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ABSTRACT

The oceanic cycle of cadmium is still poorly undees!, despite its importance for phytoplankton
growth and paleoceanographic applications. As ftireio elements that are biologically recycled,
variations in isotopic composition may bring unigasights. This article presents i) a protocol fioe
measurement of cadmium isotopic composition (CdiiC3eawater and in phytoplankton cells; ii) the
first Cd IC data in seawater, from two full deptlat®ns, in the northwest Pacific and the northwest
Mediterranean Sea,; iii) the first Cd IC data in fgpjankton cells, cultured in vitro. The Cd IC \aidn
range in seawater found at these stations is ®eattgyr than 1.5c4.my UNIts, only slightly larger than the
mean uncertainty of measurement (8c.m). Nevertheless, systematic variations of the Cdat@
concentration in the upper 300m of the northwestifltasuggest the occurrence of Cd isotopic
fractionation by phytoplankton uptake, with a fraoation factor of 1.6+1.4cyamunits. This result is
supported by the culture experiment data suggestiag freshwater phytoplanktorClilamydomonas
reinhardtii and Chlorella sp.) preferentially take up light Cd isotopes, withfractionation factor of
3.441 . 4ecyamyunits. Systematic variations of the Cd IC and hgdaphic data between 300 and 700m in
the northwest Pacific have been tentatively attdbuto the mixing of the mesothermal (temperature
maximum) water gcqam=-0.91£0.8) with the North Pacific Intermediate Walgcgam=0.5+0.8). In
contrast, no significant Cd IC variation is foundthe northwest Mediterranean Sea. This observation
was attributed to the small surface Cd depletiorpbytoplankton uptake and the similar Cd IC of the
different water masses found at this site.

Overall, these data suggest that i) phytoplankiatake fractionates Cd isotopic composition to a
measurable degree (fractionation factors of 1.63afidcqam,Units, for the in situ and culture experiment
data, respectively), ii) an open ocean profile df IC shows upper water column variations consistent
with preferential uptake and regeneration of liGlot isotopes, and iii) different water masses mayeha
different Cd IC. This isotopic system could therefprovide information on phytoplankton Cd uptake
and on water mass trajectories and mixing in soreasaof the ocean. However, the very small Cd IC
variations found in this study indicate that apgiiocns of Cd isotopic composition to reveal aspettbe

present or past Cd oceanic cycle will be very emging and may require further analytical



improvements. Better precision could possibly beaioled with larger seawater samples, a better
chemical separation of tin and a more accurate tmiasscorrection through the use of the doubleisgik

technique.



1. INTRODUCTION

Although cadmium can be a toxic element at higlceatrations, it is taken up by phytoplankton at
the lower concentrations found in ocean surfacemsatand may play a role in phytoplankton nutrition
The vertical oceanic distribution of dissolved Gdyipical of that of a nutrient, with a surface lé¢ipn, a
maximum associated with organic matter remineraimaand relatively constant values at depth.
Dissolved Cd distribution in the ocean is closetyrelated to that of phosphate (Boyle et al., 1976;
Bruland et al., 1978).

The Cd/Ca ratio recorded in foraminiferal tests basn exploited to reconstruct past oceanig PO
distributions and infer past oceanic circulationd amutrient concentrations during the last glacial
maximum, in the context of long-term climate vadas (Boyle, 1988; Elderfield and Rickaby, 2000).
However, although the Cd versus P relationshipery €onsistent in deep waters, substantial devigtio
have been documented in surface waters, in paaticalHigh Nutrient Low Chlorophyll (HNLC) areas
of the Subarctic Pacific (e.g. Martin et al., 198%)d Southern Oceans (e.g. Frew and Hunter, 1992).
Although these deviations can be accounted for ropical models based on the modern Cd and P
distributions (e.g. Elderfield and Rickaby, 200@n8a and Huntsman, 2000), the mechanisms yielding
these deviations have only begun to be exploretlgiCat al., 2003; Cullen, 2006).

It has been shown that Cd can substitute for Zoniitarbonic-anhydrase (an enzyme involved in
inorganic carbon acquisition; (Price and Morel, @99 orel et al., 1994) or used directly in a Cddpe
form of the enzyme (Cullen et al., 1999; Lane ef aD05). However the factors controlling Cd
concentration is seawater are still poorly undedtd&inc concentration (Price and Morel, 1990),,CO
partial pressure (Cullen et al., 1999), growth eatd Fe or Mn availability (Sunda and Huntsma20
Frew et al., 2001; Cullen et al., 2003) are alltdex that could substantially influence Cd uptake b
phytoplankton.

These recent findings underscore the need fortarh@tderstanding of the oceanic cadmium cycle.
Owing to the large mass range of the Cd isotopitesy (from°Cd to **°Cd), biological uptake,

adsorptive scavenging and remineralization of ayamatter could produce Cd isotopic fractionations.



Cadmium isotopic data may therefore provide nevghignto these processes. In particular, bioldgica
mediated Cd isotopic fractionation could be siguaifit. In such a case, for areas in which surfaderwa
Cd depletion is partial (as in N-limited or HNLGCeass, where excess phosphate is found), the Cgisoto
composition (Cd IC) of surface waters and in tunattof the exported organic matter could vary
according to Rayleigh fractionation. Cd isotopicasgrements in seawater or exported organic matter
could therefore allow gquantification of the degmedent of Cd utilization. If significant Cd isotapi
fractionations occur in the environment, this pagten could also help to trace different Cd souwsnes
transports in the ocean.

As a first step towards elucidating the systersaticCd isotopic fractionation in the environment,
we present the first cadmium isotope measurementseawater (northwest Pacific and northwest
Mediterranean), and in phytoplankton (cultured Hvester green algae,hamydomonas reinhardtii sp.

andChlordla sp.).

2. SAMPLES

The seawater samples were taken from the northWwesific (Cruise MR02-K05 Leg2,
16/10/2002, Station K1, 51.28°N, 165.2°E, 5140 npthe and at the DYFAMED site in the
Mediterranean Sea (Cruise Barmed 5, 25/06/2003;M37.9°E, 2350 m depth) (Fig. 1). These two sites
represent very different oceanic regimes with dcdtiCd and nutrient distributions. Cadmium and P
concentrations are approximately an order of magaeithigher at station K1 than at DYFAMED (Fig. 2).
There is near complete surface phosphate deplati@®Y FAMED, which is not the case at K1. The Cd
cycle in the Mediterranean is unique. Surface Gdcentrations are much higher than in nutrient-
depleted waters of the open ocean (Boyle et aB5;1¢an Geen et al., 1991). This enrichment coakkh
various natural or anthropogenic origins, such @sgeetion with river waters, aeolian inputs or shelf
sediment remobilization (Riso et al., 2004 andrezfees therein).

