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A BSTRACT 

The concentration of arsenate was measured at 2 5 stations in the North Atlanti c, Carib-
bean, and Gulf of M exico. T he average "surface-water " concentration was 0.028 µ g-at/1 
A sOt - A s/1 (29 samples) and the average deep-water concentrati on was 0.044 µ g-at/1 
(149 samples). There was no increase in the bottom water near the mid-Atlantic ridge. In 
nutrient-depleted surface waters, the arsenate was often present in concentrations equal to, 
or greater than, those of phosphate. 

Introduction. A recently developed procedure (Johnson 1971) makes pos-
sible the routine determination of arsenate at sea. This paper reports the results 
of analyses for arsenate and phosphate on 1 78 samples taken from various 
depths at 25 stations in the western N orth Atl antic and adjacent regions. 

Previous investigati ons of the arsenic distr ibution in the Atlantic suffer from 
several shortcomings. The early studies of G autier ( 1903) and Rakestraw and 
Lutz ( l 933) reported concentrations up to 1 µg-at As/I, which we believe are 
too high when compared with later work. Unfortunately, the more recent and 
reliable analyses have been of limit ed oceanographic scope. The determinations 
by Armstrong and Harvey ( l 9 5 1 ), Smales and Pate ( 19 5 2 ), Y oung et al. 
(1959), and Portman and Ri ley (1964) were restricted to surface and near-
shore waters, which severely limit s our knowledge of the overall distribution 
of arsenic in the sea. Furthermore, most of the existing data for the Atl antic 
refer to total arsenic, giving no clue as to the chemical speciati on. 

While we report the concentrations of arsenate-arsenic only, studies of 
Pacific waters by Sugawara et al. (1962) and K anamori (1962) have shown 
that arsenate generally is more abundant than arsenite by a factor of 3 or 4. 
In addition to its being the major inorganic species, the chemical similarity of 
arsenate and phosphate makes it important to quantify this fracti on for at least 

1. Accepted for publication and submitted to press 15 October 1971. 
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two other reasons. First, the evidence of Chambers and Whitely ( 1966) shows 
that, fo r sea urchin eggs, the phosphate uptake system can also transport 
arsenate into the cells. I f thi is true for the phytoplankton as well, it may be 
the origin of the arsenic in the marine food chain. Secondly, ar enate, but not 
arsenite, interferes wi th the colorimetric determination of phosphate. Thus an 
uncertainty, proportional to the arsenate concentration, has be n introduced 
into the accuracy of phosphate measurements. 

Methods. The phosphate method of Murphy and Riley (1962) has been 
modified by Johnson (1971) to provide an indirect procedure for determining 
the ar enate content of seawater. A summary of the analytical method is given 
below. 

After mixing the colorimetric reagents with aliquots of the sample to be 
analyzed, the absorbance due to the molybdenum-blue color is measured in 
the usual fashion. This absorbance is the sum of the contributions from the 
reduced phospho- and arseno-molybdenum complexes. Additional ali quots of 
the sample are treated with a reducing reagent to convert any arsenate to 
arsenite. The phospho-molybdenum complex is again formed in the usual way, 
but, since the arsenite does not react, the absorbance is due to only the phos-
phate present. The difference between the two sets of readings is a measure 
of the arsenate present. 

We found that, in the phosphate range of o to I µg-at POt- P /1, arsenate 
concentrations between o.o I and o. 1 o µg-at A sO!- - As/I could be deter-
mined to ± 0.005 µg-at/1 about 67° /o of the time. The average standard devia-
tion from the mean among replicate analyses was ± 0.006 µg-at/1, as calculated 
by the method of Dean and Dixon (1951). Thus the analytical precision (or 
sensitivity) of the method for the arsenate and phosphate concentrations found 
in the Atlantic Ocean is ± 0.01 µg-at AsOt-As/1 at the 95°/o-confidence 
level. 

