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ABSTRACT

Unit-cell dimensions for synthetic alunite and natroalunite formed at 450 °C are a =
6.981(1) A, c = 17.331(4) A and a = 6.9786(7) A, ¢ = 16.696(3) A, respectively. Synthetic
alunite-natroalunite solid solutions show a linear variation in ¢ with mole fraction Na, but
this trend is obscured in natural samples by heterogeneities in Na content. The mole
fraction Na in natural samples can be estimated by Xy, = (17.331 — ¢)/0.635 with an
accuracy of +0.10. Alunite from low-temperature environments is characterized by fine
grain size (<5 um), an anomalously large value of 4, significant H,O loss during heating
in a vacuum at 300-400 °C, and total H,O in excess of the stoichiometric value. In
contrast, alunite from hydrothermal environments is coarser grained, has an a value iden-
tical to synthetic alunite formed at 450 °C, evolves negligible H,O when heated to 400 °C,
and does not contain H,O in excess of the stoichiometric amount. The value of 6D of the
H,O evolved when alunite is heated at 400 °C is shifted toward local meteoric H,O relative
to the bulk H,O, suggesting that the low-temperature H,O exchanges with ambient H,0

vapor at room temperature.

INTRODUCTION

Alunite [KAL(SO,),(OH),] is one of the most abundant
minerals in the isostructural alunite-jarosite supergroup
(Scott, 1987). Alunite forms between 15 and 400 °C as
an alteration product of Al-bearing minerals in relatively
oxidizing, S-rich environments. Numerous chemical sub-
stitutions are possible in the alunite structure including
Fe3* for AP+ (Brophy et al., 1962), PO}~ or AsO;~ for
SO2-, and Na*, H,0O*, Ca**, or Sr** for K+ (Scott, 1987;
Stoffregen and Alpers, 1987), but relatively little infor-
mation is available about the crystallographic effects of
these substitutions. This paper is primarily concerned with
the substitution of Na* for K*, which is the most com-
mon chemical variation in alunite, and with the occur-
rence of H,0* and other forms of non-OH H,O in alunite.

The variation in alunite unit-cell dimensions with Xy,
has been studied both with synthetic and natural alunite
samples by Parker (1962) and Cunningham and Hall
(1976). However, these studies were limited by a lack of
data over the entire compositional range and also by het-
erogeneity in the Na content of natural specimens, which
precludes accurate measurement of unit-cell dimensions.
We present data on synthetic alunite samples of inter-
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mediate composition that provide more precise unit-cell
dimensions and better constraints on alunite-natroalunite
mixing volumes than the prior studies. Hydronium (H,0%)
substitution is more difficult to document than the Na*
substitution but has been inferred in virtually all syn-
thetic alunite because of a deficiency in alkalis and an
excess in H,O contents compared with the stoichiometric
composition (e.g., Ripmeester et al., 1986). The nonstoi-
chiometric H,O is generally attributed to the presence of
H,O* but may also reflect other forms of “excess water”
as discussed by Ripmeester et al. (1986). All H,O in ex-
cess of the amount predicted by mineral stoichiometry
for the OH site is referred to here as non-OH H,O. Such
H,O is important because it may complicate interpreta-
tion of alunite 6D and §'*0 data, which have been used
to study a variety of ore-forming environments by Rye
et al. (1992). We have therefore attempted to quantify
the concentration of non-OH H,O in natural alunite from
different environments and to determine if its presence
can be easily detected by changes in unit-cell dimensions.

ALUNITE SAMPLES USED IN THIS STUDY

Synthetic alunite and natroalunite were precipitated at
150 °C from solutions described by Parker (1962). Two
additional alunite samples were prepared by heating the
alunite formed at 150 °C in a 0.7-m K,SO, solution at
250 °C for 10 d and in a solution of 0.6-m K,SO, and
0.65-m H,SO, at 450 °C for 5 h. Two additional natroal-
unite samples were prepared by heating the natroalunite
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formed at 150 °C in a 1.0-m Na,SO, solution at 250 °C
for 10 d and in a solution of 0.6-m Na,SO, and 0.65-m
H,SO, at 450 °C for 5 h. In addition, hydronium alunite
was synthesized at 170 °C using the method of Ripmees-
ter et al. (1986). The alunite-natroalunite solid solutions
used in this study were prepared in ion-exchange experi-
ments at 450 °C by Stoffregen and Cygan (1990).