Depending on the sampling site, 250 (North Pactiicc)000 mL (Mediterranean) of unfiltered

seawater were acidified with trace metal clean tdGiH<2. Subsequent sample handling was conducted



under stringent trace metal clean conditions. Wdeeiieis commonly accepted that particulate Cd is a
negligible fraction of dissolved at depth, thimis necessarily the case for surface waters. Tareréew
studies reporting both dissolved and particulate c@dcentration in seawater. In the Atlantic Ocean
surface water (40°N to 20°S), particulate Cd cotre¢ions amount to ~ 3.3% of total Cd (values raggi
from 0.7 to 9%. Helmers, 1996). In the northeastififa Sherrell (1989) reports particulate Cd
concentration decreasing from about 4 prridlat 30m to 0.10 to 0.15 pmol'lat 2000-3000m, whereas
surface dissolved Cd content in this area weredarund 60 pmol T (Bruland, 1980). Taken together,
these two studies suggest that particulate Cd atedon~ 6% of total Cd in the surface waters of the
northeast Pacific and to much less at depth. Kindissolved Cd data from the surface waters of the
northwest Pacific are identical to our total Cdad@then comparing samples at similar depths anifegsim
hydrographical properties. Abe, 2002), suggestirgligible particulate Cd content at this site. We
therefore assume that the Cd concentrations atmpisaccompositions measured in this study chareeter

primarily dissolved Cd.

Two species of freshwater phytoplankton were seteat this studyChlamydomonas reinhardtii
sp. andChlorella sp. The algae were grown in vitro (Institute of Maiand Coastal Sciences, Rutgers
University) in acid-washed 1L polycarbonate bottiesler 10umol quanta iis* light illumination with
12:12h light:dark cycle at 19+1 °C. Bacterial basa was controlled to negligible levels by microeav
heating of the media to near 100°C prior to phyokton inoculation. Replicate culture bottles (4 pe
species) were grown in low-metal nutrient repleeshwater media (pH ~7.0), in which the trace rsetal
were buffered by v EDTA. The total metal concentration in the cutunedia was: Fe: 116nM; Mn:
13nM; Zn: 27.2nM; Cu: 44.3nM; Co: 4nM; Cd: 17.3nkhd Ni: 3520nM. Buffered byl EDTA,
these total metal concentrations correspond tdibgum Me’ (the concentration of free metal ionsip
labile dissolved inorganic species) of: Fe, 40pMp,N2nM; Zn, 20pM; Cu, 0.14 pM; Co, 2pM; Cd,
7.9pM and Ni, 20pM (calculated using the chemicagcsation program MINEQL+, version 5.0).
Cadmium was added to the concentrated mixed métak solution as Cdgl(Aldrich Chem Co.,

>99.99%), and less than 1% of total Cd in the meadia removed by phytoplankton uptake during the



incubation. Accordingly, we assume that the Cdoigiat composition of the media did not change during
phytoplankton growth.

The phytoplankton were acclimated to the experiademiedia for several generations and
inoculated into fresh media to initiate the incudyatfrom which isotope fractionation was determined
Cells were harvested at mid-exponential growth estdgell density ~ 200,000 cells ML by
centrifugation at 6500 rpm (3000xg) (Eppendorf mds#03) using six 50mL polycarbonate centrifuge
tubes for 15 min at 19°C. After centrifugation, Icpkllets were rinsed twice with 50mL Milli-Q
deionized HO to wash away any residual media (>99.99% remptfals eliminating the contribution of
metals from residual media to the cell pellet. Esaimple represents combined cell pellets from @il
bottles. The pooled pellets were concentrated<0.8mL suspension, which was transferred into 15mL
screw-cap Teflon vials for digestion in 1mL 16Nceanetal clean HNQBaseline, SeaStar Chemical) at
120°C for four hours on a hotplate. Digest soludiarere then dried on a hotplate (60°C) and redissbol
in 1.2N HCI (Baseline, SeaStar Chemical). All hamgllsteps were carried out in a HEPA Class 100
clean bench. Once in 1.2N HCI, the samples weregssed and measured following the analytical
protocol described below. In addition, samples dCG powder, mixed-metal stock solution, and post-
harvest media supernatant were retained for isotapalysis to characterize thoroughly the isotopic

composition of the source Cd.

3. ANALYTICAL PROCEDURES

The measurement of the Cd isotopic composition I@dn seawater and plankton cells requires
its extraction from the sample matrix, with i) agtmiyield (because of its low abundance), ii) low
contamination levels, iii) no isotopic fractionaticand iv) a sufficient separation of the elements
interfering with the Cd isotopes during the spetietric analysis (mainly Pd, In and Sn, cf. Tablentl

section 3.2.1. for further details).



3.1 Chemical separation

Whereas Cd extraction from seawater requires aopcemtration procedure due to its low
abundance, this step is useless for plankton sampiawater samples were therefore processed throug
a Chelex and AGMP1 resins, as described below, edseplankton samples were processed through the

AGMP1 resin only.

3.1.1. Transition metals separation from seawater matrix

This protocol is adapted from Kingston et al. (197he pH of the acidified seawater samples was
raised to ~5.5 by adding concentrated,0H and buffering with Maleic Acid/Ammonium Hydroxd
(pH=5.8. Pai et al., 1990). Two mL of Biofa€Chelex 100 resin (in 2N HN{) 100-200 mesh, were
packed in a Biorddpolyprep column (bed volume: 2 mL, conical, 0.8 mman internal diameter, 4 cm
height; 10 mL reservoir). The resin was convertedts ammonia form with 6 mL of 2N NJ@H and
rinsed with 6 mL of MQ water. The samples were peadcthrough the resin with a peristaltic pump at a
flow rate less than 1 mL niln(acid cleaned Tygon® tubing was used). The magamster cations were
eluted with 30 mL of 1N NEAc at pH=5. After rinsing with 6 mL of MQ water, @htransition metals
were eluted with 9 mL 2N HNO The eluates were then evaporated and redissotvédnlL 1.2N HCI
for the next separation. The resin and tubing vedganed with 20 mL 2N HNg©and rinsed for future

use.

3.1.2. Cadmium separation

The following protocol is based on a personal comication by C. Cloquet (CRPG, Nancy,
France). Two mL of Biordd AGMP1 resin were packed in a Biofagolyprep column. The resin was

first cleaned following the sequence: 10 mL 6N HIX,mL water, 10 mL 0.5N HN10 mL water, 10



mL 8N HF + 2N HCI, 10 mL water, 10 mL 0.5N HNO3 ab@mL water. The resin was then conditioned
with 10 mL 1.2N HCI and the sample loaded in 1 mRNLHCI. The elution was done following the
sequence: 4 mL 1.2N HCI (elution of the matrix), rh& 0.3N HCI (elution of Pb, Sn), 17mL 0.012N
HCI (elution of Pb, Sn, Zn) and 16 mL 0.0012N HG@I ¢lute the Cd. The Cd eluates were then

evaporated and redissolved in 0.6 mL 0.5N Hf#D spectrometric analysis.

