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Abstract

The extent of fractionation of sulfur (S) isotopes during precipitation of basaluminite and alunite in supersaturated
Aly(SOy4); solutions was determined in a laboratory synthesis experiment. An acid 0.05 M Al,(SO4); solution was partly
neutralized with Ca(OH),, NaOH, and KOH to a molar OH/AI ratio of 2.0. Subsequent aging of the precipitates for 15
weeks at temperatures of 20 and 50 °C resulted in the formation of poorly crystalline basaluminite [Al4(SO4)(OH)o - 4H,O],
of mixtures of basaluminite with crystalline natroalunite [NaAl;(SO4),(OH)s] or alunite [KAl;(SO4)>(OH)s], and of pure
crystalline alunite. No significant isotopic fractionation of S was observed during the precipitation of poorly crystalline
basaluminite (A6>*Spasatuminite_solution="0.04£0.34%0). In contrast, the formation of alunite and natroalunite was
accompanied by small but significant isotopic fractionation that favored the incorporation of the heavier isotope, **S, in
the minerals. Sulfur-isotope fractionation (AS>*S mineral_solution) Was +0.84+0.34%0 for alunite, and +1.7240.34%o for
natroalunite. The extent of S-isotope fractionation was found to be dependent on (i) the chemical composition and (ii) the
crystal structure of the synthesized minerals, and seems to be related to the physico-chemical properties of the involved ions
(charge, radius, mass), the energy balance of the reaction, and the reaction rate. The results indicate that S-isotope mass
balances in aerated acid soils are not significantly confounded by S isotopic fractionation effects associated with the
formation of Al hydroxysulfates.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Stable-isotope techniques have been used success-

fully to elucidate the cycling of sulfur (S) in terrestrial

* Corresponding author. Fax: +49 8161 714738. and aquatic ecosystems (e.g., Krouse and Grinenko,
E-mail address: prietzel@wzw.tum.de (J. Prietzel). 1991; Ohmoto and Goldhaber, 1997; Seal et al., 2000).

0009-2541/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemgeo.2004.06.048



526 J. Prietzel, B. Mayer / Chemical Geology 215 (2005) 525-535

The origin of S in the environment commonly can be
identified if different S sources have distinct isotopic
compositions (e.g., Krouse et al., 1984). Whereas
source identification in anaerobic environments can be
compromised by significant S isotopic fractionation
that occurs during bacterial (dissimilatory) sulfate
reduction (e.g., Harrison and Thode, 1957), isotopic
effects during S transformation processes under
aerated conditions are widely believed to be small
(e.g., Krouse and Grinenko, 1991). Hence, S contri-
butions can be quantified in situations in which two or
more known sources of S have markedly different
isotopic compositions (e.g., Krouse, 1977; Krouse and
Case, 1983). Based on this principle, researchers have
also applied isotopically distinct S-bearing compounds
to forest soils and agricultural ecosystems so that the
turnover of the applied S in the biosphere, pedosphere,
and hydrosphere can be monitored by using a mass-
and isotope-balance approach (Giesemann et al., 1995;
Morth and Torssander, 1995; Mayer et al., 1995, 2001;
Zhang et al., 1998).

A prerequisite for an accurate quantitative assess-
ment of the fate of isotopically distinct S from two or
more sources is that isotopic fractionation during S
transformations must be either negligible or known
precisely. In terrestrial and aquatic ecosystems, the
predominant biological processes of S transformation
under aerated conditions include (i) immobilization of
the S by transforming inorganic (mainly SO3 ) into
organic S, and (ii) mineralization processes that
involve the conversion of organic S-bearing com-
pounds into inorganic SO . Major physico-chemical
transformation processes are SO~ sorption on clay
minerals and Fe or Al oxyhydroxides, and the
precipitation and dissolution of sulfate minerals, such
as gypsum, jarosite, and Al (hydroxy) sulfates.