We have also studied 38 natural alunite specimens,
which can be broadly subdivided into four groups on the
basis of their grain size, mode of occurrence, and mor-
phology: disseminated, coarse vein, porcelaneous vein,
and fine grained. Disseminated alunite occurs in bladed
crystals 1-10 mm in length that replace feldspar grains
and are accompanied by quartz and fine disseminated
pyrite. Coarse vein alunite occurs in crystals >1 mm in
nearly monominerallic veins or pods that may be up to
several meters in width. Porcelaneous vein alunite occurs
in grains of 5-100 um with irregular surfaces within vein-
lets a few millimeters to a few centimeters wide and may
be accompanied by minor quartz and kaolinite. Fine-
grained alunite occurs in pseudocubic grains 0.5-5 um in
length within veinlets, small concretions, or bedded sed-
iments.

ANALYTICAL METHODS

Powder XRD data were obtained using Cu radiation
with a Scintag PAD-V diffractometer operated at 40 kV
and 30 mA. Quartz was used as an internal standard for
the natural specimens and corundum for the synthetic
samples. Unit-cell dimensions obtained on the same
sample using the two different internal standards agree to
within l¢. Scans were obtained over a 20 range of 10-65°
at a scan speed of 0.01°/s using zero-background mounts.
Hexagonal-rhombohedral unit-cell refinements were ob-
tained with the program Latcon (Scintag, 1987) based on
16-22 reflections for the synthetic samples and 10-18
reflections for the natural specimens.

The Na and K contents of synthetic alunite discussed
in this study are from Stoffregen and Cygan (1990). Na
and K contents of natural alunite were measured by atomic
absorption with a precision of 2%.

Total H,O was determined by H, manometry using a
modified version of the alunite H extraction technique of
Wasserman et al. (1990) and also by Karl Fischer titra-
tion. Samples used for H, manometry were ground with
a mortar and pestle, and 40-60 mg of the fraction with
—325 mesh size were placed in a Mo crucible that was
heated overnight under vacuum at 120 °C to remove ad-
sorbed H,O. Afier preheating, each sample was heated in
a resistance furnace in one or two 1-h steps. The amount
of H, produced during each step was determined mano-
metrically. This procedure was modified from the step-
heating technique used by Alpers et al. (1988) to study
jarosite. For most samples, the initial step was at 350 °C
and was followed by a second step at 400 °C. Samples
thought to contain negligible non-OH H,O were heated
only at 400 °C, and those samples that contained large
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amounts of excess H,O were heated first at 300 °C and
then at 350 °C for 1 hr. All samples were then heated for
1 h at approximately 950 °C in either a resistance furnace
or an induction heater.

The H,O evolved at each of these steps was reduced to
H, using U metal and then transferred with a Toepler
pump into a known volume, which had previously been
calibrated for pressure as a function of mass using known
masses of H,O sealed in glass capillaries. One blank was
processed with each five samples. The precision of the
method for total H,O is 2%. Accuracy was determined
using sealed glass capillary tubes containing 5 mg of H,O
and was also within 2%. An independent measure of total
H,O content was obtained by Karl Fischer titration after
heating the samples overnight at 110 °C at 1 atm pressure.
H,O contents determined by this method agreed to with-
in 3.5% of the manometric values in seven of the nine
samples for which both measurements were made. The
8D measurements were made using a Finnigan MAT 251
mass spectrometer. For most samples 8D of the H,O
evolved below 400 °C was measured separately from 6D
of the H,O evolved at 950 °C. A single 6D measurement
of the total H,O was made only on the Summitville,
Marysvale, and La Escondida specimens and the natroal-
unite formed at 450 °C, all of which evolved less than
0.37 wt% H,O at 400 °C.

