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Abstract. Aluminium phosphate-sulphate (APS) minerals of the svanbergite-woodhouseite (Sv-Wh) solid
solution series have been determined in the advanced argillic and sericitic zones of alteration, as well as along
with the Cu-As-S ore mineralization in the Chelopech high-sulphidation epithermal deposit. In the advanced
argillic zone, Sv-Wh phases are documented down to a depth of 2000 m as known from 2 deep drill-holes. On
the Earth surface (elevation 750 m) these minerals are associated with quartz, dickite, kaolinite, alunite, pyrite
and anatase. From level 450 m to level 250 m, the alteration assemblage is composed of quartz, dickite,
kaolinite, nacrite, pyrite, Sv-Wh and anatase. At deeper levels, diaspore, pyrophyllite, alunite and zunyite
occur together with Sv-Wh. The temperature of formation of the advanced argillic alteration assemblages is
considered to range from less than 200°C in the upper levels to more than 300°C in the deepest levels of the
hydrothermal system. In the sericitic zone, these minerals are associated with quartz, illite, pyrite, halloysite,
anatase and apatite. The relationships with apatite indicate that at least a part of Sv-Wh phases are formed by
dissolution and replacement of apatite in a low pH environment. As a part of the Cu-As-S ore mineralization,
these minerals are closely associated with enargite, pyrite, tennantite, chalcopyrite and barite, which suggest
similar Eh-pH conditions of their formation.

The Sv-Wh phases with general formula (Ca,Sr)Al;(PO4,SO4),(OH,H,0) range in composition from
high Ca- to high Sr-varieties without reaching pure end-member composition. Minor amounts of Ba and K
complete their chemistry. The crystals have clear chemical zoning due to substitution among Sr and Ca.
Svanbergite-woodhouseite phases and zunyite are described for the first time in the Chelopech Cu-Au
deposit.
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Pestome. AnymunmeBu ¢ocdarno-cynparan (APS) MuHepamyw, CBOTBETCTBAIlM HAa CBAaHOEPTUT-
Byaxay3eutoB (Sv-Wh) TBbpA pa3TBOp 0sXa yCTAHOBEHM B MHTEH3WBHO apTHIM3HTOBATa U CEPHIHTOBATA
30Ha Ha HW3MeHeHue, kakTo U ¢ Cu-As-S pynHa MHUHepanu3alus BbB BHCOKO-CYJI(QHIHOTO EMHTEPMAIHO
Haxoxume Yenoneu. IIpy MHTEH3UBHO apriIM3MTOBATa 30HA T€3W MUHEPAIN CE YCTAHOBSBAT HA IbIOOYMHA
noseue oT 2000 m mox chBpeMeHHaTa noBbpxHOCT. Ha moBbpxHOCTTa (KOoTa 750 m) Te acouuupar ¢ KBapii,
IUKHUT, KaOJIWHHT, allyHUT, IUPUT U aHaTa3. B uHTepBama ot kora 450 m mo xora 250 m MuHepaiHarta
acouyauus € KBapll, AUKHUT, KAOJMHUT, HaKputT, mupur, Sv-Wh u anata3. B no-gbpiabokure HuBa ce
YCTaHOBSBAT OIIE JHAaclop, NUPOGHINT, adyHUT M 3yHuMT. Ilpenmonmara ce, 4e TemiepaTypara Ha
o0Opa3yBaHe Ha MHTEH3UBHO apTHIM3HTOBHA THII M3MeHeHHe Bapupa oT <200°C BbB BUCOKHUTE HHUBA O HaJ
300°C B Haii-mpnOOKHTE HUBa Ha XuApoTepMmanHata cuctema. [Ipu cepuumtoBata 30oHa Sv-Wh dasu
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acoLMUpaT ¢ KBapll, WINUT, IUPUT, XaIya3uT, aHaTa3 U araTUT. B3aMMOOTHOLIEHUATA UM C allaTUT [10Ka3BaT,
4e MOHE YacT OT TAX ca 00pa3yBaHM 3a CMETKa Ha Pa3TBAPSHETO M 3aMECTBAHETO Ha alaTUT NPU HHUCKH
croitnoctn Ha pH. Kato wacrt ot pynHata munepanusauus Sv-Wh aconuupar ¢ eHapruT, NUPHUT, TCHAHTHT,
xajikomupuT u Oapur. bimskara mnpocTpaHcTBeHa BpB3Ka Ha Te3um MuHepaiu ¢ Cu-As-S  pynHa
MUHepanm3amnys npennonara cxogau Eh-pH ycnosus Ha oOpa3yBane.