3.2. Spectrometric analysis

All results are reported asgg/amu which is the deviation of the Cd isotope compositdf a

sample relative to a reference material in partslpe000, normalized to a mass difference of onenat

mass unit (amu):

[iCd]
i
i 2|\ “Dsample _, |, 10000 1)
8Cd/amu i
['CdJ m; —m;
i
Cd Reference

Where i and j refer to the isotopes of massamd m The "/amu" notation facilitates the

i/

comparison of data obtained from different isotapeios. Increasing values O£Cd/amu reflect

enrichment in heavy Cd isotopes, whatever i analjies are used. Rigorously, such comparison should
take into account the mass fractionation law tresicdbes the isotope fractionation process. However
considering the range of variation of our datasét3%. amif), the discrepancies between this rigorous
approach and the simple mass difference normalizatised here are negligible (Wombacher and
Rehkamper, 2004). The reference material usedsnbrk is the JMC standard solution (Wombacher et

al., 2003).

Cadmium isotopic ratios were measured on a Themmigan Neptune multiple collector

inductively coupled plasma mass spectrometer (MEMS, WHOI). The instrument parameters are



summarized in Table 2. Samples were introduced avitlesolvating nebulizer (CETAC Aridus System)
to maximize the efficiency of sample introductionta the plasma and to reduce oxide formation and
interferences.

Isotopic ratios measured with a MC-ICPMS must beexted for i) a relatively large, but steady,

instrumental mass fractionation, ii) spectral ifedences and iii) matrix effects (discussed inisecs.3.).

3.2.1. Interference corrections

Tin (Sn), indium (In) and palladium (Pd) can proglusobaric interferences with Cd (Table 1).
Therefore, the abundances'dBn,'*Pd and'In are measured in addition to Cd isotopes. Thadeyr
cup configuration is shown in Table 1. The methicgt fneasures the isotopic ratios of Cd and Agdquse
for instrumental mass fractionation correction, belw) and™’Sn. Subsequently, the magnetic field is
shifted twice in order to successively and quigkigasuré®n and***Pd. In and Pd were always found at
insignificant levels, so that these two steps wanly systematic verifications of their non-occuen
Significant levels of Sn were observed, howeverictwvhrequired correcting for this interference.
Molecular interferences (eg. molybdenum oxides zind argides) were found to be insignificant (cf.

section 3.3.).

Tin produces interferences 6HCd, **“Cd and"'°Cd. To a first approximation, one could estimate
the **Sn, **Sn and''®sn abundances from the measuté®n peak intensity and the mean natural
isotopic abundance for Sn. With MC-ICP-MS, howevastrumental fractionation of isotopes during
measurements is substantial (up to 100’s epsilots)umnd much larger than the small natural
fractionation that we are trying to measure (a &psgilon units). In order to estimate accurately $ime
isobaric interferences, we thus need to correcBfoinstrumental mass fractionation. Mass fractiona
is traditionally modeled by linear, power or expatial laws (Russel et al., 1978). Marechal e(1#199)
suggested that the exponential law provide a morsistent correction than the linear and the power

laws. Wombacher et al. (2003) also preferred tipoeential law for describing Cd fractionation by MC

10



ICPMS. We will show in section 3.2.2. that the expotial law was also the most suitable for Cd
fractionation corrections. This law is thereforedithere for Sn interference corrections.

Let M., and M, be the masses dK and 'X, two isotopes of the same element, with
MM, =M -M_ . Let Ry and M be the true and instrumentally fractionated abuoodaratios of
isotope'X relative to isotopéX. In the absence of interference§k is the parameter measured with the
spectrometery, =1, /1, , where } is the beam intensity produced by isotapénote that in the
presence of interferences,i$ not directly measured and therefore neither&s). The exponential law
postulates that the logarithmic fractionatimrux/R,.,X) is, to the first order, proportional to the mass
logarithm differencen|n|\/|i‘iX =InM, ~InM__ (Marechal et al., 1999):

In(r—xj ~fxAhM, ()

X
where f is the mass independent exponential lavs ftastionation coefficient. Equation (2) is

equivalent to:

~ Mix f
My = Rijy M., (3)

Given*X and'X two other isotopes of the same element, (2) iespli

|n(rkle):i::%x|n(rivjx)—%x|n(Ri,ix)+|n(Rk,,x) 4)

i,jx i,jx

(4) is equivalent to:

R
r

i,jX

Sl
In—>* /In—%
ka Mix
Rk,IX:rk,IX X{ j

i,jX
If we were to measure the ratio of two Sn isotdipes of significant interferences (€g’Sn and

835n) and compare the results to an accepted “meatntal abundance (Rosman and Taylor, 1998), the

difference would mainly reflect the relatively larginstrumental fractionation, albeit with a small,

11



variable and unknown contribution from natural fracation in the samples. Applying equation (2)ngsi

measured (r) and accepted (R) ratios would thugiqieaa good approximation for f:

M7118
f= In[ —S0 j 1
R117‘1183n |n(M llBSn) - In(M 117Sn)

(6)

This value could then be used to estimate Sn dnrions to the measured beam intensity for

masses 112, 114 and 116, according to equatioeg3jor''°Sn :

f
M 112
— Sn
I 12gy - I u7gn X R117‘1128n X ( M (7)

117Sn

Note thatl1128n is defined as the beam intensity produced“BSn, which is different from the

beam intensity measured for mass 112, Which includes contributions from different isp&s to the

beam (here Sn and Cd). On the other hand, sincggndicant interference occurs fot'Sn, |1173n is

equal to {1+

These interferencesl{len, | ImSn) could then be corrected, by subtracting the Sn

114Sn El
contributions from the beam intensities measuredfasses 112, 114 and 116 (which are the sum of Cd

and Sn contributions), eg. f&¥Sn:
I 1204 = |112 -1 112g, (8)

However, the collector configuration that we chase not allow direct estimation of Sn mass
fractionation, as doing so would have required @rgnalyses and therefore larger samples. Instead,
estimated f using two Cd isotopes free of isobanterference ¢°Cd and**'Cd) and assumed that f
calculated for Cd holds for Sn (as previously dogeNombacher et al. 2003). There is some level of
circularity in this procedure, since our ultimateayis to measure small natural variations in @doigic
composition and here we assume that there is nwah@@d isotopic fractionation. However, the laitar

few epsilon units) is approximately two orders adgnitude smaller than the instrumental fractiomatio

12



(up to 100’s epsilons units). Therefore the ernorttie Sn mass fractionation estimation is only o t
order of a few percent. Sint&Sn and"*“Sn interferences were always lower than 1% and @5#te Cd
signals, respectively, the method yielded smalbrerron the interference corrections and provided
meaningful Cd isotopic ratios (although, this paoe was less suitable f8fCd, due to the much larger
%51 contribution on mass 116). This was furtherfiegtiby estimating f using two Ag isotope$’Ag

and'®Ag), which yielded similar results.

