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ABSTRACT

Chemical bulk analyses of intermediate alunite-natroalunite minerals indicate anomalous high contents
of REE, Sr, Ba, Ca and P. Alunite occurs as veinlets or nodules cross-cutting hydrothermal clay
deposits, containing pyrophyllite, kaolinite and sericite in the west Barker area (Dristas & Frisicale
1983(5), 1992(6)). Petrographic studies reveal a pseudocubic habit for the alunite. No significant zoning
has been detected in this mineral by EPMA backscattered images. Additionally, EPMA and EDX
studies indicate that the tabular-like inclusions in cores of alunite contain significant amounts of P, Ba,
Sr, REE, Ca and Fe. Alunite shows epitaxial growth on the inclusion mineral. These tabular-like
inclusions correspond to APS (aluminium phosphate sulphate) minerals, such as florencite, formed at
early stages before alunite crystallization from a solution with a high phosphorous/sulphur ratio. The
crystal structure of APS minerals are suitable for REE, Sr and Ba substitution since metal cations are
situated in large cavities formed by 6-membered rings of M(O, OH)6 octahedra. A later increase of
solution sulfurization would favor the formation of alunite that constrained the REE, P, Sr, Fe, Ca and
Ba fixation.
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INTRODUCTION

In the alunites solid solution series, the cationic substitution
K+ by Na+ is widely known. This kind of substitution was
considered in many studies of high sulphidation (Aoki,
1991(1), 1993(2); Stoffregen & Alpers, 1992(21); Arribas et al,
1995(3), active volcanos and hot springs environments
(Reyes, 1990)(17), and limited experimental works (Parker,
1962(13); Stoffregen & Cygan, 1990(20)). All studies suggest
that the substitution of K+ by Na+ is favoured at higher
temperatures. However, within alunites supergroup there are
many other ionic substitutions through the general formula
RAl3(PO4)1+x(SO4)1-x(HO)6-x.(H2O), where R is a monovalent,
divalent or trivalent cation, and x<0.5. Some of these
substitutions often occur in environments of advanced argilic
alteration (AAA) zones (Stoffregen & Alpers, 1987(19),
1992(21); Hedenquist et al., 1994(10); Aoki, 1991(1), 1993(2);
Velinov et al., 1991(22); Dill, et al., 1995a(4)).
Based on field occurrence and mineralogical studies by X-

ray diffraction (XRD) analyses, Zalba (1978)(23) indicated
that the pseudocubic alunites from the west Barker area of
Argentina were formed by diagenetic processes. Textures
were also described by means of scanning electron
micrographs (Zalba, 1979a(24); 1981 b(25); Zalba et
al.,1982)(26). As it is noted in Zalba (1981b)(25), the alunite
occurs with diaspore and halloysite, which formed by de-

potassification and de-silicification processes, through

dissolution, hydrolysis and dialysis of clay minerals. The

sulfur origin has not been satisfactorily explained.

Dristas & Frisicale (1983)(5), using XRD, differential

thermoanalyses (DTA), petrography and major elemental

analyses identified an intermediate alunite-natroalunite

member (Na-alunite) and a hydrothermal zonation in

pyroclastic rocks exposed in some clay quarries of the west

Barker area. Although diaspore is present in the AAA

paragenesis involving alunite, it has not yet been found in

contact with alunite as kaolinite, sericite, rutile and turmaline

are. Primary fluid inclusions studies in hydrothermal quartz,

associated with pyrophyllite, indicated that the hydrothermal

event reached temperatures ranging between 270-300•Ž

(Dristas & Frisicale, 1983)(5). Through more detailed bulk

chemical analyses, Dristas & Frisicale (1996)(7) indicated a

relatively high REE content and a positive correlation

between Ca and Sr with P in the alunites of the west Barker

area clay deposits. Some aspects of those previous

investigations have been taken and studied with more specific

and detailed techniques with the aim to explain the relatively

high content of P, Ba, REE, Ca and Sr in the bulk chemical

analyses and whether it corresponds to a solid solution

between alunite and a REE rich APS mineral phase or to an

individual APS mineral phase, associated to alunites. We

hypothesize and ascribed the presence of Ba, Sr, REE, Ca and



16

Fe in bulk alunite chemical analyses both to tiny inclusions of

APS minerals (florencite solid solution series, s. s. s. ) within

pseudocubic alunite, and to the presence of interstitial APS

minerals growth as individual phases.

