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ABSTRACT

The distribution of elements dissolved in sea water is
reviewed with special emphasis on occurrence in the tropical
oceans where potential OIEC (Ocean Thermal Energy Conversion)
sites are most likely to be found. The distribution of elements in
order of atomic number and by chemical affinity is discussed,
examining both geographical and depth variability. This study
identifies major interrelationships among the various elements,
which can be used for predictive models to estimate concentrations
of elements in lieu of expensive and difficult multi-element
chemical analyses of water samples in regions of potential OIEC
interest. The inputs to the model algorithms are the
concentrations of oceanic constituents, such as salinity
(ehlorinity), nutrients (phosphate, nitrate, silicate), dissolved
gases, and carbonate alkalinity, which are easily measured.
Elements related to salinity have been designated as "conservative"
and include: Li, B, ¥, Na Mg, Sas , €1, K Ca Vv, Br, Rb, Sr, Mo,
Sb. Cs, and U. Nutrient-related elements include Cr, Ni, 2Zn, Ge,
Se, Cd, | as 10,, Ba and Hg Other elements are non-conservative,
non-reactive, non-nutrient gases whose concentration is related
directly to their solubility. For some elements (such as Pb or
Mn) whose chemistry and distribution in sea water is not related
to easily measured constituents by simple algorithms, numerical
models have not been proposed, although the relationships observed
are discussed. Other elements whose chemistry or distribution in
the ocean is poorly known are not categorized.

These algorithms have been applied to two potential OIEC
sites: kahe Point and Ke-ahole Point, Hawaii, to model
concentrations in the surface, mixed layer and at the proposed
depth of the cold water intake. Little variation with depth is
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predicted for conservative elements due to the small variation in
Salinity with depth. However, nutrient-related elements show a
marked increase with depth due to the general increase in nutrient

concentrations with depth. Thus, water from the cold water intake
will have significantly increased concentrations of Cr, Ni, Zn, Ge,
Se. €d, I. Ba, and possibly Hg (see caveat in text) over that found
in water from wam water intakes situated at shallow depths. Of
concern for any proposed use of deep water or surface mixed
discharge are the trace metals N (2x the concentration at the
surface), and 2Zn, 3Se, Ge, Cd (10x or greater over surface
concentrations). Simple 1:1 dilution by surface waters would still
yield high concentrations in the discharge. Appropriate discharge
strategies should be considered to avoid this problem. Such high
concentrations of trace metals may be the cause of inhibition of
Primary productivity noted in aquacultural studies of the use of
deep ocean water.

INFRSBLICTION

The data available describing the chemical composition of the
oceans may provide a basis for prediction of composition at any
depth or location in the oxic open ocean oceans. Among other
uses, this type of information will be of assistance in assessing
the impact of pumping deep water in the operation of an Ocean
Thermal Energy Conversion (OTEC) plant or certain aquaculture
facilities. Typically 510 m%ec¢™* per megawatt of electrical
capacity of water from about 1000 m depth will be pumped to the
surface for OTEC operations.

Although OTEC plants are restricted to tropical regions
generally (Chase et al., 1986), the deep water masses are
different in each area. Deep water in the American Mediterranean
(Caribbean and Gulf of Mexico), for example, is different from deep
water of the North Pacific so far as the nutrient elements are

concerned. Thus an OIEC plant off the Florida Keys will be
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processing deep water lower in phosphate, nitrate and silicate (any
any other elements that have distributions similar to these
species) than a plant off Hawaii.

The chemical composition throughout the water column must be
known at each potential OIEC site. For some constituents, for
example the nutrients, procedures for determination have been
standardized (Strickland and Parsons, 1972; Grasshoff, 1976). For
others. like the trace metals, determination can be an expensive
and difficult procedure, requiring sophisticated sampling and
analysis procedures and highly skilled personnel (Patterson and
Settle. 1976: Bruland et al., 1979).

This report suggests a method for estimating concentrations
of trace elements in the oxic open ocean (Quinby-Huntand Turekian,
1983) and applies it to two sites off Hawaii. The method does not
address the problem of estimating the effects of local releases
from bottom sediments, or of human activity. It addresses the
problems of estimating concentrations when continental sources,
upwelling (see. for example. Boyle et al., 1982; Bruland and
Franks. 1983) or fluvial inputs are important (Hanor and Chan.
1977; Boyle et al., 1982; 1984).

Method of Approach

The salinity of the open ocean ranges between 33°,, and 38° 4,
(Sverdrup et al., 1942). Dittmar (1884) showed that despite
variation in total salt concentration the proportions of the major
ions making up most of the salt content (i.e. Ng K, Mg, Ca c1,

Br, S0,) were constant within analytical limitations. These ions
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were termed conservative; variations in their concentration can be
ascribed to the addition or subtraction of pure water to a
solution of fixed elemental proportions. Their concentrations
relative to total salinity or chlorinity are well-known; from a
single salinity measurement they can be calculated. The
concentrations of some trace elements also correlate with
chlorinity within analytical limits and these too can be classified
as behaving conservatively extending the concept beyond that of
Dittmar.

Oxidized species of certain elements, the micronutrient or
biolimiting elements (phosphorus, nitrogen and silicon), are not
conservative: generally, concentrations of these species ace low in
surface waters and are significantly higher in underlying deep
water (Riley, 1965a; Brandt, 1916-1920; Atkins and Harvey, 1925;
Broecker and Peng, 1982). Any other element having a similar
vertical distribution could be described as being a nutrient,
nutrient-related, or biolimiting (Quinby-Hunt and Turekian, 1983).
Analytical limitations prevented demonstration of correlation
between the concentrations of trace elements with nutrients until
the past decade because of analytical limitations, although the
concept had been suggested (Schutz and Turekian. 1965a,b; Goldberg
et al., 1971). Once such a relationship was demonstrated for Sr
(Brass and Turekian, 1974) and Cd (knauer and Martin, 1973),
dmilar relationships were reported for many trace constituents.
Some elements have been observed to be only partially depleted in
the surface waters. Broecker and Peng (1982) refer to these

elements as biointermediate.
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Some elements show complex distributions that have not been
related by simple mathematical equations to easily measured
quantities (For additional review articles see Bruland, 1983;
Broecker and Peng, 1982). These include the biologically-and
chemically-active gases and those involved in the carbonate
system; elements whose concentrations are effected by particle
scavenging, bottom release terms, or by redox chemistry; and
elements whose main source term is anthropogenic releases.

Distributions of gases initially are determined by the
solubility of atmospheric gases in surface water: in principle. the
surface concentration of each gaseous component could be
determined by the temperature of the water in contact with the
atmosphere and the measure relative abundance of the gases in the
atmosphere (Henry's Law), but corrections must be made for bubble
trapping and supersaturation (Kester, 1975). To a first
approximation, the concentrations of non-reactive gases can be
predicted from Henry's Law (Kester, 1975).  Concentrations of
biologically-active or chemically reactive gases. such as 0z N,
€02, N0, HaS, Hp, and CO, can vary with consumption and metabolism,
as well as changing redox conditions. Thus. oxygen is produced by
photosynthesis and used up during respiration and decay processes.
Carbon dioxide participates in the oceanic buffering system; its
concentration depends on complex equilibria with that system.

Fluxes of some species from the ocean boundaries modify their
distribution patterns, significantly.  Aluminum concentrations are

particularly sensitive to source terms (Orians and Bruland, 1986).
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Mh may be released from sediments due to changing redox conditions
in the sediments (Landing and Bruland, 1980); Qu may be released as
carrier particles decompose (Boyle et al., 1977). Primitive He is
released from the interior at oceanic ridge rise systems (Craig and
Lupton, 1981). MNh correlates with 'He in such areas (Weiss, 1977).
Fluvial inputs, coastal upwelling, transport from the continental
shelf effect elemental concentrations - sometimes for great
distances from land (Hanor and Chan, 1977, Boyle et al., 1982,
1984; Bruland and Franks, 1983).

Removal processes, such as scavenging at various depths in
the water column or particle resuspension and precipitation at the
sediment-water interface, also influence the distribution patterns
of the elements, as has been shown for 2°pb produced from the

decay of #**Ra in sediment (Craig et al., 1974; Nozaki et al., 1980).

Redox chemistry can af feet distribution patterns. Under oxic
conditions, elements such as M and fe are highly insoluble and
show complex distributions related to nutrient concentrations,
particle scavenging and other factors. Under more reducing
conditions, their solubility increases dramatically. Depending on
the extent of the reducing conditions, oceanic chemistry varies
dramatically.

The presence of elements whose oceanic distribution is due to
anthropogenic inputs is clearly seen by the presence of atom bomb-
Produced nuclides, such as *°sr, *¥’Cs, *H, % (bomb), and plutonium
and lead generated by internal combustion engines. The
distribution of these species is controlled by aeolian and coastal

sources. and their concentrations generally decrease with depth.
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As the composition of sea water at a particular location and
depth is a function of all source and removal terms. [Species] =

f (geology, biology, physics, chemistry, source), and practically,

can be expressed as a um:

[Species] = t elcy] + blcyd + alcy) + rlcyd - slCyl + uuaa

where et represents the geological controls demonstrated by
conservative elements, "o" biological controls, "a" aeolian source
terms, "r" redox chemistry, and "s" scavenging and other removal
terms. If " or me® are much greater than the other factors then
the concentration of the species will correlate with salinity ("¢"
predominates), or the nutrients ("" predominates), or' some
intermediate combination (Broecker and Peng's (1982)
biointermediate). The distributions of such trace elements can be
predicted using regression  formulae. Elements  whose
multiplicative factors representing boundary effects, scavenging
components, aeolian or anthropogenic source terms or redox
chemistry, and so on dominate the series require more extensive
information before calculation is feasible.

The literature reporting elemental distributions in seawater
and the correlations they exhibit was reviewed with the idea of
using those correlations to predict trace element concentrations
at OTEC or aquaculture sites. Table 1 and Figure 1 summarize the
best available concentrations of the elements in seawater and the

correlations they exhibit. Radionuclides were not considered.



TABLE 1

Atoaic Eleaent Correlation Expression Loncentratios Location Reference
Nuaber
I Hydrogen Biogenic or hydrothersal origin
(as H2D)
2 Helive Non-Nutrient Gas Depth {a) Coac (nmol/kg) 1 Paific Clarke et al. 119101
2 174 28029°N, 121038°'N
208 1.88
511 179
917 1.87
1955 1.80
3 Lithiue Conservative 170 uglkg N Atlantic Fabricand et al. (1964,
Li/CL = 94 n 10E-8 10056°N, 49030°4 19611
4 Beryllive Pacific: nutrient-related, Depth (s}  Conc (pglig) 1 Pacific Peasures and Edeond
Cu-like L] 36 J0oN, 1580M (1962); Measures and
Atlantici non-conservative, 1o 36 Edaond (1983}; Measures
not mutrient-related 206 45 et al, (1984)
336 4
497 &3
593 108
891 144
189 144
986 126
5 Boron Conservative 4.4 ag/kg Bulf of Mexico Noakes and Hood {1941}

{inorganic boron) B/CL = 2.3 x 10E-4 {profile available) 25027 '8, 79056°H



Location Reference

Atosic Elenent Correlation Expression Concentration
Nusber
b Carbon Depth (s)  Coac (umol/kg) S Pacific Broecker aad Takahashi
{carbon dioxide} 1 2039 14003 °S, §26a16°0 11978}
83 2043
197 2083
363 2252
114 2264
1846 2334
1916 232
7 MNitrogen iN2 gas)  Non-Nutrient Gas YO usol/kg 4022°S, 149028°w Craig et al. (1967}
Atlastics 7056°S, 28012°W Pacific: Sainbridge 11979a)
Depth (e} Conc {usol/kg) Atlantics Bainbridge (197%b)
31 0.0
90 0.7
170 15.7
256 25.4
349 287
459 33.4
410 341
11 349
909 340
8 Oxygen Diological Dependence Pacifics 19052°'N, 143015°W Atlantics 7e56°S, 28012°W Pacific: Bainbridge (1979a)
(as dissolved 021 Depth  Concentration Depth  Conceatration Atlantic: Bainbridge (1979b)
(o) (usol/kg)  aliL (a)  {uwsol/kg) aLiL
2 205 W 32 200 4B
[x] 223 45.0) 90 210 1481
11o 192 149 170 124 2.8)
244 106 1431 54 101 2.3
LY 181 12 149 1) Ik vil
444 3% 131 459 121 1281
5% 52 12 410 126 129
314 37 1081 m (LTI A )]
891 41 111 909 160 3.7

(continued)



(Table 1 comt.)

