
© БАН, Геологически институт „Акад. Страшимир Димитров“, 2021 www.geologica-balcanica.eu

GEOLOGICA BALCANICA 50 (3), Sofia, December 2021, pp. 65–74.

Stable isotope (δD, δ18O) data on the structural water of two sericite 
samples from the Cu-Au high-sulphidation deposit Chelopech,  
Bulgaria – a tentative study

Nikolay Piperov1, Sylvina Georgieva2

1 Institute of General and Inorganic Chemistry, Department of Analytical Chemistry, Bulgarian Academy of Sciences,  
Acad. G. Bontchev Str., Bl. 11, 1113 Sofia, Bulgaria; e-mail: npiperov@svr.igic.bas.bg
2 Geological Institute, Bulgarian Academy of Sciences, Acad. G. Bontchev Str., Bl. 24, 1113 Sofia, Bulgaria;  
e-mail: sylvina@geology.bas.bg
(Received: 17 September 2021; accepted in revised form: 13 December 2021)

Abstract. The epithermal high-sulphidation Cu-Au Chelopech deposit is characterized by a well-developed 
and well-traceable hydrothermal footprint manifested in the volcanic host rocks. The economic ore miner-
alization is embedded in the strong silicification, included among the advanced argillic zone of alteration, 
smoothly transitioning to quartz-sericite alteration that evolves into widespread propylitics. The quartz-seric-
ite alteration zone is accessible for exploration only in underground mining galleries and exploration drillings. 
The main mineral assemblage in this zone is quartz, sericite, pyrite, minor rutile/anatase and relics of apatite 
and feldspar. According to XRD data from the studied samples, sericite was defined as illite and muscovite/
sericite 2M1 polytype. The abundance of heavy stable isotopes (D, 18O) in the structural water of two sericite 
samples is the object of this study. A special attention was paid to the separation of extraneous waters from 
the structural one by thermal fractionation. The extracted structural water was converted to hydrogen and 
carbon dioxide before the isotopic measurements. The obtained results, put into a δD vs. δ18O plot, indicate 
that sericite structural water is “heavier” than meteoric water, within uncertainty limits.
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INTRODUCTION

The systematic studies on the Chelopech Cu-Au 
deposit during the last decades (e.g., Petrunov, 
1995; Moritz et al., 2003; Georgieva, 2014) clas-
sified it as a volcanic-hosted epithermal high-sul-
phidation deposit (VHED). The summarized data 
on the formation and the evolution of this type of 
deposits (Hedenquist and Lowenstern, 1994; Hein-
rich, 2005) point to the significant participation of 
magmatic fluids, mainly water, in the wall rock al-

teration, as well as in the ore deposition. The acidic 
magmatic vapors are commonly absorbed by deeply 
circulating meteoric waters, and thus become a ma-
jor factor in the hydrothermal ore formation. The 
temperature border of T ≈ 300 °C divides the VHED 
evolution into two stages: 1) early stage, in which 
high-oxidation acidic fluids (pH ≤ 3), at T > 300 °C, 
are responsible for the alteration of the host rocks 
and the formation of water- (hydroxo-) containing 
minerals as alunite (KAl3(SO4)2(OH)6), kaolinite 
(Al2Si2O5(OH)4) and sericite (KAl2(AlSi3O10)(OH)2); 
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and 2) hydrothermal stage (at T ≤ 300 °C), in which 
ores most often precipitate. The mentioned tem-
perature border is conventional; the formation and 
the evolution of VHED are determined, most of all, 
by two factors: redox potential (Eh) and hydrogen 
potential (pH). Heinrich (2005) combined them to 
find four pathways for cooling of magmatic fluids. 
Preserving a relatively high oxidizing potential is 
specific for the Chelopech type deposits. The envi-
ronment’s acidity is of great importance, however, 
during the ore stage, it decreases from pH ≤ 3 to pH 
≥ 5, thus supplying an enhanced concentration of 
HS- and S2–, needed for sulphide ore deposition.

An increase in pH may be caused by interaction 
between the acidic volcanic (magmatic?) fluids and 
the silicate walls of the volcanic channel during the 
high oxidation stage, by leaching alkalis (Na+, K+). 
The involvement of deeply circulating hot meteoric 
water with near to neutral reaction is an alterna-
tive. Hedenquist and Lowenstern (1994) considered 
these waters “critical” for ore deposition. Finally, 
these authors concluded (loc. cit.) that “magmatic 
fluids are commonly present, but that their signa-
tures may be masked or erased owing to later over-
printing by large volumes of meteoric water, which 
represents >95% of the water ultimately convected 
during cooling of an intrusion in the shallow crust.”

Moritz et al. (2003) published data on Sr-O-S 
isotope systematics in barite formed at the late stage 
with respect to the ore mineralization. Lerouge et 
al. (2006) studied, by stable isotopes, the origin of 
alunite from advanced argillic alteration systems, 
including Chelopech (two samples). Oxygen from 
SO4-groups is used for δ18O determination. Later, 
Piperov et al. (2017) analyzed the stable isotopes 
in water from fluid inclusions in an ore mineral: 
Chelopech enargite.

