
Reports 

Oxygen-18 Variations in Sulfate Ions 

in Sea Water and Saline Lakes 

Abstract. A new method measures the oxygen-isotopic composition of dissolved 
sulfate ions and barium sulfate. Sulfate ions in the oceans are enriched in oxygen- 
18 by 9.5 per mille relative to mean ocean water and show only minor variations, 
probably because .the exchange rate with water is slow enough to prevent local 
equilibrium with surface waters. Sulfate ions in saline lakes and brines have 
oxygen-18 enrichment of from 7 to 23 per mille relative to mean ocean water; 
the value of the highest enrichment observed is about the same as that of atmos- 
pheric oxygen. 

The development of oxygen-isotope 
temperature scales for marine orga- 
nisms, based on the oxygen-18 content 
of carbonate (1) and phosphate (2), 
leaves sulfate as the major remaining 
anion for paleotemperature research. Be- 
cause each isotopic temperature equa- 
tion has two variables-temperature 
and isotopic composition of the water- 
at least two such equations are neces- 
sary; in fact as many as possible are 
required because of uncertainties intro- 
duced by postdepositional exchange 

and other effects. However, before other 
isotopic temperature scales can be ap- 
plied to paleotemperature studies, one 
must establish that ions such as phos- 
phate, sulfate, and nitrate, which ex- 
change oxygen with water much more 
slowly than does carbonate ion, in fact 
reach isotopic equilibrium with the 
water in which they reside. Carbonate 
ion in sea water is probably always in 
local isotopic equilibrium with the sur- 
rounding water, but other ions may re- 
tain the memory of their original oxy- 

gen long after they reach the sea and 
come slowly to a "regional" equilibrium 
relative to the average water and tem- 
perature they encounter during their 
time of residence in the ocean. Sulfate 
ion, which is abundant in sea water 
(2700 ppm) and some lakes and sub- 
surface waters, may exchange so slow- 
ly that it can be used for studies of 
mixing rates in natural waters. 

Most studies of oxygen exchange be- 
tween sulfate ion and water (3) 
have produced quantitative data only 
in highly acid solutions, in which the 
exchange is rapid. Hoering (3) showed 
that in such solutions the rate-determin- 
ing step is the decomposition of H2SO4 
to H20 and S03. The characteristic time 
constant r*, defined by In (1-F) = 
-t/1-r where F is the fraction of total 
exchange in time t, increases at 25?C 
from 5 minutes to 14 years (a factor 
of 106) as the H2SO4 concentration de- 
creases from 15 to 3 mole/liter, ac- 
cording to Hoering's data. In neutral 
solutions of Na2SO4 Teis (4) could 
measure values for r* of 0.36, 0.82, 
and 1.43 years at temperatures of 1380, 
118 0, and 1000C, respectively; in alka- 
line solutions (0.04 to 0.08N) at 1380C, 
no exchange was observed during sev- 
eral days. A crude extrapolation of 
these data to low temperatures (Fig. 
1) indicates that time constants of the 
order of 100 years in neutral solutions, 
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Fig. 1 (left). Extrapolated mean lifetimes for sulfate ion-water oxygen-isotope exchange, from high-temperature data of Teis (4). 
Fig. 2 (right). Oxygen-18 content of sulfate ions in sea water and in saline lakes versus the oxygen-18 content of the water. 
Solid circles, deep water; open circles, surface waters or mixed waters of shallow lakes. Abbreviations: NADW, North Atlantic 
Deep Water; PDW, Pacific Deep Water (three samples); MDW and RSDW, Mediterranean and Red Sea Deep waters; AABW, 
Antarctic Bottom Water. P, A, and RS denote Pacific, Atlantic, and Red Sea surface waters, respectively; triangles are Red Sea 
geothermal brine samples from the two known locations. 
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and much longer in alkaline solutions, 
may be expected. 

As a first step in understanding the 
oxygen-isotopic composition of natural 
sulfates we have developed a rapid 
and precise analytical method for the 
oxygen in dissolved sulfate ions and 
in BaSO4, and have studied the sulfate 
dissolved in the major water masses 
of the oceans and in some saline lakes 
and brines. The sulfate is precipitated 
in BaSO4 according to standard gravi- 
metric procedure. A 10-ml sample of 
sea water is diluted to 100 ml, acidi- 
fied with 1 ml of iN HCl, and heated 
to boiling; 10 ml of 0.25-molal solu- 
tion of BaCl2 is added, and the precipi- 
tate is digested about 15 minutes, fil- 
tered, washed until free of chloride, 
and dried in a partial-vacuum oven at 
120'C. The standard procedure is 
designed to obtain a coarse precipi- 
tate by minimizing supersaturation; we 
found that precipitation at 25? and 
1000C gave the same isotopic values 
as did drying at 700 instead of 1200C 
(Table 1). 