Atosic Elesant Correlation Expression Concentration Location Reference
Nusber
9 Fluorine Conservative 1.3 aglkg N _Atlantic Bewers et al. 119731
F/CL = 8.7 1 10E-3
10 Neon Non-Nutrient Gas Deptih (al  Conc (mmol/kq) Pacific Craig et al, {1967)
10 70 9026°N, 113016°%
315 1.6
1086 8.0
1976 83
It Sodius Conservative, Ka/CL = 0.5565 10782 §/xg Nillero and Leung (1974)
12 Hagnesiue Conservative 1.204 g/kg Sargasso Sea Carpenter md Manella 119731
Rg/CL = 0.06626 32014°N, b4030°W
13 Alueinua Nan-conservative, Pacifics 28083°N, 155007°N Atlantic: about 260N, 3jol Pacific: Orians and Bruland
depends strosgly on Oepth () Conc (ng/kg) Depth (a} Conc ing/kg) (1986}
source terms ind 15 110 23 783 Hydes (1983) - Atlantic
scavenging D 73 99 756
125 33
150 23
200 37 250 324
300 3 352 216
308 i3 502 143

791



Atomic Element
Number
14 Silacon
(silicate)

15  Phosphorus
(3s phosphate)

Correlation Expression Concentration Location Reference
150 8 756 182
1100 2 1002 182
1300 12 1260 162
Nutrient Pacifics 19052°'N, 163015°W Atlantic: 7056'S, 28012°NW Fatific: Bainbridge 1197%9a)
Depth Conc, Depth  Canc, Atlantic: Bainbridge (1979b)
(@) (umol/kg) (s)  (usal/kg)
22 20 52 t.2
89 20 0 12
170 34 170 55
4 70 256 10.9
347 173 349 1.1
e 387 459 218
596 710 810 26,3
692 0r.1 711 292
891 100.8 909 355
Nutrient Pacific~19052'N, 14015°N Atlantic: 7036'S, 28012°K Pacifict Bainbridge 119793)
Depth (s} Conc (usolZkg) Depth (o} Conc (uaol/kg) Atlantic: Bainbridge (19790)
22 0.08 32 0.10
89 0.08 0 0.10
170 027 170 109
M4 0.50 56 164
347 100 349 1.90
444 178 459 218
9% 260 810 250
692 2.80 L 230
891 284 909 229

(continued)



(Table 1 cont,)

Atosic Eleaent Correlation Expression Cmrmtrrtion Location Reference
Nuaber
16  Sulfur 1508) Conservative, SO4/CL = 0.1400 2112 gikg frish Sea Morris and Riley (1966)
17 Chlorine Conservative, C1/CL = 0.99896 19.35 g/kg Wilson (1975)
18 fArgon Noa-nutrient gas Depth (a) Conc (umol/kg) Eastern W, Pacific Craig et al, (1967)
10 10.0 9026°N, [13016°W
HH 139
1086 15.6
1876 156
19 Potassiua Conservative, K/CL : 00206 399 mg/kg Culkin and Cox (1964)
20 Calcaum Correlates with carbonate Depth (a) Conc (sg/kg) Western 5, Pacific  Horibe et al. (1974)
alkalinity 30 477 betueen Aserican
Qo= b7 IR 9 22,6 Samca and Tonga
298 418.4 13022°S, 170005°W
498 4009
1st Approx.: Conservative 649 400.0
Ca/tL = 0.02126 800 408.0
900 409.2
1000 4104
1301 4115
1709 412.3
2015 412.1

791



Atosic Element Correlation Expression Concentration Location
Nusber

Reference

22 TVitanive Puget Sound 6riel and Robinson (1952)
23 Vanadium Conservative, near surface 12 ugl/kg N, Atlantic Morris (1975}, Ihou et al.
evidence of scavenging 11982), Huizenga and Kester
V/IL = 6 x IOE-8 11962} -Look up
24 Chromium Wutrient-correlated Depth (a) Conc (ng/¥q} Guatesala Basin Cranston (19791, Crtnston
Cr = 210 ¢ L.1L8i) 1o 268 and Murray (1978)
= 1.016i) - 7.6[P04) ¢ 210 80 b33
= 10051 + 0.ATIND3] + 230 150 Y3l
250 230
400 222
800 385
800 202
1000 29
25  Manganese Complex, nutrient- Pacifict 180N, 1080W Atlantict 34015°N, b6017'W  Pacific: Martin and Koauer
related; 02, nitrate, Depth (a) Conc (ng/kq)  Depth {e) Conc (ny/kq} 11984); Atlantic: Bruland
deep water scavenging 05 13 0 137 and Franks (1983)
100 148 100 n
150 192 136 &
220 214
295 275
590 192
785 82
900 47
1955 3

(continued)

coTt



(Table 1 cont.)

Atosic Eleaeat Correlation Expression Concentration Location Reference
Husber
26 Iron Tentative correlation uith W Pacitfic Atlantict 34058°M, £8003°'W Gordon et al. 1982)
Depth (s} Conc (ng/kq)  Depth (s} Conc (nglkg} Atlantic: Syses and
oxygen and nutriests 0 78 Kester (1965}
30 351
50 40.8 54 75
10 100.5 n 100
90 1452
150 1005 174 145
295 55.8
395 40.0
590 24 519 95
185 402 735 128
9080 47 944 2%
1955 3.5 1043 212
27 Cobalt Much | i b #n, surface Depthv (#) Conc (ng/kg) N, Pacific Knauer et al. (1902}
anthropogenic input 0.2 68 36030°N, 123, 03°M
100 56
200 39
100 38
400 34
520 28
700 20
PRO 1.8

997



Atomic Element Correlation Expression Concentration Location Reference
Nusber
28 Mickel Nutrient-related both  Pacific: 32041°N,  145000°W Atlantic: 34015°'M, bbol7°W  Pacific: Bruland (1980);
oceansy Atlantic about Oepth (a) Conc’ (ng/kg) Depth (a) Conc tng/kg) Atlantic: Bruland and Franks
801 below that predicted 0 14 0114, 1% (1983)
in equation 75 b1, 180 100 114, 126
185 222, 223
375 320, 98 375 169, 176
Ni = 181 + S&LPO4] ¢ 1,9(5i} 395 40 597 174, 180
780 544, 524 135 260, 255
983 566 1034 335
1505 575 144] 323
2025 833, 805 2030 339
29  Copper Non-conservative, Pacific: J2041°N,  [45c00°0 Atlantic: J40I5°N, 85017°M  Pacific: Bruland (1980);
resesbles nutrieats, Depth (s) Conc (ng/kg) Depth (a) Conc (ng/kg) Atlantic; Bruland and Franks
but with release at 0 % 077, 70 11983)
sedinent-water interlace % 38, 49
scavenging in intermediate 185 b1, 35 138 80
and deep water. 375 B3, o7 313 81
595 11 597 n
780 128, 121 ns 85
983 130 1034 98, 95
505 133 jLU] 103
2025 212, 192 2030 108
30 linc Nutrient-related, Pacific: 32041°N, 345000°¥ Atlantic: 34015°'N, #6037°8  Pacific: Bruland (1980);
Atlantic concentrations Depth () Conc (ng/kg)  Depth (a) Conc ing/kg) Atlantic: Bruland and franks
are about 2x that 0 b 7 0 3 (1983)
predicted by equation. 15 7 12 100 17
185 24, 21
35 123 14 375 20
595 35 597 M
In =1.3e 3.5(6) 780 383, 408 1"s -1}
983 418 1036 12
1505 529 1441 130
2025 542, 528 2030 99

(continued)

L91



(Table 1 cont.)

Atosic Element Corretation Expression Concentration Lotation Reference
Nuaber
31 Gallie 15-30 ng/kg Burton et &, {19391
Ishibashi et al. (1940)
52 Gersanius Mutrient-correlation 0.5-8.5 ng/kg 25000°N, 179003°E  Froelich and Andreae (1981)
Ge = S x H0E-3 (Si1 {data not givm in profilel
53  Arsemic Nutrient-related =2 wy/ly B htifir fndreae (1979), Andreae
tas AslV]) (data not given ia profilel J0o4d'N, 183030W 119031
34 Selenive Nutrient-related Depth (s Conc (ng/hkg) 1 _Mtlantic Cruises 19 and 882
{as Seltot) 1 27 23006°K, 27052°W Measures and Burton (198015
Cruise 79 Selth = 272 +0,780513 +2680P04] 9 b3l BEDSECS I3
Cruise 88 x 42 ¢ 0.54(Si} 4 J3(POAT 235 3% Keisures et al, 11980}
GEOSECS | o £+ 0.58051] ¢ 14(PO4) (1] 54
132 LB
1532 a0
2091 10
35  Sromne Conser vative, br/CL = 0003413 o7 &/ Morris and Riley (1964)
35 Krypton Non-autrient gas Depth (a) tom-~inmol /kg! B _Atlantic Bieri et al. (1968)
10 1.0 Seld ‘M, 20N
[ 2.3

9 .7

8971



Atosic Elesent Correfatyon Expression Concentration Location Keference
Nusber

1010 31

31 Rubrdiuva Conservative 124 ug/'kg N, Pacifac Spencer et al. (1970)
Rb/CL = 6.41 x 106-8 26029°N, 121038'W
38  Strontive Nutrient-correlation Drplh fa) Conc {sg/hg) K. Pacifac Brass and Turekian (1974)
Sr/S = 0.2184 + 0,0578(P04)/S 10 1404 28029°N, 1210389
100 1720
Ist approx.: conservative 2000 L.1S
Sr/CL = 3.99 o 10E-4
39 Yttrius 13 ng/kg N. Atlantic deep Hogdahl el al. (1968)
0  Lirconjue 0.4-1.4 ug/lg Indian Ocean Sastry el al. (1949
19045°'N, 72036°€
S nglig B _Attantic, Carlisle and Huseerstone
S¥ of Plysouth Sound 1956}
42 Rolybdenus Conser vative 10 ug/¥g I. Atlantac Norrys (1975)
Mo/CL « 5.8 x 106-7 N. Pacifac Collier (1983)

Techneciun

(continued)
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(Table 1 cont.)

0LT

Atoeic Elesent Correlation Expression Concentration Location Reterence
Nusber
44 Ruthenive Depth (s} Conc (ng/kg) Nestern Gulf of Dixoa et al. (1968)
10 0.7 Mexico,
870 0.4 25003°N, 84059'4
880 05
1800 0.6
15 Rhodius NA
4 Palladium Nutrient-related Depth () Conc (pg/kq} 29082°n, 11B004'K  Hodge ot al, (1985}
5 21 Lee (19683)
200 30
300 a
800 38
1200 4
1800 53, 40
17 Silver Nutrient-related, Cu-like Depth ts) Conc (ng/kq) hcific, off Hexica Martin et al, 11983);
0 015 180N, 1080k
80 004
100 022
150 0.15
pel] 011
295 001
490 0.28
690 0.60
880 100
80 1.17



Atosic Elesent
Number
suszzmzszssaz

48 Cadaive

Pacific:
Atlantic:
Gul¢ of Mexicos

50 Tin tas Snftet))

Correlation Expression

Nutrient -correlation, coPacific: 32041°N,
Depth

tions in the Atlantic adout
151 lower than predicted by
equation:
Cd = 30 [PO4) - 16 r = 0991
= 29.7(P04) + 10 r = 0.958
= 30.3(PO4] + 7.5
NA

Non-conservative,
anthropogenic; bottos

Concentration

Location

Depth

Depth

145000°W

(a) Conc {ng/kg}
] 0.2%
5 03

105 19 18

315 56

5% 93

780 110, 1D

985 11

1505 113

2025 104, 102

(s} Conc (ng/kg)
2 030
500 0.12

1000 010

2090 ou

() Conc (ng/ky)
¢ 2b

Atlantic: 38015°N, &bol7'¥

Depth (s) Conc (ng/ky)
0

100
13
35
397
ns
1036
1441
2030

022
09

i

2

10

19

31

3 D

31

B _Atlantic off
¥ coast of Mrica,
23000°N, 18042'W

Gulf Strean
28050 N, 78008°'W

Reference

Pacific: Brutand (1980);
Atlantic: Bruland and Franks
(1983); Olafison (1983)
Sult of Mexico: Boyle et al.

(1980

Matthews ind Riley (19702}

Byrd md Andrese (1982)

release tern BD 21
1600 06
2800 00
3500 02
S Anti-~~ Conservative 021 ug/ky 1 _Mtlantic Brever et al, 1372

(continued)
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(Table 1 cont.)

Atomc Elesent Correlation Expression Concentration Location Reference
Nuaber
Sb/CL = 1,11 10€-8 Sargasso Ses
35046 'N, 48000°%
52 Telluriun 7Seleniue- or Pacific: 07000°N, 78040°¥ Miantics 14059°S, 01000°E  Lee and Edeond {1985)
poloniun-like Depth {8} Cnnc (ng/kg)  Depth (a} Conc ing/kq)
Strong evideace of sca- Surface 02 Surface 0.16
venging by particles 2500 0,08 2500 007
53  lodine, as iodate Hutrient-correlated Depth (s} Conc (ng/kq) Vestern 5, Atlantic Wong and Brewer (1974)
103 = 035 (O3} ¢ SO ? ] 32031°S, 42000°W
= 5,46 (POA) ¢ 4B 126 55
353 L3
as [{tot) 333 57
1% 40
1036 80
54 Jenon Non-nutrient gas Depth {a) Conc {amol /kg} Pacific Nazor et al. (1964)
KA 10 0.26
5010 0,32
5329 0,44
55 Cesiua Conservative 029 ug/kg Kt Pacific Spencer et al. (1970)
Cs/CL = 154 x 10E-8
56 Bariue Nutrient-correlated, but Depth (sl fonc (ug/kq) NE Pacific Chan et al. {1976, 19771
dependent upon water mass 13 4.81 off Hawaii
55 4% 31023°H, 15002°0
(Ba) = 0.063(51] + 4.8 154 522
304 513
430 599
566 8.82
76 .06
997 13

LT



Atomic Element Correlation Expression Concentration Location Reference
Nuaber

z=

57 Lanthanus Nutrient-related, Patific: 180N, 10BoM Atlantic:26001 "N, 25059 Elderfield md Greaves (1962)
particie and possibly Depth (a) Conc tng/kg)  Depth (s} Conc (ng/tg) Debaar et a}. 119851
boundary scavenging 15 264 0 510
100 444 100 1.00
150 4.53
200 2.36 200 .3
500 2.70 400 312
750 4.72 700 1.50
1000 4.86 900 2.89
1250 450 1500 AR L)
38 Cerwus Redox controlled Pacifict LBo~~1080M Atlantic:28001°N, 23059°¥ Elderfield and Greaves (1962}
Depth (a) Conc (ng/kgt  Orpth (a) Conc ing/kg} DeBaar et al. (1985)
15 154 0 929
100 140 100 23
150 350
200 258 00 312
300 102 400 2,38
750 118 700 346
900 .35
1000 104 1000 291
1250 0,5¢ 1500 .3
59  Praeseodymiue Mutirent-related, Depth {a} Conc (ng/kg} Pacifics 18oM, DeBaar et al. {1985)
par ticle and possibly IS 0.45 1080k
boundary scavenging 100 0.46
150 0.41
200 035
500 044
750 0.5¢9
1000 1.07
1250 001

(continued)
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(Table 1 cont.)

