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Abstract 

The relationship between Cd and phosphate is intriguing for unravelling geochemical cycling in the modem ocean. 
Moreover it is relevant for reconstructing Cd or phosphate distributions in paleoceanography. Whether the global 
Cd/phosphate data indicate a single linear relationship or whether the data are better described by two different linear 
relationships, one for the North Atlantic Ocean data and one for the Indo-Pacific Ocean data, is still a matter of debate. 
Recently, new data have become available for the Southern hemisphere which partly fill a gap that existed between the 
North Atlantic and Indo-Pacific Ocean data. The model with two different relationships for the North Atlantic and the 
Indo-Pacific Ocean deviated with statistical significance from a single global linear relationship. Yet, both models are 
characterized by a large residual variance likely due to apparent differences in accuracy between different laboratories. If 
these laboratory effects are taken into account in the models, the difference between the relationships of the North Atlantic 
and the Indo-Pacific Ocean remains statistically significant. However, when only two data sets with the smallest phosphate 
concentrations (PO, < 1 PM) are left out the significance disappears. However, it is still risky to be too conclusive on basis 
of the present data. More accurate Cd- and phosphate-data are needed, especially in the low concentration area. Accuracy 
become be improved by the availability and use of international reference standards in combination with regular 
spike-recovery experiments. 0 1997 Elsevier Science B.V. 

Keywords: trace metals; cadmium; review; theoretical; statistics 

1. Introduction 

Two decades ago Boyle et al. (1976) and Martin 
et al. (1976) as well as Bruland et al. (1978); Bru- 
land (1980); Knauer and Martin (1981) demonstrated 

that Cd is very closely correlated with phosphate. 
This led Hester and Boyle (1982) to suggest a linear 

relationship with zero intercept between the global 

* Corresponding author. Tel.: + 31-222-36949s; fax: + 31-222- 

319674; e-mail: bettina@nioz.nl. 

Cd- and phosphate- data. Soon afterwards Bruland 
and Franks (1983) found a Cd-phosphate slope for 
the North Atlantic Ocean, which was 15% lower 

than the slope for the North Pacific Ocean, Boyle 

(1988) combined a selection of 8 out of 16 available 

Cd-phosphate data sets in one Cd-phosphate plot 
and suggested a uniform global Cd-phosphate rela- 
tionship consisting of two separate Cd/phosphate 
relations, one for phosphate concentrations lower 
than 1.3 C.LM and one for phosphate concentrations 
higher than 1.3 PM. However, the selection criterion 

0304-4203/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved, 
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for quality of data was not reported, whereas among 
the 8 selected sets one preliminary data set eventu- 
ally was not published and two others were from a 
shallow inshore site off Gibraltar (Boyle et al., 1985) 
and the semi-enclosed Gulf of Mexico (Boyle et al., 
1984). Here exchange processes of Cd and phosphate 
with the continental shelf may have obscured the 
oceanic trend. 

More recently Frew and Hunter (1992, 1995), De 
Baar et al. (19941, Frew (1995) and Yeats et al. 
(1995) provided evidence in support of apparently 
two Cd/phosphate relationships. Frew and Hunter 
(1992, 1995) suggested that the low Cd/phosphate 
relationship in the subantarctic region of the Pacific 
Basin plays a major role in the formation of these 
two relationships. Two mechanisms were suggested: 
(I) ventilation of low Cd/phosphate subantarctic 
water to intermediate depth by formation of Antarc- 
tic Intermediate Water (AAIW), (II) remineralization 
of low Cd/phosphate detritus from biota produced 
in waters formed at the subtropical convergence. 
However, their subantarctic data do not represent the 
AAIW source area (Saager, 1994, p. 107). Frew 
(1995) provided another hypothesis attributing the 
apparent global Cd/phosphate kink to the formation 
of Antarctic Bottom Water (AABW), which has as a 
major component near-surface waters, which pre- 
sumably would have a high Cd/phosphate ratio. 