The BaSO4 is reduced with carbon 
by induction heating in a graphite cru- 
cible covered with a graphite lid so 
that gas escapes from the four small 
holes used for platinum-wire suspen- 
sion. The sample of about 11 mg is 
ground in a mortar with 10 to 15 
times the stoichiometric amount of 
carbon (for CO); spectrographic graph- 
ite is used for this carbon and for 
the crucible. The sample is degassed 
at a few hundred degrees (below red 
heat) for some 15 minutes and then 
heated for 40 to 45 minutes at 
10000 to 1100'C; almost all evolution 
of gas occurs within the first 15 min- 
utes at high temperature. Carbon re- 
duction of BaSO4 in platinum crucibles, 
studied by Halperin and Taube (5) 
and by Rafter (6), is complete at 
10000C; they obtained CO-CO2 mix- 
tures with 75 and 16 percent CO2, 
respectively. With the graphite cruci- 
ble, our mixture varied from about 98 
percent C02, with a new crucible, down 
to about 80 percent CO2 after about 
ten reactions. The heating chamber is 
connected to a liquid-nitrogen cooled 
trap so that CO2 is continually con- 
densed. 

The residual CO is converted to CO2 
by continual sparking of the gas with 
a Tesla coil above the cold trap by 
use of two platinum sheets, each about 
1 by 2 cm, suspended by platinum wire 
from tungsten electrodes leading 
through the glass, and by maintaining 
a glow discharge until the final pres- 
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sure is 20 to 30 pA-Hg; the method 
and the kinetics are detailed elsewhere 
(7). The reaction is complete within 
about 20 minutes in our system, leav- 
ing a residuum of about 0.0:1 cm3 of 
CO and about 13-4 cm3 of N2, with 
no detectable H2 (less than 5 X 10-v 
cm3 at standard temperature and pres- 
sure, as measured by gas chromatog- 
raphy), showing that any water ab- 
sorbed or contained in the BaSO4 does 
not contribute oxygen to the CO2. 

The method was checked by heat- 
ing CO2 of known isotopic composition 
over the graphite crucible until about 
half of it was reduced to CO, and 
then sparking the CO back to CO2. 
Within the precision of the volume 
readings (1 percent) all the CO, was 

recovered and the isotopic composition 
of the oxygen was unchanged (? 0.1 
per mille). 

Gas-chromatographic analysis show- 
ed the final product of the sulfate re- 
duction to be pure CO2 when pure 
BaSO4 was used. However, attempts 
to reduce natural barite crystals from 
deep sea cores, which had been treated 
with acids until the barite contained 
only about 0.5 percent of rutile and 
zircon, resulted in the presence of a 
small amount of SO2 in the C02; this 
SO2 must be removed before accurate 
mass-spectrometer analyses can be 
made on the CO2. 

Results on samples of ocean water 
are listed in Table 1., together with 
the isotopic composition and other 

Table 1. Isotopic composition of oxygen in sulfate ion and in water in sea-water samples, 
relative to the SMOW isotopic standard. Last column: numbers of determinations (each of 
sulfate reduction and analysis) appear in parentheses; samples with more than two 
determinations generally represent duplicate precipitations; no significant differences be- 
tween precipitations were observed. 

Sample Composition (per mille) 

Source; date Depth Salinity T a [1120] a [S04] m[SO4] Source date 
(in) (0/0) (OC) 

H0 S4 mean 
deviation 

Pacific Ocean 
Scripps Pier, 32052'N, 0 33.60 17.9 -0.38 9.39 -0..15 (7) 

117015'W; 19 July 66 9.44* - .12 (2) 
9.40 

7009'N, 145035'W; 
4 Apr. 61 10 34.83 26.5 + .26 9.35 - .02 (2) 