The validity of the Sn interference correction wassessed following the method proposed by
Wombacher et al. (2003). Cadmium isotopic ratiasemted for Sn interferences were normalized using
the exponential law to a "true" Cd ratio. Such nalimation should (if Cd obeys this fractionationv)a
remove simultaneously the instrumental and natinadtionations. Thus, if the interferences were
accurately corrected, all samples should displaysdime Cd isotopic ratios. Results of this tesshosvn

14111

in Fig. 3. Whereas the uncorrecte d/amu

data display significant anomalies (up to 3.7 Qnitse Sn

interference corrected anomalies are restrictethéorange [-0.3,+0.5]. In the case ©fCd, the Sn

112111

uncorrectedst/amu

display anomalies up to 19 units, which are ret&d to the range [-0.5,+0.7] after

116111
Cd/amu

correction. In the case dt°Cd (results not shown for clarity purposes), theuBoorrectede
display anomalies up to 179 units, which are retstdi to the range [-0.5,+0.9] after correction. Sehe
results show that Sn interference corrections degj@ate (reducing the interferences by a factgetar

than 300, in some cases). However, for isotopés laiger interferences (notabf{fCd) Sn interference

corrections can sometimes be too uncertain to medseful Cd isotopic data.

3.2.2. Instrumental mass fractionation

After correcting for isobaric interferences, the @dstrumental mass fractionation must be
considered. Several methods are available to dastinmstrumental mass fractionation. The standard

bracketing method consists in bracketing each samplreference standard measurements. The average

13



isotopic ratio from each two bracketing standarchsmeements is then taken as the reference ratio to
calculate epsilon of the sample as per equatiarHdywever this method assumes a linear variatidhef
instrumental mass fractionation with time betwemdard measurements, which is not always the case,
as shown by the sharp variation of the unnormaldagd in Fig. 4.

A better approach consists in using the isotopiommsition of a standard of a different element, in
our case silver (Ag), added to the sample priothi spectrometric analysis, to estimate instrunhenta
mass fractionation. The main advantage of this ouktles in the fact that the instrumental mass
fractionation is monitored during the sample meas@nt. This method, called external (inter-element)
normalization, assumes that the Cd and Ag isotogetibnations are related according to a known law.
The exponential law, described above in the casesiigle element, was shown to be appropriatthisr
purpose in several studies (e.g. Marechal et 88991 Wombacher et al., 2003). The correction was
performed using equation 5, in which a pair of &ilisotopes is substituted for a pair of Cd isosope

4111

The exponential normalization to Ag considerabgueed the dispersion of the standa%amuvalues

(which should all be equal to zero), the largesiaton from the mean being of 0e8y/amy unit (Fig. 4).

This results indicates that the logarithm of theamged ratio of two Cd isotopem(&k,,m)) must be a

linear function of the logarithm of the measuretibraf two Ag isotopesm(riviAg)), with a proportionality

factor equal tPINMucy (equation 4). In other words, the data plotteHign 5 should lie on a line with a
AInM
g

slope of I”{M“%d/M““cui:1_9292. When looking at the whole dataset, this slopefoisnd to be
|n M 107 /M 109
Ag Ag

1.9295+0.02 (&), in good agreement with the theoretical valuds Hgreement was found to be equally
good for other Cd ratios (not shown here).

However, Fig. 5 also shows that the slope of thedr regression significantly varies between the
different measurement sessions. Therefore, a apfathe exponential external normalization method,
which uses the measured correlation between tharddAg fractionation, can be used. This method,

called the empirical normalization (described byrdthal et al., 1999), consists in using the slope

14



measured during a specific measurement sessiohaagnsin Fig. 5 instead of that predicted by the

exponential law, following equation (9).

S

R . =h,. X R 9
klcg "‘rk,|cd - ( )

i,jAg

Where s is the measured slope of the linear reigreef;ln(rk,,Cd) versusm(rwAg).

The results of the corrections obtained with th@ieigal method are shown in Fig. 4. The standard

114111

ECd/ amu

values are all very close to 0, the largest demiefiom the mean being of 0g2y/amyUnit. These

results are slightly better than those obtainedh Wwie exponential normalization. The empirical roeth
was thus used to correct for instrumental fracti@nan our samples.

For both the exponential and empirical method, dtendard reference value used to calculate
epsilon (Equation 1) can either be chosen as tbemge of the two standard measurements brackéiing t
sample, or as the average of the all standard mexasats made within the measurement session. The
latter option is used in this work, since it is maronsistent with the normalization methods, which
should theoretically lead to constant standard esluhe variations observed reflecting the internal

precision of the measurement.

3.3. Validation

3.3.1. Blanks

Total procedural blanks were estimated as foll®&Q mL of coastal seawater (Nantucket Sound,
Mass. USA) were passed through three consecutigdelitolumns (following the procedure described
above, section 3.1.1.). Assuming a repetitive yield~93% (see below), this procedure should have

removed 99.97% of the Cd initially present. Thisd“ftee” seawater was then analyzed following the

15



chemical procedure described above. This procesiumalates as accurately as possible the procedural
blank, since the amount and matrix of the Cd-flaeames used are similar to those of a real sanpie.
resulting Cd content was then measured by isotopgioth (by addition of a'®Cd spike and
measurement of thE2“4*’Cd ratio, free of Sn interference) and found toOt& 10" mol + 4% (D).

This represents less than 1% of our smallest saamie~0.5% on average. This blank was therefore

neglected.

3.3.2. Yields

The yield of the total procedure was estimated bbds/iding a coastal seawater sample
(Nantucket Sound, Mass. USA) into three pairs affgas of 250, 400 and 1000 mL. One sample of each
pair was spiked with®Cd. The samples were then run through the entieoo separation procedure.
The unspiked samples were spiked after column agpar The Cd content of each sample was
determined by isotope dilution, thereby providimg tCd concentration before and after the chemical
procedure. The total yield was found to be ~86% 1d489d was independent of sample size. A similar
technique was applied to the second AGMP1 columly, asing a standard solution instead of a seawater
sample to determine yield, found to be ~93%. Tleddydf the first Chelex column was thus estimated a
~93% (this yield could not be determined directychuse the salt content of the Chelex column seawat

eluate is still too high for direct ICPMS measurethe

3.3.3. Isotopic fractionation during column separation

Because the total yield of the chemical separatias lower than 100%, isotopic fractionation during
column separation had to be assessed. This wasbyagdition of 10 g of the JMC Cd standard to 250
mL Cd-free seawater samples (prepared as descaibedk), which were then analyzed following the
normal procedure. The isotopic fractionation foe ttvhole two-column method was found to be

110114 _ 554 02. The isotopic fractionation of the second AGMPluom alone was measured
Cd/amu

16



separately by running a standard solution through resin and was found to Q%galriﬁ:_o_gi 02.

These results indicate that neither the ChelextherAGMP1 column fractionate significantly. The
isotopic composition of the Cd-free seawater sampjeked with a realistic amount of Cd standard als

shows that matrix effects are negligible.

3.3.4. Precision and accuracy

2.3.4.1. Internal precision. The internal precision (i.e. counting statisticd) tbe measurements,
expressed as twice the standard error of the n&mjh ere 0.4, 0.3 and 0£4.my UNit on average for
the *°cdf*'cd, ***Cd/*'Cd and™“Cd/*'Cd ratios respectively (with maximum values of @% and 0.3

EcaamuUNit respectively, for the smallest sample).