Sv-Wh ¢a3u ¢ obma dopmymna (Ca,Sr)Al;(PO,,SO0,4),(OH,H,0)s Bapupar mo CbCTaB OT BHCOKO
KaJIIEeBU IO BICOKO CTPOHIIMEBH, HO YHCTH KpalHW WICHOBE HE ca JIOKAa3aHU. B XUMWYHHSA UM CHCTaB ca
YCTaHOBEHNM HUCKU ChIbpxkanus Ha Ba m K. YcraHoBeHa e sicHA XMMHYHA 30HAIHOCT Ha KPUCTAIUTE MM,
KOSITO c€ IBJDKH Ha 3amecTBaHeTo Mexay St u Ca. CBaHOEpIUT-ByIXay3eUT U 3yHHUT C€ ONHKCBAT 3a IbPBHU
T B Cu-Au Haxoaume Yenoned.

Introduction

The aluminium phosphate-sulphate minerals APS minerals of hypogene origin were
(APS) refer to the alunite supergroup that established also in many Bulgarian occur-
consists of three mineral groups (Jambor, rences. Svanbergite and alunite are described in
1999), however the subdivisions of the various the Asarel porphyry-copper deposit, Central
groups and their naming is still under debate.  Srednogorie (Velinov et al., 1991), within the
The supergroup contains more than 40 mineral  secondary quartzites of the Bacadjik ore field,
species the general formula of wich is Eastern Srednogorie (Kunov, Belivanov,
DG;(T0O,4),(OH,H,O)s, where D is a large 1996), and in the Spahievo ore field, Eastern
cation (Na, U, K, Ag, NH,, Pb, Ca, Ba, Sr, Rodopes (Kunov et al., 1986). Svanbergite,
REE) with a coordination number greater or  woodhouseite, alunite and florencite are found
equal to 9. G sites are occupied by cations (Al, in the advanced argillic type of alteration at
Fe, Cu and Zn) in octahedral coordination, and  Duni, Eastern Srednogorie (Kunov et al,
T is dominated by P, S and As in tetrahedral 1996). Svanbergite-woodhouseite, woodhou-
coordination (Jambor, 1999; Dill, 2001). These  seite and Na-alunite are reported by Kunov et
minerals have a trigonal symmetry with a space  al. (2000) in the advanced argillic type of
group R3m, with some exceptions as docu- alteration of Klissoura, Western Srednogorie.
mented by Jambor (1999). A review of all Bulgarian localities containing
APS minerals are known from a wide APS minerals of hypogene or supergene origin
range of environments, including metamorphic,  is presented by Kunov (1999).
igneous and sedimentary rocks (Stoffregen, The presence of svanbergite (?) in the al-
A]pers, 1987). They form during hypogene as tered rocks of the Chelopech deposit was ini-
well as supergene processes. In these condi- tially suggested by Chipchakova (unpublished
tions complex solid solution series can form. In ~ data). More recently, svanbergite-woodhou-
the igneous environment, these minerals occur seite (Sv-Wh) phases were confirmed using
mainly in acidic and intermediate pyroclastic, electron microprobe analyses by Velinova
volcanic and subvolcanic rocks that have (Kunov, 1999).
undergone advanced argillic alteration with or Sv-Wh solid solution series are present in
without hydrothermal ore mineralizations (Dill, the advanced argillic and sericitic zones of
200]) They are documented in a large number alteration, and in the Cu-As-S ore bodies of the
of epithermal high-sulphidation ore deposits ~Chelopech deposit. The aim of this study is to
such as Summitville, Colorado (Stoffregen, provide information on their spatial develop-
1987), Pueblo Viejo, Dominican Republic ~ment and chemical composition. First data of
(Muntean et al., 1990), Nansatsu district, Japan ~ zunyite in this deposit are given as well. The
(Hedenquist et al., 1994), and Rodalquilar, genetic significance of the APS minerals and
Spain (Arribas et al., 1995). the corresponding assemblages are discussed.
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Materials and methods of study

The samples were collected from present-day
surface in the area of Sharlo Dere (easternmost
part of the deposit - elevation 750 m) and the
underground galleries on the 405 m mine level
(300-350 m below the surface). Additional
samples from two 2-km deep drill-holes (Ne
600 and 600" at elevations 400 m, 248 m, 193
m, 122 m, -158 m, -400 m and —770 m) were
used as well. The samples refer mainly to the
advanced argillic and sericitic zones from the
central and western sectors of the deposit.