Gulf of Alaska, 57008'N, 0 32.76 13.1 - .88 9.37 - .13 (2) 
1l50?0'W; 23 Aug. 61 

29011'N, 120059'W; 4065 34.68 1 1.5 - .17 9.54 - .04 (3) 
16 Apr. 61 

Marianas Trench, 11017'N, 8287 34.71 2.0 - .15 9.59 - .10 (2) 
142010'E; 14 Apr. 62 

31033'N, 129058'W, 10 m 4614 34.68 1.5 - .17 9.71 - .08 (2) 
fr om bottom; 5 Aug. 66 

Japan Trench, 33037'N, 9247 - .40 9.83 - .06 (2) 
141058'E, top of gravity 
core; 31 May 66 

Atlantic Ocean 
33038'N, 9045'W; 0 36.52 22.1 + .92 9.06 

29 July 62 9.18t 
9.12 . 06 (2) 

21005'N, 46034'W; 0 37.40 26.0 +1.24 9.40 H .06 (2) 
15 July 62 

North Atlantic Deep Water 3000 34.94 2.7 +0.10 9.55 - .09 (3) 
21005'N, 46034'W; 
15 July 62 

Antarctic Ocean 
Antarctic Bottom Water, 2926 34.66 - 1.2 - .45 8.44 - .10 (3) 

Weddell Sea, 64055'S, 
52? 10'W, Eltanin cruise 12, 
sta. 3; 17 Mar. 64 

Mediterranean Sea 
Tyrrhenian Basin; 13 Aug. 62 2828 38.41 13.2 +1.33 9.47 - .19 (4) 

Red Sea 
Surf. inflow from Gulf of 10 36.21 29.0 +0.65 9.63 H .23 (2) 

Aden, 12004'N, 44023'E; 
1 8 Sep. 62 

Red Sea Deep Water, 834 40.59 21.7 +1.92 9.29 
15018'N, 41054'E, 8.98t 
17 Sep. 62 9.14 H .15 (2) 

Brine, Discovery Deep (13) ~2000 255 44.8 +1.21 7.51 ? .12 (3) 
Brine, Atlantis II Deep (13) -2000 255 55.9 +1.21 7.21 ? .05 (2) 

:'Precipitated at room temperature; all other precipitations were at 100?C. tPrecipitate dried at 
70?C; all others dried at 120?C. 
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Table 2. Isotopic composition of oxygen in sulfate ion and in water in saline lakes, relative 
to SMOW. Except for the values for Owens Lake and Searles Lake (supplied by local com- 
panies), the sulfate concentrations are from the literature. Chloride measurements on samples 
from Mono Lake and the Caspian Sea agreed with those in the literature. 

Sample Composition (per mille) 

Source; date ~Depth (in); (SO,=) a H0 S,] SO, mean 
Source; date T ('C) (ppm) 

8 
[120] 

a [Sos] deviation 

Dead Sea, 31013'N, 35021'E; 0; 21.6 900 +4.72 12.97 ?0.11 (2) 
21 Jan. 60 

Dead Sea, 31020.3'N, 35026'E; 120; 21.9 540 +4.36 13.34 ? .00 (2) 
21 Jan. 60 

Great Salt Lake, 13 km Bot.; 17.2 16,400 -3.01 13.27 j- .22 (2) 
SW Antelope Is.; 13 Oct. 54 

Salton Sea, NW end; 5; -22 7000 -1.66 13.73 + .18 (2) 
10 Apr. 64 

Owens Lake, brine; 14 Sep. 54 * 23,400 +3.92 14.41 .17 (2) 
Caspian Sea; 19 Apr. 66 ?; 18.3 3000 -2.22 14.68 + .00 (2) 
Mono Lake; 2 July 64 1; 12 7900 -0.46 17.82 + .09 (2) 
Searles Lake brine; 11 Sep. 55 t 48,700 +4.22 23.16 - .13 (2) 

* Reservoir sample from wells as deep as 3 m. t From 18-m level of well GS-12. 

characteristics of the water. The iso- 
topic data for both sulfate and water 
are given as delta values (8) relative 
to the SMOW (mean ocean water) 
isotopic standard, which has approxi- 
mately the 018: 016 ratio of mean ocean 
water. The mean average deviation of 
the sulfate data is about ? 0.10 per 
mille, and, excluding the Antarctic bot- 
tom water and the Red Sea brines, the 
total oceanic range is only 0.7 per 
mille, with a mean value of 9.50 (9). 

