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Abstract-Thermodynamic calculations have been performed for cation hydrolysis, including temperatures 
from 2°C to the high values of significance near Mid-Oceanic Ridge Systems (MORS). Eighteen elements 
with wide range of residence times (t) in seawater (Mn, Th, Al, Bi, Ce, Co, Cr(III), Fe, Nd, Pb, SC, Sm, A8 
Cd, Cu, Hg, Ni and Zn) have been considered. A model for the regulation of trace metal composition in 
seawater by cation hydrolytic processes, including those at MORS, is presented. Results show an increase 
in the abundance of neutral metal hydroxyl species with increase in temperature. During hydrothermal 
mixing, as the temperature increases, transformation from lower positive hydroxyl complexes to higher or 
neutral complexes would occur for Cd, Ce, Co, Cr(III), Cu, Mn, Nd, Ni, Pb, Sm and Zn. pH values for 
adsorption of the metal ion onto solid surfaces have direct relation with pH values of hydrolysis. Co, Mn 
and F% could be oxidized to hi&r states (at Mn-oxide surfaces) tbat would occur even at MORS. Ce can 
also be oxidized at 25°C. Solubility calculations show tbat Al, Bi, Cr(III), SC, Fe, and lb are saturated while 
Ce, Nd and Sm are not with respect to their oxyhydroxide solids at their concentrations in seawater at 25’C. 
Cu, Hg Ni and Zn reach saturation equilibrium at 250°C, whereas Co, Mn and Pb exhibit unsaturation. 
The results suggest an increase in scavenging capacity of a cation with rise in temperature. 

INTRODUCIION 

A METAL ION present in aqueous solution reacts with 
the surrounding water molcculcs or with the water 
molecules within its hydration sheath, leading to hy- 
drolysis of the metal ion. This process depends on fac- 
tors such as temperature, pressure, ionic potential 
(charge to radius ratio of the ion), ionic strength, pH, 
concentration of the metal ion, etc. The aqueous 
chemistry of most of the metallic elements is domi- 
nated by hydrolytic processes (BAES and MESMER, 
1981). If a metal ion concentration exceeds the solu- 
bility limit, solid hydroxides, oxides or oxyhydroxides 
might form. In seawater, only a few elements can 
readily form these solid phases (BREWER, 1975) and 
SCIIITWLER (1967) found a direct relationship between 
the solubility of some of the metals and their sedi- 
mentation in the sea. If the metal concentration is less 
than the solubility limit, the same might be scavenged 
through surlke adsorption (KRAUSKOPF, 1956; PARKS, 
1975; BALISTIUEIU et al., 1981; Ll, 1981; KUMAR, 
1983). The oxide and hydroxide phases arc present in 
forms of suspended particulate matter and/or sedi- 
ments throughout the ocean. Also, apart from the sul- 
phides formed at high temperatures, oxides and hy- 
droxides of cations are formed during the mixing be- 
tween hot hydrothermal solution and cold ambient 
seawater, in regions of Mid-Oceanic Ridge Systems 
(MORS) (EDMoND~~ al.. 1979a, 1982; BONA-I-II, 1983; 
MALAHOFF et al.. 1983; RONA, 1984). 

Recently, KUMAR (1983) has revealed the signifi- 
cance of oxides and hydroxides in regulating the trace 
metal composition of seawater. The present paper is a 
further study in augmenting the role of hydrolytic pro- 
cesses and the resultant dissolved hydroxyl species and 
precipitates in maintaining the trace metal levels in 
seawater. Though the normal temperature in the ocean 
goes up to -32°C the range considered in the present 

work, -25 to 5OO’T, facilitates the study of possible 
hydrolytic pmccssea occurring near MORS, polar and 
thermally polluted regions. 