3.3.4.2. External precision and reproducibility. The external precisions were estimated from the
measurement of 30 JMC standard and found to beedl2. units (2) for the **°Cdf*'Cd ratio by
standard bracketing; 0.2, 0.1 and @.m unit (20) for the **°*cd/*'cd, **Cd/'cd and**“‘cd/*'cd
ratios respectively by exponential normalizatiort,®.1 and 0.Zcgyam, Unit (20) for the **°Cd/*'Cd,
2cdf'cd and™cdf*Cd ratios respectively by empirical normalizatidhese results confirm the good
performances of the exponential and especially eogpi normalizations. However, standard
reproducibility does not account for variabilitidae to matrix effects or interferences. Therefesyen
seawater duplicates from the North Pacific (Fig) &eere also measured and yielded a mean
reproducibility of: 0.8ecyamy Unit (empirical normalization), with a maximum dispancy of 1.%cgamu
units (for**°Cd*'cd, *4cdM'cd and'*‘Cd/M*Cd ratios). This reproducibility (0.8:qam.unit) is the best

assessment of the measurement precision, asttligglariations due to sample processing.

3.3.4.3. Accuracy. The fractionated "Minster" standard (Wombacher BRathkdmper, 2004), was

measured three times and found to have an isotopimposition of séld(/y;r}qt =+111+05 and
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g]é](‘f/;'rflr']i:+11,3-_l- 05. These results are identical to the only otheorigl measurement (Wombacher

and Rehkamper, 2004 ; measured by C. Cloquet impaa5¢™4°Cd.)

3.3.4.4. Inter-isotope consistency. In the case of the North Pacific station, differésdtope ratios
measured concurrently on seawater samples givéséisat are identical within measurement errog(Fi

7). The linear relationship betweef?!! and glcl(f/al;i (Fig. 7b) indicates that Cd isotope fractionation

mass dependant, which validates the analyticalragasurement protocol. A similar linear relationship

(although not as good,?R0.79, not shown here for clarity purposes) is t’:blhmatween%:%;ljal,ﬁj and

slcfjiét but not betwee|4£%:1C(V7/alnquJ and Elcfj;ﬁt This shows that, in the case of the North Pasiimples,

Sn interferences oh“Cd and'*“Cd are satisfactorily corrected (with better colicets for **4Cd) but
interference on™°Cd is not. These results validate tHed/A*'cd, ***Cd/'Cd and"‘Cd/*'Cd data, at the
North Pacific station. ThE“Cd**'Cd ratio is preferred to the’Cd/*'Cd ratio at this station, given the
better interference correction dif'Cd than on'*’Cd. Such a linear relationship is not found at the
DYFAMED station (neither fot*2Cd, nor for'**Cd, nor for**°Cd). This suggests that Sn interferences are
unsatisfactorily corrected for all Cd isotopes, athvery likely results from the lower Cd contentloése
samples (6 to 8.5 ng, compared to 12 to 25 ngherNorth Pacific samples), resulting in signifidgnt
higher Sn interferences at DYFAMED than at the Nd?acific station. Thé*Cd, ***Cd and"*°Cd data
from this station are thus very likely incorrectn @e other hand, owing to the fact that tHed/*'Cd
ratio is free of interference and that all the othspects of the protocol are validated, this sirrgtio

allows determination of the Cd IC at this site.

3.4. Measurement of Cd Concentrations

To determine Cd concentrations in the seawater lemmP mL of unfiltered seawater was spiked
wit , evaporated, loaded onto the column ano ollowing the protocol describe
ith *°%cd d, loaded he AGMP1 col teelfollowi h I d ibed

above (section 3.1.2.). The Cd concentrations wiben determined by isotopic dilution on a
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ThermoFinnigan Element Il inductively coupled plasmass spectrometer (ICPMS, WHOI). The total
procedural blank was ~23 + 3 pgo)l Blank variability sets the detection limit tapg (defined as three
times the blank standard deviation), which is lgem a third of the Cd content of the most depleted
sample. Duplicate analyses of seawater sampleslegiebn external reproducibility of 2% o
equivalent to the internal precision of ~1.5%{)2 The concentrations measured in the northwesgfi®ac
and in the Mediterranean Sea were in very goodeageat with Cd profiles measured earlier in

neighboring areas (Bruland, 1980; Laumond et 8B4}

4. RESULTS AND DISCUSSION

4.1. Seawater Cd isotopic data

E%;%l,it profiles at station K1 and DYFAMED (Fig. 6) vaogtween -0.8 and +0.7 (similar values

are found for the other ratios at K1). This rangeniore than one order of magnitude smaller than the
variability found for light elements such as C, NI&i. It is similar to those reported in the singtudy
published so far about Cu and Zn isotopes in seawabrtheast Pacific), ~0.15 and ~0.25%o. 38%n

and 8°°Cu per atomic mass unit, respectively (Bermin et 2006). Apparent enrichment of the light
isotopes of both Cd and Zn in biogenic particulatatter suggests qualitatively similar biochemical
control and is consistent with the close assoaiatiothese metals in living organisms, while theagte
fractionation for Cu suggests removal dominatechbg-physiological scavenging processes. Although
the measured Cd isotopic variability is barely &rghan the mean uncertainty of measurement (0.8
€caamy), there are hints of oceanographically consisfeatures in the seawater profiles, which can be

tentatively interpreted.
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4.1.1. Upper 300 m of the northwest Pacific station

The progressivecyamydecrease from the surface to 300 m depth at stKtlas associated with a
Cd concentration increase, suggesting that thes@dpic ratios in the upper water column may be

controlled by Rayleigh fractionation, driven by femential uptake and removal of isotopically ligbd

by phytoplankton:
(ECd/amu)fSW = (Ecd/amu)fstl\l/ —a ln(f ) (10)
(SCd/amu)T—Pkt = (scd/amu);w -a (11)

¢ i fxIn(f)

(SCd/amu)A—Pkt = (SCd/amu)sW +a

(12)

where f is the fraction of dissolved Cd remainingsblution andx is the fractionation factor per amu.
The term (aCd/amu); is thegcqama Value of media X for a given value of f. The suipgs SW, I-Pkt and

A-Pkt subscript refer to seawater, instantaneolisafid accumulated (A) phytoplankton products,
respectively.

Rearranging equation (10) indicates that, in thgeoaf Rayleigh distillation, there should be a
linear relationship between the logarithm of the d@dcentration in seawate[r((d];w) and its isotopic

ratios, with the slope of the relationship equakbto

(scd/amu)fSW = (SCd/amu)fST/J\} +a In[Cd]fST/\l/ —a In[Cd]fSW (13)

The Cd depletion in K1 surface water (30 m depéaches ~56% relative to the subsurface Cd
concentration maximum (300 m depth). Despite langeertainties, we find a linear relationship betwee
Cd IC and the logarithm of Cd concentration (Fig.These results suggest that the Cd isotopic tiamia
measured between the surface and 300 m depth magubeto Rayleigh distillation induced by
phytoplankton uptake and sinking, following presdn@d input events, for example through upwelling

or winter mixing. The fractionation factor estimatieom the linear regression of the datacis 1.6+1.4
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i 119111 —1 5+ 114111 i 0 i :
€cd/amuunits forsCOVamu anda=1.5+1.4 forst/amu, ignoring the 2% uncertainty of the concentratiata,

and taking a Cd IC uncertainty of G&yamyunit.