De Baar et al. (1994) proposed a selection crite- 
rion for high quality Cd and phosphate data as 
Cd/phosphate ratios below 1000 m having a coefli- 
cient of variation less than 10%. This ensures that 
selected data are of reasonable precision, without 
suggesting that non-selected data are of lesser qual- 
ity. However, independent assessment of the accu- 
racy of the data is still lacking. Using the selection 
criterion mentioned above, De Baar et al. (1994) 
obtained a selected data set for deep waters showing 
two data clusters with different Cd/phosphate slopes 
between North Atlantic data, and 
Pacific/Indian/Antarctic Ocean data. When ignor- 
ing the gap between clusters one global relationship 
was found (De Baar et al., 1994). The need for more 
data filling the gap in deep waters of the temperate 
Southern hemisphere was recognized for validating 
the hypothesis of a single uniform global Cd/phos- 
phate relationship. Recently new data have become 
available for the Southern hemisphere. 

The new data are added in the present paper using 
the same selection criterion as De Baar et al. (1994). 
For some stations the water column was divided in 
different water masses, because hydrography is a 
very important factor in the circulation of trace 
metals and nutrients. For each water column the 
selection criterion was used separately. 

The methodology of the present paper differs in 
two important aspects from that of De Baar et al. 
(1994): whereas De Baar et al. (1994) used all 
selected data below 1000 m depth as separate data 
points, the present paper used for each sample site 
the average Cd and phosphate concentration because 
the accuracy of data of one sample site are not 
independent from each other. Besides that, the possi- 
ble laboratory bias was taken into consideration di- 
rectly in the model formulation. 

2. Methods 

By the use of the same selection criterion as De 
Baar et al. (19941, data by Yeats (19881, Hunter and 
Ho (19911, Westerlund and ohman (1991), Frew and 
Hunter (19921, Martin et al. (1993), De Jong et al. 
(19941, Pai and Chen (1994), Frew (1995), Yeats et 
al. (1995) and Lbscher et al. (submitted) are added to 
the selected data by De Baar et al. (1994). The added 
data are presented in Table 1. 

One station by Westerlund and Ghman (1991) for 
the Weddell Sea was added. The site appears far 
enough away from the continental shelf to assume 
that processes occurring in the shelf would be of no 
importance. The same goes for the data by Pai and 
Chen (19941, where only the two offshore stations 
far enough from the continental shelf were added. 

De Baar et al. (1994) omitted the data by Hunter 
and Ho (199 1) because the concentrations of Cd and 
phosphate increase regularly with depth. Latter data 
are used in the current selection, because they other- 
wise fall within the selection criterion for the Cd/PO, 
ratio. The data by Frew and Hunter (1992) were 
added as well. 

In waters like the Southern Ocean the circulation 
of different water masses is an important factor in 
controlling the metal and nutrient concentrations. For 
this reason at four stations by Liischer et al., submit- 
ted the water column was divided into different 
water masses in case the coefficient of variation of 
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the Cd/phosphate ratio varied more than 10% in the 
water column below 1000 m. The same was done for 
the Southeast Atlantic data set of Yeats et al. (1995). 

Then for each water mass the selection criterion was 
applied separately as reported in Table 1. 

3. Results and discussion 

Fig. 1 a shows Cd versus phosphate concentrations 

of the new deep water data (Table 1) superimposed 
on the selected data set by De Baar et al. (1994). The 

Table 1 

Cd-phosphate data added to the selected stations by De Baar et al. (1994). For the added data the same selection criterion is used. For 

stations where the coefficient of variation of the Cd/phosphate ratio is not lower than 10% over the whole water column deeper than 1000 

m, the water column was divided into the different water masses. For each water mass the selection criterion was applied separately 

Latitude/ Refs. n Depth C FlJNCCV,,,,,,4 Cd/PO, Cvc,,, % 

longitude (m) &, 2; $lJ (FM) (PM/PM) (pM/@I) 