COMPUTATIONS 

A general equation for the stepwise hydrolysis of a metal 
ion, Mm, is written as 

M(OH)$“-el + Hz0 = M(OHizt”+ + H+ (1) 

where g increases successively from xero. The equilibrium 
constant for this reaction by having the activity of water as 
unitv is 

12) 

The available stability constants data are mostly at 25°C and 
1 atm. (BAES and MEWED, 1976: TURNER et al.. 1981) and 
hence entbalpy values (AhHm.LI, Kcal - mole-‘) are required 
for the prediction of & at temperature T (OK). Based on a 
linear relation between change in entropy (ASW.,s, Cal K-t 
mole-‘) values for the stepwise hydrolytic reactions and charge 
;luc;tiytt8 species (n - q), BAES and ME~MER (1981) 

ASr9r.tJ = -17.8 + 12.2(n -4). (3) 

change in free energy (AG~~B.,s, Kcal Mole-‘) is related to 
A&W as 

~r9a.u = AGzw+ TASXW (4) 

and with a R value of 1.987 19 cal deg-’ mole-’ 

A%s.,s = - 1.36 ~og829a.15. (5) 

From the equations (3-5), BAES and MESMER (198 1) derived 
a general equation to estimate entbalpy values as given by (6) 

A&a.,5 = - 1.36 l~g&,,.,~ -5.3 + 3.64(n-q). (6) 

The estimated uncertainties for AS298.15 and AHH,.,, are -e 10 
cal K-t mole-’ and i3 Kcal mole-‘. msueetivelv. Wand AS 
at other temperatures can be estimatedfrom the equations 

AHr=AH290.,5+ACp(T-298.15) (7) 

A&= A&.,5 + ACp(Tl298.15) (8) 

where ACp is tbe change in heat capacity. 
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BAES and MESMER ( 198 1) estimated the average ACp values 
of monatomic cations as a function of radius and temperature 
using the partial molal heat capacities for monatomic ions 
given by Cuss and COBBLE (1964). The estimated ACp values 
may have a standard error of 10 Cal mole-’ K-l up to 200”. 
The equilibrium constant for Eqn. (I) is calculated at other 
temperatures (&) from the equation 

log &= (AH,- TAS&2.303RT. (9) 

With the above mentioned standard errors in AH, AS and 
ACp values, the estimated error in log fi at 250°C is 1.22. The 
effect of temperature and pH on various hydroxyl species of 
a metal ion, kf”+, can be assemed through the stability fields 
of these complexes on a pH-temperature plot. [H+]r for the 
occurrence of Eqn. (1) can be found from j3r of Bqn. (9) as 

(IO) 

and the pHr (i.e., the pH at which the reactant and product 
hydroxyl species have equal concentrations at temperature T) 
would be 

pHT= -log [flT= -log j3r. (II) 

In the present evaluation, log &98.15 values of R&Es and MES- 
MER (1976) and TURNER et al. ( 198 I) have been used to com- 
pute Iw,.,, (Eqn. 6). ACp values are calculated with ex- 
trapolation to the ionic radius of the reacting metal ion. Along 
with the formulation of BAES and MESMER ( 198 I), it is con- 
sidered for the first metal hydroxy anion complex formation, 
i.e., 

M(OH).o + Hz0 = M(OH),, + H+ (12) 

the ACjr value is close to that of ACp of water dissolution. 
Also BAES and ME~MER (198 I) approximated, based on the 
recent data, that during the formation of neutral metal hy- 
droxyl complex 

M(OH); + Hz0 = M(OH);-, + H+ (13) 

the Cp would bc zero. With the presently evaluated ACp values, 
AH*, A&, AGr and log &are evaluated using Eqns. (3 and 
6-9). Elemental residence times (I) are estimated based on 
the sedimentation tate technique of b ( 1982). Cr(II1) residence 
time of 2 I 1 years is from KUMAR (1986). 

RESULTS AND DISCUSSION 

Figure I depicts the Nd(III)-Hz0 system as an ex- 
ample of the pH-temperature diagrams constructed for 
eighteen elements having wide range of residence times 
in seawater. The selected elements are Mn and Th (I 
< 10 yrs.), Al, Bi, Ce, Co, Cr(III), Fe, Nd, Pb, SC and 
Sm (10 < t < lo3 yrs.) and Ag, Cd, Cu, Hg, Ni and 
Zn (10’ < f < IO6 yrs.). Of these elements Cr is found 
as CrOj- in seawater (VAN DER WE~JDEN and REITH, 

1982; KUMAR and REDDY, 1985) and Ce, Co, Mn and 
Pb are found to bc present in higher oxidation states 
in marine sediments and manganese nodules (SILLEN, 

1961; BREWER, 1975; DILLARD~ a/.. 1982). 