XRD RresuLTs
Synthetic samples

Published unit-cell dimensions for end-member alu-
nite, natroalunite, and hydronium alunite are shown in
Figure 1. The large range in a and c¢ in this figure is
probably the result of non-OH H,O in some samples. For
example, Menchetti and Sabelli (1976) report ¢ equal to
17.223 A for alunite, which is approximately 0.1 A small-
er than most of the other published values. On the basis
of their description of the synthesis method used, this
almost certainly reflects the presence of non-OH H,O in
their sample. Many of the other studies do not provide
information on the H,O content of their samples (e.g.,
Wang et al., 1965), and as such their results cannot be
assumed to be representative of stoichiometric alunite or
natroalunite.

These data can be compared with results obtained for
our synthetic samples (Table 1, Fig. 1). Unit-cell dimen-
sions for the synthetic end-member alunites formed at
250 and 450 °C agree within 2¢ for ¢ and g, whereas the
sample formed at 150 °C has significantly larger a and
smaller ¢ and V. These results are similar to data from
Parker (1962) for synthetic alunite formed at 100 °C, which
showed an increase in ¢ and a decrease in a after heating
in air for 1 h at 300 °C. Parker attributed this shift in
unit-cell dimensions to the loss of non-OH (hydronium)
H,O during heating. This is confirmed for our samples
by a decrease in H,O content from 128% of the amount
predicted for stoichiometric alunite in the sample formed
at 150 °C to about 105% of this amount in the other two
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Fig. 1. Unit-cell dimensions from previous studies for alu-

nite (open squares), natroalunite (open circles), and hydronium
alunite (open triangles) and from this study for alunite (solid
squares), natroalunite (solid circles), and hydronium alunite (sol-
id triangle). Formation temperatures (in degrees Celsius) for al-
unite and natroalunite from this study are also shown. Error bars
represent reported standard deviations. Sources of data are Hen-
dricks (1937), Pabst (1947), Parker (1962), Brophy et al. (1962),
Wang et al. (1965), Kashkay (1969), Kubisz (1964, 1970), Men-
chetti and Sabelli (1976), Giuseppetti and Tadini (1980), Ossaka
et al. (1982), Aoki (1983), and Ripmeester et al. (1986).

synthetic alunite samples (Table 1). Similarly, the na-
troalunite formed at 150 °C has a significantly larger val-
ue of a than the natroalunite samples formed at 250 and
450 °C and also contains the most H,O of the three.

Also shown in Figure 1 are unit-cell data for synthetic
hydronium alunite prepared following the method of
Ripmeester et al. (1986). The value of ¢ for hydronium
alunite is intermediate between those of alunite and na-
troalunite, whereas a for hydronium alunite [7.005(2) A]
is significantly larger than the range of 6.978-6.983 A
obtained for the alunite and natroalunite formed at 250
and 450 °C but is similar to the values observed for both
samples formed at 150 °C. This suggests that the presence
of significant non-OH H,O in alunite can be recognized
by an anomalously large value of @, which should be ap-
parent regardless of the Na content of the sample.

Unit-cell dimensions for 17 synthetic (450 °C) alunite
samples of intermediate composition are plotted as a
function of composition in Figure 2 along with the sam-
ples of end-member alunite and natroalunite formed at
450 °C. The variation in a across this binary is approxi-
mately the same size as the average 2o for g and is thus
not significant. Most values of ¢ and V plot on the ideal
mixing lines connecting the alunite and natroalunite
formed at 450 °C, which have the equations

Xy, = (17.331 — p)/0.635 1

and

X = (315 — V... )/27.3. (2)
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TasLe 1. Unit-cell data for synthetic end-member alunite, na-
troalunite, and hydronium alunite

a(A) c(A) V(A wis*
Alunite (150 °C) 7.000(2) 17.180(7) 729.1(4) 128.2
Alunite (250 °C) 6.9831(5) 17.334(2) 732.03(9) 103.9
Alunite (450 °C) 6.981(1)  17.331(4) 73152 1055
Natroalunite (150 °C) 6.9990(8) 16.690(3) 708.0(2) 119.6
Natroalunite (250 °C) 6.9823(5) 16.700(2) 705.1(1) 113.0
Natroalunite (450 °C) 6.9786(7) 16.696(3) 704.2(2) 99.1
Hydronium alunite 7.005(2) 17.114(7)  727.2(4) nd

Note: nd = not determined.
* Equal to 100 x (measured H,O content)/(stoichiometric H,O content)
(see Table 3).