The mineral assemblages and the para-
genetic relationship of the APS phases with the
other minerals were studied by transmitted and
reflected light microscopy. X-ray powder
diffraction (Siemens 500 diffractometer) and
DTA (MOM - Budapest) methods was used
for defining the mineral composition of the
rocks in the advanced argillic zone (Geological
Institute, BAS). The chemical composition was
determined by using a JEOL JSM-35 CF with
a TRACOR NORTHERN-TN 2000 micro-
analyser (Eurotest-Control, Sofia, analyst Chr.
Stanchev) and a CAMECA CAMEBAX SX-50
microprobe (University of Lausanne, Switzer-
land). The chemical zoning of the APS crystals
and grains was studied with a JEOL scanning
electron microscope (SEM) at the University of
Geneva, Switzerland. Representative sample of
the investigated material is available in the
collections of the Geological Institute under Ne
M.1.2002.10.1.

Geological setting

The Chelopech deposit is a major Cu-Au mine
with a past production (since 1954) of 11.5 Mt
with 1.0 % Cu, 3.0 g/t Au and remaining
resources of 31 Mt with 1.39 % Cu, 3.5 g/t Au
(Strashimirov et al., 2002). It is located within
the northern part of the Panagyurishte ore re-
gion that belongs to the Banat-Srednogorie
metallogenic belt.

The genesis of the deposit is related to the
Late Cretaceous magmatism (Popov et al.,
2000). It is hosted by a Late Cretaceous vol-
canic and volcano-sedimentary complex, trans-
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gressively overlaying Precambrian gneisses,
shists and amphibolites and Paleozoic phyllites
and shists. The Late Cretaceous rock sequence
consists of Turonian sedimentary rocks, Conia-
cian-Santonian dacite-andesites, sandstones
and marls (Chelopech Formation), argillaceous
limestones (Mirkovo Formation) and Cam-
panian-Maestrichtian terrigeneous flysh
(Chugovitsa Formation) (Moev, Antonov,
1978; Popov, Kovachev, 1996). The Conia-
cian-Santonian volcanic rock assemblage
(Chelopech Formation) is composed of lavas,
breccias with volcanic elements and various
tuffs. The recent study of Stoykov et al. (2002)
defined the igneous rocks dominantly as ande-
site to trachydacite. Part of this rock assem-
blage has been intensively altered to an ad-
vanced argillic style and hosts the economic
Cu-Au ore bodies of the deposit. Sedimentary
rocks of the Chelopech-, Mirkovo- and Chugo-
vitsa Formations cover partly the altered vol-
canic complex and the ore deposit.

The deposit includes more than 20 ore
bodies, most of them hosted by breccias. Tex-
tural relationships indicate multiple breccia
events of different origins — phreatomagmatic
and magmatic hydrothermal injection breccias
(Moritz et al., 2001; Chambefort et al., 2002).
The morphology of the ore bodies is variable,
with disseminated, massive, banded and vein-
type ore. The vertical development of eco-
nomic ore is known down to a depth of 600 m
below the present-day surface and is open
downward.
and

Hydrothermal alteration

assemblages

Mutafchiev and Chipchakova (1969) described
the alteration products in the Chelopech deposit
as secondary quartzites, which include alunite,
kaolinite and sericite facies to quartz-sericite
alteration imposed on earlier propylitically
altered rocks. M. Kanazirski (in Popov et al.,
2000) distinguished propylitic, propylitic-
sericite, sericitic, sericitic-advanced argillic and
advanced argillic pre-ore alteration types.

On the mine level 405, three main

ore



Table 1. Mineral composition of rocks from the advanced argillic zone, determined by X-ray powder diffrac-

tion and DTA, wt. %

Tabmuua 1. Munepanen cvcmas na ckaau om UHMEH3UBHO APSUTUSUMOBAMA 30HA, ONPedeNeH Ype3 NPaxoea
penmeenosa oughpaxyus u oughepenyuario-mepmuieH anamus, meai. %

Ne Level,| D/ | Q Py | Sv- | Pyr | Al | Ser | Crb
m | Kl Wh

60 750 43 41 7 3 2 2 1 -
7 37 39 18 - 2 2 - -
583 400 63 3 16 3 10 3 - -
43 51 3 37 2 3 3 - -
B56 248 30 46 15 - - 7 - -
B25 122 29 51 7 - - 11 -