In most biological transformation processes under
aerated conditions, isotopic fractionation of S is <5%o
(Kaplan and Rittenberg, 1964; Chukhrov et al., 1980;
Chae and Krouse, 1986; Schoenau and Bettany, 1989).
Adsorption and desorption of SO~ do not involve
significant S isotopic fractionation (Van Stempvoort et
al., 1990). Sulfur-isotope fractionation during precip-
itation of gypsum has been reported to be <2%o and
favors the incorporation of the heavier isotope >*S in
the mineral (Thode and Monster, 1965; Holser et al.,
1979; Szaran et al., 1998). No information seems to be
available on the extent of S-isotope fractionation

associated with the precipitation of Al-hydroxysulfate
minerals, such as basaluminite [Al4(SOy)
(OH);( - 4H,0], natroalunite [NaAl;(SO4),(OH)s], or
alunite [KAIl3(SO4)2(OH)s]. These minerals can rep-
resent a significant pool for S in hydrothermal systems,
in the sediments associated with acidic lakes in former
open-pit mines, in acid-sulfate soils, and in forest soils
that have been affected by high S input from
atmospheric sources (Van Breemen, 1973; Nordstrom,
1982; Khanna et al., 1987; Courchesne and Hender-
shot, 1990; Béttcher, 1992). To assess correctly, by
stable-isotope techniques, the turnover of S in these
environments, knowledge about the isotopic fractio-
nation of S associated with the formation of Al-
hydroxysulfate minerals is essential. The objective of
this study was to determine the extent of such frac-
tionation during the formation of some Al-hydroxy-
sulfate minerals in supersaturated Al-sulfate solutions
in laboratory experiments.

2. Material and methods
2.1. Synthesis of Al-hydroxysulfate minerals

The Al-hydroxysulfate minerals were synthesized
according to the procedure of Adams and Rawajfih
(1977). The synthesis was conducted exactly as
described in detail by Prietzel and Hirsch (1998).
Solutions of 0.05 M Al»(SOy4)3-16H,O (Fluka;
reagent grade) were partly neutralized by rapid
titration (titration time ca. 0.5 h) with dilute Ca(OH),
(sample 1), NaOH (samples 2 and 4), and KOH
(samples 3 and 5) to a molar OH/Al ratio of 2.0. The
resulting precipitates were aged in their mother
solutions for 15 weeks at temperatures of 20 °C
(samples 1, 2, and 3) and 50 °C (samples 4 and 5).
The aged precipitates were repeatedly rinsed with
deionized water and methanol, filtered, dried in a
desiccator, and finely ground with a mortar and pestle.
All samples were stored in a desiccator at 20 °C prior
to chemical and isotopic analyses.

2.2. Mineralogical and chemical analysis of the
synthesized precipitates

To identify the chemical composition of the
synthesized precipitates, mineralogical and chemical
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methods were used. All precipitates were analyzed
by powder X-ray diffraction (Philips PW 1820;
CoKa radiation). The Al, Na, Ca, K, and S contents
of the precipitates were determined in triplicate by
digestion of 20-mg samples in 50 ml 6 M HNO;
(reagent grade) and subsequent element-content
analysis by ICP-OES (Perkin-Elmer Optima 3000).
Sulfur contents were additionally determined using a
LECO SC-444 analyzer.

2.3. Sulfur-isotope analysis

For determination of **S/3?S ratios of the Al-sulfate
reagent and all precipitates, 5 mg of each sample were
mixed with 50 mg V,05 and 50 mg SiO, and heated
to 1000 °C under vacuum to generate SO, (Yanagi-
sawa and Sakai, 1983; Ueda and Krouse, 1986). After
cryogenic purification of the SO, gas, its **S/**S ratio
was determined by mass spectrometry. Sulfur-isotope
analyses were performed in triplicate. Additionally, 50
mg of the Al-sulfate reagent and of each mineral
sample were completely dissolved in NaOH, and
BaCl, solution was added to precipitate BaSO4. The
BaSO, was washed, filtered, and dried, and isotopic
analyses of S were performed as described above.
Results from the S-isotope measurements on the
BaSO, agreed, within the uncertainty of the method,
with those obtained by direct thermal decomposition
of the Al-hydroxysulfate minerals.