ANALYTICAL PROCEDURE

Petrography, X-ray diffraction analysis (XRD), infrared

spectrometry (FTIR), whole rock analysis, electron probe

microanalyzer (EPMA), EDAX and sulfur isotopy techniques

were employed. XRD analyses of bulk alunite rich samples

were performed with a Rigaku Geigerflex D max III C

difractometer (35 kv, 15 mA and 0.5•‹/min). In order to

minimize measurements errors, samples were standardized by

using silicon (10%). A Nicolet Nexus 4700 FTIR

spectrometer was employed for recording the spectra between

400 and 4000 cm-1 for which the samples were dispersed and

pressed in solid KBr disks. Chemical analyses of alunite

crystals, EDAX and backscattered images with elements

mapping were done by means of a Cameca 100 microprobe

analyzer with an acceleration voltage of 15 kv, take off angle

of 40•‹ and a variable radius beam (2-4ƒÊ). EDAX analyses

and backscattered images were also obtained with a Phillips

XL 30 ESEM equipment. Background measurements

positions were chosen using the 'Virtual WDS' (Reed and

Buckley, 1998)(16) computer program. Chemical bulk

analyses of Na-alunites were provided by ACTLAB

laboratories (Canada) by employing fusion ICP, INAA, and

ICP-MS and XRF technologies for main and trace elements.

GEOLOGICAL SETTING AND PETROGRAPHY

Na-alunite samples were extracted from the previous

named La Elisa and Vittor quarries (now named

Rothenberger quarries) aproximately 3.5 km west from

Barker (37•‹ 38' 13"Lat S-59•‹ 23' 20" Long W), Tandilia

ranges, Buenos Aires Province. The geology and detailed

profiles of the quarries are shown in Dristas & Frisicale,

(1983(5), 1992(6)) and Frisicale, (1991)(9). Upper Precambrian

protoliths of the geologic sequence consisted of epiclastics

and piroclastics rocks. A basal metasomatic secondary quartz,

with up to 5 meters of thickness present as breccias or masive

bodies, is followed by reddish and whitish clay layers up to 2

meters of thickness. The sequence follows with intercalation

of fine—grained ortho-quartzites and clay layers by 6 to 9

meters. The top of the sequence contains 2-3 meters of thick

layers of pure ortho-quartzites and ortho-conglomerates. The

Na-alunite is present in both clay layers. In the quartz arenites

matrix with secondary quartz, pyrophyllite and kaolinite

occurs mostly as veinlets. Some Na-alunite veinlets were

microscopically recognized crosscutting kaolinite—dickite

veinlets (Frisicale, 1991)(9). Na-alunites are often presented as

pseudocubic crystals of 4-5ƒÊm on average size, crosscutting

kaolinite, sericite and pyrophyllite aggregates The

characteristic mineral assemblage in the clay deposits

comprises pyrophyllite+kaolinite+sericite+diaspore+

secondary quartz+Na-alunite, which denotes a high

temperature clay assemblage (Dristas & Frisicale, 1983)(5),

and would correspond to an AAA in the sense of Meyer &

Hemley (1967)(12).

Petrography reveals that Na-alunites frequently show

isotropic zones at the centre of crystals. Relic agreggates of

pyrophyllite, kaolinite and sericite can be recognized within

Na-alunite veinlets. Tiny APS minerals of less than 2ƒÊ in size

are present as aggregates of pale yellow, moderately high

relief and low interference colours often scattered in

interstices, but also placed in bands in more alunite rich

samples.

X-RAY DIFFRACTION

The changes of the c axis of alunite-natroalunite s.s.s due to

cation substitution yield the migration of the 006 reflection

peak positon (Parker, 1962(13); Aoki et al, 1993). For the

studied samples, there are multiple and asymmetric peaks in

the range between 30.96 and 32.17 2ƒÆ•‹(Cu Kƒ¿), which

corresponds to the 006 reflection of alunite-natroalunite end

members respectively (Parker, 1962)(13). Thus, the mole

fraction of Na was estimated through the formula (17.331-

c)/0.635 (Stoffregen & Alpers, 1992), for which c axis length

was calculated by using the "full-width, half-maximum" of

the 006 reflection peak position. Thus, the mol fraction

values of Na for the studied alunites are around 0.48-0.47

which is in good agreement with previous estimations

(Dristas & Frisicale, 1983)(5) and with the herein calculated

mol fraction of Na by means of EPMA analyses.