Atoaic Elesent Correlation Expression Coscentration Location Reference
Nusber
b0 Neadymiua Nutrient-related, Pacrfic: 160N, 108oM Atlantic:28001°N, 25059°W Elderfield and Greaves (1962)
particle and possibly Depth fa) Cant (ng/kgl  Depth (a} Conc {ng/kq) Dedaar et al. {1985}
boundary stavenging M 1.88 0 4,95
100 2.1 100 1.85
150 3.4 200 228
20 1.88 400 .8
0 216 700 3.6
750 2.45 900 3.04
1000 4.90 1006 329
1250 388 15M 274
62 Sasarius Nutrieat-related, Facific: 180K, 10Bo¥ Atlantic:28001 ‘N, 25059°W Edder field md Greaves (1962)
particle and possibly Depth (s} Cant ng’kg)  Depth (a) Cont (ng/kg) Debaar el al. (198%)
boundary scavenging 15 [} 0 090
100 0.39 106 0,40

150 6.60 200 0.48

7L



Atoeic Elesent Correlation Expression ' Concentration tocation Refereace
Nusber
200 0.39 400 0.38
300 0.30 700 9.8
150 047 900 0.65
1000 096 1000 0.68
1250 0.68 1500 0.56
83 Europius Rutrient-related, Pacific: 160N, 1080W Atlantic:28001 ‘N, Z5039°N Elderfield and Greaves (1982)
particle and possibly Depth (s) Conc ing/kg)  Depth (a) Conc {ng/kg) Debaar et al. (1983)
boundary scavenging 15 011 0 0.093
100 012 109 0.091
150 019 00 0129
00 0.11 800 0,120
500 0.1l 00 0115
750 012 900 0.125
1000 0.24 1000 0,153
1250 6.19 1500 0. 145
44 Badoliniua Nutrient-related, Pacifict 1BoN, 10BoW Atlantic:28001 N, 25059°W Eldertield ind Greaves (1982}
particle and possibly Depth (a) Conc {ng/kg) Depth (a) Conc (ng/kq) DePaar et al. (1985)
boundary scaveaging [H] LY )] 0 0819
100 063 100 0,53
150 099
200 0.58 800 0,782
500 0.86 700  0.822
750 064 900  0.818
1090 .35
1230 112 1500  0.855

(continued)
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(Table 1 cont.)

Atoaic £leeent Correlation Expression Concentration Location Reference
Nusber
------ P— s3zzzz ss= ==
63 Terbiue Nutrieat-related, kpth (a} Conc (nglkq} Pacific: 180N, DeBaar et al. (1985)
particle and possibly 13 0.09 10804
boundary stavenging 100 0.09
150 0.1%
200 0.09
500 0.0%
730 0.11
1000 0.12
1250 0.10
66 Dysprosive Nutrient-rrlated, kplh (a) Conc (ng/eg) Atlantics Eldcrficll aad Greaves (1982}
particle and possibly 0 6.81 2B001°N, 25059'K DeBaar et al. {1983}
boundary stavenging 100 0.78
200 0.86
500 0.68
o 0.88
900 091
1000 0,98
1500 098
67 Holeiua Nutrient-related, Depth (a) Conc (ng/kg) Pacific: ~BoWw, Debar et dl. 119851
particle and possibly 15 0.16 1080b
boundary stavenging 100 012
150 0.25
200 0.18
500 025
750 0.23
1000 0.58

1250 0.39



Atomic Element Correlation Expression Concentration Location Kelerence
Number

D — 2z

68 Erbius Nutrient-related, Depth (a) Conc (ng/kq} 28001°N, 25059°¥ Elder field and Ereaves (1982)
particle and possibly 0 0.61
boundary scavenging 100 0.40
200 0.77
600 on
700 0.7
900 0.83
1500 0.89
69 Thulius Nutrient-related, Depth {m) Conc (ng/kg} Pacific: 180N, DeBaar et al, (1985
particle and pessibly 15 0.04 joloM
boundary scavenging 100 0.09
150 0.1%
200 0.10
500 0.11
750 0.13
1000 031
1250 025
10 Vttrrbium Nutrient-related, Pacific: ~DoH, 108od Atlantic:28001°N, 25059°¥ Elder field and Greaves (1982)
particle and possibly Depth (@) Conc {ng/kg) Depth (s} Conc Ing/kq) DeBaar et al. {1985
boundary scavenging 13 0.38 0 054
100 0,48 100 0614
150 5.7%
200 0.61 200 9,704
500 0.69 600 07U
750 0% 100 0.104
1000 228 900  0.804

(continued)



(Table 1 comt.)

Atomic Element Correlation Expression Concentration tocation Reference
Nusber
1250 1.9 1500 0,843
N Lutetiue Nutrient-related, Depth (8) Conc (ng/kg) Pacifacs 180N, Dedaar el al. 119851
particle and possibly 15 6.06 10804
boundary scavenging 100 0.08
150 017
200 010
500 012
150 0.17
1600 013
1230 029
72 Hatniga LI 9 ag/kg Virious Schutz and Turekian (1965a)
73 Tantalus L1 (2.5 ng/kg Variour Schutz md Turekian (1965a)
74 Tungsten KA 0.1 ug/hg Japanese coastal Ishibash 119531;
Irish Sea, surface Chan and Riley (1967)
75 fhemive HA Depth (a] Conc (ag/kqi K. Atlantic Dlafsson and Riley (3972
0 56 62058°N, 19051'W
900 43
15090 4.2
76 Oserue L1 NA
7 Indive RA 10 po/kg Coastal Pat1fic fresco el dl. (1985}



Atoaic Eleaent Correlation Expression
Number

Concentration

Location

Reference

78 Platinue Nutrient-like profile Depth (a) Conc (pg/hg) 29042°N, 118000°%  Hodge et al. (1985)
Surface 10
10 105
50 130
Joo 17
100 150
809 170
1000 70
1200 150
2000 320
79 Gold NA 4-26 ny/%g Atlantic Schutz and T u r d H965a)
80 Mercury Nutrient-torrelaled Depth (a) Conc {ng/kg} N, Atlantic Mukher )i and ¥ester (1979}

ibut rith caveats)
Hg = 2.24 + 0,22 (51)

8t Thalliua onservative

250 3
500 4
100 4
1900 45
Depth (a) Cone tng/hg)
0 124
400 16.4
1000 136
2070 12.1
3470 121

39010°N, 65030'M

34015°N, bbol7'N

Flegal and Patterson (196%)

(continued)



(Table 1 cont.)

Atosic Eleaent Correlation Expression Concentration Location Reference
Musber
82 Lead Non-conservative, anthroPacifics 32041'N, §45000 W Atlantic: 34015°N, bbo17°¥ Pacific:
Depth (a) Conc (ng/kg)  Depth (s} Cont (ng/kg) Schaule and Patterson {1981)
02 13.6 02 532
15 122 35 511 Atlaatic:
200 3.1 150 332 Schaule and Patterson 119831
400 140 400 352
600 0.9 600 511
860 51 750 269
1000 45 1000 6.0
2000 20 2010 8.9
83  Bissuth Non-conservative, aeolian source Depth In) Conc {pg/kg) VERTEX IV, K, of Let et al. (198576}
possible correlation with Lead; 25 36 Hawaii Lee (1982}
Atlantic higher thatn Pacific 50 35
% 3
100 k2
200 35
400 73
500 105
150 Al
900 1]
1160 56
2000 28
92 Uramius Conservative

U= 1.7 x 10E-7



DI SSOLVED ELEMENTS I N SEA WATER

DISTRIBUTION OF THE ELEMENTS IN SEAWATER

*

T | o [ ova | va | via | via [ i B 1B " w | v vil 0
Nutrient —related
Conservative (Correlated expression available) Non-nutrient gases
th 7/ e ]
?:;::Ion"rgugr? //////% Nutrient-related
experimental limitations) e
Measure % Scavenging term EE=—= Anthraopogenic
Fig. 1. Concentrations and correlations of the elements in
seawater.

Although data have been published in a number of units, elemental
data (for other than nutrients and gases are expressed in g/kg and
multiples thereof. The nutrients and gases are given in um/kg (for
dissolved 0,, the commonly used mL/L is in parentheses). W will
generally refer to total elemental concentration. If several
species were addressed, they are identified. For conservative

elements, the average concentration in seawater, normalized to



QUINBY-HUNT AND WILDE

35°7e and the relation to chlorinity (CL) is reported. For
elements correlated to the nutrients, a profile, the correlation,
correlation expression and coefficients are given as available.
The correlation expressions are presented so that the resultant
elemental concentration in "x"g/kg corresponds to the observed
concentrations in seawater. To convert to approximate kg~ from
L"!, we have divided by 1.025 as suggested by Bainbridge

(1979a,b,c).
CONCENTRATIONS AND CORRHELATIONS OF THE ELEMENTS |N_SEAWATER

The discussion of the elemental abundance patterns in the
oceans follows the periodic table. The Man Croup Elements are
discussed first, by group and then the Transition Elements,
Lanthanides and Actinides are discussed by row.

Group IA: The Alkali Metals, Lithium, Sodium, Potassium, Rubidium

and Cesium
Evidence indicates that all the alkali metals are
conservative to the precision of current analytical methods

(Wilson. 1975) and their concentrations can be predicted everywhere

in the open ocean from salinity (chlorinity, CL).

L1 concentrations are about 180 ug/kg in seawater normalized
to 35%4 salinity and is conservative (Table 1; Fabricand et al.,
1966, 1967, Chow and Goldberg, 1962; Riley and Tongudai, 1964).
Although there is some evidence of spatial variability in the
tropical oceans (Riley and Tongudai, 1967; Angino and Billings,
1966; Fabricand et al., 1967), the differences were not

statistically significant.
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Sodium and potassium are major constituents of sea water,
historically, thought to be conservative (bittmar, 1884;
Forchhammer, 1865; Cox, 1965; Culkin, 1965), a finding still
supported (Culkin and Cox, 1966; Mangelsdorf and Wilson, 1972;
Millero and Leung, 1976). No significant variation with depth has
been reported for the cation to chlorinity ratios (Table 1).
Concentrations of these elements can be predicted reliably from
salinity measurements. The concentrations reported in the few
papers available with data from tropical sites (Fabricand et al.,
1966; Barker and Zeitlin, 1972; Froelich et al,, 1978) are in
agreement with the above findings.

Seawater contains about 124 ug/kg rubidium (at 35%g,
salinity). It is conservative and its concentration may be
calculated using the expression appearing in Table 1 (derived from

Spencer et al., 1970). Most researchers (Bolter st al., 1.964,
Spencer et al., 1970; Brewer =t al., 1972) have reported cesium
concentrations of 0.3 wug/kg at 35 °/4 salinity and no significant
variation with depth. About 1 % variation between surface samples
taken at sites in the North Pacific Ocean and for subsurface
samples has been reported (Folsom, 1974). Even if this variation
is real, toa first approximation Cs can be considered conservative

(Table 1).

The Group IIA Elements: the Alkaline Earths - Beryllium,

Magnesium, Calcium, Strontium. Barium, and Radium

The distribution of beryllium in the Pacific resembles copper,

that is, it shows nutrient-like behavior except that high values
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are found near the sediment-water interface and near ridge-rise
systems (Measures and Edmond, 1982, 1983). There is some
scavenging in intermediate and deep water. The distribution of Be
in the Atlantic near the equator is not like any of the nutrients
or trace elements. In the Atlantic, its concentration is enriched
relative to the Pacific (Measures et al., 1984).

Magnesium, a maor constituent, is conservative within
analytical limitations (pittmar, 1884; Forchhammer, 1865; Cox,
1965; Culkin, 1965; Culkin and Cox, 1966; Carpenter and Manella.
1973). Data for the tropical oceans is similar (Atwood et al.,
1973; Barker and 2eitlin, 1972; Billings and Harris, 1965;
Carpenter. 1972; Sen Gupta et al.. 1978).

Calcium carbonate is removed from surface water by the
biological deposition of calcareous tests. Accordingly, since
Dittmar (1884), researchers have predicted that calcium should not
behave conservatively (Culkin and Cox, 1966; Riley and Tongudai,
1967; Mangelsdorf and Wilson, 1972). To a first approximation,
calcium concentrations can be predicted using the conservancy
relation reported in Table 1. In 1974, (and later Shiller and
Gieskes, 1980) 'variation of calcium concentration with depth was
observed (Horibe et al., 1974: Shiller and Cieskes. 1980): about 1%
variation over 5000 m (Table 1) and a direct correlation of calcium
concentration with carbonate alkalinity.

Strontium exhibits a correlation (» = 0.88) with phosphate
(Figure 2) (Brass and Turekian, 1974). Using their data and that of

Bainbridge (1979p) for PO, and salinity at the same station, the
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Fig. 2. Strontium concentration vs phosphate concentration (data
from Brass and Turekian, 1974). o0 represents data from Station 3

at 51°01'N, 43°7'W. x represents data from Station 68 at 48°39's,
45°09W.,

correlation expression in Table 1 may be derived. The variation of
[sr] with depth deviates by less than 0.3% over 4000 m from that

predicted by Se/CL = 399 x 107* (based on data in Brass and

Turekian, 1974).

Several profiles of barium have been reported (wolgemuth,
1970; Bacon and Edmond. 1972; Bender et al., 1972; Bernat et al.,
1972). The extensive and reliable data of Chan et al. (1976, 1977)

shows a nutrient-like distribution (Figure 3). They report a
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Barium Concentration (pg/kg)

Fig. 3. Baium concentration in seawater vs depth (data from Chan
et a3, 1976, Station 204, 31°23'N, 150°02'W.

linear relationship between barium and silicate, however the ratio
varies with water mass (Figure 4). king the (8a) reported by
Chen (Chan et al., 1976) and the (st] of Bainbridge (1979a) for
GEOSECS station 204, a correlation expression ney be derived (Table
1).

Although radium exists in a number of isotopes, only 2%*Ra
will be considered. radium-226 has been determined in seawater by

a number of researchers (Broecker et al,, 1970; Ku et al., 1970;
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Silicate Concentration (pmol/kg)

Fig. 4. Barium concentration vs silicate concentration (data from
CGEOECS Station 204, 31°23'N, 150°02'W). Ba data: Chan et al. (1976);
Si data: Bainbridge (1979a). Chan et al. demonstrafed that the
ratio of [Bal/[si] varies with water mass.

Chung and Craig. 1973; Bruland et al., 1974; Chung, 1974. 1976.
1980; Chen et al., 1976; Bacon et al., 1976, Broecker et al,, 1976,
Ku and Lin, 1976; Knauss et al., 1978). Broecker et al. (1976)
report a profile 9.1 dpm/100kg at 149 m increasing to 15.0

dpm/100kg at 4170 m at a station in the western tropical North



188 QUINBY-HUNT AND WILDE"

Atlantic. Chan et 2al., (1976) using data from the same site (and
others in the North Atlantic) report a linear correlation between
radium and barium concentrations and, therefore, also to silicate,
confirming an earlier report of Li et al. (1973). However, they
further report that at some station, notably one in the North
Pacific. northwest of Hawaii, that the relationship does not hold
at great depths.

The Group IIA Elements - Boron, Aluminum, Gallium, Indium and

Fhatium

Boron is conservative and its concentration in seawater as
approximately 44 mg/kg at salinity 9/, (Table 1. Culkin, 1965;
Cast and Thompson, 1958; Noakes and Hood, 1961; Williams and
Strack (1966); Gassaway, 1967).