64”s; 47W 

38”s; 167”E 

36”s; 163”E 

35”s; 167”E 

35”s; 170”E 

35”s; 171”E 

48’S; 164”E 

62”s; 83”E 

65”s; 84”E 

15’S; 0”E 

30’S; 8”E 

Westerlund and 6hman ( 199 1) 7 1000-3000 683 59 2.49 0.06 274 

Hunter and Ho (1991) 

Hunter and Ho (1991) 

Hunter and Ho (1991) 

Hunter and Ho (1991) 

Hunter and Ho (1991) 

Frew and Hunter ( 1992) a 

Frew (1995) 

Frew (1995) 

Yeats et al. (1995) 

Yeats et al. (1995) 

46”s; 1”E Liischer et al. (submitted) 

52”s; 6”W Liischer et al. (submitted) 

54’S; 6”W Liischer et al. (submitted) 

56”s; 12”W LSscher et al. (submitted) 

58”s; 6W Liischer et al. (submitted) 

34%; 13911 Yeats et al. (1995) 

35”N; 62W Yeats (1988) 

47”N; 2OW Martin et al. (1993) 

59”N; 2OW Martin et al. (1993) 

55”N; 49”W De Jong et al. ( 1994) 

52”N; 34”W De Jong et al. (1994) 

65”N; 31”W De Jong et al. (1994) 

22”N; 124”E Pai and Chen ( 1994) 

22”N; 127”E Pai and Chen (1994) 

3 1000-1500 523 38 1.83 0.21 287 

5 1083-1793 650 81 2.16 0.16 300 

4 1083-1723 662 83 2.23 0.16 296 

3 1144-1621 657 15 2.25 0.14 292 

5 1096-1494 712 77 2.39 0.12 297 

19 1000-4450 595 58 2.34 0.12 254 

3 1259-2440 615 8 2.19 0.08 281 

5 1275-3089 686 28 2.28 0.01 300 

4 b 1351-2201 414 73 1.66 0.19 249 

4’ 1081-1481 695 52 2.15 0.09 324 

4’ 2551-3410 403 33 1.60 0.05 252 

4 c 3710-4830 599 52 1.84 0.15 326 

4 d 1234-1976 619 57 2.11 0.11 293 

8 d 2953-4149 649 52 2.26 0.08 287 

7 987-2117 735 39 2.26 0.05 326 

9 988-2562 746 37 2.32 0.04 318 

2 ’ 4509-4744 808 13 2.29 0.06 345 

5 f 2460-3675 692 63 2.28 0.04 303 

22 1000-4377 267 61 1.24 0.19 215 

7 1200-4675 304 26 1.23 0.06 247 

5 1100-2900 257 31 1.15 0.07 188 

6 1000-2800 210 10 1.23 0.05 170 

13 1200-3682 253 19 1.04 0.05 244 

10 1000-3520 267 20 1.08 0.04 247 

6 1078-1374 256 33 0.94 0.10 273 

6 1002-4294 997 41 2.68 0.17 372 

7 1003-5000 1003 31 2.69 0.18 374 

20 7 

20 7 

29 10 

18 6 

21 7 

18 6 

16 6 

8 3 

12 4 

15 6 

21 6 

23 9 

16 5 

29 10 

23 8 

14 4 

17 5 

3 1 
30 10 

20 9 

14 6 

10 5 

7 4 

26 10 

18 7 

28 10 

12 3 

18 5 

’ The data by Frew and Hunter (1992) are added too because Frew and Hunter (1995) recently demonstrated the accuracy of their phosphate 

data. De Baar et al. (1994) omitted these stations because of a consistent difference between Frew and Hunter (1992) phosphate data and 

those of the nearby GEOSECS station 280, a discrepancy which at the time could not be resolved by the authors. 

b The water column of station 7 is divided after Measures et al. (1995); into three different water masses: 1351-2201 m: North Atlantic 

Deep Water (NADW), 2353-3604 m: linear mixing with lower NADW of the western boundary undercurrent and 4604-4804 m: mixing 

towards Antarctic Bottom Water (AABW). Only the NADW falls within the selection criterion. 