The solid lines in pH-temperature diagram (Fig. 1) 
represent the actual pH and temperature where two 
successive hydroxyl species, of a metal ion, (here Nd’+) 
are present in equal amounts. At any temperature, as 
the pH increases the concentration of the hydroxyl 
species below the line decreases and that of the above 
species increases (Fig. I ). 
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FIG. 1. pH-temperature diagram for Nd-Hz0 system. 

Implications for the regulation of trace metal 
composition of seawater 

Figure 2 depicts a model with various modes of trace 
metal removal from seawater other than those biolog- 
ically involved. These include: (1) metal hydroxyl 
complex formation and subsequent adsorption onto 
solid particles/precipitates, (2) direct metal ion ad- 
sorption onto solid particles/precipitates, (3) oxidation 
of the metaion to a higher state and subsequent ad- 
sorption/precipitation on to Mn(IV)/Fe(IlI) and/or 
other oxyhydroxide phases and (4) precipitation of hy- 
droxides and oxides of metals at high temperatures, 
that occurs during the mixing between seawater and 
hydrothermal solutions near MORS (Fig. 2). In this 
model the metal hydroxyl complexes are considered 
up to the neutral hydroxyl complexes, since positive 
and neutral hydroxyl complexes are susceptible to se- 
questering by particulate matter. Due to negative sur- 
face charge on the suspended particulate matter in sea- 
water (NEIHOF and LOEB, 1972; HUNTER and LISS, 
1979; BALISTRIERI et al., 198 I) the negatively charged 

dissolved species may not be scavenged. The oxidation 
of some metal ions to higher states occurs during sed- 
imentation and results in the formation of oxyhydrox- 
ide phases, facilitating coprecipitation and adsorption. 
Near MOR systems a conservative linear mixing be- 
tween hydrothermal solution of350”Cand theambient 
seawater of 2’C is assumed (Fig. 2). This conservative 
mixing, above the seafloor and subsequent precipita- 
tion of dissolved components onto the seafloor, occurs 
if the subseafloor is tight (BONA-~, 1983; RONA, 1984). 
Sulphates are the predominant sulphur species up to 
a temperature of 250°C. but a further increase shall 
facilitate the enhancement in sulphide concentration 
in seawater (SHANKS and BISCHOFF, 1977). As a result 
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FIG. 2. Considered model for the adsorptiondesorption equilibria of cation hydrolytic species and the 
fate of trace metals in seawater, emphasizing the linear conservative mixing at MORS (Schematic). 

sulphide deposits are detected near vents, wherein ox- 
ides and other mineral deposits are found farther away 
from vent regions (EDMOND et al., 1979a, 1982; BON- 
ATTI, 1983; MAWrioFFef al., 1983; RONA, 1984). ED 
MOM, et al. ( 1979a) noted that next to the pECi&atiOn 
of sulphides, the iron rich silicates, oxides of Fe and 
Mn, sulphates and carbonates are formed as the sea- 
water/hydrothermal solution ratio increases to about 
100. This oxide and other mineral phase formation 
facilitates the removal of trace metals as simple cations 
or as their hydroxyl complexes through surface scav- 
enging (KRAUSKOPF, 1956; PARKS, 1975; BALISTRIERI 
et al., 1981; Ll, 1981; KUMAR, 1983). 