The oceanic distribution of auminum is complex and data has
been seemingly contradictory (Measures et al., 1986). Sackett and
Arrhenius (1962) reported seawater has an [Al] of about 1 g/ks.
Moore (1981) reported no correlation of aluminum with nutrients in
the Arctic. Hydes (1979) reported open ocean profiles of dissolved
aluminum with concentrations ranging from 10 g/kg at the
surface, a minimum of 0.5 ug/kg at about 1000 m, increasing with
depth to about 09 ug/kg. He suggested a negative correlation with
silica, but did not resent a regression formula or correlation
constant. In the Atlantic, Hydes (1983) reported that Al is non-
conservative, with a surface maximum (0.9 g/kg), minimum in
intermediate waters (0.2 wg/kg), increasing toward the sediment-

water interface or the continent. In the Mediterranean is
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considerably higher than in the Atlantic and correlates with
silicate at least in the upper 1500 m (Mackenzie et al., 1978,
Stoffyn and Mackenzie. 1982; Caschetto and Wollast, 1979) perhaps
due to uptake by siliceous organisms. The results from the
Mediterranean may not be applicable to the open ocean {(Hydes,
1983).

Recently, the oceanic distribution of Al has been described in
terms of external, aeolian and fluvial source terms and extensive
scavenging by particles (orians and Bruland, 1986; Measures &t al.,
1986). Concentrations can vary from 1 wg/kg to 13 pg/kg depending
season and location. The deep Pacific contains 50 times less Al
than does the deep Atlantic. It appears unlikely that any simple
correlations will be derived that permit calculation of auminum
concentrations from simply measured oceanic constituents.

Al data from the Tongue of the Ocean in the Bahamas, are in
general agreement with Hydes, although with considerably greater
scatter (Alberts et al., 1976). As aluminum concentrations ars
potentially important is oTec operations, this element and its
relation to biological activity should be examined further in
conjunction with measurements at potential OIEC sites.

Gallium has been determined in seawater (Table 1), but no
profiles are available. In the north Atlantic, near the British
Isles, concentrations of about 30 ng/kg have been reported (Culkin
and Riley. 1958, Burton et al., 1959). In the Pacific off Japan,

concentrations of 15-20 ng/kg were reported (Ishibashi et al.,
1961).
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Matthews and Riley (1970a) report indium concentrations
ranging from 0.3 ng/kg at the surface to 01 ng/kg at 2000 m for a
station in the north Atlantic off the coast of Africa,
concentrations significantly lower than the values reported by the
same coworkers for inshore waters (Matthews and Riley. 1970b).
More detailed studies are needed to determine if the surface
enrichment which they observed in open ocean waters is real. The
data were insufficient to assign a correlation category.

Thallium determinations, like those of indium and gallium, are
rare. Matthews and Riley (1970d) reported a profile from the Bay
of Biscaye giving an average concentration of 10 ng/kg, which was
somewhat less that the 19 ngrskg reported for the Irish Sea
(Matthews and Riley, 1969). More recent thallium determinations
at various depths in the Pacific and Atlantic report measuring
similar concentrations (Table 1) and suggest that it is
conservative within analytical limitations (Flegal and Patterson,
1985). More detailed observations may reveal a more complex

distribution with a dependence on redox species.

The Croup NA Elements -~ Carbon, Silicon, Germanium, Tin, and Lead

Carbon and its compounds make up many of the important
biological, organic and inorganic species in sea water. Carbon
tied into the biochemical cycle can be predicted roughly from the
Redfield-Richards equation (Redfield et al,, 1963; Richards, 1965):
106C:16N:1P, Carbon dioxide and the carbonate system participate
in the oceanic buffering system. In considering the potential

environmental effects of OTEC plants, the possibility of releasing
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Concentration of Total CO, (pmole/kg)

Fig. 5. CO, dissolved in sea water vs depth (data from Broecker
and Takahashi 1978, GEOPAC 10, Station 326, 14°03'S, 126°15'W),

excess ¢€o, into the atmosphere must be considered. Thus, a
reliable estimate of [C0,] at OTEC sites iS required. Total CO,
profiles (Table 1, Figure 5) have been determined in the oceans (Li
et ai.,, 1969; Takahashi et al., 1970; Edmond, 1974 and will be
published as part of the GEOSECS atlas. Bradshaw et al. (1981)
report that the original GEOECS calculations should be corrected
by about +12 umol/kg for the Pacific-Indian Ocean data and *5
umol/kg for the Atlantic. In addition to the GEOSECS data

(Bainbridge, 1979a,b,c¢), much data iS available for the tropical
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oceans (e.g. Broecker and Takahashi, 1978; Edmond. 1974, Skirrow,
1975).

Vast quantities of data are available for silicate in water
(Grasshoff, 1964; Brewer and Bradshaw, 1975; Bainbridge, 1979a,b,c).
Table 1 and Figure 6 show the typically low concentrations found
in surface waters with increasingly higher values at greater
depths. As can be seen in Figure 6, silicate concentrations in
Pacific deep water are distinctively higher than those in Atlantic
deep water (Sverdrup et al,, 1942; Bainbridge, 1979a,b). Profiles
determined in the tropical oceans are reported in Bainbridge and
many other sources.

Germanium rarely has been detected in sea water. Germanium
co-varies with silicate (Froelich.and Andreae, 1981: Andreae, 1983)
typically ranging from <0.5-9 ng/kg from near the surface to about
2800 m (Table 1). Germanium has not been reported for the
tropical oceans, although Braman and Tompkins (1978) reported that
in samples taken in the Gulfr of Mexico off Tarpon Springs Florida,
germanium was undetected using a technique with a minimum
detection limit of 4 ngs/kg. It is possible, however, to predict
the Ge concentration from the Si concentration on the basis of
Froelich and Andreae's work.

Only few data are available for the concentration of tin in
seawater, recent papers indicate that the concentration in the
open oceans are very low, non-conservative, with strong
anthropogenic inputs (Byrd and Andreae, 1982). Riverine inputs

were found to be small relative to inputs from aeolian sources.
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Fig. 6. Silicate concentrations vs depth in the Atlantic and
Pacific oceans. Data observed by GEOSECS (Bainbridge, 1979a, b).
Atlantic stations: 48 (4°00'S, 29°00'W), 49 (7°56'S, 28°12'W), and 53
(12°00's, 28°01'W). Pacific stations: 234 (19°52'N, 163%14'W), 235
(16°45'N, 161°23'W), and 206 (22°09'N 153°50'W).

In the Gulf Stream and Sargasso Sea, Andreae (Byrd and Andreae,
1982; Andreae, 1983) reports concentrations ranging from a maximum
at the surface of 25 ngs/kg decreasing to a minimum (below the
detection limit, < 01 ng/kg) at about 3000 m, increasing to 0.6
ng/kg a few hundred meters off the bottom. They observed
significant concentrations of organotin compounds, which have
toxicities comparable to that for organomercury compounds. Hodge

et zl. (1979) report 0.3-0.8 ng/kg of [sn(Iv)] in subsurface
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samples (12-17 m) taken off Ssan Francisco. Other species such as
organotin compounds were undetected. Braman and Tompkins (1979}
have reported higher concentrations of Sn(tot) in the Gulf of
Mexico (3.5 ng/kg).

Lead has been studied extensively. However, most of the
analyses prior to 1974 were contaminated (Patterson. 1974),
primarily due to anthropogenic lead from the atmosphere. Schaule
and Patterson (1978, 1981,1983) have found lead concentration in
the ng/kg range. Profiles (Figure 7) from the central north
Pacific show higher concentrations in surface waters (for example
13.6 ngskg) decreasing to 1.2 ngs/kg at depth. Lower surface
concentrations are reported in areas less exposed to anthropogenic
pollution. Variations in concentration appear to be due to
transport of anthropogenic lead through the water column. At
depths greater than 2500 m a constant concentration of 1 ng/kg is
observed; presumably the pre-pollution value, although Schaule and
Patterson argue that the Pb concentration would have been a factor
of two to five lower. In the upper 2000 m concentrations reported
in the Atlantic are almost a factor of three times those observed
in the Pacific (Schaule and Patterson, 1983).

The Croup vA Elements - Nitrogen, Phosphorus, Arsenic, Antimony,

and Bismuth

Nitrogen, like carbon, oxygen, and hydrogen, appears in sea
water in a wide variety of compounds: as a dissolved gas, in the
nutrients, nitrate, nitrite, ammonia, urea and in numerous organic
compounds. Table 1 gives profiles of two of the nore inportant

species - dissolved N, and nitrate.
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Lead Concentration (ng/kg)

Fig. 7. Lead concentrations vs depth from the central northeast
Pacific (data from Schaule and Patterson. 1981. 32°41'N, 145°00'W.

The distribution of dissolved ¥, (Craig et al., 1967) is
typical of the profiles exhibited by the non-reactive gases in
seawater (Kester, 1975; Konig et al., 1964). |Its concentration can
be predicted from known solubilities (Weiss, 1970) and bubble
formation. Modifications locally can occur due to biological
effects.

Nitrate is the dominant nitrogen-containing nutrient species
in seawater (Vaccaro, 1965). It has been determined extensively

and virtually hundreds of papers report data. The profiles given
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in Table 1 are typical of the tropical Atlantic and Pacific Oceans.
Concentrations at great depths in the Atlantic are usually less
that In the Pacific (Figure 8). Nitrate concentrations are
correlated with the concentrations of chromium, iodate and (away
from the continental shelf manganese, chromium and iodate (Wong
and Brewer, 1974; Cranston, 1979; Klinkhammer and Bender, 1980).

The atlas by Bainbridge (1979a,b,c) includes numerous profiles
from the Atlantic. Pacific, and Indian Oceans, Including the
tropics. Additional data is available for Hawaii (e.g. Gunderson et
al., 1972; Gunderson and Palmer, 1972; Cunderson and Mountain,
1973), Gulf of Mexico (Cummings et al., 1977, Nowlin and McClellan,
1967, Morrison and Nowlin, 1977, El-Sayed et al., 1972), the
Caribbean (Lee et al.. 1978) and off the coast of Morocco (Treguer
and Le corre, 1979). Many of the papers presenting trace metal
data also give nutrient data.

Phosphorus also exists in a variety of compounds in the
ocean; its dominant form is reactive phosphate (Brewer, 1975).
Profiles typical of the Pacific and Atlantic Oceans are found in
Table 1. Figure 9 compares distributions typical of the tropical
Atlantic and Pacific Oceans. Phosphate is relatively easy to
determine and is correlated with arsenic, cadmium and nickel
(Johnson and Pilson, 1972: Andreae, 1977. 1978. 1979; Bruland et
al., 1978a, 1979; Bruland, 1980).

Vast quantities of phosphate data are in the literature. Data
for the tropics can be found in most of the sources suggested for

nitrate, especially the CEOSECS reports (Bainbridge, 1979a,b,c) and
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Fig. 8. Nitrate concentrations vs depth in the Atlanti¢ and
Pacific oceans. Data observed by GEOSECS (Bainbridge, 1979a, b).
Atlantic stations: 48 (4°0's, 29°00'W), 49 (7°56'S, 28°12'W), and 53
(12°00's, 28°01'W). Pacific stations: 234 (19°52'N, 163°14'W), 235
(16°45'N, 161°23'W), and 206 (22°09'N 153°50'W).
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Phosphate Concentration (pmol/kg)

Fig. 9. Phosphate concentrations vs depth in the Atlantic and
Pacific oceans. Data observed by GEOSECS (Bainbridge, 1979, b).
Atlantic stations: 48 (4°00's, 29°00'w), 49 (7°56's, 28°12'wW), and 53
(12°%0's, 28°1'wW). Pacific stations: 234 (19°52'N, 1631 4'W), 235
(16°45°'N, 161°23'W), and 206 (22°09'N 153°50'W).
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in Richards (1958), Churgin and Halminski (1974), Culberson and
Pytkowicz (1975), Halminski (1975), and Voituriez and Herbland
(1979).

Arsenic exists as As(V), As(III) and as several organoarsenic
species, which are of importance due to varying toxicity and
carcinogenicity (EPA, 1976; NRC, 1977). Johnson and Pilson (1972)
reported arsenic concentrations in the Caribbean, Gulf of Mexico
and northwest Atlantic which range from 2.0 ug/kg (surface) to 3.2
wg/kg (at depth). They reported that arsenate maxima occur at the
same depth as phosphate maxima Andreae (1977, 1978, 1979)
reported determined profiles of several arsenic species (Figure
10). In the Pacific Ocean, he observed a partial correlation
between arsenate and phosphate concentration. Concentratlons, 1
ug/kg (surface) to 2 pg/kg (>1000 m) were about a factor of two
lower than those reported by Johnson and Pilson. The methylated
species, dimethylarsenate (DMA) correlated to ‘*¢ uptake or
chlorophyll a. Analytical variability prevented the derivation of
correlation expressions.

Antimony rarely has been determined in seawater. Generally,
researchers have found antimony to be conservative within
analytical |imitations (Schutz and Turekian. 1965a; Portman and
Riley, 1966a; Spencer et al., 1970, Brewer et a),, 1972; Gilbert
and Hume, 1973; Godha, 1975). The correlation expression (Table 1)
is based on the limited data in Brewer et al. (1972). Moe
recently, four species of Sb = Sb(V), Sb(III), monomethylantimony

and dimethylantimony have been detected in seawater. A profile of
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Fig. 10. Arsen'ate, arsentie, and dimethylarsenate concentrations
vs depth (data from Andreae, 1979, 30°46'N, 163°30'W).

sb(v), the dominant form, measured in the Pacific Ocean showed
concentrations ranging from 0.09-0.14 ug/kg with no trend in the
vertical distribution; the authors report possible storage problems
(Andreae, 1983). The discrepancy with earlier results is not as
large as might be expected, but it ts clear that analytical
problems need to be resolved, before the vertical distribution of
Sb in the ocean is understood.

Recent analyses of bismuth in the Atlantic and Pacific
suggest that its distribution resembles that of lead: it is non-

conservative with a possible aeolian anthropogenic source term
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(Lee, 1982; Lee et al., 1985/6). As with lead. concentrations are
higher in the Atlantic than in the Pacific.