In the present study, stable isotope data (D, 18O) 
on the structural water from two sericite samples, 
from the quartz-sericite zone of alteration, are pre-
sented, and already published data on the stable iso-
topes of O, H, and S in the Chelopech deposit are 
also summarized. A sample of contemporary sur-
face meteoric water is additionally analyzed.

GELOGICAL SETTING

The epithermal high-sulphidation Cu-Au Chelopech 
deposit is among the most significant European de-
posits. Being a part of the Elatsite-Chelopech ore 
field, it is situated in the Panagyurishte metallo-
genic district, which falls in the Srednogorie tec-
tonic zone. The Panagyurishte metallogenic district 

is located in the Central Srednogorie Subzone and is 
characterized by the presence of a cluster of porphy-
ry-Cu and epithermal Cu-Au ore deposits (Fig. 1).  
Apart from the Chelopech deposit, the Elatsite, As-
sarel and Medet porphyry-Cu deposits, as well as 
the Elshitsa and Radka epithermal deposits, are also 
indicative.

The Cu-Au mineralization of the Chelopech de-
posit is developed in an Upper Cretaceous volcanic 
and volcano-sedimentary complex (Popov et al., 
1983) (Fig. 2). The basement rocks of the deposit 
consist of gneisses, amphibolites, schists and phyl-
lites of Neoproterozoic to Paleozoic age (Peytcheva 
and von Quadt, 2004; Carrigan et al., 2006). The 
Upper Cretaceous volcanic complex is composed of 
andesitic, trachydacitic to dacitic rocks of Turonian 
age (Stoykov et al., 2004). Almost the entire volcan-
ic sequence in the vicinity of the Chelopech deposit 
was subjected to intensive hydrothermal alteration. 
The ore mineralization is generally associated with 
strong silicification areas, included into a zone of ad-
vanced argillic alteration and successively passing 
through the zones of quartz-sericitic and propylitic 
alteration (Georgieva, 2014) (Fig. 3). The economic 
ore mineralization is located preferentially among 
volcanic breccia and/or along intense fracturing and 
represents massive to stockwork bodies, veins and 
disseminations. The main Cu and Au-rich miner-
alization consists of enargite-lusonite, tennantite, 
chalcopyrite and bornite assemblages. The deposit 
is characterized by abundant subordinate and rare 
mineral varieties, such as sulphides, sulphosalts, tel-
lurides and selenides, studied in details by Terziev 
(1968) and Petrunov (1995).

SAMPLE DESCRIPTION

Two samples from the quartz-sericite alteration 
zone from two locations in the underground mine 
level 405 (300–350 m below present-day surface) 
were selected. The choice among all available sam-
ples was made on the base of the sericite amount in 
the sample and its proportion relative to other min-
eral components. Sample SP-133 (SER133) was col-
lected from gallery 51, and sample S-178 (SER178) 
from the Central declined gallery, both galleries 
situated to the south of exploitation block 18, level 
405. Both samples represent altered andesite with 
preserved porphyric texture, although the original 
mineral composition was almost entirely altered to 
sericite and quartz with minor amounts of anatase. 
Disseminated pyrite is common in all samples. Or-
thoclase and apatite are rarely found as a relic of 
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Fig. 1. a) Major tectonic zones of Bulgaria (after Ivanov, 2017) and location of the Panagyurishte ore district; b) Simplified geo-
logical map of the Panagyurishte ore district (after Cheshitev et al., 1995; Moritz et al., 2004).

the parent rock. Single sphalerite grains were ob-
served in thin sections. Sericite replaces both phe-
nocrysts, almost entirely, and the groundmass of 
the rock, where it is intergrowth with fine-grained 
quartz (Fig. 4). According to XRD data on the stud-
ied samples from the quartz-sericite alteration zone 
from the Chelopech deposit, sericite is defined as il-
lite and muscovite or sericite 2M1 polytype. A quan-
titative evaluation of the ratio Ser/Qrz in sample 
S-178 (SER178) was made and, since quartz does not 
contain alkalis, K(+Na) content reveals the sericite 
participation is 73.5% of the sample. A sample of 
contemporary surface meteoric water (Iskar Dam, 
Bulgaria), labeled MET, was additionally analyzed. 
The Standard of Mean Ocean Water (SMOW), col-
lected on August 8, 1975, from the central Indian 

Ocean, was also used. The latter corresponds to a 
sealed glass ampoule (ca. 200 ml water), which was 
donated by the Institute of Oceanography, Academy 
of Sciences of USSR (Former Soviet Union).