The average recovery of arsenic added to seawater as Na2HAsO4 · 7 H,O, 
at the arsenate and phosphate concentration ranges previously mentioned, 
was 1040/0 • Thus the accuracy of the method, judged in this fashion, is to 
within 40/0 • As in the phosphate method of Murphy and Riley, there is no 
reason to believe that silicate or non-orthophosphate-phosphorus compounds 
interfere. Additionally, there can be no interference from any arsenite that 
may be present, as the ascorbic acid of the mixed reagent prevents any oxida-
ti on to arsenate (Johnson, unpublished)- the only arsenic species that forms 
a molybdenum complex. 

Samples and Results. Fig. I shows the cruise tracks of the R/V TRIDENT 
for TR-068 and TR-085 and the stations that were occupied to obtain sam-
ples for arsenate analyses. Samples were coll ected with five-liter Niskin bottles 
suspended on aluminized steel hydrowire. The samples were drawn from the 
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Figure I. Station locations of samples used for arsenate analyses; cruises TR-068 and TR-08 5 of 
the R/V TRIDENT. 

Niskin bottles into one-liter polyethylene bottles that had been twice rinsed 
with the sample. The samples were not filtered, and analyses were usually 
begun within 2 to 3 hours of their collection. In all cases, the analyses were 
completed within 1 2 to 14 hours from the time that the samples were obtained. 
All samples were analyzed in quadruplicate, except for those from Sts. 8-11 
on TR-08 5, which were analyzed in triplicate. 

All of the data taken are presented in the Appendix. The uncertainties as-
sociated with the arsenate values are a statement of the analytical precision. 
They represent one standard deviation from the mean value for replicate anal-
yses on a given sample. In many cases, the uncertainty so calculated was less 
than ± o.o 1 µg-at/1, but in view of the experimentally determined precision, 
a minimum value of ± 0.01 was assigned. Similar calculations for the phos-
phate data are not included as the uncertainties are small er than those for 
arsenate and are less than, or equal to, ± o.o 1 /tg-at PO!-- P /1 in 98°/o of 
the cases. Note that, by the method of calculation, the uncertainties in the 
arsenate values include those associated with the phosphate determinations. 

The average of 29 samples judged to be "surface-water" (because they were 
coll ected above the point at which the steepest gradient in temperature began) 
was 0.028 µg-at AsO!--As/I. The average concentration of arsenate in 149 
samples coll ected in deeper water was 0.044 µg-at/1. This difference is signif-
icant at the 99°/o-confidence level (t-test). Fig. 2 is a frequency histogram of 
all the arsenate data. 

The phosphate data presented are "true inorganic phosphate"; that is, they 
were calculated from the absorbance of the reduced sample aliquots, so that 
no arsenate is included. 
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Figure 2. Frequency of occurrence of arsenate concentrations in "surface" and deep-ocean wa ters. 

Discussion. Considering the difficulty of comparing data of different invest-
igators, our mean "surface-water" arsenate value of 0.028 µg-at/1 compares 
remarkably well with the mean total-arsenic concentration of 0.035 µg-at As/I 
obtained by several previous workers. The latter value is the average of 25 
determinations reported by Armstrong and Harvey ( 19 5 1 ), Smales and Pate 
(1952), and Portman and Riley (1964), all of whom used different methods. 
Their analyses were carried out over an 1 8-year period on samples from the 
English Channel and British coastal waters. Note that our "surface-arsenate" 
concentration is less than the total arsenic value reported-as would be ex-
pected from the studies of Sugawara et al. (1962). From 55 samples of surface 
waters in the Pacific, Indian, and Antarctic oceans, they found that arsenate 
was 74°/o of the "total inorganic" arsenic. In comparison, the 0.028 µg-at 
AsOt-As/I we report is 80°/o of the previously mentioned mean value of 
total arsenic for the Atlantic. 