During the mixing between normal seawater and 
hydrothermal solution near vent regions the pH is of 
importance because of its effect on cation hydrolysis. 
The pH of 8 is considered to be maintained by the 
HCOS/CO$- equilibrium in seawater. However, pH 
values of the hydrothermal solution, in situ, are not 
known. Laboratory experiments showed a pH decrease 
to about 3.5, during the interaction between seawater 
and basalts at higher temperature (300°C) and pres- 
sures (500 bars) (Morn. and SEYFRIED, 1980; SEY- 
FRIED and BISCHOFF, 198 1). SEYFRIED and BISCHOFF 
( 198 1) and SEYFRIED and MOTTL (1982) have shown 
an increase in CO1 content during these experiments. 
In concurrence with these experimental results, ED 
MOND et al. ( 1979b) revealed zero alkalinity at 1 OO’C, 
by extrapolating their observed data from Galapagos 
spreading ridge. BISCHOFF and SEYFRIED (1978) have 
also shown that the precipitation of Mg(OHk is the 
responsible mechanism for the pH reduction in sea- 
water with rise in temperature. MOTTL and SEYFRIED 
(1980) found a decrease in pH with increase in water/ 

rock ratio at a constant temperature. These facts suggest 
the insignificance of carbonate system in maintaining 
the pH of seawater especially at high temperatures. In 
view of these findings it is assumed here that the pH 
is being controlled by linear conservative mixing be- 
tween hydrothermal solution with a pH of 3.5 and 
seawater with a pH of 8. This consideration yielded a 
pH of 5.8 (Fig. 2) when seawater becomes sulphate 
dominated at around 250°C which otherwise is sul- 
phide dominated at temperatures higher than 250°C 
(SHANKS and BISCHOFF, 1977). MOREL (1983) calcu- 
lated the pH of the hydrothermal solution after about 
100 times dilution by seawater to be about 6.5 by using 
H+, H&Or, SO:-, HzS, FeS and Mn2+ as the principal 
components of the mixing solutions. The discrepancy 
between the presently estimated pH of 5.8 and that of 
6.5 is because MOREL (1983) did not consider tem- 
perature effect on the above considered components 
and also Mn(OHk precipitation during the mixing 
processes, which otherwise would have resulted in pH 
value lower than 6.5. 

Temperature effect on hydrolysis 

Table 1 shows the percentages of the two dominant 
hydroxyl species of respective cations at 2 and 25°C 
calculated from pH-temperature plots at a pH of 8. 
The percentages of total metal hydroxyl species cal- 
culated for seawater by TURNER et al. ( 198 1) are also 
given (Table 1). Mn, Ce, Co and Pb (t < 10’ yrs.) have 
low percentage hydroxyl species of the total metal as 
compared to other cations of the same residence time 
category. In generaI, those elements have t values > lo3 
yrs., have low percentages of hydroxyl species (Table 
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1). A general tendency is that trace metals of short 2 
in seawater have high percentages of neutral hydroxyl 
complexes, excepting Ce, Co, Cr(III), Mn and Pb (Table 
1). Notably other complexes present for the consider& 
metals are either free ion or first hydroxyl complexes. 

Figure 1 depicts the tendency of irmreasing stability 
field of M(OH),” species with rise in temperature. The 
range of pH for the occurrence of iW(OH),O , which is 
generally minimum at low temperatures, increases to 
a maximum at higher temperatures. This is because of 
the unique behaviour of the boundary condition of 
M(OH)~_:-I/N(OH).“/M(OH);+I equilibria (BAES and 
MESMER, 1981). Figure t shows that the occurrence 
of M(OH)t+,/M(OH),O boundary requires low pH val- 
ues whereas M(OH),O/M(OH);, boundary requires 
high pH values with increase in temperature. But the 
latter boundary shows a minimum pH requirement at 
higher temperatures and the range, for the considered 
elements, is about lOO-25O’C with variable minimum 
pH values. 