’ The water column of station 9 is divided after Measures et al. (1995); into four different water masses: 108 I - 148 1 m: Upper Circumpolar 

Deep Water (UCDW), 1801-2401 m: Labrador Sea Water (LSW), 2551-3410 m: NADW-complex and 3710-4830 m: AABW. The LSW 

does not fall within the selection criterion. 

d 1234-1976 m: UCDW 2953-4149 m: Lower Circumpolar Deep Water (LCDW). 

e 988-2562 m: LCDW. 

f 2460-3502 m: AABW. 
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Fig. 1. Global Cd/phosphate data for water depths > loo0 m. Open circles indicate selected data after De Baar et al. (1994). The filled 

circles show added data (Table 1). (a) Individual data points. (b) Average data at each selected station with standard deviations. 

gap of the Cd-phosphate data between the deep 
Atlantic Ocean and the deep Antarctic/Pacific/In- 
dian Ocean is now filled with new data, although 
there still are only a few data with phosphate concen- 
trations between 1.8 and 2.0 /IM. Apparently, the 
errors are not independent. For example, all data in 
the range of phosphate concentration between 1.2 
and 1.7 PM fall below, and all data with a phosphate 

concentration < 1.0 PM fall above the overall re- 
gression line. This dependence, however, is not sur- 
prising as at each sample site multiple samples are 
taken at different depths. The errors from the overall 
regression line most likely are correlated between 
such samples from the same location. This depen- 
dence may, for example, be due to laboratory bias 
since the samples at one station in general have been 

90 

60 

-60 

I 

0 

Longitude 

I I 
90 180 

Fig. 2. The deviations of the Cd concentrations of the selected stations from the prescribed global uniform linear Cd/phosphate relationship, 

after initial correction of the Cd data for the Cd-deviation through different accuracy of the laboratory groups from the global uniform 
relationship. The size of the circles indicates the magnitude of the Cd concentration deviation from the assumed global uniform linear 

Cd/phosphate relationship. The open circles stand for a positive residual deviation and the filled circles for a negative residual deviation. 
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analyzed simultaneously. Therefore the average Cd 
and phosphate data from the selected stations were 
used (data by De Baar et al., 1994; with added data, 
Table 1) for further analyses. They were plotted 
together with their standard deviation in Fig. 2. As 
various laboratories worked at more than one site, 
dependence between the data may not have been 
removed completely. Therefore, a laboratory (-group) 
effect was included in the model. Thus, when assess- 
ing the general linear relationships: 

[Cd] = a + b[PO,] (1) 

the following model was fitted and the contribution 
of the various factors was tested.: 

[Cd]=a+A,+(b+B;)[PO,]+C,+& (2) 

where a is the overall constant; Ai the deviation of 
the overall constant for area i; b is the overall slope; 
Bj is the deviation of the overall slope for area i; C, 
is the laboratory group effect for group j; E is the 
residual error, and where i = 1 for the North Atlantic 
Ocean data (PO, < 1.5 PM) and i = 2 for the other 
ocean data (PO, > 1.5 PM); j = 1, . . . , K, where K 

is the number of laboratory groups. 
Table 3 gives an overview about the references 

which belong to one laboratory group. 
Constraints on the parameters are 

CA,=O, so A, = -A,, 

CB;=O, so B, = -B,, 

cc, = 0. 