4.1.2. 300-700 mlayer of the northwest Pacific station

Below the upper 300 meter layer, there is a preivescyamuincrease frorn;lcl(fv)/;;t:-o.QiO.S (300

m depth) to slcgir}]tzo.SiO.S at 700 m depth. This increase is not aatamt with significant Cd

concentration variations (cf. Fig. 2 and Table 3).

The potential temperature profile (Fig. 9) docursemtmaximum at ~300 m depth, corresponding
to the mesothermal water (Uda, 1963), which origisdrom the area east of Japan (Ueno and Yasuda,
2000, , 2003). Below this water mass, a well dgwetboxygen minimum and nitrate maximum, centered
around 600 m (Fig. 9), clearly identifies the NoRhcific Intermediate Water. A silicate maximum
centered at 2000 m depth identifies the North RaDiéep Water. Thecgamy increase from 300 m to 700
m depth could therefore reflect the mixing betwdba mesothermal water and the North Pacific

Intermediate Water. In such a case, the producglcy‘;;t and the Cd concentration should behave

conservatively within this depth range. Fig. 10pthys this quantity versus salinity. Despite theyda
uncertainties of these data, their mean valuesstaomgly linearly correlated between 300 and 700 m

depth (correlation coefficient R=0.99, significanleel P<0.001), which suggests th@l{%ﬂﬁtx[(:d]

behaves conservatively within this depth rangei{amnelationships, not shown here for clarity posp,

are found fore29:" x[Cd] versus potential temperature and nitrate, phospdnad silicate concentrations,

with (R=-0.96, P=0.04), (R=-0.99, P=0.01), (R=-0.B€0.01), and (R=0.99 and P=0.004), respectively)
Again, despite the large uncertainties of the QGuoisic data, this observation suggests that the Cd
isotopic composition variation observed betweendme of the mesothermal water (300 m depth) and
the core of the North Pacific Intermediate Wat&®Q(vh depth) is the result of water mass mixing.

Below this depth, no significant Cd isotopic comfioa variation is found; in particular, no

distinctive signature is associated with the N&dcific Deep Water.
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4.1.3. Northwest Mediterranean station

The range of variation at this site (Ec3/amu Unit; Fig. 6b) is comparable to that found in Merth
Pacific. However, in contrast to the North Pacifie could not find statistically significant relatiships
between the Cd IC and any of the following paramset€d concentration (which could have supported
the hypothesis of a Rayleigh distillation), the senvative tracers(and S, which could have supported
the hypothesis of a water mass mixing), the nutiae dissolved oxygen concentrations.

The lack of measurable Cd isotopic fractionatior da Rayleigh distillation is not surprising
considering the relatively small Cd depletion s gurface (~27% depletion relative to the subsarfac
maximum, located at 100 m depth, at the base af¢hsonal thermocline). Using the fractionatiotdiac
calculated in the North Pacific surface watersX.6), the DYFAMED surface depletion would resulti
Cd IC increase of 0.5cqamy UNIt (-1.6xLN(0.73)=0.5, cf. equation 10), whishwithin measurement
uncertainty.

There are three distinct water masses at the DYFBMEe: Modified Atlantic Water, Levantine
Intermediate Water6(and S local maximum around 300 to 400 m depthyirmating from the Eastern
Mediterranean Sea, and Western Mediterranean DeaterV$=12.8°C and §38.45) (Millot, 1999).
Between 400 and 2000 m depth, a linear relationskipreer® and S (R=0.99, not shown, cf. Table 3)
clearly indicates mixing between the Levantine nmediate Water and Western Mediterranean Deep
Water. Therefore, the DYFAMED water column is clgatomposed of water masses from different
origins that mix together. The lack of measurabtki€btopic variation associated to this hydrographi
setting therefore suggests that these three watssas have similar Cd IC (within the measurement
uncertainty). This homogeneity could result froneplevater formation processes in the Mediterranean
Sea. This hypothesis is supported by Boyle et 88%), who suggested that comparable trace metal
(including Cd) levels found in deep Mediterraneaaters and in surface waters in regions of
Mediterranean deep water formation imply a mininadd for trace metal transport by biological adivi

relative to deep water formation processes.
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4.2. Culture experiment

Cadmium isotopic data from the phytoplankton cetexperiment are reported in Table 4. Sn
interference corrections (cf. section 3.2.1) wex large for accurate measurements'¢d and'**Cd .
Interference correction anomalies (as defined ati@e 3.2.1.) for*“Cd were lower than or equal to 1.1
Ecaamu UNIt. The**CdAMCd ratio of the phytoplankton samples will thus dmutiously used in the
following, in addition to the interference-fré8Cd/*'Cd ratio. The"‘Cd/'Cd and''°Cd/*'Cd ratio data
(Fig. 11) are in excellent agreement for the Cd-ghenyvStock-solution and Cultured-solution samfies,
which the Sn interferences were low, and in fagdpd agreement for the phytoplankton samples (stubje
to larger Sn interferences).

Since less than 1% of total Cd in the media wasoweth by phytoplankton uptake during the
incubation, we assume that the Cd IC of the mediandt change during phytoplankton growth. The
initial Cd isotopic composition of the culture madiefore the growth experiment could therefore lgua
be determined from the Cd powder, stock solutionuttured solution samples (cf. Fig. 11). Theseehr
samples have similar Cd IC (cf. Fig. 11 and Tabledéwever, the initial Cd isotopic compositiontbé
culture media was determined as the mean valueeo€t powder and stock solution samples, because
these samples are more concentrated than the edilaolution sample, and therefore provide a more

reliable measuremenglcl(;ﬁtz-z.310.8 (®; egam = —2.7+1.1). The phytoplankton samples have a

mean value Ofsg%ét=-5-7il-2 (@ ; e =—-47+15). The significant difference between the initial

Cd IC of the culture media and that of the phytoktan suggest that the phytoplankton preferentially
take up light Cd isotopes. Less than 1% Cd wastalefrom the culture media by the cells. Neglegtin
this depletion, equation 11 (instantaneous prodyietjls a fractionation factan=3.4+1.4 €cyamyUnits
(20, from the''%Cd/*'Cd ratios;0=2.0+1.9 £cgamsUnits from the'*‘Cd/*'Cd ratios; using equation 12
with f=0.99 gives the same results). These valuescamparable (given the uncertainties) to those
derived from the northwest Pacific seawater samfmled.6+1.4¢cqamunits). The difference between

the phytoplankton uptake fractionation factor analt tderived from the water column distributions may
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be the result of a number of factors including mepresentative phytoplankton species or growtd, rat
Cd scavenging in the water column by particle gotsmm in addition to biological uptake, inappropeia
assumptions in application of the Rayleigh fractitton model, or IC measurement uncertainty. Furthe
research will be required to further constrainghecesses leading to Cd isotope variations in tdeauwic

water column.