The Group VIA Elements = Oxygen, Sulfur. Selenium, and Tellurium

Oxygen is found as the dissolved gas and in many other
compounds in the ocean. The concentration of the dissolved gas is
easily measured and often reported. Figure 11 compares the
distributions commonly observed in the Atlantic and Pacific Oceans.
In the tropical Pacific, oxygen shows a deep minimum of about 40
umol/kg (0.8 mL/L) at about 700 m. In the Atlantic, Caribbean, and
Gulf of Mexico, the minimum generally is not so pronounced and is
shallower, although there are anoxic basins which are exceptions.
Tropical data can be found in Bainbridge. (1979a,b,e) and in many
of the papers referenced in this report. Dissolved oxygen may be
an important control on the concentration of dissolved manganese,
iron, cobalt, cerium and europium (Klinkhammer and Bender, 1980;

Bacon et al,, 1980; Knauer et al., 1982, Klinkhammer and

Elderf ield, 1982).

Sulfur as sulfate is a major anion in the ocean, historically
regarded as conservative (Dittmar, 1884; Forchhammer, 1865; Bather
and Riley, 1954). A more recent report confirms the concentration
as 2712 g/kg and the SOJXL ratio as 0.1400 (Morris and Riley.
1966). In the oxic oceans. 8% occurs in very low concentrations,
however, in anoxic basins its concentration increases considerably.
For example, H,S in the Cariaco Trench is virtually undetected
until a depth of about 250 m. As the waters become anoxic with

depth. H.S increases to about 1.3 g/kg (Seranton et al., in press).
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D.O. Concentration (pmol/kg)

Fig. 11. Dissoved oxygen profiles in the Atlantic and Pacific
oceans. Data observed by GEOSECS (Bainbridge, 1979a, b). Atlantic
stations: 48 (4°00'S, 29°00'W), 49 (7°56's, 28°12'w), and 53 (12°00'S,
28°01'W). Pacific stations: 234 (19°52'N, 163°14'W), 235 (16°45'N,
161923'W), and 206 (22°9'N 153°50'W).
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Under anoxic conditions, sulfate cannot be considered conservative.
Clearly, the presence of anoxic waters containing high
concentrations of $* would be a serious concern for many aspects
of operations involved in pumping deep ocean waters to the
surface.

Both selenate and selenite have been determined (Cutter,
1978; Measures and Burton, 1980; Measures et al., 1980, 1983).
Total Se concentrations are at ng/kg levels increasing with depth
with a nutrient-like distribution (Figure 12). Concentrations of
Se(tot) in the North Pacific vary from 27-85 ng/kg. In the north
Pacific, vertical distributions of Se(vI) can range from 40-110
ng/kg and Se(1v) from 4-62 ng/kg:; concentrations are about 30-40%
higher than in the Atlantic.  Surface [Se(tot)] vary from 15-60
ng/kg in the Pacific. Correlation expressions have been derived,
however, they vary considerably with site (Measures and Burton,
1980: Measures et al., 1980, 1983) as can be seen from the
expressions given in Table 1. At the surface anomalies have been

reported that can been understood in terms of hydrographic

features.

Tellurium has been measured only recently in seawater by Lee
and Edmond (1985). Its profile appears to be like that of selenium
(Table 1), that is nutrient-like with strong evidence of scavenging
by particles. No correlation expressions have been derived.

The Halogens - FluGH-Re~ Ghlorine— Bromine- and lodine
The halogens, primarily as halides, constitute a majority of

the anions in seawater. Salinity is strongly related to the
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Fig. 12. Profiles of the concentrations of several selenium

species vs depth (data from Measures and Burton. 1980, 230°86'N,
27°52'W).

concentration of the halides. Salinity isS defined as "the weight
in grammes [sic] in 1 kg of seawater, after all bromide and iodide
have been replaced by chloride, and all carbonate converted to
oxide" (Cox, 1965 quoting Knudsen, 1901). The median salinity of
the ocean is 34.69 °/, (Knauss, 1978).

Fluoride occurs at about 1.3 mg/kg and is generally thought

to be conservative (Riley, 1965b; Wilkniss and Linnenbom, 1968;
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Kester, 1971; Bewers. 1971; Warner, 1971, Bewers et al.,, 1973;
Greenhalgh and Riley, 1973; Kullenberg and Sen Gupta, 1973; Sen
Gupta et al., 1978). The relationship has been questioned at
certain sites (Riley, 1965b; Brewer et al., 1970; Kester, 1971),
although there is some disagreement (Bewers, 1971; Bewers et al..
1973). In any case. the non-conservative condition is considered
an anomaly.

Chloride. c¢1=, the most abundant anion in the oceans, is
conservative (Table 1). A salinity of 35 °/4 includes a chloride
concentration of 19.353 g/kg (Millero and Leung, 1976).
Investigators are also in general agreement that bromide, Br- is
conservative, and that the Br/CL ratio is 0.003473 (Morris and
Riley, 1966).

lodate (10,)~ is the more abundant and thermodynamically
stable species of iodine in seawater, although small but
significant quantities of iodide have also been detected (Wong,
1980). The species balance may be linked to the productivity of a
region, although the correlation of iodide with productivity is not
guantitative (Wong, 1980). lodate has veen found to increase with
depth from a level of about 48 wg I/kg at the surface to 58 ug/kg
at approximately 4000 m (Figure 13, Tsunogai. 1971; Tsunogai and
Hemni, 1971; Wong, 1977; Wayg and Brewer, 1974, 1976, 1977; Liss et
al,, 1973). Woayg and Brewer established the correlation between
iodate with reactive phosphate and nitrate. Using the mole ratios
presented by Wong and Brewer we have determined correlation

equations (Table 1). Later studies confirmed the correlation (wong
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Fig. 13. lodate concentration vs depth (data is from Wog and
Brewer. 1974. 32°31'S, 12° W.

and Brewer, 1976; Wong, 1980; Elderfield and Truesdale, 1980). The
correlation is not valid in anoxic basins where iodide shows a
pronounced increase with depth (Wong and Brewer, 1977).

The Rare Gases = Helium Neon, Argon, Kryption, Xenon and Radon

The rare gases all have been detected in seawater (Bieri et
al.,, 1966, 1968, Mazor et al., 1964, Konig et al, 1964; Clarke et

al., 1969, 1970; Craig et al., 1975). Some of the earlier work
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shows a lack of analytical precision, however, the more recent
work gives data which is reproducible. Table 1 and Figure 14 give
sample profiles. With the exception of radon, the concentrations
of the rare gases in sea water depend upon their solubility and
entrapment by bubble formation. The degree to which they deviate
from their solubility depends largely on physical processes, for
instance, the partial dissolution of air bubbles, or mixing of
waters of different temperatures (see, for example, Kester, 1975),
rather than on chemical and biological interaction.

The profile of radon throughout most of the water column is
directly related to its parent isotope, #**®*Ra. Relative to 2*, Rn
shows a deficiency in the top 100 m and an excess in near bottom
waters (Broecker. 1966; Broecker et al., 1967: Broecker and
Kaufman, 1970; Broecker and Peng, 1971; wilkening and Clements,
1975; Sarmiento et al, 1978). Reported concentrations range from
5.6 dpms/100kg (normalized to 35°, salinity) near the surface to
17.05 dpm/100kg (at 35°,, salinity) near 4000 m (Broecker and
Peng, 1971). These excesses and deficiencies have been used to
determine eddy diffusion constants for bottom water and surface
water. Throughout the rest of the water column, radon
concentrations can be predicted from known 22Ra, Ba, Or Si
concentrations.

The First Transition Series - Scandium, Titanium, Vanadium, Chromium,
Manganese, Iron, Cobalt, Nickel, Copper and Zinc

Concentrations of the first three elements of the first

transition series. Se, Ti and Vv rarely have been reported in ocean
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Fig. 14. Neon. argon and krypton concentrations vs depth. Data
from Ne and Ar is from Craig et al. (1967), 9°26'N, 113°16'W. Kr
data are from Bieri et al. (19687, 5%15'N, 23°30"W.

water. Scandium concentrations reportedly vary from 0.4-1 ng/kg
in the Atlantic (Spencer et al., 1970; Brewer et al., 1972
Robertson et al., 1968). No prediction of its correlation category
has been made. In Puget Sound. 09 - 19 ug/kg Ti were measured
(Griel and Robinson, 1952), but no open ocean concentrations have
been published. No correlation category has been assigned. Morris

(1975) reported a profile of v in the northeast Atlantic Ocean, in
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which vV varies from 1.0-1.2 ug/kg. Nbo consistent variation with
depth was apparent. therefore within this degree of precision, V is
conservative and using Morris' data, a V/CL is 6 X 107% Recent
examinations of V have shown scavenging in surface water and
somewhat higher average concentration, about 2 ug/kg (Zhou et al.,
1982; Huizenga and Kester. 1982).

Dissolved chromium exists in two oxidation states in
seawater: Cr(II) and Cr(VI). In a study of northwest Atlantic
waters. Campbell and Yeats (1979, 1981) found chromium
concentrations slowly increased with depth and then leveled off.
They reported a positive correlation with silicate but with a
correlation coefficient of 0.66. Cranston (1979) determined
profiles of Cr(vi), Cr(III) and Cr(tot) in the Guatemala Basin
(Figure 15). Concentrations average 297 ng/kg Cr(tot), 44 ng/kg
Cr(IIl), and 9 ng/kg particulate Cr. The [total c¢r] correlated
with Si. or Si and RO or NO, Cr(III1) may correlate with
biological production and regeneration of biogenic debris.

Manganese profiles have been reported from the Atlantic and
Pacific Oceans (Bender et al.. 1977, Klinkhammer and Bender. 1980;
Landing and Bruland, 1980; Martin and Knauer, 1980, 1982, 1984
1985). M correlates with the labile nutrients and inversely with
oxygen (Landing and Bruland, 1980). [Mn] is at a maimum at the
surface (about 140 ng/kg), declining to minimum at the top of the
thermocline (Figure 16) then increasing. If the dissolved oxygen
concentration drops below 23 mL/L, then M apparently is released

as particles pass through the oxygen minimum and a maximum may be
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Fig. 15. Chromium concentration vs depth (data is from Cranston,
1979, Guatemala Basin).

observed near the oxygen minimum (Knauer and Martin, 1984)., In
the Atlantic, concentrations apparently decline with greater depth
(Bruland and Franks. 1983). In anoxic basins, M concentrations
can increase dramatically as is observed in the Cariaco Trench
(Figure 16: Bacon et al., 1980). The data from the Cariaco Trench
show considerable scatter and the surface data are questionable,

however similar conditions have been reported for the Black Sea.
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Fig. 16. Manganese concentration vs depth. Concentrations observed
in the oxic eastern Pacific (32°41'N, 145°0'Ww, Landing and Bruland,
1980) are compared with concentrations observed in the Cariaco
Trench, and anoxic basin (Bacon et ai., 1980).

As the California coast is approached, surface values increase
indicating a coastal source for the surface M (Landing and
Bruland, 1980). A significant Mh flux is associated with the

hydrothermal vents of ridge rise systems (Xlinkhammer et 2l.,



1977), therefore M concentrations depend strongly on location.
No correlation expressions have been proposed for Mn

A correlation between manganese and oxygen could have serious
implications for OIEC or other operations requiring pumping of
water from great depth. If waters rich in dissolved manganese
were released into a water mass with high oxygen concentration,
the dissolved/particulate equilibrium might be disrupted, causing
the precipitation of a large number of fine Mno, particles.

Iron is essential to manty forms of life, and might be
expected to show a correlation with the nutrients or biochemical
species (Corcoran. 1967). Only a preliminary correlation, however,
can be suggested. Iron is extremely difficult to determine. It is
an all-pervasive contaminant making ultra-clean techniques
mandatory. Under normal oceanic conditions, iron oxides can exist
as extremely fine particles, which render normal filtration
techniques useless and standard methods of detection meaningless.
Concentrations of 8-%00 ng/kg (greater near the continental shelf
and bottom) have been reported and an apparent correlation between
dissolved iron and the nutrients. inverse to dissolved oxygen noted
(Gordon et ai., 1982 Symes and Kester, 1985). In anoxic basins,
iron concentrations increase dramatically, similar to manganese
increases (Bacon et al., 1980). Some evidence of an association of
iron maxima with an excess of primordial *He has been reported,
but not confirmed (Brewer et al., 1972; Spencer et al., 1970).

The cobalt distribution in the eastern North Pacific is
similar to that of manganese (Knauer et al., 1982). From the

surface maximum (6.8 ng/kg) concentrations decrease to 1.4 ng/kg
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at 2350 m.  No increase in concentration was found at the oxygen
minimum, although in anoxic basins the Co concentration has been
reported to increase dramatically (Kremling, 1983). The profiles,
taken off the California coast, showed an inverse relationship
between [co] and salinity which indicates a fresh water source for
the high Co, probably San Francisco Bay, resulting at least in part
from anthropogenic releases.

Nickel -distributions ranging from 140-340 ngskg at the
surface increasing to 600-700 ng/kg at depth gEigure' 17) have been
reported (Bender and Gagner, 1976; Sclater et al,, 1976; Bruland et
al.. 1979; Bruland. 1980). Bruland (1980) has shown a correlation
with reactive phosphate and silicate (Table 1). Nickel
concentrations in the Atlantic are nutrient-like and are lower
than are observed in the Pacific. Concentrations predicted using
the above expression for the Atlantic are actually lower than
those observed for that ocean. In the Atlantic, shelf
concentrations that are significantly higher than open ocean values
have been interpreted to indicate a continental source, whereas in
the Pacific, enhanced concentrations have been associated with
upwelling (Bruland and Franks, 1983). Nickel concentrations in the
Gulr of Mexico are similar to those in the open Atlantic ocean
(Boyle et al., 1984).

Copper has been determined successfully in seawater (Boyle
and Edmond, 1975: Moore and Burton. 1976; Boyle et al., 1977
Bruland et al., 1977, Moore, 1978; Bruland, 1980; Boyle et al.,
1981: Bruland and Franks. 1983: Boyle et a1, 1984). Bruland (1980)

'
—
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Fig. 17. Nickel concentration vs depth (data from Bruland, 1980,
32°41'N, 145°00'W).

reports levels of Cu at the surface of about 35-100 ng/kg
increasing to greater than 300 ng/kg near 4000 m (Figure 18).
Copper is depleted at the surface, replenished in the bottom water
by supply from sediments (Bruland, 1980; Boyle et al., 1977) with
scavenging in the intermediate and deep water. No correlation
expression has been formulated relating [Cul to salinity, the

nutrients or easily determined biological parameters, although it
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Fig. 18. Copper concentration vs depth (data from Bruland, 1980,
32°41'N, 145°00'W).

most closely behaves like phosphate. In the Gulf of Mexico, the
importance of riverine and continental sources of copper has been
demonstrated (Boyle et al,, 1982; 1984).

