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Introduction: Galileo near infrared reflectance spectros-
copy of Europa’s surface indicates the presence of the sulfate
functional group (SO4%) in hydrated salts [1], frozen sulfate
brines [2], or sulfuric acid hydrate [3]. Sulfuric acid hydrate
is probably exogenous in origin, being a product of substitu-
tion of protons for Na in sodium sulfate [3]. The close asso-
ciation of sulfate-bearing non-icy material with disrupted
areas on the surface of Europa seems to indicate an indige-
nous origin of sulfates [1,4,5]. An oceanic origin for sulfates
is plausible [1-5] based on recent interpretations of Galileo
morphological data [6] and magnetic measurements [7,8].
Several cosmochemical models are consistent with the pres-
ence of sulfate in a sulfur-rich europan ocean [9-13, 5]. Here
we show why a hydrothermal origin for sulfate may be re-
quired.

Theoretical models indicate that sulfates did not con-
dense in the solar nebula [e.g., 14] and, likewise, they should
not have condensed in the Jovian subnebula [15]. Sulfates
are present in meteorites, but they are absent in chondrites
that were not altered in parent bodies (asteroids) [16]. It
follows that oceanic sulfates on Europa could not have been
extracted from original sulfate-bearing chondritic material.
Studies of carbonaceous chondrites [e.g., 17] show that me-
teoritic sulfates formed from primary sulfides during aqueous
alteration of asteroids. In analogy with parent bodies of car-
bonaceous chondrites, we propose that the presence of sul-
fate in the ocean on Europa is also a result of interaction of
water with sulfide-bearing chondritic material. Can the oxi-
dation of sulfide proceed at low temperatures analogous to
weathering reactions that generate sulfate on the Earth, or are
higher temperature hydrothermal alteration processes re-
quired? The differentiation of Europa must have required
high-temperature processes [18] that caused melting of ac-
creted ice followed by hydrothermal alteration. Here we pre-
sent thermodynamic calculations that constrain temperature
and pH of hydrothermal processes that could lead to the for-
mation of sulfate-rich solutions on Europa.

Model: The chemistry and mineralogy of carbonaceous
chondrites imply that sulfate-rich solutions were formed
through aqueous oxidation of reduced sulfur compounds. By
analogy with parent bodies of carbonaceous chondrites, we
propose that sulfates on Europa were formed during the lat-
est, more oxidizing stages of aqueous alteration. As we have
shown [19,20] high water-rock ratios, low gravity, low water
solubility of H, and CO and other factors should have fa-
vored profound oxidation of the silicate part of Europa. We
have also suggested that hydrothermal fluids on Europa
could have attained oxidation states as high as that set by the
hematite-magnetite (HM) assemblage. In the present model,
we assume that the oxidation states of the aqueous phase
during intermediate and final stages of aqueous alteration on
Europa were near to values consistent with the quartz-
fayalite-magnetite (QFM) and hematite-magnetite assem-
blages, respectively. Fugacities (f) of H, that represent these
oxidation states were calculated for QFM (eq. 1) and HM

(eq. 2) via net reactions:
1.5 Fe,Si04 + H,O (1) = Fe;0,4 + 1.5 SiO, + H, (g) )
2 Fe304 + HyO (1) = 3 Fe,0;3 + Hy (g) (2)

To explore the stability of sulfate (SO4*) in hydrothermal
processes on Europa, we generated activity diagrams for
aqueous sulfur compounds at temperatures from 0°C to
500°C using equilibrium constants calculated with the
SUPCRT92 program [21] and data from [22,23]. The stabil-
ity of elemental sulfur depends on an unknown total concen-
tration of sulfur and, therefore, was not considered. All the
calculations were done for 1375 bar, which represents total
pressure beneath a water layer of ~100 km thick on Europa.
The major purpose of our modeling is to evaluate tempera-
ture and pH that would favor the stability of sulfate-rich
solutions at oxidation states set by the HM and QFM assem-
blages.

Results: The stability of sulfate in aqueous solutions de-
pends on the oxidation state, temperature, and the pH. Oxi-
dizing conditions (low fH,) and high pH favor the stability of
sulfate. Increasing temperature makes sulfate more stable at
reducing conditions, but raises the lower pH limit, as illus-
trated in Figs. 1-3.

At 0°C, which could represent current conditions in the
vicinity of the oceanic floor, sulfate is not stable if the oxi-
dation state is governed by either QFM or HM (Figs. 1-3). In
other words, pore solutions equilibrated even with oxidized
igneous rocks at the oceanic floor should not be rich in sul-
fate. In contrast, aqueous H,S and/or HS™ are the stable forms
of sulfur in these fluids. These results indicate that a sulfate-
rich ocean on Europa can not form by low-temperature
weathering. The calculations for 0°C also show that sulfate in
oceanic water should be out of chemical equilibrium even
with oxidized igneous rocks that contain the hematite-
magnetite assemblage [see also 19,20].