All isotopic ratios are reported on the usual 6°*S
scale in parts per thousand deviation from the sulfur
isotope ratio of the V-CDT standard as established by
the International Atomic Energy Agency, Vienna. The
reproducibility of gas preparation and mass spectro-
metric measurement was +£0.2 %o. The uncertainty of
the reported S-isotope fractionation effects between
sulfate in solution and in the minerals was assessed by
applying standard methods of error propagation to the
analytical precision of the respective isotopic measure-
ments as follows:

S.D. (A534Smineralfsolution) = ( [SD (534 Smineral)] ?

+ [S.D. (534Ssolution)]2) v (1)

where S.D. is the standard deviation of triplicate 6°*S
determinations on solution sulfate and mineral sulfate,
respectively.

3. Results

3.1. Mineralogical and chemical composition of the
precipitates

The XRD spectra show that sample 1 (Fig. 1a) and
sample 2 (Fig. 1b) consisted almost exclusively of
poorly crystalline basaluminite. Sample 3 (Fig. 1c)
was a mixture of poorly crystalline basaluminite with
some alunite. Sample 4 (Fig. 1d) was a mixture of
alunite with small amounts of poorly crystalline
basaluminite. Sample 5 (Fig. 1e) consisted exclusively
of alunite. The XRD spectra indicated that all
precipitates consisted of, at most, two different
minerals whose ideal formulas are known (basalu-
minite, alunite, or natroalunite). The presence of
amorphous Al(OH);, which would not show up in
the XRD spectra, can be excluded because the pH
values in the supernatants of all samples except
sample 4 (pH 5.2) were lower than 4.3. This pH is
too low to allow the precipitation of AI(OH)s.
Consequently, the mixing ratios of the minerals in
the precipitates were calculated by comparing the
chemical compositions of the precipitates with those
of the ideal formulas of the pure minerals. The mineral
mixing ratios for the various precipitates were
calculated with an iterative procedure. The mixing
ratio with the minimal sum of differences between the
theoretical and the measured contents of Al, S, and
other cations (Na*, K*, and Ca*", respectively) for the
various precipitates was identified, and accepted to
represent the mineral assemblage of the sample.
According to the uncertainties of the contents of
different elements in the various samples (usually
<10%; Table 1), the uncertainties of the calculated
mixing ratios were estimated to be better than
+£20%.

The results of the calculations, summarized in
Table 1, suggest that sample 1 consisted of 95%
basaluminite, and the Ca content of 0.4 wt.% indicates
that approximately 5% of the precipitate must have
been co-precipitated CaSO,-2H,0. Apparently, Ca
had not been removed completely by the washing
procedure, a phenomenon which is commonly
observed during the preparation of basaluminite by
the method utilized (Adams and Rawajfih, 1977,
Prietzel and Hirsch, 1998). Sample 2 consisted of
90% basaluminite. A Na content of 0.6 wt.% indicated
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Fig. 1. XRD diagrams of the synthesized precipitates. (a) sample 1 (aged at 20 °C): basaluminite [BAS] plus traces of gypsum; (b) sample 2
(aged at 20 °C): mixture of 90% basaluminite [BAS] and 10% natroalunite; (c) sample 3 (aged at 20 °C): mixture of 70% basaluminite [BAS]
and 30% alunite [ALU]; (d) sample 4 (aged at 50 °C): mixture of 75% natroalunite [ALU] and 25% basaluminite [BAS]; (e) sample 5 (aged at
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the presence of 10% natroalunite. According to XRD
and chemical data, sample 3 consisted of 70% poorly

crystalline basaluminite and of 30% alunite. Sample 4
contained 75% natroalunite and 25% basaluminite,
and sample 5 consisted of pure alunite.