SCANNING ELECTRON MICROSCOPY AND

ELECTRON PROBE MICROANALYZER

Backscattered electron images (BEI) show pseudocubic Na-

alunite crystals without zoning. These crystals often display

strong bright tabular-like cores with sharp limits (Fig. 1a and

1c). Irregulary shaped holes, etch pits, usually placed at the

center crystals (Fig. 1b, 1c and 1d). As the brightness in the

backscattered images is proportional to the average atomic

number (Aoki et al., 1993), heavier elements are expected to

be found. Chemical mapping images (Fig. 1e) coupled with

EDAX spectra (Fig. 2) show not only some Ba, Sr, Ca and

REE (Ce) enrichment in the cores respect to the Na-alunite,

but also P highly concentrated in the cores. Otherwise, Na

and K cations seem to locate homogeneously distributed at

the outer crystal (Na-alunite). EDAX spectra also indicated

that there are no detectable REE in the Na-alunite and that

sulfur is homogeneously distributed across the outer Na-

alunite.

EDAX spectra (Fig. 2) and EPMA quantitative analyses

(table 1) are interpreted as average results due to the variable

beam diameter (>2ƒÊm), which is bigger than the size of the

bright inclusions (<1ƒÊ). Characteristics EDAX peaks of Ce

were only found in the inclusions of Na-alunite crystals.

Although the molar relations SO42-: PO43- were not possible to

be determined, the existence of cations such as Ba, Sr, REE

(Ce) and Ca in the crystal cores are indicative of higher

PO4/SO4 ratio than in the Na-alunite itself. The presence of

divalent cations and REE contents would only be possible if

the molar contents of PO43- reach or exceed the molar

contents of SO42- respectively in APS minerals (Stoffregen &

Alpers, 1987)(19).
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The addition of trivalent cations (Ce), in the APS minerals
structure is possible by an increase in phosphate above one
formula unit at the expense of sulphate (Stoffregen & Alpers,
1987)(19), such as is seen in the florencite structure.

The structure of APS minerals are suitable for REE, Sr and
Ba substitution, since metal cations are situated in large
cavities formed by 6-membered rings of M(O,OH)6 octahedra

(Radoslovich & Slade, 1980) (14).

Figure 1 (a)-(d) Backscattered Electron Images (BEI): (a) and (c) show brighter inclusions in pseudocubic Na-alunite. These inclusion contain P, Ba, Sr, Ca

and REE. (b) and (d) show the texture of the AAA where APS minerals present as aggregates. Al: alunite; K: kaolinite. In (b), (c) and (d) pseudocubic Na-
alunite crystals exhibit irregular holes, etch pits, often placed at their cores. (e) Compositional mapping of a pseudocubic Na-alunite crystal showing P, Na, K
and S distribution. Phosphorous is highly concentrated at the APS minerals inclusion where sulfur is almost absent. Sr and Ba shown in the lower chemical
maps correspond to another pseudocubic Na-alunite crystal.
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Table 1 EPMA quantitative analysis of a whole pseudocubic

alunite crystal with an APS minerals inclusion

Figure 2 EDAX spectrum from the inclusion mineral showing Ce, P, Sr,

Ba and Fe contents. The sulfur peak correspond to Na-alunite.

Excluing the elements assigned to APS minerals (P, Ba, Sr,
Ca, Fe and proportional Al corresponding to phosphate) and
based on 11 oxygens per unit formula, the calculated
simplified formula for the outer Na-alunite is: (SO4)2 (Al3.03)
(K.54, Na.35).
APS minerals inclusions in alunites have been mentioned
associated with high sulphidation hydrothermal systems
(e.g., Stoffregen and Alpers, 1987(19); Aoki, 1991(1); Aoki et al.
1993(2); Hendequist et al., 1994(10) and Rainbow, et al.,
2004)(15). The Summitville, Colorado, deposit contains APS
mineral (svanbergite rich) inclusions in bladed alunite
developed in a quartz-alunite alteration zone (Stoffregen &
Alpers, 1987)(19). At the hydrothermal system of Baguio,
Phillipines, Aoki et al., (1993)(2) outlined the chemical
variation from crystal cores rich in  PO43- with svanvergite and
hindalite to minamiite -woodhouseite and alunite-
natroalunite-minamiite solid solution oscilations. In a typical
hydrothermal magmatic alunite from Kusatsushirane, an
active volcano, Aoki (1991)(1) identified concentric
hexagonal bands of Na-K-Ca alunite s.s. around phosphate-
rich cores with REE (crandalite and woodhouseite). Rainbow,
et al. (2004)(15) identified APS minerals inclusions with
strongly corroded Ca-P-S-bearing core and Sr-Ba-S-rich rims
in zoned Na-rich alunite at the Pierina ephithermal Au-Ag
deposit, Peru. The presence of APS minerals in the core of