Zinc concentrations in the Pacific Ocean are correlated
linearly with silicate (Table 1) (Bruland, 1980; Bruland et al.,
1978b). Approximately 6-10 ngs/kg Zn in surface waters increases
to about 600 ngs/kg at depths greater than 2000 m for the

northwest Pacific gl-‘igure 19_)_«.
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Fig. 19 Zinc concentration vs depth (data from Bruland, 1980,
32°41'N, 145°00'W).

The Second Transition Series - Yttrium, Zirconium, Niobium,

Molybdenum, Ruthenium, Rhodium. Palladium, Silver, and Cadmium

of the second transition series, only cadmium has been
studied extensively in seawater. For the rest of the metals in
this series only minimal information is available. No data are
available for rhodium. The only data for yttrium available report

concentrations of 12-13 ng/kg in the culf of Mexico and tropical
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North Atlantic (Hogdahl et al., 1968, Hayes et al., 1966). Nb
significant variations with depth were obgerved. Concentrations of
zirconium ranging from 0414 uwg/kg have been reported in Indian
coastal waters (sastry et al., 1969) and 0.01-0.0% ug/kg in open
ocean water (shigematsu et al., 1964). Neither data set is
sufficient to define a profile much less a correlation. The only
concentration reported for niobium is 5 ngs/kg in Plymouth Bay
(Carlisle and Hummerstone (1958). In open ocean water southwest
of Plymouth Bay, none was detected. No correlation has been
predicted for this element.

Molybdenum concentrations vary from 8.6-127 ug/kg, averaging
10.4 ugskg and show no significant variation spatially or to a
depth of 1000 m (Morris, 1975). Although the scatter is not
insignificant, to this level of precision molybdenum is
conservative. Using Morrist data, a correlation expression may be
derived: Mo/CL = 58 x 107%.  Recent data from the northeast
Pacific, confirm that molybdenum is conservative with a
concentration of 10 wg/kg (Collier, 1985).

Ru concentrations in seawater are reported for the Gulf of
Mexico (Dixon et al., 1966), In several profiles, surface
concentrations vary from 01-14 ngskg; at depth concentrations
vary from 0509 ng/kg. These concentrations are of the same
order as those reported by Bekov et al., 1984 No consistent
variation with depth was observed and no correlation category has
been assigned.

Palladium exhibits a nutrient-like profile with concentrations

varying from 21-53 pg/kg (Lee, 1983; Hodge et al., 1985).
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Preliminary results suggest that the profile is similar to that
for Ni and Pt which occur just above and below Rl in the periodic

table.

Recent determinations of Ag suggest that it behaves much like
Cu in seawater; it is non-conservative, resembling the nutrients
with a release term at the sediment-water interface and scavenging
in intermediate waters (Martin et al., 1983). Concentrations vary
from 01 to 25 ng/kg.

Cadmium has been determined with accuracy at extremely low
levels, ranging from 02 ng/kg in subsurface waters of the north
Atlantic to around 100 ng/kg below 600 m (Boyle et 2al., 1976;
Bruland et al., 1978a; Bruland, 1980; Bruland and Franks, 1983
Olafsson, 1983; Boyle et al., 1984). It displays a nutrient-like
profile (Figure 20). A number of correlation expressions have been
derived (Table 1). The expression predicts concentrations about
15% higher than are observed in the Atlantic. These correlations
are nor valid at subnanogram levels of Cd Concentrations of d
can change radically during upwelling season, notably in the
tropical Pacific when surface concentrations can increase from <1
ng/kg to 9 ngskg. Clearly, under these conditions, the correlation

expressions (Table 1) are not valid.

The Third Transition Series = Hafnium, Tantalum, Tungsten, Rhenium,
Osmium. Iridium, Platinum, Gold ard Mercury

In the third transition series, no elements can be assigned a
correlation category with certainty, although Mukherji and Kester
(1979) and Hodge et al. (1985) have suggested possible correlations

for HJ and Pt. Three elements remain undetected in seawater: Hf,
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Fig. 20. Cadmium concentration vs depth (data from Bruiand, 1980,
32°41'N, 145°00'W).

Ta, and 0s. Schutz and Turekian (1965b) did not detect Hf and Ta
using neutron activation analysis using a procedure which had a
minimum detection limit for these elements of 8 and 25 ng/kg,
respectively.

Tungsten concentration of 01 wgs/kg have been reported
(Ishibashi, 1953; Chan and Riley, 1967; XKawabuchi and Kuroda, 1969).

No profiles are available and no correlation category has been
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assigned. Rhenium concentrations of 4-8 ng/kg have been reported
(Scadden, 1969; Matthews and Riley, 1970c; Olafsson and Riley,
1972). No significant variation with depth has been reported and
no correlation category has been assigned. Iridium concentrations
of 10 pgskg have been reported for coastal Pacific water (Fresco
et al,, 1985). No open ocean data is available. Platinum is
nutrient-like, ranging from 106 pgs/kg near the surface to 320
pg/kg at 2000 m (Hodge et al., 1985). No correlation expression
was reported.

The most probable concentration of gold in seawater iS about
4 ng/kg, first reported by Haber (1927) and confirmed later by
Schutz and Turekian (1965b). A number of researchers attempted to
determine Au in the interim with varying results (Brewer, 1975).
No trends with depth are evident at the levels of precision
reported.

Mercury and mercury complexes are important due to their
extreme toxicity when concentrated in marine systems. Mercury has
been studied extensively. Since Brewer's review (1975), a number
of analysts have reported mercury in seawater: about 5 ng/kg in
the open ocean off Japan (Matsunaga et al., 1979), and similar
concentrations for the northwest Atlantic Ocean (Fitzgerald and

Hunt, 1974%; Fitzgerald and Lyons, 1975; Fitzgerald, 1976). One

profile showed an average oceanic concentration of 4 ngrkg: 3
ng/kg in Atlantic subsurface water (about 25 m) increasing to 5
ng/kg at greater depth (Mukherji and Kester, 1979) and a

correlation between mercury and silicate (Table 1).
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At depths greater than 2200 m, the correlation of mercury
with silicate did not hold. The correlation was derived using data
from the Atlantic, where silicate concentrations in the upper 2000
m are generally <20 umol/kg. As the correlation may not exist at
depths greater than 2200 m or when silicate concentrations are >20
wmol/kg, its application on a world-wide scale may not be
justified. Olafsson (1983) has investigated Hg concentrations at
more  northerly latitudes in the Atlantic and reports
concentrations of the same order of magnitude but higher. He did
not observe a correlation between [Hg] and any of the nutrients.
This report supports the view that use of a correlation expression
to predict [Hgl would not be justified until its distribution in
the ocean is better understood.

Lanthanum and the Lanshanides

In addition to lanthanum, the lanthanides or rare earth
elements (REEs) are cerium, praeseodymium, neodymium. promethium,
samarium, europium, gadolinium, terbium, dysprosium, holmium,
erbium, thulium, ytterbium, and lutetium. The chemical properties
of the series are similar with the exception of Ce and Eu. All
the others are found in the *+3 oxidation state in sea water. Ce
can occur as Ce(IlI) and Ce(IV); Eu as Eu(II) and Eu(III). Because
of their chemical similarities, REEs are generally considered as a
group. The concentrations of REEs as a series often are examined
relative to chondrite (Haskin et al., 1966) or shale (Haskin and
Haskin, 1966) concentrations. Profiles of most have determined in
the Atlantic and the Pacific. Example profiles are in Table 1;

Figure 21 gives data for the Atlantic and Pacific near the surface
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Rare Earth Elements

Fg 21. Concentrations of the rare earth elements near the-
surface and at depth (Data from Elderfield and Greaves, 1982,
28°01*N, 25°59'W; DeBaar et al., 18°N, 108%). Absolute
concentrations and concentrations relative to chondrite (Haskin et
al., 1966) are shown.
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and at depth (both absolute concentrations and relative to
chondrite).

Concentrations of all the REEs except Ge increase with depth
in both the Atlantic and Pacific, the more for the heavy RES than
the light. The distribution of the REEs iS nutrient-like with
evidence of scavenging by particles in deep water (DeBaar €t al.,
1985a). The heavy REEs follow a typical silicate distribution,
whereas the light REEs are less systematic (Klinkhammer and
Elderfield. 1982). In North Atlantic Degp Water (NADW) and Pacific
Equatorial Degp Waters, a correlation between Lu and Si has been
demonstrated (DeBaar et al., 1985a):

Atlantic: fLu) = 5.36[Si] + 76 r = 099

Pacific: {Lu) = 4,72[si] = 372 r = 08
Units: [Lul, pg/kg (original expression in
pPmol/kg)
{si], umol/kg
A similar expression can be derived using alkalinity that has been
corrected for nitrate formation (DeBaar et zl., 1985a):
Atlantic: [Lu] = 402 AlKkgopp. = 9210 r -« 098
pacific: [Lu] = 3.85 Alkgopp, ~ 9030 r = 08

The correlation expression is valid only for the deep waters.
No expressions have been reported for the other REEs The
qualitative correlation with alkalinity or silicate indicates
mechanisms associated with the biogeochemical cycle of skeletal
material, such as actual incorporation into the lattices or

adsorption.
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The distribution of Ce is dominated by its redox chemistry as
is the distribution of Fe and Mn In areas of low pE, its
concentration is greatly enhanced (peBaar et a)., 1985a 1985b).

The Actinides = Uranium

Only Uranium will be discussed. Plutonium and americium exist
only as the result of man's activities. Most researchers agree
that uranium is conservative in sea water and that Its
concentration is about 3.2 ug/kg normalized to 35%, salinity,
(Rona et al., 1956, Moore and Sackett, 1964, Somyajulu and
Goldberg, 1966; Noakes et al., 1967, Sackett and Cook, 1969;
Turekian and Chan, 1971; Brewer et al., 1972; Ku et al., 1977).
Using the data of Turekian and Chan (1971), a correlation
expression, y/cL = 17 x 1077, was derived. Sackett and Cook
(1969) report greater fluctuations in coastal zones. In open ocean
water, however, the conservative relationship has proven reliable

and can be used to predict uranium-concentrations.

CONCENTRATIONS PREDICTED AT FROPOID OIEC SITES

It has been shown that for a number of elements correlations
between the elemental concentration and other chemical
oceanographic parameters exist (Table 1, Figure 1). W conclude
that using chemical oceanographic data measured at a specific site
and known correlations between those parameters and other species,
the concentration of many elements can be predicted for any time
or location.

To test the viability of this conclusion, elemental

concentration have been predicted for the proposed OTEC sites in
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Hawaii at (I) Kahe Point off the southwest coast of Oshu (Table 2)
and (II) Ke-ahole Point off the Kona Coast of the Island of Hawaii
(Table 3). Calculations were made using nutrient and salinity
measurements made at Kahe Point by Noda et al. (1981, 1982). For
the conservative elements and nutrient-related elements,
concentrations have been calculated at the surface in the mixed
layer and at 680 m, approximating depths of warm and cold water
intakes for OTEC. The range of concentration for other depths can
be made by substituting the appropriate salinity and nutrient
values at that depth in the algorithm for a particular element.
Variations in the concentrations at the same depth of salinity and
the nutrients are indicated in the tables as average, maximum, and
minimum values. Such variations, in excess of instrument or
analytical error are like due to seasonal variations in nutrient
productivity and water mess flow and locally due to patchiness and
the action of internal waves.

As Tables 2 and 3 indicate, both sites have similar salinity-
nutrient depth distribution reflecting their close proximity and
the relative homogeneity of the open oligotrophic ocean.

Conservative elements do not vary appreciably with depth

reflecting the uniform salinity of the ocean in this area. There
is a slight seasonal salinity maximum at depth due to changes in
water masses. However. such small changes do not influence the
model calculations. The nutrient-related elements do show
significant increase with depth related to the increase of nutrient

with depth to about 1000 m. As the nutrient increase is within
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TABLE 2

Observed Concentrations at Xahe Point

Chlorinity (pp thousandl Average Phosphate (uM}  Average Nitrate (ul} Silicate (uM)
Nix,Layer (4} Nix.layer ] Nix.Layer . CHl  HMix.Layer  CHI
19.26 18.99 02 28 0.01 36 2 90
1910 1890 001 1.8 0 28 0 75
1950 19.10 05 38 3 40 8 120
Predicted concentrations {Beware caveats, see text
--------- Hixed Layer - -- ol TTTmTmmTmmmmTmmTT
Average  Minisum Naxisua Units Average Niniaus Naxiaun
183 ug/kg 180 ug/kg
4,9 rqlkg 4,5 ag/kg
13 aglkg 13 eg/kg
10849 glkg 10628 g/kg
1.292 glkg 127 glkg
2729 glkg 2674 g/kg
19475 glkg 19.077 g/kg
402 rqlkg 393 ag/kg
228 meqlkg rglkg 4152 carb alk,23 seg/kg rglkg
4145 aglkg 403.7 4019 406,0 sg/kg
1.2 ug/kg 1.4 11 11 ug/kg



Atosic Predicted Concentrations (Beware caveats, see text

Number Eleaent - Mixed Layer -------=---=---==m=-- TTTTTTTTT CNL e
Averape  Minimm Maxisus Units Average Minimum Maximum

24 Chroniue
silicate rel. 212 210 219 ug/kg 309 342 uglkq
silicate, PO4 rel. 240 240 244 uglkg 309 331 ug/kg
silicate, NOJ rel. 232 230 239 uglkg 337 373 uglkq
28  Nickel 176 162 204 ngl/kq 489 602 nqlkq
30 Zinc 83 13 293 ng/kg 3163 4213 nglkq
32 Germanium 01 0 04 nglkg 45 & nglkq
34 Selenium Site 1 %3 215 473 ng/kg 74,0 2248 nqlkg
Site 2 497 2.3 62.8 nglkg 1830 232.2 nglkq
GEOSEES 1 460 21 536 ng/kg 1334 1648 nqglkq
35  Bromine 669 66.3 677 nglkg 65.9 66.3 =g/ky
37 Rubidium 1235 1224 1250 uglkg 1217 1224 uglkq
38 Strontium  Phosphate 76 75 77 waglkg 77 78 agikyg
Conservat 7 7.6 78 aglkg 76 76 wag/kg
42 Molybdenum 12 111 113 ug/kg 110 111 uglkg
48 Cadmium Pacific 02 11.9 ng/kg 1016 1406 nqglkq
51  Antimony 021 021 0.21 uglkg 021 021 uglkq
53  lodipe Nitrate 50 50 51 na/ke 63 67 ng/kq
Phosphate 49 48 51 ng/kg 63 69 nglkq
55  Cesium 030 0.29 030 ug/kg 029 029 uglkg
56 Barium 4.9 48 53 uglkg 105 12.1 uglkg
80 HMercury 210 2.3 4 nglkg 221 287 ng/kg