When the uncertainty in the end-member values is also
considered, all but four of the samples are within 2¢ of
ideal mixing. These samples do not define a systematic
departure from ideal mixing and are believed to reflect
errors in Xy, caused by compositional heterogeneity.

Natural alunite

Unit-cell data for natural alunite are presented in Fig-
ure 3 and Table 2.' Values of @ show no systematic vari-
ation with Xy,, but most of the fine-grained and porce-
laneous vein alunite samples have larger a than the other
natural specimens and the synthetic samples formed at
450 °C. These anomalously high a values may reflect the
presence of non-OH H,O or substitution of Fe?* for A3+,
which also causes an increase in a (Brophy et al., 1962).
V and ¢ decrease with increasing Na content, but both
show a large amount of scatter. This scatter and the rel-
atively large uncertainties in unit-cell dimensions for many
of the natural specimens result from compositional het-
erogeneity and consequent peak broadening. In spite of
these uncertainties, the unit-cell data and Equation 1 pro-
vide an estimate of the bulk X}, that is accurate to +0.10
for most specimens.

The XRD data indicate that four of the natural speci-
mens are mixtures of two alunites with different X,. The
bulk X, for these specimens is between 0.40 and 0.70,
but the unit-cell data indicate that three of the four are
mixtures of relatively pure alunite and natroalunite. In
the fourth sample, from Summitville, Colorado, alunites
with X}, of 0.68 and 0.23 were identified from the XRD
data. It is interesting to note that coarse vein alunite from
Komatsuga, Japan, and disseminated alunite from Gold-
field, Nevada, are the only specimens studied, besides the
Summitville alunite with X,, = 0.68, that are within the
range of Xy, = 0.40 and 0.70 on the basis of Equation 1.
The absence of fine-grained and porcelaneous vein alu-
nite in this range may reflect a miscibility gap between
alunite and natroalunite, a possibility also suggested by
the experimental data of Stoffregen and Cygan (1990).

' A copy of Table 2 may be ordered as Document AM-92-504
from the Business Office, Mineralogical Society of America, 1130
Seventeenth Street NW, Suite 330, Washington, DC 20036,
U.S.A. Please remit $5.00 in advance for the microfiche.
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Fig. 2. Unit-cell dimensions of synthetic alunite-natroalunite
solid solutions formed at 450 °C plotted against composition
[Xn, = molar ratio Na/(Na + K)]. Dashed lines connect end-
member values (Table 1). Errors (1) are less than the symbol
size except where shown.

H,O CONTENT
Previous work

Non-OH H,O has been well documented in synthetic
alunite (Fielding, 1980; Ripmeester et al., 1986) and has
also been reported in fine-grained natural alunite. The
presence of this H,O is generally inferred on the basis of
H,O contents, obtained by difference, that are greater than
the predicted values for stoichiometric alunite (13.05 wt%
H.O) and natroalunite (13.58 wt% H,O). These high H,O
contents are generally attributed to the presence of hy-
dronium (H,0"), but a second type of H,O referred to as
nonstoichiometric water by Ripmeester et al. (1986) may
be present in the form of H bonded either to OH or
sulfate O atoms to resolve the charge imbalance due to
Al deficiency in some alunite (Hartig et al., 1984; Rip-
meester et al., 1986; Bohmhammel et al., 1987). A third
type of H,0 was defined by Ripmeester et al. (1986) as
excess water, in reference to the quantity of H,O from
the chemical analysis (either by difference or direct meth-
ods) that cannot be accommodated on any of the crys-
tallographic sites postulated for H: OH, H,O", or nonstoi-
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Fig. 3. Unit-cell dimensions of 38 natural alunite specimens
plotted against composition. Open squares are disseminated and
coarse vein alunite, solid squares are porcelaneous vein and fine-
grained alunite, and open triangles are unclassified. Vertical lines
connect alunite pairs from the same specimen. Dashed lines con-
nect values for synthetic end-members as in Figure 2. Errors (1¢)
are less than the symbol size except where shown.