The Al,(SO4); reagent used for preparation of the
mother solution had a 9°**S value of —0.05+0.27%o.
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3.2. Sulfur-isotope ratios of the precipitates and the
solution



Table 1

Mineralogical and chemical composition and 6°*S values (%o) of the synthesized Al-hydroxysulfate precipitates®

Sample number

Minerals (mol%)

Stoichiometric formula

Chemical composition, wt.%

Base added S Al Na K Ca 58 value AS™S,
Aging mineral-solution
temperature

1 Basalum. (95%) Al4(OH);(SO4 - 4H,0 Meas. 9.3+1.1 21.7£24  0+£0 0.1+0 0.4+0 —0.01£020  +0.04+0.34
Ca(OH), Gypsum (5%) CaSO4 - 2H,0 Theor. 7.1 22.8 0 0 0.4

20°C

2 Basalum. (90%) 0.90A14(OH),0SO, - 4H,0O Meas. 9.1+£0.7 20.7£0.8  0.6+0  0+0 0+0 +0.27+0.35 +0.32+0.44
NaOH Natroalunite (10%)  0.10NaAl3(SO4),(OH)s Theor. 7.8 23.0 0.6 0 0

20°C

3 Basalum. (70%) 0.70 Al4(OH);(SO4-4H,O0  Meas. 9.5+0.2 22.7+04  0+£0 27402  0%0 +0.25+0.35 +0.30+0.44
KOH Alunite (30%) 0.30 KAI3(SO4)>(OH) Theor. 9.5 222 0 2.8 0

20 °C

4 Natroalunite (75%)  0.75 NaAl;(SO4),(OH)e Meas. 14.0+0.7 21.1+12  41£0 0+0 0+0 +1.2440.20 +1.29+0.34
NaOH Basalum. (25%) 0.25 Al4(OH)(SO4-4H,0  Theor.  13.8 21.1 44 0 0

50°C

5 Alunite KAI5(SO4),(OH)e Meas. 14.842.7 19.1£04  0%0 83+04  0X0 +0.79+0.21 +0.84+0.34
KOH Theor.  15.5 19.6 0 9.4 0

50°C

# Arithmetic mean value+standard deviation of triplicate measurements. The 534S value of the Al,(SO,); solution was —0.05%. Weight percentage values of S, Al, Na, K, and
Ca have been quantified to calculate the mixing ratio of the hydroxy sulfate minerals identified by XRD in the precipitates. Meas.: Measured contents of S, Al, Na, K, and Ca in the
precipitates; Theor.: theoretical contents of the respective elements in a mixture of ideal minerals with the mixing ratio stated in column 2.

SE6-6ZS (S007) SIT 480j02D) [po1uay) / 124vpy °g ‘122191 [

6CS
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The 6**S values of the Al-hydroxysulfate minerals
(Table 1) varied between —0.01 and +1.24%o, indicat-
ing a preferential precipitation of the heavier isotope
34S in most minerals. For the basaluminite-dominated
sample 1, the difference between the 6*S values of the
solution and the mineral (Ad>*Spasatuminite_solution) WaS
+0.04£0.34%o, indicating no isotopic fractionation of
S during the precipitation of basaluminite. Hence, a
AS**Spasatuminite_solution Value of 0%o was used for the
following calculations.

The formation of pure alunite (sample 5) was
associated with a A8>*S,junite solution Value of
+0.84+0.34%0. For sample 3 (70% basaluminite,
30% alunite), a AJ>*S value of +0.30+0.44%0 was
observed, which is close to the theoretically expected
A5**S value of +0.25+0.34%o calculated according to

Eq. (2):
A534Ssample 3= 0-7*A534Sbasaluminite—solution

+0.3 'A534Salunitefsolution = + 0.28%0
(2)

with A534Sbasaluminite—solution:()%o and A6348;11unite—
solution:+0-84%0-

The largest difference between the °*S values
of the mineral and the solution (Ad**Smineral
solution="1.291+0.34%0) was observed for sample 4,
which consisted of 75% natroalunite and 25%
basaluminite. Because AJ**Sasatuminite_solution Was
0%o, the theoretical A**S value of pure natroalun-
ite was calculated according to Eq. (3) and was
found to be +1.72+0.34%o:

A534Snatr0alunite = (A534Ssample 4)/075 = 172%0
(3)

Consequently, the extent of S-isotope fractionation
during the formation of natroalunite in supersatu-
rated Al,(SO4); solution appears to be approxi-
mately twice as large (A534Snatroalunite—solution:
+1.7240.34%0) than that associated with the for-
mation of alunite (AJ**Suunite solution="+0.84+
0.34%0). The analytically determined AJ**S value
of 0.32+0.44%0 for sample 2 agreed well, within
the uncertainty of the method, with the theoretically
expected A5>*S value for this precipitate consisting
of 90% basaluminite and 10% natroalunite (A5>*
Ssample 2:0-1 ’ A534Snatroalunite—solution:O~ 1 7%0)

4. Discussion

In the following, we discuss potential reasons for
the different extent of isotopic fractionation of S
during the formation of the investigated Al-hydrox-
ysulfate minerals based on a detailed assessment of
the involved reactions and their thermodynamic and
kinetic characteristics.