At the sewater pH of 5.8, Figure 3 shows an increase 
in percentages of neutral metal hydroxyl complexes 
(~OH)~) with rise in temperature for the elements 
with t -z 10r yrs. (Al, Bi, Ce, Co, Cr(III), Fe, Nd, Pb, 
SC, Sm and Th). All cations reach maximum percent- 
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FIG. 3. Temperature variation of %M(OH)i species for the 
metals with tog f < 3 in seawater. 

ages near 300°C. Th does not show much variation 
with temperature. Neutral hydroxyl metal complexes 
of Ce, Co, Cr(III), Nd, Pb and Sm exhibit significant 
temperature dependence (Fig. 3). pH ranges for the 
occurrence of neutral metal hydroxyl species are given 
in Table 2 at 0,25 and 250°C. At these temperatures, 
pH range is minimum at 0°C and increases with tem- 
perature (Table 2). For Ce, Nd and Sm this increase 
is about three fold (Fig, 1; Table 2). The concentration 
of neutral metal hydroxyl species has an important 
bearing on the solubility of the respective metal oxy- 
hydroxide precipitates because this forms the solubility 
minimum in the solubility curve (BAE.S and MESMER, 
19Sl).B~~dM~M~(l9Sl)~~not~ad~ 
in the minimum solubility with increase in cationic 
charge. Figure 3 clearly reflects this tendency by de- 
picting an increase in the percentage of neutral hy- 
droxyl complexes with increase in ionic charge. Hence, 
apart from an enhancement in the concentration of 
neutral cation hydroxyl complex with increase in tem- 
perature (Fg. 3), the range of pH for the predominance 
of this species also increases. 
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During the mixing between seawater and hydro- 
thermal solutions, near MOKS, alteration in the abun- 
dance of predominant metal hydroxyl species might 
occur as is conspicuous from Fig. 3. The pH of 5.8 at 
25O”C, as discussed above, is considered as high tem- 
perature end member, in the present study, for the 
evaluation of the possible transformation of various 
hydroxyl species near MORS. Among the considered 
eighteen elements, Cd, Ce, Co, CrtIII), Cu, Mn, Nd, 
Ni, Pb, Sm and Zn have shown ~sfo~ation in hy- 
droxyl complexes during the mixing at MORS (Table 
3). The temperature and PI-I values required for the 
respective transformation are also given in Table 3. 
Excepting the elements Cd, Ce, Mn, Nd, Pb and Sm 
the other cations exhibit the transition from positive 
hydroxyl species to neutral hydroxyl species at rela- 
tively high temperatures (Table 3). 

Residence time control by hydrolysis- 
~d~o~~ion-scavenging 

Table 4 lists pH values for the occurrence of hydro- 
lysis of ten of the considered elements for those, pH 
required for adsorption (pH& are available (PARKS, 
1975). The fast removed polyvalent ions (Al, Cr, 
Fe and Th) in seawater require very low hydrogen 
ion concentrations for the hydrolysis occurrence 
(pHhydrolyris) than those removed slowly. PH,,,,~,* val- 
ues of fast removed elements are much tower than 
pH, values (Table 4) and hence at the specific pH&, 
metal hydroxyl complexes prevail in the solution so 
that the concentrations of these elements are not only 
affected by precipitation processes, but by adsorption 
also. However, pH& values are only slightly higher 
than pHhydrol* in cam of divalent metals (Table 4) 
leading to the predominance of first or second hydro- 
lysis products. The pH needed, in case of these divalent 

am _*% + ‘120 = ?bh(on)+ + if+ 
m c.J+ + x20 - ~(oli)*+ + ii+ 

185 5.9 

ww2+ + i$o = C*(Of$ + ll+ 

40 7.6 

c.*+ 

78 7.3 

CO + H20 = c&H)+ + If+ 120 7.0 
co(eti)+ + Iis0 I co(eH)O + II+ 

er m(e$ + SO.= Cr(@if); + H+ 
la5 6.5 
65 7.4 

Nd NdJ+ + x20 I Nd(C@ + n+ 

Nd(C@ 
35 7.7 

* I$0 = Nd(OH),+ + if+ 80 7.3 

Pb m*+ + Is20 - E?J(oH)+ + H+ 2O 

a?+ + N20 

7.8 
sm =&Ozi) *+ + Ji+ 

sm(Cfi)*+ 
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+ !i20 = WH); l ri+ 83 7.2 

Cd Cd*+ + #I20 r Cd(OH)+ + N+ 165 6.4 
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Cam+ * n20~Cu(OH);+H+ 210 6.1 