B32 -158 38 40 8 - - 10 - 2

D/K1 - dickite/kaolinite, Q - quartz, Py - pyrite, Sv-Wh — svanbergite-woodhouseite, Pyr - pyrophyllite, Al -

alunite, Ser - sericite, Crb - cristobalite

D/KI1 — muxur/kaomunut, Q — kBapu, Py — mupur, Sv-Wh — cBanGeprur-synxayseut, Pyr — nupodmwmt, Al —

ayHuT, Ser — cepunut, Crb — kpuctobamuT

alteration types are distinguished laterally with
distance from the ore bodies (Simova et al.,
2001). The innermost part consists of advanced
argillic zone with “vuggy” silica and massive
silica localities. This zone is spatially followed
of sericitic and an external propylitic zones of
alteration. Two deep drill-holes reveal that the
advanced argillic alteration is developed in the
volcanic rocks down to a depth of more than
2000 m. A vertical variation of the mineral
composition is observed with development of
diaspore, pyrophyllite and zunyite at depth.
Three successive stages of the ore-miner-
alizing process have been recognized
(Petrunov, 1994, 1995): (1) Fe-S, with dis-
seminated and massive pyrite of banded texture
(considered to be of hydrothermal sedimentary-
diagenetic origin); (2) Cu-As-S with enargite
and tennantite and (3) Pb-Zn-S. The predomi-
nant minerals are pyrite, enargite, tennantite,
chalcopyrite, bornite and barite. A large num-
ber of subordinate and rare minerals associate
with the Cu-As-S main economic ore stage,
including sulphides, sulphosalts, tellurides,
selenides and native metals. These minerals
refer to a large geochemical association: Cu,
Fe, S, As, Sb, Te, Bi, Se, Sn, Mo, Ge, Au, Ag,
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Pb, Zn, Hg, and Ga (Terziev, 1968; Petrunov,
1994, 1995; Simova, 2000 etc.).

Results

The Sv-Wh phases occur in the advanced
argillic and sericitic zones of alteration. They
are most abundant in the advanced argillic zone
and associate with quartz, dickite, kaolinite,
pyrite, alunite, pyrophyllite, diaspore and rarely
zunyite and anatase The quantitative ratio of
the mineral alteration assemblage is shown in
Table 1. In the area of Sharlo Dere, where
advanced argillic zone crop out, these minerals
associate with abundant alunite, quartz, dickite,
kaolinite, pyrite and anatase. Commonly they
are present as zonal grains with an irregular
shape, enclosed in bladed alunite crystals (Fig.
1). This is an earlier formed solid solution
series, which is partly dissolved and replaced
by alunite. The chemical composition of
alunite is shown in Table 2. A characteristic
feature of the studied samples is the high Na,O
content, that reach up to 4.88 wt. %. A clear
zoning in the alunite crystals is established
with the BSEI images. This zoning dem-
onstrates variations in the K and Na content.



Table 2. Representative microprobe analyses of alunite from the advanced argillic zone, wt. %
Tabmuua 2. [lpedcmasumentu MuKpoCcoHO08U GHANU3U HA ATIYHUIN OM UHINEH3UBHO apSUTUZUINO8AMA 30HA,

mean. %

PS56/8 | PS56/12 | PS56/14 | PS56/15 | PS56/16 | PS56/18
Sample Sharlo Dere, present-day surface, level 750 m
K,0 5.25 3.52 454 6.14 532 4.45
Na,O 3.46 4.88 4.08 2.43 3.57 4.28
Sr0 0.23 0.18 0.10 0.42 0.21 0.13
Ca0 0.03 0.05 - 0.40 0.06 0.03
BaO 0.02 0.11 0.14 0.68 0.16 0.17
ALO, 38.96 38.54 38.55 37.31 38.30 38.19
SO, 39.04 40.07 39.62 38.26 40.16 38.75
P,0s 0.02 0.11 0.11 1.23 0.10 0.08
H,0% 12.88 12.26 12.62 12.98 11.95 13.67

0=14

K 0.45 0.30 0.39 0.53 0.46 0.38
Na 0.45 0.64 0.53 0.32 0.47 0.56
Sr 0.10 0.01 - 0.02 0.01 -
Ca - - - 0.03 - -
Ba - - - 0.02 - -
Al 3.11 3.07 3.07 3.00 3.07 3.03
S 1.98 2.03 2.01 1.96 2.05 1.96
P - 0.01 0.01 0.07 - -
OH 5.81 5.53 5,69 5.90 5.43 6.13

H,0* - by difference to 100%; FeO, As,0s, Ce,0; and SiO, are bellow 0.10 wt. %
H,0%* - mo pasnukara no 100%; FeO, As,Os, Ce,0; u SiO, - mox 0.10 Terit. %

From level 450 m to level 250 m, the
mineral alteration assemblage is composed of
quartz, dickite, kaolinite, Sv-Wh phases, na-
crite, pyrite and anatase (Fig. 2a). In these le-
vels Sv-Wh phases are generally intergrown
with clay minerals, pyrite, and Cu-As-S ore
minerals also, including enargite, tennantite,
chalcopyrite and barite (Fig. 2b). We do not
have representative Sv-Wh microprobe analy-
ses from this association, but we expect the
presence of As in their chemical composition
because of the high activity of this element in
the ore-forming process.