The deep-ocean samples were chosen, 
on the basis of temperature, salinity, 
and water isotopic composition (10), 
to be as representative as possible of 
the core waters of the respective water 
masses. Comparison of the Pacific 
samples shows no tendency for samples 
stored for up to 6 years to change 
significantly in isotopic composition. 
lFhere is a slight tendency in both 
Pacific and Atlantic samples for deep- 
water sulfate to be 0.2 to 0.3 per 
mille heavier than in surface samples. 
Ywo Pacific samples were collected es- 
sentially on the bottom: one (August 
1966) was taken above a temperature 
probe, with a special bottle; the other, 
from the Japan Trench, is from the 
top of a gravity core. These bottom 
samples are about 0.2 per mille heavier 
than normal deep water; the differ- 
ence may represent a slight effect of 
interaction with sediment. 

In Fig. 2 the sulfate data are plotted 
versus the isotopic composition of the 
water. The data clearly show no cor- 
relation of sulfate composition with 
water composition; the sulfate values 
are quite independent of water com- 
position and of temperature in both 
surface and deep samples, nor does 
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the difference in isotopic composition 
between sulfate ion and water correlate 
with temperature. These data thus indi- 
cate a relatively long exchange time 
and lack of local equilibrium in the 
normal ocean samples. 

We now show that these data prob- 
ably represent a "regional" equilibrium 
with mean oceanic temperatures and 
water composition. Because of the uni- 
formity of surface and deep-water 
data, we assume as a first approxima- 
tion that the ocean is a uniformly mix- 
ed reservoir in which input of sulfate 
from the continents and removal by 
precipitation and sulfate reduction are 
balanced at a steady-state sulfate con- 
centration and isotopic composition. 
Then the steady-state isotopic composi- 
tion of the sulfate, 8, can be written: 

8 d+ (7-- /T) (6i - )]/[l + (2r: /7)] 

where 8* is the equilibrium 8 value, 
T is the isotopic-exchange time con- 
stant, a is the effective fractionation 
factor in sulfate removal from the 
ocean, E (a - 1), 81 is the isotopic 
composition of the sulfate input into 
the sea, and -r is the effective mean 
lifetime of a sulfate ion in the sea. 
The isotopic composition of the water 
is taken as 0.0 for convenience. The 
value of r is crudely given by the ratio 
of the amount of sulfate in the sea 
(3.72 X 10'5 tons) to the annual input, 
some 3.63 X 108 tons as calculated from 
river data (11); that is, about 107 

(years). 
Thus if TR were even as long as 104 

years (see Fig. 1), the sulfate composi- 
tion would not differ significantly from 
an average equilibrium value. Since 
a sulfate ion spends most of its time 

in the deep sea, the values tend to 
become uniform. If one uses a two-layer 
model of the sea, in which the deep 
water is exposed to the atmosphere at 
high latitudes, the observed mean 
depletion in radiocarbon of about 15 
percent in deep water, relative to sur- 
face water, corresponds to residence 
times for water molecules, relative to 
mixing, of about 4000 and 80 years 
in deep and surface waters, respective- 
ly (12). The calculation is crude, but, 
if the exchange rates shown in Fig. 1 
are at all realistic, the sulfate should 
exchange almost to equilibrium in the 
deep water but change only slightly 
during its time in the surface water. 

The Red Sea Deep Water and the 
high-temperature brines may in fact rep- 
resent an approach to a new equilib- 
rium at higher temperatures. Even a rel- 
atively modest time of residence in Red 
Sea Deep Water (perhaps 50 years) 
may produce a slight reequilibration. 
Craig has shown, on the basis of iso- 
topic data, that the Red Sea brine 
originates from Red Sea water flowing 
through an evaporate sequence (13), 
and the higher temperature of this 
water may have produced further re- 
equilibration at high temperature. In 
general, one expects higher tempera- 
tures to produce a smaller fractionation 
and thus drive the sulfate composi- 
tion closer to that of the water, as 
observed in the Red Sea. None of these 
effects can account for the composi- 
tion of the Antarctic bottom water 
from the Weddell Sea, the data on 
which represent two individual precipi- 
tations, so that the deviation appears 
to be real, although we can offer no ex- 
planation of the result. 