Ni lli** + H20 . Ni(OH)+ + H+ 135 6.8 

Ni(OH)+ + $0 - Ni(OB)' + H+ 
02 

175 6.4 

za 28 + 2 H20-~(f6i), +H+ 30 7.0 

%--tw 
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metals, for the equilibrium occurrence of M”‘/ 
M(OH)(“-I)+ is considerably higher than the respective 
pH, value (Table 4). Accordingly, the evaluated per- 
centages of first hydroxyl complexes are low. Table 4 
aIso shows that polyvalent metals have pH (~01.2) val- 
ues close to pHpdL values, resulting in the relatively 
high percentages of M(OH)(“-“+ complexes enabling 
the increase in adsorption intensity. Despite the less 
adsorption tendency for Co, Mn and Pb, as can be 
seen from Table 4, they are removed fast from the 
oceans which might be due to their oxidation to higher 
states. 

The presence of Ce”, Co3+, Mn’+ and Pb’+ states 
in manganese nodules have been detected (DILU\RD 
ef al., 1982) revealing the possibility of the oxidation 
as a factor for their fast removal from seawater. It will 
be of interest to examine whether this oxidation occurs 
during hydrothermal mixing also. The considered re- 
actions for the feasible oxidation of Ce’+, Co*+ and 
Pb’+ at Mn-oxide surfaces are: 

2 Mn,O, (c) + 3 Co*+ + 4 H+ 

= Mn02 (c) + Co304 (c) + 5 Mu*+ + 2 Hz0 

2 Mn304 (c) + Pb*+ + 8 H+ 

= MnOz (c) + PM)*(c) + 5 Mn*+ + 4 Hz0 

and 

Mn203 (c) + 2 Ce’+ + H20 

=2Ce02(c)+2Mn2++2H+. 

The free energy values at various temperatures for the 
fo~ation of compounds and ions (AGr) in these equa- 
tions are obtained from BARPIER and SCHEURMAN 

( f 978). Figure 4 shows that Co*’ and Pb2’ oxidation 
can occur even at high temperatures at Mn-oxide sur- 
faces and hence can be expected in hydrothermal de- 
posits. AGr value for CeOr is available only at 25°C 
(BARNER and SCHEURMAN, 1978) and the free energy 
of the above &-oxidation reaction is found to be -9.2 I 
Kcal mole-‘, which shows the feasibility of this reac- 
tion. Low log t values for Ce, Co, Mn and Pb are also 
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FIG. 4. Variation of free energy of the resction, for the 
oxidation of co” and pb2’ to Co3+ and F%‘+ states and sub- 
sequent precipitation (see text) with temperature. 

evidently due to their oxidation to higher oxidation 
states (Fig. 4) in addition to the susceptibility for scav- 
enging by particles. MURALI et al. ( 1987) found a sig- 
nificant increase in Cc and Co contents in the middle 
layers of a Ctetaceous manganese noduie where higher 
amounts of Mn are also observed. 

Figure 5 shows that in aqueous solutions Ce3+ is the 
most stable species because it has the least Volt equiv- 
alent values in the acidic anoxic (pH = 0; PO, = 0), 
acidic oxic (pH = 0; PO, = 1 atm.) solutions and oxic 
seawater (pH = 8; PO, = 0.21 atm.). Ce& is unstable 
compared to Ce3+, but with the increase in oxygen 
concentration the difference in Volt equivalents be- 
tween Ce’+ and G?+ decmases though these species 
can not have equal stability even at an oxygen partial 
pressure of one atmosphere. Figure 5 is constructed 
(for details of construction see WONG, 1980; KUMAR, 
198 1) using free energies of formation of Ce ions given 
by BURGESS (1978). Figure 5 is in concurrence with 
the evaluated Ce’+/fY+ ratio of 10-I’ in seawater (DE 
BAAR ef al., 1985; WANG et al., 1986). A range of 0.7 
to 10v6 for the ratio Ce(OH)$+/Ce3+, computed for the 
Eh range 0.75 to 0.40 (SPZRN, 1965; as cited by MURALI 
et al., I987), is high in the light of Fig. 5 and the values 
Of DE BAAR et ai. ( 1985) and WANG ef CJ. ( 1986). These 
results aIso reveal that the oxidation of C!e3+ to Ce”, 
as presumed on the basis of Ce concentration pattern 
in seawater and sediments (WANG et af., 1986) and as 
suggested by GOLDBERG (196 I), may not be feasible 
in seawater in the absence of any oxidant surface. For 
some elements the concentration in deep seawater or 
near sediment-water interface would be greater than 
that in surface seawater. This increase, as KUMAR 
( 1986) eval~ted for Cr, is because of the decomposi- 
tion of organic matter and the dissolution of carbonate, 
phosphate and siliceous mineral matter in deep sea- 
water. Ce present in CaCQ phases, of corals and mol- 
lusts which amounts to 2.7 ppm and 0.8 ppm dry mat- 
ter, mspectively, together with its estimated enrichment 