chiometric H. Assignment of H,O to these different sites
requires compositional data on sulfate and Al in alunite
which were not obtained in this study. As a result, we
have not attempted to assign the non-OH H,0 to specific
crystallographic sites.

Non-OH H,O may be distinguished by the decompo-
sition behavior of alunite as a function of temperature.
OH H,O0 in alunite is released over a temperature range
of 500-600 °C during thermogravimetric analysis (e.g.,
Kashkay and Babaev, 1969). In contrast, synthetically
prepared alunite invariably yields some H,O over the
temperature range of 300-400 °C (e.g., Fielding, 1980;
Pysiak and Glinka, 1981), and this weakly held H,O is
generally thought to correspond to the total non-OH H,O
present. To characterize the non-OH H,O in natural and
synthetic alunite better, we have measured both the total
H,O content and the amount of H,0O evolved during
heating in a vacuum at 300-400 °C.

Results

H,O contents of six synthetic and eight natural alunite
samples are given in Table 3. The amount of H,O evolved
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TasLe 3. H,O evolved during heating of alunite under vacuum
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W% H,0 evolved Slaignio-
metric
300°C 350°C 400°C 950 °C Total* Total**  wt% H,Ot wist sDlow§ 4D high|
Alunite (150 °C) 5.69 0.76 10.27 16.72 16.64 13.05 128.2 ~68 —64
Alunite (250 °C) 0.89 0.99 11.68 13.56 13.63 13.05 103.9
Alunite (450 °C) 1.59 12.18 13.77 13.05 105.5
Natroalunite (150 °C) 1.46 0.85 13.93 16.24 16.00 13.58 119.6 —55 —66
Natroalunite (250 °C) 1.91 0.88 12.56 15.35 13.58 113.0 —-69 -63
Natroalunite (450 °C) 0.09 13.37 13.46 13.58 99.1
Summitville, Col. (diss.) 0.20 12.91 13.25 97.4
Marysvale, Utah (cv) 0.32 12.39 12.71 12.91 13.06 973 —69 =77
La Escondida, Chile (cv) 0.36 12.16 12.52 12.44 13.21 94.8 =51
Mantos Blancos, Chile (pv) 0.21 0.31 12.96 13.48 12.81 13.51 99.8 —40 11
Round Mountain, Nev. (pv) 0.22 0.16 12.61 12.99 12.55 13.05 99.6 —68 —104
Death Valley, Cal. (fg) 0.69 0.71 12.75 14.15 14.50 13.50 104.8 —56 =77
Noarlunga, Australia (fg) 0.44 0.41 13.59 14.44 13.08 1104 -31 -14
Sadler, Tex. (fg) 0.99 0.51 12.79 14.29 15.30 13.47 106.1 —-22 —-20

Note: diss. = disseminated; cv = coarse vein; pv = porcelaneous vein; fg = fine grained.

* Total H,O as determined by H, manometry.
** Total H,0 as determined by Karl Fischer titration.
T Stoichiometric H,O content based on the measured X,..

 Equal to 100 x (measured wt% H.,0)/(stoichiometric wt% H,0). Where available, the manometric value for measured wt% H,O is used.