Mainly, Sv-Wh phases form clusters,
bands or isolated 5-150 um pseudocubic crys-
tals (Fig. 3a). Clear zoning can be observed in
some grains (Fig. 3b). Within fine tuffs, com-
posed of clay minerals, crystal clasts and
banded massive pyrite, these minerals occur as
bands of fine-grained mass or as separate 10-
100 um pseudocubic zonal crystals.

Fig. 1. BSEI microphotograph of alunite (Al) in
advanced argillic zone. The central parts of the
alunite are composed of turbid Sv-Wh grains with
irregular shapes. Sample PS56, Earth surface. Sharlo
Dere

®Gur. 1. BSEI u3obpaxenune na amynHut (Al) B
WHTEH3MBHO apruiusuroBara 3oHa. lleHTpanHuTe
YacTH Ha alyHUTa ca chcraBeHH oT Sv-Wh ¢
HenpaBmwiHa Qopma. O6pasen PS56, ceBpeMeHHa
noBbpxHocT. [lapio nepe
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Fig. 2. Microphotograph of Sv-Wh crystals: (a) in advanced argillic zone, associating with pyrite (Py),
dickite/kaolinite (D/K1), quartz (Q), and anatase (At). The cores of the crystals are filled with dickite/
kaolinite. Sample PS5, level 400 m. Transmitted light, N //; (b) Sv-Wh crystals included in tennantite (Tn),
enargite (En), chalcopyrite (Cp), pyrite, quartz and dickite/kaolinite. Sample C103, level 405 m.
Transmitted/reflected light, N //

@ur. 2. MuKpockoricka cHUMKa Ha Sv-Wh kpucTanu: (a) B MFHTCH3UBHO aprijIM3UTOBATA 30Ha, ACOLMHPAILH
¢ muput (Py), muxur/xaomuutr (D/KI), kBapr (Q) n anatas (At). LlenTpanHure yacTH Ha KpPUCTAIUTE ca
3abIHCHU ¢ JUKuT/KaonuHUT. O6pasen PS5, xora 400 m. IIpoxomsma ceeriamHa, N //; (b) BKiIIOueHH B
tenantut (Tn), enaprut (En), xankonuput (Cp), nupuT, kBapi u aukut/kaonuaut. O6paszen C103, xop. 405
m. [Ipoxopsinia/otpasena ceetiuHa, N //

Fig. 3. BSEI microphotograph of Sv-Wh crystals in advanced argillic zone: (a) associating with
dickite/kaolinite (D/K1) and sphalerite (Sp). Sample S77 — level 395 m; (b) zonal Sv-Wh crystal,
associating with dickite/kaolinite, quartz (Q) and pyrite (Py) The core of the crystal is filled with
dickite/kaolinite. Sample B60 — level 193 m

®ur. 3. BSEI m3o6paxenne Ha Sv-Wh kpucTaiy B HHTEH3UBHO aprHIM3UTOBATa 30HA: (a) acOUMpPAIIN
¢ mukut/kaomuHuT (D/K1) 1 cdanepur (Sp). O6pazer; S77 — xop. 395 m; (b) 3onanen Sv-Wh kpucra,
aconuupany ¢ IUKAT/KaonuHuT, kBapl (Q) m mmpur (Py). LlenTpamnmTe dWacTM Ha KpucTama ca
3ambJIHeHH ¢ qUKHUT/KaonuHuT. O6paser B60 — kota 193 m
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Fig. 4. Microphotograph of zunyite (Zun) in
advanced argillic zone, associated with pyrophyllite
(Pyr) and diaspore (Dp). Sample B36, level 400 m.
Transmitted light, N //

®ur. 4. MUKpPOCKOIICKa CHUMKA Ha 3yHHUHUT (Zun) B
UHTEH3MBHO aprHIM3MTOBAaTa 30HA, aCOLMMpAL] C
nupoduut (Pyr) u muacmop (Dp). O6pazenr B36,
kota —400 m. [Tpoxopsia ceernuna, N //

At levels lower than 250 m, diaspore, py-
rophyllite, alunite and zunyite occur together
with Sv-Wh phases. Zunyite is described for a
first time in the deposit (Fig. 4; Table 3). Itis a
characteristic mineral for the advanced argillic
alteration assemblage along with APS miner-
als, diaspore and pyrophyllite.

