
\:odules appear to be the remnants of an 
old caliche horizon, not of a marine 
limestone. Erosion of the island's upper 
slopes has exposed and widely dispersed 
the caliche. 

Altogether the evidence points to the 
formation of the lavas of Espatiola Island 
in a subaerial environment. Further- 
more, the presence of both ancient and 
contemporary caliche-bearing soils im- 
plies that the greater part of the island 
has always been emergent. Because the 
lavas of the north coast are dated at more 
than 3 million years and because these 
are stratigraphically younger than the 
buried cinder cone, it follows that the 
island is older than 3 million years. Con- 
sequently, it is possible that terrestrial 
life arrived or existed in the Galapagos 
Islands at least 3 million years ago, 
which is more than twice as long as had 
been assumed. 

MINARD L. HALL 
Facultad de Geologia Escuela, 
Politkcnica Nacional, 
Quito, Ecuador 
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Boron in Sillimanite 

Abstract. Sillimanite in six granulite-facies, kornerupine-bearing rocks contains 
0.035 to 0.43 percent B2O3 and 0.02 to 0.23 percent MgO (by weight). Substitution of 
boron for silicon and magnesium for aluminum is coupled such that the ratio of 
magnesium to boron is about 0.5. Sillimanite incorporates more than 0.1 percent 
B203 only at high temperatures in a boron-rich environment at very low partial 
pressures of water. In the amphibolite facies, the sillimanite boron contents are too 
low to appreciably affect the stability relations of sillimanite with kyanite and 
andalusite. 

Sillimanite usually occurs naturally as 
stoichiometric A12Si05. Analytical work 
has shown that Fe3+, Cr3+, or V3+ 
(mostly less than 2 percent oxide or 0.04 
atom per three cations) and traces of 
titanium substitute for aluminum (1-3). 
This substitution has minimal effect on 
the thermodynamic properties of silli- 
manite and on its stability relations with 
the other A12Si05 minerals (4). Elements 
that have been reported present in silli- 
manite include boron, 0.006 to 0.05 per- 
cent B2O3 by weight [20 to 170 parts per 
million (ppm) boron by emission spectro- 
graphic analyses (31 and magnesium, up 
to 0.3 percent MgO by weight [electron 
microprobe analysis (6)l. In contrast, the 
boron content in kyanite is reported not 
to exceed 10 ppm and that in andalusite, 
25 ppm (5). On the basis of these boron 
contents, D. R. Wones (4, p. 208) sug- 
gested that boron's "effect on phase 
equilibria could be important." 

Newly analyzed sillimanites from six 
kornerupine-bearing, granulite-facies 
rocks (7) contain 0.035 to 0.43 percent 
B2O3 (8), nine times the previously re- 
ported amount, and 0.02 to 0.23 percent 
MgO (Table 1). The atomic (A1 + Fe + 
Cr)lSi ratio exceeds 2, the value for 

Magnesium 
0 0.005 0.010 

stoichiometric sillimanite. In contrast, 
sillimanite from two granulite-facies 
rocks lacking borosilicates (7), samples 
that were analyzed concurrently with the 
other six, contains only 0.02 percent 
MgO and is stoichiometric. We suggest 
that sillimanite found to contain magne- 
sium should be suspected of containing 
boron as well, for example, the silliman- 
ite containing 0.3 percent MgO in a boro- 
silicate rock from Zambia (6). 

The boron contents that we have 
found confirm that sillimanite is one of 
the very few anhydrous silicate minerals 
normally free of boron to incorporate 
boron in amounts greater than 0.1 per- 
cent B2O3. Another example is sapphir- 
ine; the sapphirine in our samples 1 and 2 
contains 0.72 and 0.56 percent B2O3 (ion 
microprobe analyses). In contrast to sap- 
phirine, sillimanite has a relatively sim- 
ple crystal structure and chemical substi- 
tutions are very restricted. 

The sillimanite structure consists of 
single chains of aluminum octahedra 
supported by double chains of ordered 
aluminum and silicon tetrahedra parallel 
to the c axis (9) .  In our sillimanite com- 
positions recast to three cations (Table 
I), the boron content varies inversely 

Silicon 

Fig. 1. The boron, magnesium, and silicon contents of sillimanite (in analyses recast to three 
cations). Asterisks indicate averages obtained during several sessions with the ion microprobe. 
Circles and squares designate electron microprobe data from Table 1. Triangles represent data 
from other sessions with the electron microprobe. Lines relating boron, magnesium, and silicon 
contents are for reference. 