92 Uranium 33 32 33 ug/kg 32 32 uglkq
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Lithiur
Boron
Fluorine
Sodius
Magnesiue
Sulfur (S04}
Chlorine
Potassium
Calcium
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TABLE 3

Observed Contentrations at Kahe Point

Chlorinity (pp thousand)  Average Phosphate (uM)  Average Nitrate lull Silicate lull
Hix.Layer ol Rix.Layer Cul Hix.layer CYl  Mix,tayer CiI
1918 9.0t 02 29 0.01 30 2 85
1891 1899 001 25 0 32 0 50
1950 1904 04 32 3 43 8 100
Predicted Concentrations (Beware caveats, see text
--------- Nixed Layer CWl
Average  Minisus Maxisus Units Average Hinisus Haxious
183 uglkg 179 uglkg
45 qlkg 45 mylkg
13 rglkg 13 wglkg
10849 ¢/kg 10.59% g/ky
1292 glkg 126 glkg
2729 glkg 2.6bb glkg
19475 glkg 19.020 g/kg
402 rglkg 392 rqlkg
4133 carb alk, 229 seq/kg rglkg 4152 carh alk, 23 aeq/kg rglkg
4078 402.0 §14.5 ag/kg 4042 4037 404.B 8q/kg
12 1.1 1.2 ug/ig 1.4 11 11 wug/kg



Atomic Predicted Concentrations (Beware caveats, see text

Number Element ~  -mmmmme-s Nixed Layer ---------------=----- TTTTTTTTE [

Average Hinisua Maxisum Units Average Ninisue Maximum

24 Chroriua

silicate rel. 219 ug/kg 320 uglkg
silicate, POl rel. 245 uglkg 316 ug/kg
silicate, NO3 rel. 239 uglkq 350 ug/kg
Nickel 199 nglkg 530 nglkg
linc 29.3 nglkq 351.3 nglkg
Germanium 0.4 nglkg 5 ng/kg
Seleniua Site 1 445 nglkg 192.0 ng/kg
Site 2 595 nglkg 2016 ng/kg
BEDSELS 1 52.2 nglkg 144.8 ng/kg
Bromine 67.7 rglkg 4b.1 mgikg
Rubidiun 1250 uglkg 122.0 ug/kg
Strontium Phosphate 7.7 mglkg 7.7 agl/ky
Conservat 70 waglky 7.6 nglke
Molybdenum 113 uglkg 11.0 ug/kg
Cadmium Pacific 0.0 nglkg 117.2 ng/kg
Antinony 0.21 uglkg 0.21 uglkg
Tndine Nitrate 51 nolkg 65 ng/kg
Phosphate 50 nglkg 65 nglkq
Cesium 030 uglkg 029 uglkg
Barium 53 ug/kg 111 ug/kg
Mercury 4.0 nglkg 243 ng/kg
Uranium 3.3 ug/kg 32 uglkg

627
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the range of depths required for cold water withdrawal, changes in
depth of the cold water pipe intake will also change the
concentration of nutrients and nutrient-related elements used by
the OEC plant. For engineering and economic reasons the depth of
the cold-water intake is kept as shallow as possible to produce
the required thermal difference to operate the OTEC heat
exchangers. Thus any increase in depth to gain better thermal
efficiency also produces an Increase in nutrient-related metal
concentrations in the intake water.

Of particular concern are the nutrient-related trace metal
which have potential environmental effects if released in the
metal -depleted surface water. The very fact that such metals are
related to nutrient concentration indicates they are readily taken
up by organism in the near surface waters. This is emphasized in
the nomenclature that Broecker and Peng (1982) use to describe
those elements that they identified as ©biolimiting or
biointermediate. Their increase with depth dow their release
from organic matter through oceanic decay processes. Natural
processes such as upwelling bring up water from depth into the
photic zone. However, the depth of the source of naturally-
upwelled water is on the order of 10's of meters rather than the
nearly 1000 meters required for OTEC operations. Thus, natural
marine populations do not see metal concentrations of the values
predicted for cold water intakes for OTEC plants. Based on the
modd in Tables 2 and 3, nutrient-related elements such as Ni (2x

surface) and Zn, Se, Ge, and Cd (10x surface or greater) show
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significant increase in concentration over surface values.
Accordingly, the effects of a discharge of this deep water into
the photic zone or use of such water in biologically sensitive
processes, such as aquaculture, must be examined. The toxic
effects of these elements at such concentrations are not well
known. Mitigation to acceptable concentrations might be effected
by use of mixed discharge with the spent water from the warm
water (near surface) intake used as a diluant. A 1:1 mixture
would only half the metal concentration. However, by proper
design, minimizing mixing and proper depth location of the combined
discharge. the increased density of the mixed discharge could be
made to descend to below the photic zone before mixing with the

ambient sea water.

CONCLUSIONS

It should be possible in the future to predict the
concentrations of many trace elements in the world's oceans using
correlation expressions derived by experts in the field. It is now
important to test these hypotheses in order to get a good
approximation of the chemistry of the seawater involved in an OTEC
operation. Appropriate use of such model concentrations with
depth would focus direct and costly analytical studies on
significant elements while eliminating the need for expensive
studies on other elements. More refined analyses and techniques
are required if the bottom effects prove to be significant as
these models are based on open ocean conditions. Any additional

chemical studies should be related to parallel biological and
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biochemical studies on the effect of deep water concentrations on
surface and near-surface biota near proposed OIEC sites. Without
accepted toxic and chronic exposure studies using deep water. a
prudent mitigating strategy for discharge of water from the cold
water intake is to insure its return to depths below the photic

zone.
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North Atlantic (Hogdahl et al., 1968, Hayes et al., 1966). Nb
significant variations with depth were obgerved. Concentrations of
zirconium ranging from 0414 uwg/kg have been reported in Indian
coastal waters (sastry et al., 1969) and 0.01-0.0% ug/kg in open
ocean water (shigematsu et al., 1964). Neither data set is
sufficient to define a profile much less a correlation. The only
concentration reported for niobium is 5 ngs/kg in Plymouth Bay
(Carlisle and Hummerstone (1958). In open ocean water southwest
of Plymouth Bay, none was detected. No correlation has been
predicted for this element.

Molybdenum concentrations vary from 8.6-127 ug/kg, averaging
10.4 ugskg and show no significant variation spatially or to a
depth of 1000 m (Morris, 1975). Although the scatter is not
insignificant, to this level of precision molybdenum is
conservative. Using Morrist data, a correlation expression may be
derived: Mo/CL = 58 x 107%.  Recent data from the northeast
Pacific, confirm that molybdenum is conservative with a
concentration of 10 wg/kg (Collier, 1985).

Ru concentrations in seawater are reported for the Gulf of
Mexico (Dixon et al., 1966), In several profiles, surface
concentrations vary from 01-14 ngskg; at depth concentrations
vary from 0509 ng/kg. These concentrations are of the same
order as those reported by Bekov et al., 1984 No consistent
variation with depth was observed and no correlation category has
been assigned.

Palladium exhibits a nutrient-like profile with concentrations

varying from 21-53 pg/kg (Lee, 1983; Hodge et al., 1985).
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North Atlantic (Hogdahl et al., 1968; Hayes et al., 1966). Nb
significant varlations with depth were observed. Concentrations of
zirconium ranging from 0.4-14 uwg/kg have been reported in Indian
coastal waters (sastry et al., 1969) and 0.01-0.04 wug/kg in open
ocean water (Shigematsu et al., 1964). Neither data set is
sufficient to define a profile much less a correlation. The only
concentration reported for niobium is 5 ngs/kg in Plymouth Bay
(Carlisle and Hummerstone (1958). In open ocean water southwest
of Plymouth Bay, none was detected. No correlation has been
predicted for this element.

Molybdenum concentrations vary from 8.6-12.7 ug/kg, averaging
104 wgs/kg and show no significant variation spatially or to a
depth of 1000 m (Morris, 1975). Although the scatter is not
insignificant, to this level of precision molybdenum is
conservative. Using Morris* data, a correlation expression may be
derived: Mo/CL = 58 x 10°?. Recent data from the northeast
Pacific, confirm that molybdenum is conservative with a
concentration of 10 wg/kg (Collier, 1985).

Ru concentrations in seawater are reported for the Gulf of
Mexico (Dixon et al.,, 1966). In several profiles, surface
concentrations vary from 0.1-14 ngskg:; at depth concentrations
vary from 05-09 ngs/kg. These concentrations are of the same
order as those reported by Bekov et al., 1984. No consistent
variation with depth was observed and no correlation category has
been assigned.

Palladium exhibits a nutrient-i1ike profile with concentrations

varying from 21-53 pg/kg (Lee, 1983; Hodge et ail., 1985).
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Fig. 20. Cadmium concentration vs depth (data from Bruiand, 1980,
32°41'N, 145°00'W).

Ta, and 0s. Schutz and Turekian (1965b) did not detect Hf and Ta
using neutron activation analysis using a procedure which had a
minimum detection limit for these elements of 8 and 25 ng/kg,
respectively.

Tungsten concentration of 01 wgs/kg have been reported
(Ishibashi, 1953; Chan and Riley, 1967; XKawabuchi and Kuroda, 1969).

No profiles are available and no correlation category has been
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Preliminary results suggest that the profile is similar to that
for Ni and Pt which occur just above and below Rl in the periodic
table.

Recent determinations of Ag suggest that it behaves much like
Cu in seawater; it is non-conservative, resembling the nutrients
with a release term at the sediment-water interface and scavenging
in intermediate waters (Martin et al., 1983). Concentrations vary
from 01 to 25 ng/kg.

Cadmium has been determined with accuracy at extremely low
levels, ranging from 02 ng/kg in subsurface waters of the north
Atlantic to around 100 ng/kg below 600 m (Boyle et al., 1976;
Bruland et al., 1978a; Bruland, 1980; Bruland and Franks, 1983
Olafsson, 1983; Boyle et al., 1984). It displays a nutrient-like
profile (Figure 20). A number of correlation expressions have been
derived (Table 1). The expression predicts concentrations about
15% higher than are observed in the Atlantic. These correlations
are nor valid at subnanogram levels of Cd Concentrations of d
can change radically during upwelling season, notably in the
tropical Pacific when surface concentrations can increase from <1
ng/kg to 9 ngskg. Clearly, under these conditions, the correlation
expressions (Table 1) are not valid.

The Third Transition Series = Hafnium, Tantalum, Tungsten, Rhenium,
Osmium. Iridium, Platinum, Gold ard Mercury

In the third transition series, no elements can be assigned a
correlation category with certainty, although Mukherji and Kester
(1979) and Hodge et al. (1985) have suggested possible correlations

for HJ and Pt. Three elements remain undetected in seawater: Hf,
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At depths greater than 2200 m, the correlation of mercury
with silicate did not hold. The correlation was derived using data
from the Atlantic, where silicate concentrations in the upper 2000
m are generally <20 umol/kg. As the correlation may not exist at
depths greater than 2200 m or when silicate concentrations are >20
wmol/kg, its application on a world-wide scale may not be
justified. Olafsson (1983) has investigated Hg concentrations at
more  northerly latitudes in the Atlantic and reports
concentrations of the same order of magnitude but higher. He did
not observe a correlation between [Hg] and any of the nutrients.
This report supports the view that use of a correlation expression
to predict [Hgl would not be justified until its distribution in
the ocean is better understood.

Lanthanum and the Lanshanides

In addition to lanthanum, the lanthanides or rare earth
elements (REEs) are cerium, praeseodymium, neodymium. promethium,
samarium, europium, gadolinium, terbium, dysprosium, holmium,
erbium, thulium, ytterbium, and lutetium. The chemical properties
of the series are similar with the exception of Ce and Eu. All
the others are found in the *+3 oxidation state in sea water. Ce
can occur as Ce(IlI) and Ce(IV); Eu as Eu(II) and Eu(III). Because
of their chemical similarities, REEs are generally considered as a
group. The concentrations of REEs as a series often are examined
relative to chondrite (Haskin et al., 1966) or shale (Haskin and
Haskin, 1966) concentrations. Profiles of most have determined in
the Atlantic and the Pacific. Example profiles are in Table 1;

Figure 21 gives data for the Atlantic and Pacific near the surface
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assigned. Rhenium concentrations of 4-8 ng/kg have been reported
(Scadden, 1969; Matthews and Riley, 1970c; Olafsson and Riley,
1972). No significant variation with depth has been reported and
no correlation category has been assigned. Iridium concentrations
of 10 pgskg have been reported for coastal Pacific water (Fresco
et al,, 1985). No open ocean data is available. Platinum is
nutrient-like, ranging from 106 pgs/kg near the surface to 320
pg/kg at 2000 m (Hodge et al., 1985). No correlation expression
was reported.

The most probable concentration of gold in seawater iS about
4 ng/kg, first reported by Haber (1927) and confirmed later by
Schutz and Turekian (1965b). A number of researchers attempted to
determine Au in the interim with varying results (Brewer, 1975).
No trends with depth are evident at the levels of precision
reported.

Mercury and mercury complexes are important due to their
extreme toxicity when concentrated in marine systems. Mercury has
been studied extensively. Since Brewer's review (1975), a number
of analysts have reported mercury in seawater: about 5 ng/kg in
the open ocean off Japan (Matsunaga et al., 1979), and similar
concentrations for the northwest Atlantic Ocean (Fitzgerald and

Hunt, 1974%; Fitzgerald and Lyons, 1975; Fitzgerald, 1976). One

profile showed an average oceanic concentration of 4 ngrkg: 3
ng/kg in Atlantic subsurface water (about 25 m) increasing to 5
ng/kg at greater depth (Mukherji and Kester, 1979) and a

correlation between mercury and silicate (Table 1).
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and at depth (both absolute concentrations and relative to
chondrite).