Both, the group effect and the ocean effect (which 
accounts for a different intercept and slope for the 
North Atlantic data compared to the other oceans> 
were significant (Table 2). That means that the exist- 
ing data set still conforms to different Cd/phosphate 
relationships for the Atlantic and the Indo-Pacific 
Ocean when different accuracies of the laboratory 

Table 2 

F test for the various factors of the fitted model (Eq. (2)). whereby 

df: degree of freedom; SS: sum of squares and; MS: mean square 

Factors df SS MS F P 

PO4 1 33701 33701 13.3 0.001 

A&B, 2 18149 9074 3.3 0.048 

Group 10 75069 7507 2.73 0.013 

Error 36 99000 2750 

Table 3 

Classification of laboratories into 1 I groups (separated by lines) 

as applied in the statistical models, i.e. Eq. (2). Given the similar 

performance the data from UCSC (Bndand and co workers) and 

MLML (Martin and co workers) were grouped together for sake 

of convenience 

Danielsson and Westerlund (1983) 

Danielsson et al. (1985) 

Sakamoto-Arnold et al. (1987) 

Bruland et al. (1978) 

Bruland (1980) 

Bruland and Franks (1983) 

Knauer and Martin ( 198 1) 

Martin et al. (1985) 

Martin et al. (1989) 

Martin et al. (1990) 

Martin et al. (1993) 

Nolting (JGOFS, 27 April 1990) 

Nolting et al. (1991) 

Saager (JGOFS, 4 June 1990) 

Saager (JGOFS, 10 June 1990) 

Saager et al. (1992) 

Boyle et al. (1976) 

Frew and Hunter (1992) 

Frew (1995) 

Hunter and Ho (1991) 

Westerlund and ehman ( 199 1) 

Yeats (1988) 

Yeats et al. (1995 

Loscher et al. (submitted) 

De Jong et al. (1994) 

Pai and Chen ( 1994) 

groups are assumed. One may wonder whether there 
are deviations of the overall model on finer spatial 
scale. Fig. 2 shows the residuals of the single 
Cd/phosphate relationship including a correction for 
laboratory group effects. The world-wide distribution 
of the residuals gives no indication for a specific 
ocean area with a constant deviating Cd-phosphate 
character. 

However, leaving out the two smallest average 
phosphate concentrations (PO, < 1 FM) and fitting 
the models again, the single Cd/phosphate relation- 
ship was not statistically significant deviating from 
the two lines model. According to the parsimony 
principle (O&ham’s razor) which contents that the 
simplest model is the best description of reality, the 
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Table 4 

Deviation in Cd concentrations of the different laboratory groups 

from the single linear Cd/phosphate relationship. The sequence of 

the groups in this table has no correlation with the sequence in 

Table 3 

Group Laboratory effect (Cd [PM]) 

1 -60 

2 -50 

3 -36 

4 -28 

5 -26 

6 -22 

7 -6 

8 -4 

9 16 

10 94 

11 121 

single regression line should be used. Yet, we be- 

lieve that, given all uncertainties about the indepen- 

dence of errors, at the moment it is still too early to 

make conclusions. More accurate data are needed 
especially from the Northern hemisphere with low 

phosphate concentrations (PO, < 1 PM). 
Table 4 shows the deviation of the Cd concentra- 

tion of the different laboratories from the linear 

relationship. The deviation lays between -60 and 
12 1 pM, similar to that found in a recent intercalibra- 

tion study (fig. 3 of Yeats et al., 1995). In order to 
improve the accuracy the use of certified standards is 

needed, both for Cd and phosphate. Briefly, the 

internal precision of a laboratory is often quite satis- 

factory for phosphate and Cd, but accuracy is lack- 

ing. For phosphate Saager (1994, pp. 40-41) found 
discrepancies of various data set when compared 

with nearby GEOSECS stations. Similarly, the 
GEOSECS data set of phosphate and nitrate in the 
Southern Ocean (> 30“s) has a much more tight 

correlation than the corresponding NODC (National 

Oceanographic Data Center) database assimilated 
from various field programs and laboratories 
(Kamykowski and Zentara, 1989). The preparation 
and stability of nutrients standards (Aminot and 
Kerouel, 1996) is therefore a matter of great ur- 

gency. Similarly, there is a need for production and 
routine use of certified standards of Cd and other 
metals. Finally, for Cd and other metals the 
APDC/DDDC extraction method has less perfect 

recovery than commonly assumed (Muller et al., 
1991). 