In the sericitic zone, Sv-Wh phases asso-
ciate with quartz, illite, pyrite, halloysite and
anatase. Relics of primary magmatic apatite

Table 3. Representative microprobe analyses of
zunyite, Al;35i;0,0(OH,F),;sCl, from the deep levels
(-400 m) in advanced argillic zone, wt. %

Tabmuua 3. Ilpeocmasumennu MuKpoconoosu aua-
susu Ha 3ynuum, Alj38i50,0(OH,F)sCIl, om 0va60-
xume nuea (-400 m) Ha uHmMeH3USHO apeunu3u-
mosama 30na, meai. %

Sample | B36/3 | B36/5 | B36/6c | B36/6cl
ALO; 57.87 57.49 56.31 54.94
Si0, 25.10 2426 24.77 2541
Na,O - 0.28 - -
K,0 - - 0.09 -
Fe203 0.14 - - -
Cl 3.16 3.23 3.23 3.16
H,O,F 13.73 14.74 15.60 16.49
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Fig. 5. Microphotograph of pseudocubic Sv-Wh
crystals in sericitic zone associated with quartz (Q),
illite (I11) and pyrite (Py). Central parts are filled
with illite and quartz. Sample S25, level 405 m.
Transmitted light, N //

®ur. 5. MUKpOCKOIICKa CHUMKA Ha MCEBIOKYOUYHHU
Sv-Wh kpucTanu B cepuIMTOBaTa 30HA, aCOLUHpA-
mu ¢ kBapr (Q), wmt (Ill) u mupur (Py). Lenrpan-
HHTE UM Y9aCTH Ca 3aIllbJIHCHU C HJIUT U KBapl. O6pa-
3en S25, xop. 405 m. [Ipoxoxsnia ceerymHa, N //

can also be observed. In this assemblage, these
minerals form 10-50 pm pseudocubic crystals
with clearly developed rims. Their central parts
are filled with illite and quartz (Fig. 5). The
minor apatite crystals are generally enclosed in
grains of Sv-Wh. This relationship suggests
that at least a part of these minerals was formed
by dissolution and replacement of apatite in a
low pH environment, as proposed by
Stoffregen and Alpers (1987).

The chemical microprobe analyses show
that the APS minerals belong mainly to the
svanbergite-woodhouseite solid solution series:
(Ca,Sr)Al;(P0O4,S04),(OH,H;0)s. Their compo-
sition ranges from Ca-rich to Sr-rich phases
without reaching the pure end-members. In
addition minor amounts of Ba and K are also
present (Tables 4 and 5).

The clear chemical zoning revealed by
BSEI is a characteristic feature of the Sv-Wh
grains and crystals of (Fig. 3b). This explained
by the substitution among Sr and Ca. BaO is
present in minor amounts in each sample with a
maximum of 3.67 wt. %. Low concentrations
of K,O exist in some of the samples and range
from 0.07 to 0.81 wt. %.



Table 4. Representative microprobe analyses of Sv-Wh phases from the sericitic and advanced argillic zones, wt. %
Tabnuua 4. Ilpedcmasumentu mukpoconoosu ananuszu va Sv-Wh azu om cepuyumosama u uHmeH3u8HO apeuaUsUMOsama 301a, mei. %

Sample | S25/6 | S25/7 $30 | Ps393 _ Bsell . B36/3 _ B36A
periphery  centre periphery  middle centre periphery  centre

Level 405 m 248 m

Zone sericitic zone | advanced argillic zone

SrO 14.99 15.24 12.38 8.70 2.84 5.33 2.51 8.11 8.05 3.96 8.53
CaO 3.18 3.82 2.79 6.78 8.02 3.32 8.38 6.45 6.46 7.98 6.30
BaO 0.63 0.26 1.32 0.77 3.01 3.67 2.40 1.04 0.81 2.46 1.16
K,0 0.69 0.07 0.81 - - 0.35 0.26 0.60 0.40 0.42 0.58
FeOy - - - - - 0.28 0.27 0.34 - - -
AlLO; 32.96 33.89 32.02 34.72 35.78 33.16 35.80 34.83 34.97 35.50 34.67
P,05 19.55 19.46 17.04 18.00 19.41 19.11 18.06 18.47 17.23 16.51 17.17
SO, 14.52 15.09 20.40 17.52 18.99 22.20 20.65 18.10 19.70 21.05 19.35
H,O* 13.46 12.21 13.21 13.49 11.95 12.58 11.67 12.50 12.38 12.12 12.24

O0=14

Sr 0.64 0.66 0.52 0.36 0.12 0.22 0.10 0.34 0.30 0.16 0.36
Ca 0.25 0.30 0.22 0.50 0.61 0.25 0.63 0.50 0.50 0.61 0.49
Ba 0.02 0.01 0.04 0.02 0.10 0.10 0.07 0.03 0.02 0.07 0.03
K 0.06 0.01 0.08 - - 0.03 0.02 0.01 0.04 0.04 0.05
Fe - - - - - 0.02 0.02 0.02 - - -
Al 2.90 2.96 2.72 291 2.98 2.74 297 2.94 2.94 2.96 2.94
P 1.20 1.20 1.04 1.09 1.16 1.14 1.08 1.12 1.04 0.99 1.05
S 0.80 0.84 1.10 0.90 1.00 1.17 1.09 0.97 1.05 1.12 1.05
OH 6.60 6.00 6.36 6.40 5.63 5.89 5.48 5.97 5.90 5.73 5.87