Table 2 lists the data on sulfate ions 
in saline lakes and brines. As the 018 

enrichment in these ions extends up 
to the value of the isotopic composi- 
tion of atmospheric oxygen (23 per 
mille) (Fig. 2), we may speculate that 
sulfate ions derived from oxidation of 
igneous sulfides have initially an iso- 
topic composition near that of atmos- 
pheric oxygen, and that this composi- 
tion is modified by exchange and bac- 
terial reduction in the direction of 
equilibrium with water. However, in 
none of these lakes is equilibrium likely 
to be achieved. Bentor (14) has shown 
that all sulfate in the Dead Sea comes 
from the Jordan River, and that the 
present turnover time for sulfate in the 
Dead Sea is only about 370 years. 
The Salton Sea is known to become 
anoxic at certain times in the sum- 
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mer, during which times sulfate is re- 
duced (15). It is evident that detailed 
studies of sulfate input and annual vari- 
ation are required in order to explain 
the scatter of these lake and brine 
data (16). 

We have analyzed one sample of rea- 
gent BaSO4 (17), which has a delta 
value of 6.87 + 0.10 per mille; we 
cite this sample because its composition 
provides a useful standard for inter- 
comparison of analytical results on sul- 
fates. The further extension of this 
work clearly depends on laboratory 
measurements of exchange-rate con- 
stants and equilibrium fractionation 
factors; because of the many data now 
available on sulfur-isotope ratios, ad- 
dition of data on another isotope in 
sulfates should provide important geo- 
chemical information on sulfates, as 
well as contributing to the possible 
development of another isotopic tem- 
perature scale. 
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Rapid Methods of Determining Cooling Rates of 

Iron and Stony Iron Meteorites 

Abstract. Two rapid and simple methods have been developed for determining 
the approximate cooling rates of iron and stony-iron meteorites in which kamacite 
formed by diffusion-controlled growth along planar fronts. The first method re- 
quires only measurements of the mean kamacite bandwidth and the bulk nickel 
content. The second method requires the determination of the nickel composition 
near the taenite-kamacite interface with an electron microprobe. 

Recently we have developed (1) a 
method for determining the cooling rate 
of meteorites with Widmanstitten struc- 
ture (octahedrites and pallasites). This 
structure formed within the tempera- 
ture range of 7000 to 300'C as the 
meteorite cooled within a parent body. 
The method is more precise (? 10 to 
40 percent) than previous calculations 
of cooling rates (2), but is complicated 
to apply because it involves the com- 
parison of a complex computer calcula- 
tion with nickel diffusion gradients in 
carefully selected and oriented kama- 
cite and taenite bands. We have there- 
fore developed two simplified methods 
for determining the cooling rates (at 
5000C) of meteorites exhibiting Wid- 
manstatten structure. 

Kamacite (a) and taenite (y) in iron 
meteorites are essentially Fe-Ni solid 
solutions containing, respectively, 5 to 
7.5 percent and 1 5 to 50 percent Ni 
by weight. As the meteorite cooled 
through the temperature range 7000 
to 300'C, a phase nucleated in y phase 
and grew by solid-state diffusion. The 
a plates form the unique pattern called 
the Widmanstdtten structure. At low- 
er temperatures decreasing diffusion 
rates caused compositional zoning next 
to the borders of taenite and kamacite. 

These can be easily measured with an 
electron microprobe (1-3). 

The complex method (called here- 
after the precise method) which we 
have developed (1) for determining the 
cooling rate of the Widmanstlitten 
structures uses the known phase equi- 
libria and diffusion coefficients in the 
Fe-Ni system. It also takes into ac- 
count all the following factors which 
influence the formation of the Wid- 
manstaitten structure: (i) the bulk nickel 
content of the meteorite; (ii) under- 
cooling below the equilibrium a-pre- 
cipitation temperature; (iii) impinge- 
ment of neighboring kamacite plates; 
(iv) the cooling rate of the meteorite; 
(v) pressure. Goldstein and Ogilvie (2) 
have shown that the pressure at the 
positions of the iron meteorites within 
the parent bodies was apparently not 
sufficient (< 10 kb) to influence the 
growth of kamacite. The other factors (i 
to iv) determine the ultimate kamacite 
bandwidth and the shape of the re- 
tained diffusion gradients in both tae- 
nite and kamacite. This method, as 
well as the two described below, also 
assumes that minor elements in the 
meteorite have not significantly affected 
either the diffusion coefficients of nick- 
el or the Fe-Ni phase equilibria dur- 
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