fjrct& of 7 100 in freshwater plants (BOWEN, i 979) re- 
veals the possible addition of Ce in considerable 
amounts to deep water. Vertical profdes of rare earth 
elements (REE) in the ocean show a sharp increase in 
dissolved REE concentrations around 200 m depth 
(DE BAAR et ui., 1985), and are due to organic matter 
d~m~ition below thermocline. The Ce entering 
seawater because of dissolution will be in trivalent state. 
In addition, the Ce” present in manganese oxyhy- 
droxide precipitates could be dissolved, at least par- 
tially, in the oxygen minimum zone because of the low 
oxygen and PH. Following the evaluation of WANG et 
al. (1986), for surface seawater Ce4+/Ce3+ is about 
lo-“, whereas, for oxygen minimum zone (assuming 
a pG, of 10ew atm., the Eh would be 0.20; GARRELS 
and cHR1sI; 1965), it is about lo-l9 which does indicate 
the prevalence of Ce3; in the latter zone. In agreement 
with this prediction, DE BAAR et al. (1985) noticed less 
Ce depletion in the oxygen minimum layers. Hence, 
Ce’+ could be considered to be the predominant form 
in the marine environment. Also, the Ce agreement 
with the relationships of trivalent REE ionic potentials 
(charge to radius ratio, z/r) with their concentrations 
in ferroman8anese nodules and their sedimentation 
rates in the oceans, strongly supports the presence of 
Ce3+ in higher abundances than Ce” in deep sea en- 
vironments (KUMAR, 1984). But the quick removal of 
Ce3+, alter its regeneration in the deep sea, as could be 
seen from the vertical profile of Ce (DE BAAR et al., 
1985), is due to the effective scavenging of Ce3+ by set- 
tling particles and/or on to suspended particulate mat- 
ter as Ce’+-hydroxyl complexes. Nevertheless, the Ce3” 
is being oxidized at Mn-oxide surfaces in seawater or 
at sediment-seawater interface as is obvious from the 

OXIDATION NUMBER 

RG. 5. Oxidation state diagrams for the cerium in aqueous 
soMions and seawater. 
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above given equations. This is also augmented by the 
fact that the presence of higher Mn contents in nodules 
and sediments increases the Ce abundances in the re- 
spective materials (ELDERFIELD and GREAVES, 198 1; 
MURAM et al., 1987). 