Fig. 2. Analyses of sillimanite recast to three 
cations. Numbers and symbols are the same 
as in Fig. 1. Samples 7 and 8 are Antarc- 
tic sillimanites (7). Lines refer to stoichiomet- 
ric sillimanite for which B + Si = 1 and 
A1 + Fe + Cr + Mg = 2. The symbol "X" 
indicates that this composition of sillimanite 8 
is from Grew (2). 

with the silicon content whereas the 
magnesium content increases linearly 
with the boron contept at a fixed MgIB 
ratio near 0.5 (Fig. 1) (10). Consequent- 
ly, boron most likely replaces silicon. 
Magnesium may replace sixfold-coordi- 
nated aluminum. If we add boron to 
silicon and magnesium to aluminum, 

then B + Si - 1 and Mg + A1 + Fe 
+ Cr .= 2 (Fig. 2). 

However, the proposed coupled sub- 
stitution requires a decrease in anionic 
charge, which in some minerals is com- 
pensated for by a substitution of fluorine 
or hydroxyl for oxygen. No fluorine was 
detected with the ion microprobe analyz- 
er, which has a fluorine sensitivity of 
about 0.05 percent, nor was hydroxyl 
detected in an infrared scan of sillimanite 
from sample 2 (11). Substitution of boron 
for silicon also results in a charge imbal- 
ance of -0.5 on the oxygen [0, in Burn- 
ham (9)] coordinated to tetrahedral sili- 
con and aluminum. We suggest that the 
coupled substitution of boron for silicon 
and magnesium for aluminum involves a 
local rearrangement of the sillimanite 
structure, in which oxygen is lost to 
maintain charge balance. The volume of 
rearranged structure must be submicro- 
scopic, for the analyzed areas of silli- 
manite are optically homogeneous and 
free, with rare exceptions, of visible in- 
clusions. Moreover, there is no evidence 
in x-ray diffraction traces of sillimanite 
from sample 2 (12) of conversion to 
mullite, which might be expected as the 
AlISi ratio increases and oxygen is lost. 
Incorporation of boron in sillimanite is 
thus distinct from other known substitu- 
tions in sillimanite. 

We suggest that the critical factor pro- 
moting the incorporation of boron in 
sillimanite is low partial pressure of wa- 
ter (PHIO) in the metamorphic fluid 

Table 1. Ion and electron microprobe analyses of sillimanite. The oxide contents are in 
percentages by weight; the cation values are normalized to a total of three cations. N.A., not 
analyzed. 

Oxide Sample 
or 

cation 1 2 3 4 5 6 

Si02 
Ti02 
A1203 
Fe203 

Cr203 
MnO 
MgO 
Na20 
KzO 
CaO 
B203* 

Total 

Si 
Ti 
A1 
Fet  
Cr 
Mg 
B 

36.13 
N.A. 
61.75 

1.30 
0.04 

< 0.01 
0.23 

N.A. 
N.A. 
N.A. 

0.42 
99.87 

0.9771 
N.A. 

1.9668 
0.0263 
0.0009 
0.0093 
0.0196 

Oxides 
36.49 
0.02 

61.97 
1.39 
0.03 
0.01 
0.15 

< 0.01 
0.04 

< 0.01 
0.30 

100.40 
Cations 

0.9832 
0.0004 
1.9675 
0.0281 
0.0006 
0.0061 
0.0142 

*All oxides except B203 were determined with a fully automated Applied Research Laboratories EMX 
electron microprobe at the University of California, Los Angeles. The B203 was determined with an Applied 
Research Laboratories ion microprobe mass analyzer at the Aerospace Corporation (8) .  tAll Fe as 
Fe203. 
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Table 2. Metamorphic conditions and korne 
rupine compositions [in percentages b! 
weight (ion microprobe data (8)] for six Sam- 
ples containing sillimanite 

Metamorphic Kornerupine 
Sam- 
ple Tempera- F ~ o -  

sure* B,O, rine 
m e *  CC) (kbar) 

*Estimated from petrologic studies on associated 
rocks (14, 18-20). 

phase. High metamorphic temperatures 
are undoubtedly important, but differ- 
ences among the samples (Table 2) are 
not sufficient to account for the tenfold 
difference in the sillimanite boron con- 
tent. By analogy with the case for syn- 
thetic kornerupine (13), the high boron 
content (3.17 to 3.69 percent Bz03) of 
kornerupine in five of the samples (Table 
2) implies a relatively high proportion of 
boron in the metamorphic fluid. The 
sillimanite boron content correlates not 
with the kornerupine boron content but 
with the kornerupine fluorine content 
(Tables 1 and 2). We doubt that the 
spread in the fluorine content among the 
six kornerupines (Table 2) is due to vari- 
ations in the Fe/(Fe+Mg) ratio of the 
kornerupine, which ranges from 0.23 to 
0.36 (14-16). By analogy with the case 
for biotite (3, 1 3 ,  we infer that the high 
fluorine contents are due to increased 
PHFIPHIO in the fluid phase, probably as 
a result of decreased PHZ0. 