§ The 6D of H,0 evolved at or below 400 °C.

|| Equal to bulk 6D where no low-temperature 3D is given, otherwise equal to D for H,O evolved at 950 °C.

by the synthetic samples during low temperature heating
ranged from 5.69 wt% at 300 °C for the alunite formed
at 150 °C to 0.09 wt% for the natroalunite formed at 450
°C. Values of w/s, which is 100 times the total wt% H,O
measured for the sample divided by the wt% H,O com-
puted for stoichiometric alunite of the appropriate Xy,,
ranged from 128.2 to 99.1% for these samples. Except for
the fine-grained alunite samples, all of the natural speci-
mens evolved less than 0.6 wt% H,O during heating be-
low 400 °C and contained between 94 and 100% of the
predicted H,O content. The two examples of porcelane-
ous alunite, a Na-rich specimen from Mantos Blancos,
Chile, and pure potassium alunite from Round Moun-
tain, Nevada, contained 99.8 and 99.6% w/s, respective-
ly. The somewhat lower values of w/s for the Summit-
ville, Marysvale, and La Escondida specimens may reflect
the presence of minor quartz or other contaminants. In
contrast, the three fine-grained alunites evolved from 0.8
to 1.5 wt% H,O during low-temperature heating, and all
had w/s values greater than 104%.

Although alunite that contains non-OH H,O yields rel-
atively large amounts of H,O when heated at 300-400
°C, the amount evolved does not necessarily equal the
amount of non-OH H,0O inferred to be present from the
total H,O determination. This is illustrated in Figure 4,
which shows the amount of H,O evolved at or below 400
°C vs. w/s. A sample that released all of its non-OH H,O
but no OH H,O during low-temperature heating should
plot on the reference line in Figure 4. Most of the syn-
thetic and natural samples plot above this line, which
suggests that loss of non-OH H,O is generally accom-
panied by removal of some OH H,O. Although it might
be possible to optimize the time and temperature of heat-
ing to obtain a better separation of non-OH from OH
H,O, our results suggest that the optimal conditions for
such a separation might be highly sample dependent.

Values of 6D

Although the low-temperature H,O fraction cannot be
equated directly with non-OH H,O its 6D value was mea-
sured separately from the 6D of H,O evolved at 950 °C.
In Figure 5, the difference between the high- and low-
temperature fraction (A) is plotted against 6D of the high-
temperature fraction. This figure also includes four data
points for Sadler natroalunite used in isotope exchange
experiments from Stoffregen et al. (in preparation). The
data define a linear trend with a slope of about 0.7 and a
yintercept of 24%o (R? = 0.89). This pattern demonstrates
that the high- and low-temperature 6D values are not re-
lated by an equilibrium D fractionation factor, which
would give a constant A value in Figure 5. They also
cannot be explained by a Rayleigh fractionation process
in which lighter isotopes are preferentially removed dur-
ing the lower temperature steps, as described by Kuroda
et al. (1988) for hornblende and micas.

The pattern in Figure 5 is interpreted to reflect ex-
change of D between the H,O evolved at or below 400
°C and ambient H,0O vapor. This process can be described
with the equation

oD, = (‘SDhigh)(l - f) + (6Deq)f (3)

where 8D, is the equilibrium 6D value with respect to
ambient H,O vapor at 25 °C and fis the fraction of H in
the low-temperature H,O that undergoes exchange. This
equation assumes that the low-temperature fraction had
an initial 6D equal to the high-temperature fraction. Re-
arranging terms gives

A= (D) f — GDQf “)

where A is equal to 6Dy, — 0D, the value on the or-
dinate in Figure 5. The slope of the line in Figure 5 (0.7)
can be equated with fin Equation 4, and the y-intercept
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Fig. 4. H,O evolved at or below 400 °C plotted against w/s
(Table 3). Dashed line gives the wt% non-OH H,O for alunite
with a given w/s. Open squares are synthetic alunite, solid tri-
angles are disseminated and coarse vein alunite, solid squares
are porcelaneous vein alunite, and solid circles are fine-grained
alunite.

of 24%o with —(8D.,)f, which gives 8D, of —34%o. This
compares with a local H,O 8D of —30 to —40%o in Dallas,
Texas, and suggests a fractionation factor (expressed as
10% In a) between the low-temperature H,O, presumably
made up mainly of non-OH H,O, and ambient H,O of 0
+ 5.