Young et al. (1959) determined that the mean arsenite concentration of 8 
surface seawater samples along the eastern coast of Canada was o.o 16 µg-at 
arsenite/1. Using this result combined with our " surface-arsenate" value gives 
arsenate as 64°/0 of the "total inorganic" arsenic. 

In deeper oceanic waters, fewer comparisons are possible, since the only 
other reliable arsenate values that are available are those of Kanamori (1962). 
He examined the vertical distribution of arsenate and arsenite at six stations 
in the Pacific Ocean. The mean AsO;- As concentration of 43 samples 
taken at depths greater than 100 m was 0.032 µg-at/1 as compared with our 
mean of 0.044 µg-at AsO; - As/I in deep water. Arsenite shows little if 
any general _trend with depth, and arsenate averages about 78°/0 of the in-
organic species. 

Thus, a consistent picture emerges, indicating that (in seawater) arsenate is 



144 'Journal of Marine Research 

the predominant inorganic form of arsenic, being 2 to 4 times more abundant 
than arsenite. This is contrary to the results of Gorgy et al. ( 1948), who found 
the reverse to be true-namely, 3 to 7 times more arsenite than arsenate in 
the sea. Their arsenic determinations, however, resulted in values that are 5 
to 1 o times higher than those of more recent investigators, which seems suf-
ficient reason to discount them. 

Other than as soluble inorganic species, little is known about the form of 
occurrence of arsenic in seawater. Kanamori (1962) attempted to evaluate the 
distribution between soluble and particulate arsenic fractions. At the three 
stations where this was carried out, he showed that less than 10°/o of the 
arsenic could be retained by filters (0.2 µ Millipore® membranes), averaging 
about 4°/0 • There was no apparent trend with depth, but two of the three 
stations showed higher particulate arsenic in the surface samples-averaging 
about 9°/0 • A soluble organic-arsenic fraction has been reported (Gorgy et al. 
1948), but no adequate study of the occurrence of organically bound arsenic in 
seawater has been made. 

The data of Kanamori (1962) show that total arsenic increases with depth 
in the Pacific Ocean. Analyses for total arsenic on 160 samples showed that 
the ones taken from depths of greater than 1 oo m were higher than the 
"surface" samples (0-100 m) by a factor of 1.6. Where arsenic speciation was 
examined, the similar factor for increase in arsenate was 1.5 x , while arsenite 
showed little variation with depth. Our own data show an increase of 1 .6 x 
from "surface" to deep-water arsenate Vl\lues, which agrees well with the 
Pacific data. 

Arsenate is the major form of occurrence of arsenic in seawater, so it seems 
reasonable to suppose that total arsenic increases with depth in the Atlantic 
as in the Pacific. That organisms may be responsible for the downward trans-
port of arsenic in the sea is suggested by the evidence (Chambers and Whiteley 
1966, Blum 1966, Rothstein 1963) for biochemical competition between 
arsenate and phosphate. Since organisms can take up arsenate, arsenic may be 
transported downward when they sink. This biochemical competition may 
also pose significant problems in the cellular transport and metabolism of 
phosphate for those phytoplankton living in low-phosphate surface waters. 

The limited extent of our data makes it difficult to discuss any regional varia-
tions in "surface-arsenate" distribution. In the deep water, however, there are 
indications of geographic differences. Arsenate maxima were found in the 
Caribbean and Gulf of Mexico at depths corresponding to the phosphate 
maxima (about I ooo m). Arsenate maxima for the Atlantic stations are not 
so evident as a general distributional feature, but neither is the phosphate 
maximum so pronounced in the western North Atlantic as it is in the Carib-
bean and Gulf of Mexico. 

Bostrom and Valdes (1969) reported that the highest arsenic concentrations 
in sediments are nearly always associated with major oceanic-ridge systems. 
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T able I. Arsenate/phosphate molar ratios in "surface" and deep water. 

"Surface" .. . ..... . 
Deep . . ....... . . . . 