H,O* - by difference to 100%
H,0* - no pasznukata 1o 100%
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The phosphate/sulphate molar ratio is
close to a 1:1 in the predominant number of
analyses, which is the expected value for
stoichiometric svanbergite or woodhouseite.
Slight enrich-ment of PO’ is established in
some samples of the deeper levels, to a
maximum ratio of 1.3:0.7 (Fig. 6). An abrupt
increase of content of P,Os up to 25.59 wt. %
and of CaO up to 11.63 wt. % was observed in
the central parts of some crystals. Thus the
chemical composition of the studied samples
approaches  that of the  crandallite
[CaAl;(PO4),(OH,H,0)s] (Fig. 7).

Clear enrichment in SrO to a maximum
value of 8.53 wt. % was documented in the
central parts of the zonal Sv-Wh crystals in the
samples of the advanced argillic alteration
zone. In the peripheral parts of the crystals
CaO is predominant and reach a maximum
value of 838 wt. % (Fig. §). A significant
increase of the SrO content up to 17.19 wt. %
was observed with some exceptions in the
grains from the deeper levels, as well as in
these from the sericitic alteration zone (Fig. 9).

Discussion

The formation of the APS minerals together
with the alteration assemblage is related to the
replacement of andesites to trachydacites. The
deep, endogene acid and oxidized hydrother-
mal fluids, enriched in S, Sr and P, reacted with
the host environment and decomposed mag-
matic apatite, which provided additional
amounts of P and Ca to form APS minerals
belonging to the woodhouseite and crandallite
solid solution:

Cas(PO,);(OH) + 4'/,AI(OH), + 11'/,H" =
1'/,CaAly(PO,)>(OH,H,0), + 3'/,Ca®" + 10H,0.
According to Ripp et al. (1998), APS minerals
form in conditions of high activity of PO,
ions, high oxygen potential and a large pH
interval, that is from strong acid to neutral (pH
3-8) solutions. In the Chelopech deposit, these
minerals occur mainly in the advanced argillic
altered rocks, where the pH conditions during
the formation are considered as acid rather than
neutral.

Table 5. Representative microprobe analyses of Sv-Wh phases from the advanced argillic zone, wt. %
Tabmnuua 5. IIpedcmasumentu mukpoconoosu anaruzu Ha Sv-Wh gaszu om unmensusno apaunusumosama

30Ha, mean. %

B56/1 | B56/5

B36/1a] B36/1b| B36/2a] B36/4 | B36/9 | B36/9a|B42/2b | B42/3

level 248 m level -400 m level -770 m
SrO 453 7.42 17.05 16.44 5.49 15.39 17.19 14.33 5.25 14.38
CaO 8.32 7.16 2.29 3.12 8.17 0.42 1.06 2.53 9.59 4.13
BaO 1.35 1.37 0.36 0.95 2.98 - 0.20 0.42 0.40 0.39
K,0 - - 0.07 - 0.12 0.14 - 0.07 - -
FeOy 0.11 - - - - - - - 0.20 -
Al,O; 37.74 35.11 32.82 33.08 34.74 33.84 33.08 34.12 35.81 34.29
P,05 19.68 18.04 18.76 22.57 18.07 15.36 16.75 16.90 20.34 21.56
SO; 15.59 18.06 17.44 12.81 19.35 22.29 20.61 20.16 16.34 13.31
H,0* 12.68 12.84 11.21 11.03 11.08 12.56 11.11 11.47 12.07 11.94
0=14
Sr 0.19 0.31 0.74 0.72 0.23 0.64 0.74 0.61 0.22 0.62
Ca 0.63 0.55 0.18 0.25 0.63 0.03 0.08 0.20 0.73 0.33
Ba 0.04 0.04 0.01 0.03 0.08 - 0.01 0.01 0.01 0.01
K - - 0.01 - 0.01 0.01 - 0.01 - -
Fe 0.01 - - - - - - - 0.01 -
Al 3.15 2.95 291 2.95 2.97 2.88 2.90 2.95 3.00 3.01
P 1.18 1.09 1.19 1.45 1.10 0.94 1.05 1.05 1.22 1,36
S 0.83 0.97 0.98 0.73 1.05 1.20 1.15 1.10 0.87 0.74
OH 5.98 6.10 5.62 5.57 5.35 6.05 5.50 5.61 5.73 5.78