Concentrations of all the REEs except Ge increase with depth
in both the Atlantic and Pacific, the more for the heavy RES than
the light. The distribution of the REEs iS nutrient-like with
evidence of scavenging by particles in deep water (DeBaar et al.,
1985a). The heavy REEs follow a typical silicate distribution,
whereas the light REEs are less systematic (Klinkhammer and
Elderfield. 1982). In North Atlantic Degp Water (NADW) and Pacific
Equatorial Degp Waters, a correlation between Lu and Si has been
demonstrated (DeBaar et al., 1985a):

Atlantic: fLu) = 5.36[Si] + 76 r = 099

Pacific: {Lu) = 4,72[si] = 372 r = 08
Units: [Lul, pg/kg (original expression in
pPmol/kg)
{si], umol/kg
A similar expression can be derived using alkalinity that has been
corrected for nitrate formation (DeBaar et zl., 1985a):
Atlantic: [Lu] = 402 AlKkgopp. = 9210 r -« 098
pacific: [Lu] = 3.85 Alkgopp, ~ 9030 r = 08

The correlation expression is valid only for the deep waters.
No expressions have been reported for the other REEs The
qualitative correlation with alkalinity or silicate indicates
mechanisms associated with the biogeochemical cycle of skeletal
material, such as actual incorporation into the lattices or

adsorption.
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Rare Earth Elements

Fg 2L Concentrations of the rare earth elements near the-
surface and at depth (Data from Elderfield and Greaves, 1982,

28°01'N, 25°59'W; DeBaar et al., 18°N, 108°%). Absolute
concentrations and concentrations relative to chondrite (Haskin et

al., 1966) are shown.
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Hawaii at (I) Kahe Point off the southwest coast of Oshu (Table 2)
and (II) Ke-ahole Point off the Kona Coast of the Island of Hawaii
(Table 3). Calculations were made using nutrient and salinity
measurements made at Kahe Point by Noda et al. (1981, 1982). For
the conservative elements and nutrient-related elements,
concentrations have been calculated at the surface in the mixed
layer and at 680 m, approximating depths of warm and cold water
intakes for OTEC. The range of concentration for other depths can
be made by substituting the appropriate salinity and nutrient
values at that depth in the algorithm for a particular element.
Variations in the concentrations at the same depth of salinity and
the nutrients are indicated in the tables as average, maximum, and
minimum values. Such variations, in excess of instrument or
analytical error are like due to seasonal variations in nutrient
productivity and water mess flow and locally due to patchiness and
the action of internal waves.

As Tables 2 and 3 indicate, both sites have similar salinity-
nutrient depth distribution reflecting their close proximity and
the relative homogeneity of the open oligotrophic ocean.

Conservative elements do not vary appreciably with depth

reflecting the uniform salinity of the ocean in this area. There
is a slight seasonal salinity maximum at depth due to changes in
water masses. However. such small changes do not influence the
model calculations. The nutrient-related elements do show
significant increase with depth related to the increase of nutrient

with depth to about 1000 m. As the nutrient increase is within
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The distribution of Ce is dominated by its redox chemistry as
is the distribution of Fe and Mn In areas of low pE, its
concentration is greatly enhanced (peBaar et a)., 1985a 1985b).

The Actinides = Uranium

Only Uranium will be discussed. Plutonium and americium exist
only as the result of man's activities. Most researchers agree
that uranium is conservative in sea water and that Its
concentration is about 3.2 ug/kg normalized to 35%, salinity,
(Rona et al., 1956, Moore and Sackett, 1964, Somyajulu and
Goldberg, 1966; Noakes et al., 1967; Sackett and Cook, 1969;
Turekian and Chan, 1971; Brewer et al., 1972; Ku et al., 1977).
Using the data of Turekian and Chan (1971), a correlation
expression, y/cL = 17 x 1077, was derived. Sackett and Cook
(1969) report greater fluctuations in coastal zones. In open ocean
water, however, the conservative relationship has proven reliable

and can be used to predict uranium-concentrations.

CONCENTRATIONS PREDICTED AT FROPOID OIEC SITES

It has been shown that for a number of elements correlations
between the elemental concentration and other chemical
oceanographic parameters exist (Table 1, Figure 1). W conclude
that using chemical oceanographic data measured at a specific site
and known correlations between those parameters and other species,
the concentration of many elements can be predicted for any time
or location.

To test the viability of this conclusion, elemental

concentration have been predicted for the proposed OTEC sites in





Atosic Predicted Concentrations (Beware caveats, see text

Number Eleaent - Mixed Layer -------=---=---==m=-- TTTTTTTTT CNL e
Averape  Minimm Maxisus Units Average Minimum Maximum

24 Chroniue
silicate rel. 212 210 219 ug/kg 309 293 342 uglkq
silicate, PO4 rel. 240 240 244 uglkg 309 301 331 ug/kg
silicate, NOJ rel. 232 230 239 uglkg 337 318 373 uglkq
28  Nickel 176 162 204 ngl/kq 489 404 602 nqlkq
30 Zinc 83 13 293 ng/kg 3163 263.8 4213 nglkq
32 Germanium 01 0 04 nglkg 45 3.75 & nglkq
34 Selenium Site 1 43 275 473 nglkg 74,0 134.6 2248 nqlkq
Site 2 497 2.3 628 nglkg 1830 141.9 232.2 nglkq
GEOSEES 1 460 21 536 ng/kg 1334 110.7 1648 nqglkq
35  Bromine 669 66.3 677 nglkg 65.9 5.7 66.3 =g/ky
37 Rubidium 1235 1224 1250 uglkg 1217 121.2 1224 uglkq
38 Strontium  Phosphate 76 75 77 waglkg 77 1.6 78 agikyg
Conservat 77 76 78 aglkg 76 1.5 76 ag/kg
42 Molybdenum 12 111 113 ug/kg 110 11.0 111 uglkg
48 Cadmium Pacific 02 11.9 ng/kg 1016 62.6 1406 nqglkq
51  Antimony 021 021 0.21 uglkg 021 0.21 021 uqglkq
53  lodipe Nitrate 50 50 51 na/ke 63 60 67 ng/kq
Phosphate 49 48 51 ng/kg 63 58 69 nglkq
55  Cesium 030 0.29 030 ug/kg 029 0.29 029 uglkg
56 Barium 4.9 48 53 uglkg 105 9.5 12.1 uglkg
80 Mercury 2.70 2.3 4 nglkg 221 18.8 28.7 nglkyg
92 Uranium 33 32 33 ug/kg 32 3.2 32 uglkq

YIILVM VIS NI SINIWITI AIATOSSIA

L2z





Atomic
Nuaber

i
12
16
17
19
20

23

TABLE 2

Observed Concentrations at Kahe Point
Chlorinity {pp thousandl Average Phosphate

Hix.Layer
Average 19.26
Ninisua 1910
Maxirun 1950

Elesent  -—-------
Average

Lithiua 18!
Boron 4.4
Fluorine 1.3
Sodiur 10,720
Hagnesiur 1.276
Sulfur (S04} 2.697
Chlorine 19.243
Potassium 397
Calciua

based on carb. alk 4i3.3

based on conserv. 409.5
Vanadium 1.2

CHi Mix.layer Cul
i8.99 02 28
1890 001 i.8
19.10 05 38

Predicted concentrations {Beware

Hixed Layer

Kiniaun Maxiaus Units
180 183 ug/kq

4.4 §.5 rglkg

1.3 13 aglig
10.628 10.849 glkg
1,265 1.292 glkg
2,674 2.729 glkg
19.077 19475 gikg
393 402 rqlkg

carb alk, 228 meq/kg rglkg
404.0 4145 aglkg
1.1 1.2 ug/kg

(M) Average Nitrate (ul) Silicate (u#)
Nix.Layer . CHl  HMix.Layer  CHI
001 36 2 90
0 28 0 75
3 40 ] 120
caveats, see text
- -- L ] S
Average Niniaus Naxiaun
178 178 180 ug/kg
4.3 44 4,5 ag/kg
1.3 1.3 13 eg/kg
10,964 10.520 10628 g/kg
1.28 1,28 127 gtkg
2,658 2.64b 2674 g/kg
18.967 18.864 19077 g/kg
391 389 393 ag/kg
4152 carb alk,23 seg/kg rglkg
403.7 4019 406,0 sg/kg
1.4 11 11 ug/kg
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Atomic
Number

24

28
30
32
34

35
37
38

42
48
9l
53

b5]
36
80
92

Element
Chroriua
silicate rel.
silicate, POl rel.
silicate, NO3 rel,
Nickel
linc
Germanium
Seleniun Site 1
Site 2
BEDSELS 1
Broaine
Rubidiun
Strontium  Phosphate
Conservat
Molybdenum
Cadmium Pacific
Antinony
Indine Nitrate
Phosphate
Cesium
Barium
Mercury
Uranium

Average

212
240
232
176
8.3
0.1
34.3
49.7
46.0
6b.6

Predicted Concentrations (Beware caveats, see text

Nixed Layer
Hinisum

210
240
230
162
1.3
0
2.5
42.3
2.1
63.7

Maxisum Units

219 ug/kg
245 uglkg
239 uglkq
199 nglkg
293 nglkq
0.4 nglkg
445 nglkg
595 nglkg
52.2 nglkg
67.7 rglkg
1250 uglkg
7.7 mglkg
70 nglkg
113 uglkg
0.0 nglkg
0.21 uglkg
51 no/kg
50 nglkg
030 uglkg
53 ug/kg
4.0 nglkg
3.3 ug/kg

Average

304
303
333
485
298.8
4.25
173.0
183.6
131.9
66.0
121.9
1.7
1.6
11.0
103.5
0.21
63

64
0.29
10,2
2.0
3.2

Cwl
Ninisua

263
271
295
396
176.3
2.5
135.2
151.5
106.0
66.0
121.7
1.6
1.4
1.0
89.9
0.21
6l

62
0.29
8.0
13.3
3.2

320 uglkg
316 ug/kg
350 ug/kg
530 nglkg
351.3 nglkg
5 ng/kg
192.0 ng/kg
2016 ng/kg
144.8 ng/kg
4b.1 mgikg
122.0 ug/kq
7.7 agl/ky
7.6 nglke
11.0 ug/kg
117.2 ng/kg
0.21 uglkg
65 ng/kg

65 nglkq
029 uglkg
111 uglkg
243 ng/kg
32 uglkq
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TABLE 3

Observed Contentrations at Kahe Point

Chlorinity (pp thousand}

Hix.Layer
Average 1918
Ninisua 1891
Maxiaue 1950
Element ~  ==mememe-
Average
Lithiur 180
Boron 4.4
Fluorine i.3
Sodius 10.674
Magnesiue Lan
Sulfur (S04} 2.685
Chlorine 19,160
Potassium 395
Calcium
based on carb. alk 4133
Cased 0n conserv. 4078
Vanadiua 12

Average Phosphate (uM)  Average Nitrate lull Silicate lull
ol Rix.Layer Cul Hix.layer CYl  Mix,tayer CiI
19,01 02 29 0.01 30 2 85
1899 001 25 0 32 0 50
1904 04 32 3 43 8 100
Predicted Concentrations (Beware caveats, see text
Hixed Layer CHL e
Hiniaua Maxisus Units Average Hinisus Haxious
178 183 uglkg 179 179 179 uglkg
4.3 45 qlkg 4.4 3 45 wmylkg
1.3 13 rglkg 1.3 1.3 13 wglkg
10.523 10849 q/kg 10.579 10.568 10.596 g/kyg
1.283 1292 glkg 1.2 1.26 126 glkg
2.647 2729 glkg 2.661 2.459 2.6bb glkg
10.690 19475 glkg 18.990 18.970 19.020 9/kg
390 402 rglkg 392 391 392 rqlkg
carb alky 229 sea/kgy rglkg 4152 carh alk, 23 aeq/kg rglkg
402.0 §14.5 aglkg 4042 4037 404.B 8q/kg
1.1 1.2 ug/ig 1.4 11 11 wug/kg

8717
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significant increase in concentration over surface values.
Accordingly, the effects of a discharge of this deep water into
the photic zone or use of such water in biologically sensitive
processes, such as aquaculture, must be examined. The toxic
effects of these elements at such concentrations are not well
known. Mitigation to acceptable concentrations might be effected
by use of mixed discharge with the spent water from the warm
water (near surface) intake used as a diluant. A 1:1 mixture
would only half the metal concentration. However, by proper
design, minimizing mixing and proper depth location of the combined
discharge. the increased density of the mixed discharge could be
made to descend to below the photic zone before mixing with the

ambient sea water.

CONCLUSIONS

It should be possible in the future to predict the
concentrations of many trace elements in the world's oceans using
correlation expressions derived by experts in the field. It is now
important to test these hypotheses in order to get a good
approximation of the chemistry of the seawater involved in an OTEC
operation. Appropriate use of such model concentrations with
depth would focus direct and costly analytical studies on
significant elements while eliminating the need for expensive
studies on other elements. More refined analyses and techniques
are required if the bottom effects prove to be significant as
these models are based on open ocean conditions. Any additional

chemical studies should be related to parallel biological and
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the range of depths required for cold water withdrawal, changes in
depth of the cold water pipe intake will also change the
concentration of nutrients and nutrient-related elements used by
the OEC plant. For engineering and economic reasons the depth of
the cold-water intake is kept as shallow as possible to produce
the required thermal difference to operate the OTEC heat
exchangers. Thus any increase in depth to gain better thermal
efficiency also produces an Increase in nutrient-related metal
concentrations in the intake water.

Of particular concern are the nutrient-related trace metal
which have potential environmental effects if released in the
metal -depleted surface water. The very fact that such metals are
related to nutrient concentration indicates they are readily taken
up by organism in the near surface waters. This is emphasized in
the nomenclature that Broecker and Peng (1982) use to describe
those elements that they identified as ©biolimiting or
biointermediate. Their increase with depth dow their release
from organic matter through oceanic decay processes. Natural
processes such as upwelling bring up water from depth into the
photic zone. However, the depth of the source of naturally-
upwelled water is on the order of 10's of meters rather than the
nearly 1000 meters required for OTEC operations. Thus, natural
marine populations do not see metal concentrations of the values
predicted for cold water intakes for OTEC plants. Based on the
modd in Tables 2 and 3, nutrient-related elements such as Ni (2x

surface) and Zn, Se, Ge, and Cd (10x surface or greater) show
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biochemical studies on the effect of deep water concentrations on
surface and near-surface biota near proposed OIEC sites. Without
accepted toxic and chronic exposure studies using deep water. a
prudent mitigating strategy for discharge of water from the cold
water intake is to insure its return to depths below the photic

zone.
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