Mean 

1.42 
0.039* 

AsOt - As/PO!- - P 

Range 

.039-4.4 

.004- .091 

• Excluding two apparently aberrant values (1.6 and 4.4). 

Number of 
observations 

29 
147 

145 

W e have here no notable evidence for the presence of high arsenate in the 
water near the mid-Atlantic ridge. St. I I of cruise TR-08 5 was taken on the 
eastern slope of the mid-Atlantic Ridge near the Azores; the lowest bottle was 
I 9 m off the bottom, which in this area was covered by a calcareous ooze. 
St. 1 o of cruise TR-08 5 was taken in a 1000-m-deep basin in the middle of 
the Ridge. The lowest bottle was 47 m off the bottom, which was apparently 
rocky, because it could not be cored. It is perhaps worth noting that, while all 
of the arsenate concentrati ons measured near the bottom and in the Ridge 
basin tended to be slightly higher than the average of the deep water, this in-
crease is not substantial enough to be signifi cant. 

The nearly unifo rm distribution of arsenate with depth compared with the 
great increase in phosphate in deeper water leads to a very large difference in 
the arsenate/phosphate molar ratio between these regions. The average values 
for this ratio are given in T able I. That the difference is due primarily to a 
change in the phosphate content can be seen from the fact that, while arsenate 
increases by a factor of I .6 from "surface" to deep water, a similar increase in 
the phosphate concentration can be up to 1 oo-fold. 

The high arsenate/phosphate ratio near the surface can lead to significant 
inaccuracy of phosphate determinations in some cases. The usual methods for 
analysis of phosphate in seawater, such as the method of Murphy and Riley 
(1962), measure arsenate along wi th phosphate. The phosphate color develops 
completely and can be measured in 5 minutes; the arsenate color develops more 
slowly, and, depending on conditi ons, is usually complete in one hour (Johnson 
1971 ). The error in the true phosphate concentration caused by the presence 
of arsenate is negligi ble in regions of high phosphate, such as is typical of deep 
water. Surface waters, however, are oft en low in phosphate. In such waters 
the arsenate present may be responsible for 10°/o to 80°/o of the total color 
yield for the molybdenum-blue reaction. The consequent error in reporting 
the inorganic phosphate present is most acute in low-nutrient warm surface 

waters. 

Conclusions. 1. Arsenate values are low over the regions examined, being 
generall y in the range of 0.0I - 0 . IO µg-at Asor-A s/I. 

2. The verti cal distribution of arsenate in the Atlantic and Paci fie oceans 
is very similar. Both show an arsenate increase of about 1 .5-fo ld between 
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"surface" and deep water. Where chemical speciation data are available, both 
oceans show arsenate to be 64°/o to 80°/o of the total inorganic arsenic. 

3. No significant increase in arsenate was observed for the deep water near 
the mid-Atlantic Ridge. 

4. The "surface-water" concentrations of phosphate are sometimes less than 
those of arsenate, so that studies of nutrient-phytoplankton relationships in 
nutrient-depleted regions may have to include serious consideration of this 
problem . 
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APPENDIX 

Concentration of arsenate and phosphate* in the western North Atlantic, 

Caribbean, and Gulf of Mexico. 

Depth AsOt-As POt-P Depth AsOt- As POt-P 
TR-068 (m) (µg-at/1) (µg-at/1) TR-068 (m) (µg-at/1) (µg-at/1 