The marked correlation of the silli- 
manite boron content and the kornerup- 
ine fluorine content is thus due to the 
inverse correlation of these composition- 
al features with PHlo and with the 
H20/B2O3 ratio in the fluid phase present 
in the rock during metamorphism. Under 
relatively more hydrous conditions, such 
as was the case for sample 4 and for 
Pearson and Shaw's (5) sillimanite-mus- 
covite veinlet in andalusite, the boron 
contents of sillimanite would not be ex- 
pected to exceed Pearson and Shaw's (5) 
value of 0.05 percent B2O3. 

Such low boron contents would not 
have an appreciable effect on sillimanite 
stability relations. As decreases 
relative to P,,,,,, sillimanite can incorpo- 
rate an increasing amount of boron. In 
some granulite-facies terrains, such as 
south India (Paderu and Kondapalle, 
samples 1 through 3), where PHzO is a 
small fraction of the total pressure (14), 
the activity of boron in the fluid phase is 
somehow greatly enhanced and silliman- 
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ite incorporates significant amounts of 
boron despite the crystal chemical con- 
straints. 

EDWARD S. GREW 
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The Start of Sulfur Oxidation in Continental Environments: 
About 2.2 x lo9 Years Ago 

Abstract. Whereas dissimilatory sulfate reduction in marine environments has 
been postulated on the basis of sulfur isotope abundances as commencing before 
about 2.8 X lo9 years ago, data from the Huronian Supergroup, Canada, suggest 
that oxidative-reductive reactions involving sulfur in continental environments were 
not significant before about 2.2 x lo9 years ago. 

Phanerozoic sedimentary rocks and 
modern sediments, both marine and con- 
tinental in origin, are known to contain 
sulfides of widely varied 6 3 4 ~  values (I, 
2). This wide variation is attributed to 
sulfur isotope selectivity during various 
processes in the sulfur cycle. In particu- 
lar, large kinetic isotope effects are iden- 
tified with bacterial sulfate reduction (3). 
Whereas small isotope fractionations are 
occasionally encountered in unique cir- 
cumstances, for example, during very 
rapid sulfate reduction (3, 4), it does not 
necessarily follow that the lack of sulfur 
isotope variations is evidence for the 
absence of oxidative-reductive process- 
es. Nonetheless, the maintenance of 
such unique conditions in natural sys- 
tems over substantial periods of time is 
highly unlikely. Therefore, the absence 
of a spread in the 634S values in sulfides 
in sedimentary rocks is consistent with 
and implies a lack of oxidative-reductive 
reactions. 

Wide variations in S34S values have 
been used to postulate the onset of dis- 
similatory sulfate reduction in marine 
environments before - 2.8 x 10' years 
ago (5, 6). The occurrence of bedded 

sulfate deposits of - 3.4 x lo9 years 
confirms locally significant concentra- 
tions of sulfate in the Archean ocean (7). 
However, continental sedimentary rocks 
rangingfrom - 2.7 x lo9 to - 2.3 x lo9 
years from Canada, South Africa, and 
Brazil have sulfides with S34S values 
close to the meteoritic standard (Cabon 
Diablo), independent of modes of forma- 
tion or the association of organic matter 
(8). We have studied younger strata in 
the Huronian Supergroup in Ontario, 
Canada (Fig. I), to ascertain the time 
at which S34S variations became signifi- 
cant. 

The rocks of the Huronian Supergroup 
are - 2.3 x lo9 to - 2.2 x lo9 years 
old; this estimate is based on the ages of 
rhyolite intercalating with the lowermost 
Matinenda Formation (9) and Nipissing 
dolerite intruding the sedimentary rocks 
(10). They are largely of fluviatile, gla- 
cial, and deltaic origins and therefore 
were formed mainly in continental envi- 
ronments (11, 12). The samples (loca- 
tions shown in Fig. l )  represent almost 
the entire Huronian succession and cov- 
er an extensive area of sedimentary 
rocks of continental origin. 
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