At temperatures <100 °C, dropwise addition of
Ca(OH),, NaOH, or KOH to an Al,(SO,4); solution
results in immediate precipitation of basaluminite
(Adams and Rawajfih, 1977) according to the
following overall reaction:

4A1P" (aq) + SO%~ (aq) + 100H (aq)
< Aly(OH),,SO04(s) (4)

The solubility product K, of amorphous basaluminite
at 298 K is 107''°% (pK,=116.0; Adams and
Rawajfih, 1977). Using this pKg, value and the
thermodynamic data of the aqueous reactants sum-
marized in Table 2, the standard Gibbs free energy of
reaction AG®, for the precipitation of amorphous or
poorly crystalline basaluminite was calculated to be
—662.11 kJ mol~". The standard Gibbs free energy of
formation AG°¢is —4933.33 kJ mol ™' for amorphous
and poorly crystalline basaluminite, and —4941.88 kJ
mol ™! for crystalline basaluminite (Adams and Raw-
ajfih, 1977).

The formation of alunite and natroalunite at
temperatures <100 °C is kinetically inhibited (Nord-
strom, 1982). As shown by Adams and Rawajfih
(1977) and Adams and Hajek (1978), the addition of
NaOH and KOH to an Aly(SOy4); solution will
initially result in precipitation of basaluminite, and
not in a direct formation of alunite. However,
basaluminite is metastable in solutions with Na' or
K" activities >107> mol 17! (Nordstrom, 1982). It
converts into natroalunite or alunite in a re-dissolu-
tion/re-precipitation process (Adams and Rawajfih,
1977; Nordstrom, 1982). This reaction is kinetically
restrained and therefore proceeds very slowly at 25
°C. Even though the reaction can be accelerated by
increasing the temperature to 50 °C, or by seeding the
solution with alunite crystals or clay, several weeks
are needed for a complete conversion of basaluminite
to alunite in a K -rich solution, or to natroalunite in a
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Table 2
Thermodynamic properties of various aqueous species involved in the formation of Al-hydroxysulfate minerals
Species Standard Gibbs free Standard-state Standard-state entropy Reference®
energy of formation enthalpy of formation S° [TK " mol™']
AG®; [kJ mol ™' AH®; [kJ mol ™"
K" (aq) —282.5 —252.14 101.2 a
Na' (aq) —262.0 —240.34 58.45 a
AP (aq) —488.8 —540.9 —342 a
AI(OH)** (aq) —697 —771 —185 b
OH"™ (aq) —157.2 —230.01 —10.9 a
SO3™ (aq) —744.0 —909.3 18.5 a
Al(OH); (s) —1154.89 —1293.13 68.44 a
H,O (1) —237.14 —285.83 69.95 a
H' (aq) 0 0 0 a

? (a) Nordstrom and Munoz (1994); (b) Palmer and Wesolowski (1993).

Na'-rich solution (Adams and Rawajfih, 1977;
Prietzel and Hirsch, 1998; this study).

For the conversion of basaluminite to alunite or
natroalunite, the respective AG°. values can be
calculated from the AG°; value of poorly crystalline
basaluminite (—4933.33 kJ mol™"), the AG°; values
of the involved aqueous species (Table 2), and the
AG®; values of alunite and natroalunite, respectively.
The AG®; values of alunite and natroalunite can be
calculated using the pK, values of 85.4 (alunite) and
79.7 (natroalunite) (Adams and Rawajfih, 1977,
Nordstrom, 1982) of their solubility equilibria shown
in Egs. (5) and (6):

KAI;(OH)4(SO4), (s)<=K" (aq)+3AI*" (aq)