St. 9 0 .01 ± .01 0.01 St. 13 495 .06± .02 1.13 

18°03'N 25 .04± .03 0.01 20°27'N 991 .11 ± .01 1.83 

78°24'W 50 .04± .02 0.01 83°36'W 1488 .10± .01 1.49 

15(I V)69 75 .04 ± .01 0.01 l 7(1V)69 1985 .06± .02 1.36 

100 .00 ± .01 0.01 2476 .05± .01 1.34 

125 .00 ± .01 0.04 2974 .03 ± .02 1.32 

151 .00± .01 0.11 3473 .04± .02 1.32 

176 .00 ± .01 0.18 3971 .05 ± .01 1.31 

St. 11 0 .02 ± .01 O.Ql St. 14 0 .02 ± .01 0.01 

19°07'N 984 .15± .03 1.94 21°10'N 285 .05 ± .01 0.60 

80°!5'W 1476 .11 ± .03 1.48 85°35'W 571 .06± .02 1.71 

16(IV)69 1969 .10± .01 1.34 18(IV )69 857 .07 ± .06 2.02 

2953 .05 ± .01 1.31 1143 .05 ± .01 1.66 

3939 .06 ± .03 1.28 1430 .02 ± .03 1.53 

4934 .07 ± .04 1.30 1716 .02 ± .03 1.43 

5916 .07 ± .02 1.29 

• Phosphate uncertainties are less than, or equal to, o.o I ug-at/l Pol- - P and are not li sted. 
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Depth AsOt-As POt-P Depth AsOt-As POt-P 
TR-068 (m) (µg-at/1) (µg-at/1) TR-068 (m) (1,g-at/l) (µg-at/1) 

St. 15 25 .05 ± .03 0.02 St. 48 2 .03± .01 0.01 
23°4l'N 50 .04± .01 0.00 31°08'N 974 .05±.01 1.54 
89°33'W 75 .06±.01 0.04 71°05'W 1962 .05±.01 1.23 
19(IV)69 100 .01 ±.01 0.25 28(IV)69 2951 .03± .02 1.26 

125 .03± .01 0.45 3944 .03 ± .02 1.27 
151 .04± .01 0.45 4938 .03± .01 1.36 

4943 .05 ± .04 1.36 

St. 32 10 .03± .02 0.02 
27°03'N 462 .07±.01 1.30 St. 50 978 .03± .01 1.58 

87°13'W 938 .09± .03 1.94 31°08' N 1969 .03±.01 1.23 

22(IV)69 1181 .04± .01 1.72 71°05'W 2961 .04± .02 1.25 

1426 .06± .02 1.59 28(IV)69 3956 .03 ± .01 1.28 

1690 .02 ± .04 1.55 4950 .03 ± .01 1.37 

1933 .03 ± .02 1.52 
2433 .04±.01 1.42 St. 52 3988 .04± .01 1.22 

31°08'N 4981 .05 ± .01 1.35 
71°05'W 

St. 34 593 .06± .01 2.01 28(IV)69 
24°53' N 892 .05±.01 1.75 
84°42'W 1192 .08± .01 1.57 St. 54 2 .05 ± .01 0.02 
23(IV)69 1391 .07 ± .01 1.55 33°02' N 983 .09± .02 1.45 

1590 .05± .02 1.57 71°00'W 1951 .05± .01 1.24 
1791 .04±.01 1.51 30(IV )69 2939 .05 ± .01 1.26 
2091 .05± .01 1.53 3939 .06 ± .02 1.29 
2391 .05± .01 1.51 5123 .06± .02 1.40 

5128 .07 ±.01 1.40 
St. 41 .01 ±.01 0.04 
27°17' N 45 .02± .01 0.01 St. 57 2 .04± .02 0.05 
79°43.2'W 94 .02± .01 0.30 37°20.l'N 289 .07 ± .01 1.70 
25(IV)69 144 .01 ± .01 0.36 71°52.5'W 579 .03± .01 1.25 

192 .00± .01 0.60 2(V)69 868 .05 ± .01 1.21 
240 .01 ± .01 0.92 1160 .03 ± .02 1.20 
284 -.01 ± .02 1.37 1451 .03 ± .01 1.20 

1745 .02 ± .01 1.23 
St. 43 2 .02 ± .01 0.00 2038 .05 ± .01 1.21 
28°01.9'N 492 .04± .01 0.55 
76°31.8'W 987 .04 ± .01 1.39 St. 60 2 .02 ± .02 0.15 
26(IV)69 1977 .02 ± .01 1.23 39°15'N 290 .04± .01 1.28 