Sulfate is stable in high-temperature alkaline hydrother-
mal solutions where the oxidation state is governed by the
HM buffer, as shown in Figs. 1-3. Increasing temperature
and pH increase the sulfate/sulfide ratio in the aqueous phase
(Fig. 3). At the HM buffer and pH 10 to 7, which would
represent aqueous alteration of ultrabasic rocks and basalts,
sulfate-rich solutions form at temperatures higher than 65°C
— 200°C, respectively. The oxidation states governed by
QFM do not allow the formation of sulfate-rich solutions
within the ranges of temperature and pH we considered.

Summary: 1) It is unlikely that a sulfate-rich ocean on
Europa formed through leaching of sulfates from carbona-
ceous chondrite type material. In contrast, the ocean is
probably a result of aqueous oxidation of sulfides, which
were present in the material accreted on Europa. 2) Thermo-
dynamic calculations show that the sulfate-rich ocean is not
likely to have formed through low-temperature (< ~50°C)
aqueous alteration of sulfide in the silicate part of Europa. 3)
Oxidation states at or below QFM are inconsistent with the
formation of sulfate-rich hydrothermal solutions. 4) Oxida-
tion states at or near the HM buffer would favor the stability
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of sulfate in hydrothermal solutions, especially at higher
temperatures and higher pH. The present sulfate-rich ocean
on Europa could have formed through hydrothermal altera-
tion of Fe-sulfides in the silicate mantle at oxidation states at
or near those controlled by the HM buffer, but only if the
temperature was higher than ~50°C. This process is more
effective as temperature increases. 4) The formation of a
sulfate-rich ocean through hydrothermal processes implies
that primordial mantle material has been oxidized
significantly. If fact, hematite may be present in the upper
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Fig. 1. The stability of aqueous sulfur species in the vicinity of
the oceanic floor on Europa at 1375 bar including elevated
temperatures of hydrothermal systems. The dashed lines show
fH, governed by the HM and QFM buffers.
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Fig. 2. Stability fields of sulfate and sulfides as function of tem-

perature at 1375 bar. The solid lines represent equal activities of

sulfides and sulfate and correspond to the traces of the invariant

points in Fig. 1. Sulfate is stable at higher 7" and lower fH>.

part of the europan mantle. 5) Oceanic sulfate is out of che-
mical equilibrium with cold (~0°C) unaltered igneous rocks
at the ocean floor. 6) It follows that the ice and ocean on
Europa should be thought of as a cooled hydrothermal fluid.

Acknowledgements: This work was supported by NASA
grant NAG5-7696.

References: [1] McCord T. B. et al. (1999) JGR, 104,
11827-11851. [2] McCord T. B. et al. (2000) Eos AGU
Trans., 81, No. 48, F793. [3] Carlson R. W. et al. (1999)
Science, 286, 97-99. [4] Fanale F. P. et al. (1999) Icarus,
139, 179-188. [5] Fanale F. P. et al. (2000) JGR, 105,
22647-22665. [6] Pappalardo R. T. et al. (1999) JGR, 104,
24015-24056. [7] Khurana K. K. et al. (1998) Nature, 395,
777-780. [8] Kivelson M. G. et al. (2000) Science, 289,
1340-1342. [9] Fanale F. P. et al. (1977) In Planetary Satel-
lites, ed. by J. Burns, 379-405, U. Arizona Press. [10] Kargel
J. S. (1991) Icarus, 94, 368-390. [11] Fanale F. P. et al.
(1998) LPS XXIX, abstr. 1248. [12] Zolotov M. Yu. and
Shock E. L. (2000) LPS XXXI, abstr. 1580. [13] Kargel J. S.
et al. (2000) Icarus, 148, 226-265. [14] Fegley B., Jr. (1993)
In The Chemistry of Life’s Origins, ed. by J. M. Greenberg et
al., 75-147. [15] Prinn R. G. and Fegley B., Jr. (1981) A4stro-
phys. J., 249, 308-317. [16] Rubin A. E. (1997) Meteorit.
Planet. Sci., 32,231-247. [17] Zolensky M. E. and McSween
H. Y. (1988) In Meteorites and Early Solar System, ed. by J.
F. Kerridge and M. S. Mattews, 114-144, U. Arizona Press.
[18] Anderson J. D. et al. (1998) Science, 281, 2019-2022.
[19] Zolotov M. Yu. and Shock E. L. (2000) Eos. AGU
Trans., 81, No. 48, F790. [20] - (2001) LPS XXXII, Geo-
chemical constraints... [21] Johnson J. W. et al. (1992)
Comput. Geosci., 18, 899-947. [22] Shock E. L. et al. (1989)
GCA, 53, 2157-2183. [23] Shock E. L. et al. (1997) GCA,
61,907-950.

500
O 400f
g
S 300f
=
©
E 200
Q
5
i 100
0
500 y
\
|
O 400 |
) \
5 300f \
® \
©
oy \
O 200
o \
£ \
® 100 f \
= QFM buffer | |
0 |
-6 -4 -2 0 2 4 6
log,, [SO,*/HS]
Fig. 3. The equilibrium sulfate/sulfide ratios in europan hy-

drothermal fluids as functions of temperature and pH at 1375 bar.
Note that oxidizing conditions, elevated temperatures and alkaline
pH all favor higher ratios.
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