5. SUMMARY AND CONCLUDING REMARKS

The range of cadmium isotopic composition (Cd itCseawater from the northwest Pacific and
the northwest Mediterranean is not greater tharedya,, units. It is only slightly larger than the mean
uncertainty of measurement using the method dextritere (0.&cgam) and more than one order of
magnitude smaller than the variability found fajhli elements such as C, N and Si. On the other, liand
is very similar to those reported in the singledgtpublished so far about Cu and Zn isotopes iwatsa
(northeast Pacific. Bermin et al., 2006).

In the northwest Pacific station, despite errorsbapproaching the measured isotopic variability,
we find systematic relationships between the Cdn@ Cd concentration in the upper 300m, and between
Cd IC and hydrographic data between 300 and 700resd results suggest that i) the variation observed
within the upper 300 m layer may be due to Cd isictdractionation by phytoplankton uptake, with a

fractionation factor of 1.6+1.dc4.myunits; ii) the variation observed between 300 add i depth, may

be due to the mixing of the mesothermal wag%itﬂqgétz-o.gto.S) with the North Pacific Intermediate
Water (110111=0,5+0.8).
Cd/amu

On the other hand, at the DYFAMED site (Mediterame we cannot find similar correlations
between Cd IC and Cd concentration nor betweelCthéC and hydrographic data. We suggest that this
lack of systematic Cd IC variation is due to i)ufficient surface Cd depletion by phytoplanktonakat
in the surface waters and ii) similar Cd IC of théerent water masses found at this site, posdibked

to deep water formation processes.

24



Culture experiments suggest that freshwater phagtdgpbn Chlamydomonas reinhardtii and
Chlorella) preferentially take up light Cd isotopes, withfractionation factor of 3.4+1.4cq/amuUNItS
(similar fractionation is found for both specie$his observation supports the conclusion basecen t
NW Pacific data that biological uptake of Cd by mpfankton results in a small preferential uptake o
the lighter Cd isotopes.

The North Pacific data suggest that different watessses may have different Cd IC, notably the

mesothermal water wittglcljlll~ -1 compared to ~ 0.3 for deeper waters. The ptedata set is
amu

insufficient to establish the origin of this sigmeg but suggests that Cd isotopes could provide
information on water mass trajectory and mixinga@me areas of the ocean.

Future studies aimed at quantifying specific Cddp fractionations associated with various
aspects of biological uptake, adsorptive scavengimd) remineralization of organic matter may provide
new insight into these processes. Understandingraeron the mean Cd isotope composition of the
ocean will require measurements of the mean rimputi Cd IC and of fractionations associated with
ultimate Cd removal in organic-rich and reducindisents. Investigations of Cd isotope distribusion
and mean IC in the past ocean, while technicalfficdit, may help to quantify past changes in the
oceanic budget, internal cycling, and advectivengprt of this element, augmenting the current
paleoceanographic utility of cadmium. The smalliattons in Cd isotopic composition found in this
study indicate that applications of this paramétestudying the present or past Cd oceanic cydlebe
challenging. This will likely require further andigal improvements. Better precision could likelg b
obtained with larger seawater samples, a bettanicla separation of tin and a more accurate mass bi

correction through the use of the double spikigpbégue.
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Table 1. Faraday cup configuration and isotopicnalnces of Cd and of the elements that can

produce isobaric interferences with Cd.
Nominal mass 105 106 107 108 109 110 111 112 1134 1115 116 117

Pd 223 273 26.5 11.7
Isotope Ag 51.8 48.2
abundance Cd 1.2 0.89 125 12.8 241 12.2 287 7.49
%)  In 43 95.7
sn 0.97 065 036 145 7.68
Collector L, L L L C H H, Hy  Hy

configuration
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Table 2. MC-ICPMS Cd operation parameters.

ThermoFinnigan Neptune at the Woods Hole Oceanbgrdpstitution

Standard conditions for Cd analysis

RF Power 1200W
Acceleration voltage 10kv
Mass analyzer pressure 51Millibar
Nebulizer ESI PFA 56
Spray chamber ESI SIS (Stable Introduction Syst&@m)
Sample uptake rate ~60 puL/min
Extraction lens -2000 V
Typical signal intensity ~2.3 nA/ppmcCY
Transmission efficiency ~0.04%
Mass Discrimination ~1.4% per amu
Desolvating Sample Introduction System (C&taddus)
Nebulizer ESI PFA 56°
Spray chamber ESI PFA Teflon upgrdde
Spray chamber temperature 100°C
Desolvating membrane temperature  70°C
Sample uptake rate ~60 pL/min
Argon sweep gas flow ~6 L/min (optimized for maignsl)
Nitrogen additional gas ~10 mL/min (optimized fensitivity)

(a) ESI = Elemental Scientific Inc., Omaha, NB, USA
(b) Based on 0.6 volt®Cd per 20ppb total Cd; Ybohm resistor
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Table 3: Temperature, salinity, potential dengdigsolved oxygen, nutrient and cadmium concentatiand cadmium isotopic compositions of seawater
samples from K1 (northwest Pacific) and DYFAMED rtivest Mediterranean - The nutrient concentratatridYFAMED were measured on 10/07/2003, 2
weeks after the Cd sampling) stations. A few natremncentrations reported in italic are lineaerpblation of nearby data.

Sample 0 S O O, NO; Si(OH), PO, Cd 110111 112111 (114111
P (°C) (kg/m3) (umol/kg) (umol/kg) (umol/kg) (umol/kg) (nmol/L) ~ Cdamu Cdamu  “Cd/amu