The amount of isotopic exchange should be a function
of the time during which alunite was exposed to the am-
bient H,O vapor, that is, the length of time after it had
been brought to Dallas prior to 6D analysis. This interval
ranged from only a few days to roughly a year. The linear
trend on Figure 5 suggests that about two-thirds of the
low-temperature H,O is subject to rapid D-H exchange,
perhaps in hours or even minutes, whereas the remaining
low-temperature H,O undergoes minimal exchange at
least on a scale of months. Such rapid D-H exchange has
also been inferred for surface-correlated H,O in fine-
grained volcanic glasses, as discussed by Newman et al.
(1986).

These observations suggest that the H,O evolved above
400 °C will provide a more accurate measure of the initial
6D in fine-grained alunite than does the bulk H,O. Be-
cause the amount of low-temperature H,O in such alunite
can exceed 10% of the total H,O, changes in 6D related
to exchange with ambient H,O vapor may have a signif-
icant effect on the bulk H,O éD, particularly if 6D for
either the sample or the ambient H,O vapor is extreme.
This exchange should not occur with more coarse-grained
alunite because it does not contain non-OH H,O.

DISCUSSION

The observed variation in alunite grain size is believed
to be mainly a function of temperature. Fine-grained al-
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Fig. 5. Values of A (difference between 6D of H,O evolved

at high and low temperature) plotted against 6D for high-tem-
perature H,O from synthetic and natural alunite. Open squares
are synthetic alunite, open circles are experiments from Stoffre-
gen et al. (in preparation), and solid triangles are natural alunite.

unite appears to be limited to near-surface environments.
This type of alunite has been reported from weathering
profiles (e.g., Meyer and Pefia Dos Reis, 1985), intertidal
marine environments (e.g., Khalaf, 1990), and lacustrine
environments (e.g., Alpers et al., 1992). Porcelaneous vein
alunite may form at low temperature, as illustrated by
the alunite from Round Mountain, Nevada, which has
been interpreted as supergene by Fifarek and Gerike
(1991) and Rye et al. (1992). It also forms in modern hot
springs, as illustrated by a specimen from the Waiotapu
geothermal field included in the data set shown in Figure
3. These two occurrences suggest a range of formation
temperatures of 25 to at least 100 °C for porcelaneous
vein alunite. Disseminated alunite forms at 200-300 °C,
as determined by isotope geothermometry and corrobo-
rative geological evidence (Rye et al., 1992). Formation
temperatures for coarse vein alunite are not well con-
strained, although they are likely to be similar to those
of disseminated alunite based on the common spatial as-
sociation of the two alunite types.

Most fine-grained alunite described to date, including
the three specimens from this report, contain between 14
and 16 wt% H,O. This corresponds to between 5 and 35
mol% H,O* on the alkali site if all non-OH H,O is as-
sumed to be present as H,O*. More H,O-rich fine-grained
alunites, including a pure hydronium alunite (Khalaf,
1990), have also been reported. The common occurrence
of non-OH H,O in fine-grained alunite suggests that at
near-surface temperatures, fluid [H,O*/(Na + K)] ratios
are generally large enough to stabilize some H,O* com-
ponent in alunite. Some alunite from modern geothermal
areas also contains H,O* (e.g., Aoki, 1983), which sug-
gests that a H,O* component may be stable at least up to
100 °C. This is consistent with the presence of non-OH
H,O in synthetic alunite and natroalunite formed at 150
°C. However, the non-OH H,O in these and the fine-
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grained natural alunite may also be a nonequilibrium ef-
fect and does not prove that a H;O* component is stable
in alunite at any temperature. The absence of non-OH
H,O in disseminated alunite, as indicated by our H,O
determinations and by the lack of the anomalous a val-
ues, strongly suggests that a hydronium-alunite compo-
nent is not stable above 200 °C. This is consistent with
the observed decrease in H,0O content of synthetic alunite
and natroalunite formed at 150 °C when heated to 250
and 450 °C.
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