Na-alunite is more typical of magmatic-hydrothermal
environments (Hikov, 2004)(11).

ALUNITE BULK ROCK ANALYSES

Selected Na-alunite samples with minor quantities of quartz,
kaolinite and sericite have significant amounts of P2O5, Sr,
Ba and high REE contents (table 2). P2O5 contents (wt.%)
rise in a clear positive correlation with Ba, Sr and REE
contents, of both samples, with respect to others bulk rock
analized cations.

Table 2 Elements assigned to APS minerals from bulk chemical analyses.

Figure 3 REE pattern selected alunite samples.

Chondrite normalized REE diagram (Fig. 2) show a similar
pattern with a strong positive anomaly in Ce which could be
assigned to the presence of APS minerals (probably florencite
s.s.s.) in both samples.

FOURIER TRANSFORMED INFRARED
SPECTROSCOPY

The infrared spectra of the studied alunites show a strong
band of the OH stretching vibration between the frequencies
3485 and 3475 cm-1 and other strong bands related to the
SO4 group present between 1223 and 1025 cm-1. The latter
frequencies overlap with the frequency bands of PO4 group
for the APS minerals. However, the frequency band around
465 cm-1 corresponding to crandallite (Farmer, 1974)(8) is
well defined in some samples. The recognition of the PO4

group in these IR spectra is consistent with the results
achieved by chemical and EPMA analyses.
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SULFUR ISOTOPES

The isotopic analysis of the Na-alunites (in this study
acquired from Frisicale (1991)(9), an unpublished data) yield
634S values between 21-22 0/00. Comparison between the
isotopic composition of sulphate and sulphide minerals
phases was not determinated because the latter was not found.
According to Aoki et al. (1993)(2) the 834S values between
+15a+24 0/00 , relatively high, for alunite coupled with Ba,
Sr, y PO4 rich cores from the Baguio System are indicative of
hypogene alunites. Moreover, such values are described for
magmatic- hydrothermal alunite (Rye, et al., 1992)(18). Other
similar isotopic ratios have been observed by Stoffregen &
Alpers (1987)(19), Aoki (1991)(1), Velinov et al. (1991)(22) and
Rainbow et al. (2004)(15), for comparable mineral pargenesis.
Hence, based on Frisicale (1991)(9) isotopic data and on the
herein determinated APS minerals components in Na-alunite
cores, these sulfate phases correspond to a magmatic-
hydrothermal event.

CONCLUSIONS

Anomalous high contents of Ba, Sr, Ca, REE, and P
determined by whole rock Na-alunite samples analyses are
assigned to APS mineral inclusions in alunites. The molar
relationships SO4/PO4, the presence of divalent and trivalent
cations together with P concentration in the mineral inclusion

gave rise to the identification of APS minerals from the
woodhouseite and crandallite series.
The Na-alunite pargenesis and isotope compositions

indicate that hydrothermal solutions with low SO4/PO4 ratio
induced an initial growth of APS minerals. A later input of

SO4 activity to the solutions favours the formation of Na-
alunite which gives rise to the exclusion of REE and cations
as Ba, Sr and Ca in the growing crystals. A partial dissolution
of the early formed phosphate-bearing phases occurred
simultaneously, leading to etch pits formation in the crystal
cores. Further on, a decrease in the SO4 activity resulted in
new APS mineral growing among interstices.
Mineral clay paragenesis, bulk Na-alunite chemistry, sulfur

isotopes, EPMA analyses and EDAX results strongly suggest
that Na-alunite and APS minerals in the Barker area are of
hydrothermal origin.
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