Acknowledgements 

This research was supported by grants from the 

Commissie Antarctisch Onderzoek and the Neder- 

landse Organisatie voor Wetenschappelijk Onder- 

zoek (NW01 and the graduate student fellowship 
from NWO/GOA to the first author. This is NIOZ 
contribution number 3 183. 

References 

Aminot, A., Kerouel, R., 1996. Stability and preservation of 

primary calibration solutions of nutrients. Mar. Chem. 52, 

173-181. 

Boyle, E.A., 1988. Cadmium: Chemical tracer of deepwater pale- 

oceanography. Paleocenography 3, 47 l-489. 

Boyle, E.A., &later, F., Edmond, J.M., 1976. On the marine 

geochemistry of cadmium. Nature (London) 263, 42-44. 

Boyle, E.A., Reid, D.F., Huested, S.S., Hering, J., 1984. Trace 

metals and radium in the Gulf of Mexico: An evaluation of 

river and continental shelf sources. Earth Planet. Sci. Lett. 69, 

69-87. 

Boyle, E.A., Chapnick, S.D., Bai, X.X., Spivack, A., 1985. Trace 

metal enrichments in the Mediterranean Sea. Earth Planet, Sci. 

Lett. 74, 405-419. 

Bruland, K.W., 1980. Oceanographic distributions of cadmium, 

zinc, nickel, and copper in the North Pacific. Earth Planet. Sci. 

Len. 47, 176-198. 

Bruland, K.W., Franks, R.P., 1983. Mn, Ni, Cu. Zn and Cd in the 

western North Atlantic. In: Wong, C.S. et al. (Eds.), Trace 

Metals in Seawater. Plenum, New York, pp. 394-414. 

Bruland, K.W., Knauer, G.A., Martin, J.H., 1978. Cadmium in 

northeast Pacific waters. Limnol. Oceanogr. 23, 618-625. 

Danielsson, L.-G., Westerlund, S., 1983. Trace metals in the 

Arctic Ocean. In: Wong, C.S. et al. (Eds.1, Trace Metals in 

Seawater. Plenum, New York, pp. 85-96. 

Danielson, L.-G., Magnusson, B., Westerlund, S., 1985. Cad- 

mium, copper, iron, nickel and zinc in the North-East Atlantic 

Ocean. Mar. Chem. 17, 23-41. 

De Baar, H.J.W., Saager, P.M., Nolting, R.F., Van der Meer, J., 

1994. Cadmium versus phosphate in the world ocean. Mar. 

Chem. 46, 261-281. 

De Jong, J.T.M., De Baar, H.J.W., Nolting, R.F., 1994. The IOC 

Baseline (1993) Intercomparison: Distributions of Fe and Cd 

in the North Atlantic Ocean. EOS (abstr.) 75, 343. 

Frew, R.D., 1995. Antarctic bottom water formation and the 

global cadmium to phosphorus relationship. Geophys. Res. 
Lett. 22, 2349-2352. 



B.M. L.&her et al/Marine Chemistry 59 (1997) 87-93 93 

Frew, R.D., Hunter, K.A., 1992. Influence of Southern Ocean 

waters on the cadmium-phosphate properties of the global 

ocean. Nature (London) 360, 144-146. 

Frew, R.D., Hunter, K.A., 1995. Cadmium-phosphorus cycling at 

the subtropical convergence south of New Zealand. Mar. 

Chem. 51, 223-237. 

Hester, K., Boyle, E.A., 1982. Water chemistry control of the Cd 

content of benthic foraminifera. Nature (London) 298, 260- 

261. 

Hunter, K.A., Ho, F.W.T., 1991. Phosphorus-cadmium cycling in 

the Northeast Tasman Sea, 35-40”s. Mar. Chem. 33,279-298. 

Kamykowski, D., Zentara, S.-J., 1989. Circumpolar plant nutrient 

covariation in the Southern Ocean: patterns and processes. 

Mar. Ecol. Prog. Ser. 58, 101-l 11. 