2968 .03 ± .01 1.24 71°29.5'W 579 .04± .02 1.33 
3465 .02 ± .01 1.26 3(V)69 874 .04± .01 1.24 
3962 .04±.01 1.28 1171 .06± .01 1.21 

St. 45 592 .03± .01 0.75 
28°43'N 891 .04± .01 1.58 TR-085 

71°07'W 1191 .04± .01 1.29 St. 1 0 .04± .01 0.27 
27(IV)69 1491 .03± .01 1.24 44°44.S'N 10 .03 ± .01 0.30 

1794 .03± .01 1.24 49°21.9'W 20 .04± .01 0.26 
2093 .02 ± .01 1.21 1 l(VII)70 30 .04± .01 0.55 
2392 .03± .01 1.27 40 .05± .01 0.76 
2691 .02 ± .02 1.28 50 .04± .01 0.77 
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Depth Aso~- -As POt- P Depth AsOt- As Po~--P 
TR-085 (m) (µg-at/1) (µg-at/1) T R-085 (m) (µg-at/l) (µg-at/1) 
St. 3 0 .03± .OJ 0.24 600 .05 ± .01 1.41 
45°21.l 'N 50 .03± .OJ 0.48 750 .08± .OJ 1.37 
47°42.8'W 146 .04± .01 1.15 900 .04±.01 1.29 
12(VII )70 395 .05 ± .OJ 1.26 1100 .04± .01 1.24 

646 .05± .OJ 1.19 
895 .04± .01 1.14 St. 9 0 .03 ± .01 0.01 

41°22'N 50 .02 ±.01 0.04 
St. 5 0 .03± .OJ 0.20 34°00'W 100 .03 ± .01 0.39 
44°06.S'N 50 .02± .01 0.57 18(VII )70 250 .02 ± .01 0.44 
47°57.5'W 100 .03 ± .01 0.90 400 .02 ±.01 0.61 
13(VII )70 400 .06 ± .OJ 1.25 500 .03± .01 0.80 

750 .05 ± .OJ 1.21 600 .03± .01 1.03 
1000 .05±.01 1.12 700 .03± .01 1.31 
1250 .05±.01 1.14 800 .03± .01 1.41 

900 .03 ± .01 1.38 
St. 6 0 .03 ± .01 0.23 
43°50'N 400 .04± .01 1.29 St. 10 1050 .05± .01 1.22 
46°24.2'W 1000 .05± .01 1.15 40°31' N 1350 .04± .01 1.21 
14(VII )70 1500 .05±.01 I. 15 29°3 l 'W 1650 .04± .01 1.18 

3000 .09± .01 1.15 !9(VII )70 1950 .04± .01 1.19 
4000 .09± .01 1.07 2150 .05 ± .01 1.22 

2350 .07 ± .01 1.23 
St. 7 0 .05± .01 O.o2 2550 .06± .01 1.20 
42°50' N 1000 .07± .01 1.28 2650 .06± .01 1.22 
41°56.)'W 2000 . IO± .01 1.17 2750 .05± .01 1.22 
15(VI I)70 3000 .02 ± .02 1.19 2800 .06 ± .01 1.22 

3900 .03± .01 1.21 2850 .06± .01 1.24 
4800 .03± .01 1.22 

St. 11 876 .04± .01 1.23 
St. 8 0 .03± .01 0.01 39°42.4'N 1376 .05 ± .02 1.18 
42°10'N 50 .00± .01 0.31 26°22'W 1776 .03 ±.01 I. I 7 
38°00'W 100 .03± .01 0.44 20(VII )70 2226 .04± .02 1.21 
!6(VII )70 200 .03± .01 0.45 2626 .04± .01 1.28 

300 .02± .01 0.53 2776 .05 ±.01 1.31 
450 .04±.01 0.83 2826 .06 ± .01 1.31 


