 35 -3.58 -85.83 247 26.39 12.8 34.92 4.6 0.05 31.91 0.00 244 0.70 5.4 0.7 0.54 0.07
M77-4 109 Offshore 35 -3.58 -85.83 438 26.90 8.8 34.67 11.0 0.05 38.47 0.01 2.87 0.84 5.2 0.5 0.52 0.05
M77-4 109 Offshore 35 -3.58 -85.83 696 27.19 6.3 34.57 22.0 0.05 42.80 0.00 3.08 0.99 4.4 0.8 0.44 0.08
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