Residence time control by precipitation 

For some metals the solubility limits have definite 
relations with their sedimentation in the sea (!3CHlN- 
DL.ER, 1967) and the formation of insoluble compounds 
yield low residence times (BREWER, 1975). The pre- 
cipitation of metals as oxides, hydroxides and oxyhy- 
droxides as a regulating factor in their concentrations 
in the oceans is shown in Fig. 6. In this figure the metal 
concentrations in equilibrium with the solid phase at 
25 and 2SO”C, log [M].,O, is plotted against their av- 
erage concentrations in seawater, log [Ml,. log [Ml,,0 
at pH of 8 is evaluated at 25°C and 2SO’C through 
the data, for the insoluble compounds considered 
(Table S), for A&, and A& taken from BAES and 
MESMER (198 1). Using solubility products of lo-*‘.*, 
10-23.1 and 1O-25.4 for Ce(OH)3, Nd(OH)3 and 
Sm(OH)3, respectively (SMITH and MARTELL, 1976), 
the expected concentrations in solution at 25°C are 
very high (3.2 X 10d5, 4.1 X IO-’ and 2.0 X 10m9 M, 
respectively) compared to the observed concentrations 
in seawater of the order of lo-‘* M (DE BAAR et al., 
1985) indicating unsaturation. The concordia line in 
Fig. 6 denotes the saturation curve. Table 5 lists the 
insoluble compounds considered for the solubility cal- 
culations in the present work, KRAUSKOPF (1956) 
SLLEN (1961) and SCHINDLER (1967). KRAUSKOPF 
(1956) concluded that the elements Ag, Bi, Cd, Co, 
Cu, Hg, Ni, Pb and Zn are undersaturated with respect 
to insoluble phases (Table 5). As can be seen Al, Bi, 
Fe and Th are supersaturated at seawater concentra- 
tions (Fig. 6; Table 5) in agreement with SCHINDLER 
(1967) for Al and Fe and with SILLEN ( 196 1) for Fe. 
Cr(II1) and Sc are saturated, Hg is nearing saturation 
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FIG. 6. Saturation diagram for metals in seawater with re- 
spect to oxides, hydroxides, or oxyhydroxides at a pH of 8 
(solid line represents the concordia). 
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(Fig. 6) while the rest of the elements are undersatu- 
rated at 2YC (Fig. 6; Table 5). SILLEN (196 1) consid- 
ered Co and Pb precipitates of higher oxidation states 
(Co3+ and Pb4’) and found that seawater is saturated 
with these metals. In fact, insoluble compounds of the 
same valency of these metals, observed in seawater 
should be considered. This is due to the fact that ox- 
idation of these metals to higher states will occur near 
sediment water interface or at oxyhydroxide solid sur- 
faces only during their deposition (DILLARD et al., 
1982) which otherwise exist as Co*’ and Pb*+. Although 
Ce, Co, Mn and Pb are unsaturated with respect to the 
solid phases considered, their oxidation during sedi- 
mentation yield the low residence times for these metals 
in seawater. The more thermodynamic feasibility for 
Co*+ oxidation than Ni*+ oxidation and the presence 
of Co(OH)+ at higher temperatute. during hydrothermal 
mixing (Table 3) are the responsible factors for their 
large variation between their residence times At 250°C 
log [M],,o values still decrease for all elements com- 
pared to 25°C (Fig. 6), and significantly Cu, Hg, Ni 
and Zn elements reach solubility equilibrium (Table 
5) in addition to Al, Bi, Cr(III), Fe, Sc and Th (Fig. 6). 
Even at 2SO”C, Cd, Co, Mn and Pb are clearly unsat- 
urated (Fig. 6; Table 5). 

Temperature effect on scavenging 
With rise in temperature, the pH required for the 

occurrence of cation hydrolysis decrease s (Fig. 1) fa- 
cilitating the hydroxyl complex formation (Table 3). 
Table 3 reveals the transformation of cations as free 
or lower hydroxyl complexes to higher hydroxyl com- 
plexes during mixing near MOR systems, and also the 
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absence of predominance of hydroxy anionic com- 

_ _ 

plexes. The increase in cationic hydroxyl complexes 

ature increase, since the free energies of these reactions, 

with temperature increase, enhances the adsorption 

given above, are less than or around -30 Kcal - mole-‘. 

tendency of the cations which results in more scav- 

en&. Further, the increase in neutral cation hydroxyl 
complexes at higher temperatures (Fig. 3; Table 2) in- 

With an increase in temperature the formation of oxy- 

creases the feasibility for the fast removal of the cation, 

hydroxide precipitates is possible because of the de- 

not only through adsorption processes but by possible 
precipitation also. As is obvious from Fig. 4, the surface 
oxidation of Co’+ and Pb’+ is not affected bv temner- 

crease in log [M],,,, (Fig. 6). 
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