+60H™ (aq)+2S032 ™ (aq) (5)
NaAl;(OH)4(804), (s)<Na" (aq)+3AI’" (aq)

+60H ™ (aq)+2S03 " (aq) (6)

The resulting AG°; values are —4667.55 kJ mol ™"
for alunite and —4614.02 kJ mol~' for natroalunite.
Consequently, the AG®, values for the conversion of
basaluminite into alunite and natroalunite at 25 °C are
—145.08 and —112.05 kJ mol™', respectively. It is
noteworthy that the AG°; values were calculated for
standard-state conditions (298 K, 0.1 MPa). In our
experiment, three of the five samples were synthe-
sized and aged at 20 °C (293 K) and 0.1 MPa
pressure, which is close to standard-state conditions.
Samples 4 and 5 were synthesized at 50 °C (323 K),
which is a larger deviation from standard-state

conditions. To our knowledge, no standard enthalpy
values of formation AH; and entropy values S° are
available for basaluminite and natroalunite. Therefore,
the effects of increased temperature on the Gibbs free
energy of reaction for the formation of alunite and
natroalunite at 50 °C could not be addressed.

The conversion of basaluminite into alunite in a
K -rich solution results in a greater reduction of free
energy and proceeds considerably faster than the
conversion of basaluminite into natroalunite in a Na'-
rich solution. This difference was evident in that, after
15 weeks of mineral aging at 20 °C, the presence of
natroalunite was not yet detectable by XRD (Fig. 1b),
whereas significant amounts of alunite had been
formed within the same time period. At 50 °C, the
entire initial basaluminite had been converted to
alunite after 15 weeks, whereas the conversion of
basaluminite to natroalunite was still incomplete (75%
conversion). Similar observations were reported by
Prietzel and Hirsch (1998), who also showed that the
natroalunite was much more resistant to dissolution by
strong acids and bases than alunite. Prietzel and
Hirsch (1998) attributed this resistance to the develop-
ment, during the slow crystallization of natroalunite,
of coarser grained crystallites than occur for alunite.

The extent of S-isotope fractionation observed
during formation of the different Al-hydroxysulfate
minerals, the reaction kinetics of the various precip-
itation processes, and important mineralogical prop-
erties of the precipitates are summarized in Table 3.
No significant isotopic fractionation of S was
observed during the rapid formation of poorly
crystalline basaluminite, a reaction which is charac-
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Table 3

Extent of isotopic fractionation of S compared with mineralogical and chemical properties of the precipitates and with thermodynamic and

kinetic characteristics of the respective reactions of mineral formation

Mineral Extent of isotopic Crystal structure Resistance to acid Rate of mineral Energy yield during mineral
fractionation dissolution® formation formation (AG®))
(A634Smineral—so]utinn)

Basaluminite Negligible Amorphous Very fast —662.11 kJ mol ™"

Alunite 0.84+0.34%o0 Crystalline Slow —145.08 kJ mol !

Natroalunite 1.7240.34%0 Highly crystalline Very high Very slow —112.05 kJ mol ™"

# Prietzel and Hirsch (1998).

terized by a large negative AG°, value. In contrast,
the slow formation of alunite (intermediate negative
AG®; value), and particularly the very slow forma-
tion of natroalunite (least negative AG°, value), were
associated with a small but significant isotopic
fractionation of +0.84+0.34%0 and +1.72+0.34%o,
respectively, favoring the heavier isotope **S in the
minerals.

There are two types of isotopic fractionation
effects, equilibrium and non-equilibrium (kinetic)
effects. Equilibrium isotopic fractionation requires
that chemical equilibrium between reactants and
products is established and its extent may be
influenced by various factors, among which are
temperature, chemical composition (oxidation state,
ionic charge, atomic mass, electronic configuration),
and crystal structure (e.g., O’Neil, 1986; Chacko et
al., 2001). One rule of thumb is that among different
varieties of the same compound, the denser one is
typically enriched in the heavier isotope if isotopic
equilibrium is achieved (e.g., Criss, 1999). Kinetic
isotope effects are usually associated with fast,
incomplete, or unidirectional processes, typically
resulting in a preferential enrichment of the lighter
isotope in the reaction products. At low temperatures,
both equilibrium and non-equilibrium isotope fractio-
nation effects are typically larger than at high
temperatures (Ohmoto and Lasaga, 1982), and kinetic
isotope fractionation may become increasingly rele-
vant compared to equilibrium isotope fractionation
(Seal et al., 2000). Our experiment was a synthesis
experiment and not a true isotope-reversal approach,
and it is therefore difficult to differentiate conclusively
between equilibrium and kinetic isotope-fractionation
effects. Nevertheless, there seems to be a causal
relationship between the extent of S-isotope fractio-
nation during the formation of the various Al-