Knauer, G.A., Martin, J.H., 1981. Phosphorus-cadmium cycling 

in Northeast Pacific waters. J. Mar. Res. 39, 65-76. 

Loscher, B.M., De Jong, J.T.M., De Baar, H.J.W., submitted. 

Cadmium distribution at the 6911 meridian in the Southern 

Ocean. Mar. Chem. 

Martin, J.H., Bruland, K.W., Broenkow, W.W., 1976. Cadmium 

transport in the California Current. In: Windom, H., Duce, R. 

(Eds.), Marine Pollutant Transfer. Heath, Lexington, MA, pp. 

159-184. 

Martin, J.H., Knauer, G.A., Broenkow, W.W., 1985. VERTEX: 

The lateral transport of manganese in the northeast Pacific. 

Deep-Sea Res. 32, 1405-1427. 

Martin, J.H., Gordon, R.M., Fitzwater, S.E., Broenkow, W.W., 

1989. VERTEX: Phytoplankton/iron studies in the Gulf of 

Alaska. Deep-Sea Res. 35, 649-680. 

Martin, J.H., Gordon, R.M., Fitzwater, SE., 1990. Iron in Antarc- 

tic waters. Nature (London) 345, 156-158. 

Martin, J.H., Fitzwater, S.E., Gordon, R.M., Hunter, G.N., Tan- 

ner, S.J., 1993. Iron, primary production and carbon-nitrogen 

flux studies during the JGOFS North Atlantic Bloom Experi- 

ment. Deep-Sea Res. II 40, 115-134. 

Measures, C.I., Yeats, P.A., Schmidt, D., 1995. The hydrographic 

setting of the IOC baseline cruise to the eastern Atlantic 30”s 

to 35”N. Mar. Chem. 49, 243-252. 

Muller, F.L.L., Burton, J.D., Statham, P.J., 1991. Long-term 

changes in the adsorptive properties of FEP separating funnels 

used in a mixed dithiocarbamate-Freon-TF extraction system. 

Anal. Chim. Acta 245, 21-25. 

Nolting, R.F., de Baar, H.J.W., van Bennekom, A.J., Masson, A., 

1991. Cadmium, copper and iron in the Scotia Sea, Weddell 

Sea and Weddell/Scotia Confluence (Antarctica). Mar. Chem. 

37, 219-243. 

Pai, S.-C., Chen, H.-Y., 1994. Vertical distributions of cadmium 

in marginal seas of the western Pacific Ocean. Mar. Chem. 47, 

81-91. 

Saager, P.M., 1994. Biogeochemical mechanisms underlying the 

relationships between trace metals (Ni, Cu, Zn and Cd) and 

nutrients (PO,, NO,, Si, alkalinity) in seawater. ‘On relation- 

ships between dissolved trace metals and nutrients in seawater 
_ implications for the use of cadmium as a paleocenographic 

tracer’. Thesis, Vrije Universiteit Amsterdam, ISBN 90- 

9006966-6, NUGI 816. 

Saager, P.M., de Baar, H.J.W., Howland, R.J., 1992. Cd, Zn, Ni 

and Cu in the Indian Ocean. Deep-Sea Res. 39, 9-35. 

Sakamoto-Arnold, C.M., Hanson, A.K. Jr., Huizenga, D.L., Kester, 

D.R., 1987. Spatial and temporal variability of Cd in Gulf 

Stream warm-core rings and associated waters. J. Mar. Res. 

45, 201-230. 

Westerlund, S., Ghman, P., 1991. Cadmium, copper, cobalt, nickel, 

lead, and zinc in the water column of the Weddell Sea, 

Antarctica Geochim. Cosmochim. Acta 55, 2127-2146. 

Yeats, P.A., 1988. The distribution of trace metals in ocean 

waters. Sci. Total Environ. 72, 131-149. 

Yeats, P.A., Westerlund, S., Flegal, A.R., 1995. Cadmium, copper 

and nickel distributions at four stations in the eastern central 

and south Atlantic. Mar. Chem. 49, 283-293. 