K1-30m? 8.04 32.88 25.60 293.33 15.0 28.7 1.35 0.489 0.4 7 0 0.5
K1-60m 2.19 33.09 26.42 318.43 22.0 37.3 1.81 0.768 -0.2 0.5 0.2
K1-100m 1.32 33.14 26.53 308.61 26.2 43.3 2.01 .740 -0.1 0.1 0.0
K1-123 m? 1.50 33.28 26.63 264.70 29.9 53.8 2.24 0.821 -0.2 0.0 -0.1
K1 -300 m? 3.49 34.02 27.06 27.07 44 .4 107.8 3.13 1.105 -0.9 -0.8 -0.8
K1 - 400 m? 341 34.13 27.15 22.74 44.2 117.4 3.11 1.057 -04 -0.8 -04
K1 -500 m* 3.25 34.22 27.24 20.97 44.0 124.8 3.10 1.038 0.0 0.2 - -0.1
K1-700m 295 34.31 27.34 20.64 439 137.0 3.09 1.046 0.5 1.0 0.5
K1-900m 2.65 34.39 27.43 23.58 438 1479 3.09 1.037 0.2 0.7 0.5
K1-1000 m 251 34.43 27.47 24.98 43.8 153.2 3.09 1.038 0.2 0.5 0.2
K1 - 1250 nt 223 3449 2755 3450 431 158.9 3.03 1.041 0.2 0.3 0.2
K1 - 1500 m 2.01 3454 27.60 47.11 42 .4 165.1 2.98 1.016 0.6 0.9 0.7
K1 - 2000 m 1.70 34.60 27.68 73.94 40.6 167.1 2.85 0.985 0.3 0.6 0.4
K1 -3000 m 1.33 34.66 27.75 121.37 37.6 157.8 2.61 0.893 0.1 0.5 0.4
K1 - 4000 nt 1.15 34.68 27.78 144.30 36.2 150.5 2.48 0.879 0.3 0.5 0.3
K1 - 5000 m 1.09 34.69 27.79 152.28 35.6 150.3 2.44 0.831 0.1 0.6 0.4
DYF-20m 15.90 38.27 28.29 259.85 0.00 0.63 0.00 0.065 -0.6 - -
DYF -50 m 13.32 38.30 28.89 254.43 3.47 1.46 0.06 0.069 -0.5 - -
DYF -75m 13.21 38.35 28.95 199.04 6.34 2.75 0.23 0.086 -0.5 - -
DYF - 100 m 13.21 38.40 28.98 194.99 7.13 3.34 0.29 0.088 0.1 - -
DYF - 150 m 13.35 38.49 29.03 179.63 7.65 4.11 0.33 0.084 0.7 - -
DYF - 200 m 13.39 38.53 29.05 174.09 8.03 5.89 0.31 0.085 0.2 - -
DYF - 300 m 13.44 38.58 29.08 164.96 8.99 6.75 0.33 0.084 -04 - -
DYF - 400 m 13.38 38.58 29.09 165.98 8.99 7.73 0.38 0.081 0.6 - -
DYF -800 m 13.17 38.54 29.10 177.47 8.35 8.04 0.40 0.073 -0.6 - -
DYF-1200m 12.97 38.49 29.10 183.38 8.3 7.82 0.39 0.072 0.0 - -
DYF -1500m 12.87 38.46 29.10 187.63 5.54 4.91 0.24 0.075 -0.5 - -
DYF-2000m 12.82 38.45 29.11 190.72 5.15 5.22 0.24 0.076 0.4 - -

(a) samples for which replicate have been meastnetiat case, the meagy.m,values are reported. Note that the DYFAMERTd/''Cd data could not be
validated by other Cd isotopic ratios (due to us§attorily Sn interference corrections) and ndestdéfore to be considered very cautiously.
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Table 4: Cadmium isotopic composition of differphtises involved in the phytoplankton culture
experiment (cf. Fig. 11 caption for sample deswi). Someegjiét data are not reported due to
unsatisfactory Sn interference correction 8ed.

sampe wm o dmm ewm
Cd-Powder -2.5 -3.2 -3.1
Stock-solution -2.0 -2.3 -2.3
Cultured-solution -3.1 2.7 2.7
Chlamydomonas-1 -6.6 - 8.7
Chlamydomonas-2 5.7 - 47
Chlorella-1 5.2 - 424
Chlorella-2 5.2 - -338

(a) These data need to be used cautiously bechimpearfect Sn interference corrections (see text f
more details).
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Figure Captions
Figure 1: The locations of the two sampling sigdswn by crosses.

Figure 2: Cd and phosphate profiles at the twesitee nutrient concentrations at DYFAMED were
measured on 10/07/2003, 2 weeks after the Cd sagflhe Cd error bars correspond to the internal
precision (~3% at DYFAMED and 1.5% at Kig,2, found to be similar to the reproducibility (2%).

Figure 3: Tin interference corrected and uncorkdi@a during one measurement session e,
values are calculated relative to the mean JMQlsiahCd ratios.

Figure 4: Instrumental mass fractionation correidstandard samples are indicated by large circles
TheecyamuValues are calculated relative to the mean JIM@dstal Cd ratios

Figure 5: Cadmium versus silver instrumental meastibnation. Linear regressions for each
measurement session, as well as for the wholeséatare reported.

Figure 6: Cd isotopic composition profiles at statk1l (N.W. Pacific, a) and DYFAMED (N.W.
Mediterranean Sea, b). Error bars represent tha isarepancy between replicates €@amuunit).
Left panel: The different data series correspondifferent measurement sessions (the mean prefile i
also displayed). Comparisons of these replicatesvatl the determination of the reproducibility of
the Cd IC measurement. The mean discrepancy betiveatuplicates is 0.&4myunit, with a
maximum discrepancy of 1&4.m,units (1250 m depth). Note that, because of taml/' notation,
increasing values cgiclc%nlqt reflect enrichment in heavy Cd isotopes.

Figure 7: Comparison of the isotopic compositioasvid from different Cd isotope ratios at station
K1 (N.W. Pacific). All isotopes were measured sitaneously. Error bars represent the mean
discrepancy between replicates (&8.myunit). Note that the data from station DYFAMED {no
shown for clarity purpose) do not show such irgetdpe consistencies (because of unsatisfactory Sn
interference corrections).

Figure 8: Cd isotopic composition versus the Iabamiof the Cd concentration (nmol/L) in the
surface layer of station K1 (upper 300m), for twai€otopic ratios't°Cd/*'Cd and“Cd/*'Cd).
Error bars correspond to (8yamyunit. Linear regressions are plotted. Their slqesresponding to
the opposite of the Rayleigh fractionation factafsgquation 13), correlation coefficients (R) and
significance levels (P) are reported. Note: thedios¢y,m,vValues correspond to lighter Cd.

Figure 9: Potential temperature, dissolved oxygérate and silicate concentrations and salinity at
station K1. A detail of the upper 1000 m is displdyn the right panel.

Figure 10: Cd isotopic compositioelcedC/Yaléi) times Cd concentration (nmol/L) versus salinitiie

ellipse shows the linear relationship found betw@@® and 700 m depth. The corresponding
regression coefficient (R) and significance le&)l ére indicated, as are some sampling depthstsErro
bars are calculated by propagating thes@q3m,uUnit uncertainty characterizing the Cd isotopic
composition data (the 2% uncertainty of the conegioih data are ignored).

Figure 11: Cadmium isotopic compositions (meastnea **°Cd/*'Cd and"*“Cd/*'Cd ratios) of
different phases involved in the phytoplankton adtexperiment. Cd-Powder: Cd used to make the
Stock-solution; Stock-solution: initial solutionagsto grow the phytoplankton; Cultured-solution:
growth media after culturinGhlamydomonas cells; Chlamydomonas 1 and 2: duplicate samples of
Chlamydomonas cells; Chlorella 1 and 2: duplicate sample€hbiforella cells. Error bars correspond
to 0.8&cgamuunit. Note: the lowegcyamevalues correspond to lighter Cd. Note also tH&ad/ *'Cd
ratios of the phytoplankton samples are imperfetiyected for Sn interferences (see text for more
details).
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