hydroxysulfate minerals and the following variables:
(1) the chemical composition of the minerals, (2) their
crystal structure, (3) the rate of their formation, and
(4) the energy balance AG°, of their formation.
Whereas variables (1) and (2) may give rise to
equilibrium isotope fractionation of S, variables (3)
and (4) are likely to cause non-equilibrium isotope
effects.

4.1. Chemical composition

The formation of natroalunite and alunite was
associated with an enrichment of **S in the minerals.
The isotopic effect observed for natroalunite was
approximately twice as large (+1.72+0.34%0) than
that observed for alunite (+0.84+0.34%o). The larger
isotopic fractionation for minerals with the lower
cation mass is consistent with results from studies by
Thode and Monster (1965) and Kusakabe and
Robinson (1977), who found a higher enrichment of
348 for the formation of CaSO,-2H,0 compared to
the formation of BaSO,. The fractionation is also
consistent with the theoretical considerations of Sakai
(1968), who postulated a decreasing **S enrichment
for the precipitation of sulfate salts with increasing
mass of the counter cation under isotope equilibrium
conditions (CaSO4>SrSO4>BaS0,>PbS0O,; “cation
mass dependence” principle). According to Sakai
(1968), the vibrational energy of the sulfur atom in
sulfate is only slightly modified by the crystalline
field; therefore, the isotopic composition of any
sulfate mineral is expected to be only slightly different
from the associated aqueous ion. The S-isotope
fractionation values obtained in our study for the
formation of alunite (+0.84%0) and natroalunite
(+1.72%0) agree with the concept of Sakai (1968)
and also match well the value reported by Thode and
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Monster (1965) for the formation of gypsum at
ambient temperature (+1.65%0). On the contrary, the
lack of any S-isotope fractionation observed for the
formation of basaluminite cannot be explained sat-
isfactorily with the cation mass dependence concept
because Al and Na have similar atom masses.

4.2. Crystal structure

The extent of isotope fractionation during the
precipitation of solids in supersaturated inorganic
solutions is also influenced by the crystal structure
of the precipitates. Heavy isotopes are preferentially
incorporated in more closely packed or better-ordered
structures (e.g., Kyser, 1987; Hoefs, 1997). Thus,
isotope fractionation should be larger when well-
crystallized solids are formed in a slow reaction,
whereas the rapid formation of amorphous solids is
expected to result in negligible isotopic fractionation.
This trend was observed in our experiment, wherein
the highly crystalline natroalunite displayed larger
isotope effects than the crystalline alunite (intermedi-
ate value), and the amorphous basaluminite showed
negligible isotope fractionation for S (Table 3). The
observed increase in the enrichment of **S in the
precipitates (basaluminite<alunite<natroalunite) can
therefore be explained by a combination of the cation
mass dependence principle (alunite<natroalunite) and
crystal-structure effect (basaluminite<(natro)alunite).
It seems likely that the enrichment of **S is caused by
equilibrium isotope effects during the re-dissolution/
re-precipitation process between basaluminite and
(natro)alunite.

4.3. Rate of formation

The formation of basaluminite and that of alunite at
50 °C was complete after 15 weeks, and a chemical
equilibrium can be assumed among the various
reactants. This is not true for the formation of alunite
at 20 °C, and for the formation of natroalunite at either
20 or 50 °C, where the presence of metastable
basaluminite indicated that the reaction had not been
completed during the aging time of 15 weeks. The
observed S-isotope fractionation during the formation
of alunite at 20 °C and natroalunite at 20 and 50 °C
may therefore be due to both equilibrium and non-
equilibrium S-isotope effects. Unfortunately, with our

experimental design, a clear attribution of the
observed S-isotope fractionation to equilibrium and
non-equilibrium effects cannot be made.