H,O* - by difference to 100% (1o pa3muxara go 100%)
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Fig. 6. Anion composition in the T sites of Sv-Wh
phases from the sericitic zone (1) and advanced
argillic zone (2-5)

®wur. 6. AanoHeH cbeTaB B T mo3unuure Ha Sv-Wh
¢dasu ot cepumuroBarta 30Ha (1) W WHTEH3UBHO
apruIM3uToBaTa 30Ha (2-5)

APS minerals are stable up to a
temperature of 400°C at a moderately high
fluid pressure of up to 1 kbar (Dill, 2001). The
predominance of dickite and kaolinite in the
upper level mineral assemblage in the
Chelopech deposit suggests a temperature of
formation of the APS minerals around 200°C,
as proposed Corbett and Leach (1998) for the
temperature of formation of dickite and
kaolinite. At a greater depth, where diaspore,
pyrophyllite and zunyite appear, the tempe-
rature augments. There are different suggest-
ions according to several authors. According to
Corbett and Leach (1998) pyrophyllite forms
below 200-250°C. Papezik and Keats (1976)
proposed that in the presence of acid
conditions, pyrophyllite forms at temperatures
around 260-280°C under a presure of 2 kbar or
less and that temperatures very likely did not
exceed 300°C. After Berman (1988) the pre-
sence of zunyite, pyrophyllite and dickite con-
strains the upper temperature limit of formation
to 375°C. Thus, the temperature of formation of
the advanced argillic alteration assemblage
might be considered in a range from 200°C in
the upper levels to more than 300°C in the
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Fig. 7. BSEI microphotograph of zonal Sv-Wh
intergrowth crystals in advanced argillic zone,
associated with dickite/kaolinite (D/K1) and pyrite
(Py). The chemical composition of the white cores
of the crystals are distinguished by a sharp increase
of P,Os and CaO, a crandallite (?)-woodhouseite
phase (Crd-Wh). Sample PS5, level 400 m

®ur. 7. BSEI n3o0paskenue Ha CpacTbK OT 30HATHU
Sv-Wh kpucranu B MHTEH3MBHO aprujM3UTOBaTa
30Ha, acouuupamy c aukut/kaonuaut (D/K1) u
muput (Py). XUMHUYHHMAT CBCTaB Ha LEHTPAIHHUTE
yactH (0s10) ce pa3iuyaBa ¢ PSA3KO HapacTBaHe Ha
P,05 u CaO — kpanganur (?)-Bynxayseut (Crd-Wh).
O6pasen P35, xora 400 m

deeper levels of the hydrothermal alteration
system.

The temperature range of the Cu-As-S
ore-forming process is between more than
300°C to 214-183°C as shown by Petrunov
(1994) and Moritz et al. (2002). The ore-
accompanying development of APS minerals
confirms similar to lower temperature for the
main ore mineralization in the Chelopech
deposit.

Conclusions

Three spatially separate zones of altered rocks
are distinguished laterally from the ore bodies
in the deposit. The innermost zone consists of
advanced argillic zone with “vuggy” silica and
massive silica localities, which is spatially
followed by sericitic zone and an outer
propylitic zone of alteration.
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Fig. 8. Cation composition in the D sites of zonal
Sv-Wh phases from the advanced argillic zone

®ur. 8. Katnonen cberaB B D mo3unuuTe Ha 30Haj-
HEI Sv-Wh ¢a3u oT HMHTEH3MBHO apruiM3UTOBATa
30Ha

APS phases occur within the advanced
argillic and sericitic zone and within the Cu-
As-S ore bodies as gangue minerals. They
belong to the svanbergite-woodhouseite solid
solution series and range in composition from
Ca-rich to Sr-rich varieties without reaching
pure end-member compositions.

(£

L s

Fig. 9. Cation composition in the D sites of Sv-Wh
phases from the advanced argillic zone. Symbols, as
in Fig. 6

@ur. 9. Karnonen cberaB B D nosunmure Ha Sv-Wh
(da3u oT MHTEH3MBHO apruim3uroBara 30Ha. O3Ha-
YeHHsTa ca Kato Ha Gur. 6
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The temperature of formation of the
advanced argillic alteration assemblages 1is
considered to range from less than 200°C in the
upper levels to more than 300°C in the deeper
levels of the hydrothermal system. The
relationships with apatite indicate that at least a
part of the Sv-Wh phases are formed by
dissolution and replacement of apatite in a low
pH environment.

The pre-ore hydrothermal alteration and
the ore mineral assemblage of the Chelopech
deposit are typical of high-sulphidation epi-
thermal systems, including a locally developed
early stage of banded massive pyrite that is
typically described in hydrothermal sedimen-
tary-diagenetic environments.
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