4.4. Energy balance AG°, of the mineral formation
reaction

In a two-phase system (liquid+solid) under given
physical (p, T) and chemical conditions, the chemical
composition and the crystal structure of a precipitate
determine the energy balance of its formation. It is
also well-known that the crystal structure of a mineral
will be strongly influenced by the rate of precipitation.
Fast precipitation may result in amorphous precip-
itates, whereas highly ordered crystallinity is more
likely at slow precipitation rates. Furthermore, theo-
retical evidence for a cause-and-effect relationship
between the energy balances (AG°, values) of the
investigated precipitation reactions and their rates has
been provided by Brezonik (1994) in his Linear Free
Energy Relationships and by Stumm and Morgan
(1994) with the Microscopic Reversibility Principle.
Hence, it seems that variables (1) to (4) are interlinked
with each other. A high release of energy during
mineral precipitation (basaluminite > alunite>natroa-
lunite) was always associated with a high reaction
rate, resulted in a poorly ordered crystal structure, and
was associated with negligible isotope effects (Table
3). In contrast, low energy release during mineral
formation resulted in slow reaction rates, well-ordered
crystal structures, and significant isotope effects.

Higher reaction temperatures during precipitation
of solids in supersaturated solutions result in lower
isotope fractionation effects (e.g., Hoefs, 1997;
Chacko et al., 2001; Cole and Chakraborty, 2001).
Results from this study provide no conclusive
relationships between the temperature during forma-
tion of alunite and natroalunite and the extent of S-
isotope fractionation. The S-isotope fractionation
during formation of natroalunite at 20 °C (sample 2)
was slightly higher (A9°*S=0.3240.44%o0) than the
theoretically expected value calculated (Eq. (1)) from
the chemical and isotopic properties of sample 4 aged
at 50°C (Ad>*S=0.17+0.44%0). Even though this
difference is statistically insignificant due to the high
uncertainty of the method, the observed tendency
agrees with the general rule that isotope fractionation
effects are typically larger at low temperatures than at
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high temperatures (Ohmoto and Lasaga, 1982). A
similar observation was made for the extent of S-
isotope fractionation during the formation of alunite at
20 °C (sample 3: A6**S=0.30+0.44%0) and at 50 °C
(AS**S=0.25+0.34%0). We conclude that the inves-
tigated range of 30 K was too small to identify
significant temperature effects on S-isotope fractiona-
tion. Likewise, Szaran et al. (1998) did not observe a
temperature effect on isotopic fractionation of S
during the precipitation of gypsum in supersaturated
solution within the range between 7 and 57 °C.

5. Conclusions

The rapid precipitation of amorphous basaluminite
in a partly neutralized Al,(SOy); solution is associated
with no significant S-isotope fractionation. The
subsequent slow crystallization of alunite in K -rich
solutions, and the very slow formation of highly
crystalline natroalunite in Na'-rich solutions, are
associated with a S-isotope fractionation between
+0.84%0 and +1.72%o, with the heavier isotope >*S
being enriched in the minerals. The extent of isotopic
fractionation was found to depend on the chemical
composition and the crystal structure of the synthe-
sized minerals, and seemed to be related to the mass
of the involved cations, and to the energy balance and
the rate of the precipitation reactions. Because we did
not carry out reversed experiments, it is difficult to
distinguish conclusively between equilibrium and
non-equilibrium S-isotope effects. However, most of
our observations seem to be consistent with equili-
brium isotopic fractionation during the re-dissolution/
re-precipitation process between basaluminite and
(natro)alunite. This study indicates that isotopic
fractionation of S during precipitation of basaluminite,
alunite, and natroalunite will shift the 5°*S values by
less than +2%o. Consequently, S-isotope mass balan-
ces in aerated acid soils are not significantly con-
founded by S isotopic fractionation effects associated
with the formation of Al hydroxysulfates.
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