ANALYTICAL METHODS

The mineral assemblages and their paragenetic rela-
tions in the selected samples were studied by trans-
mitted and reflected light microscopy. X-ray pow-
der diffraction, with a G-670 Guinier camera (Geo-
logical Institute, Bulgarian Academy of Sciences) 
was also carried out to determine the mineral com-
position and the varieties of micas in the samples 
from the quartz-sericite alteration zone. The isotope 
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Fig. 2. Geological map of the Chelopech area (after Moev and Antonov, 1978; Stoykov et al., 2002).

Fig. 3. Hydrothermal alteration zones on underground operating mining level 405, ~350 m below present-day surface in the Chelo-
pech deposit, according to unpublished data of Mutafchiev and Petrunov (1996) with additions after Georgieva (2017). Lithological 
basis is after Chambefort (2005). The position of the studied samples is marked.
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ratios R3 = I3/I2 and R46= I46/I44 were measured by a 
mass-spectrometer: MS10 (AEI – Kratos, UK).

Separation of the surface adsorbed water

It is well known that adsorbed water takes all free 
surfaces; water molecules can be detected even on 
the inner walls of high vacuum systems. This is a 
difficulty, since the water adsorbed on the sample 
surface may have a different isotope composition 
than the structural water studied. On that account, 

a kinetic investigation was performed, aiming at 
separation of the surface adsorbed water from the 
structural one.

Kinetic studies were performed in a specially 
designed simple vacuum apparatus where a mineral 
sample was heated gradually (10 ± 2 °C/min) and 
the increasing water vapor pressure in a constant 
volume was registered continuously (Fig. 5).

The first derivative demonstrated the exist-
ence of two types of water: extraneous, H2O(1); 
and structural, H2O(2). The extraneous water has a 

Fig. 4. Photomicrographs of the quartz-sericite zone of alteration developed on andesite in the Chelopech deposit. Ser – sericite, 
Qz – quartz, Py – pyrite, Ap – apatite.

Fig. 5. Kinetics of water release from 11.0 mg of 
sample S-178 (SER178) upon heating up to 650 °C. V 
– vacuummeter record (pressure in Torr, right ordi-
nate). K – normalized (lineated) V-record, using 24 
points (pressure in Pa, left ordinate). The broken line 
(FD) is the first derivative of K. The squared area 
represents the water amount evolved as a function of 
the temperature in arbitrary units (squares). The first 
peak area (295 sqs), below 170 °C, is considered to 
cover the extraneous water, whereas the second peak 
area (2260 sqs), over this temperature, belongs to the 
structural water in the sample.
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maximum evolution rate at T = 80–90 °C. The main 
part of this water evolved below T = 170 °C, being 
surface-adsorbed (O’Neil, 1979). The ratio of the 
two peak surfaces (below 170 °C and over this tem-
perature helped to calculate graphically the percent-
age of the extraneous waters in regards to the whole 
amount of water that evolved below T = 650 °C,  
which is 11.5%.

Water extraction from solid samples

The low-temperature H2O(1) is most likely meteor-
ic, in equilibrium with the environment. It has to be 
eliminated before extraction of the structural water, 
as H2O(1) may interfere with the isotopic signature 
of the structural water itself.

A sample of 50–80 mg was heated up to T = 170 °C  
at continuous pumping out, aiming at removal of the 
adsorbed H2O(1). Later, by heating up to 650 °C, the 
structural water H2O(2) was evolved and collected 
(trapped) quantitatively. This temperature is suffi-
ciently high for water extraction from sericite (mus-
covite), since it breaks down at higher temperatures 
(O’Neil and Taylor Jr., 1969).

A sericite sample, after water extraction at 
650 oC, was heated additionally up to 700 °C, when 
no measurable amount of water was found.

Introducing of liquid samples

The liquid samples (SMOW, MET) were sucked in 
glass capillaries (spikes), which made possible to 
control their mass by weighing on a semi-micro bal-
ance (±0.02 mg) (Piperov et al., 1977), and sealed. 
The glass capillaries containing water samples were 
subjected to the same procedures as solid samples, 
aiming at reduction of possible inexplicable differ-
ences: under continuous pumping the capillary was 
preheated to T = 170 °C. At T ≈ 420–450 °C, the 
capillary explodes (“decrepitates”) and the water 
(vapor) is collected by freezing in a cold trap.

Conversion of water to hydrogen or carbon 
dioxide. Mass-spectrometry

Molecule water is very inconvenient for direct mass-
spectrometry. The polar water molecules, even in 
high-vacuum environment, are strongly adsorbed on 
the clean inner surfaces of the mass-spectrometer. 
This favors some fractionation, due to the selective 
bounding of the heavier molecules (HDO, H2

18O, 
and especially D2O) on the metal walls, as well as 
an inclination for memory-effect. For that reason, 
the most convenient form is hydrogen for HD/H2 

determination, and carbon dioxide (or O2), when 
oxygen isotopes are traced (12C16O18O/12C16O2).

We used Zn for the reduction of water to hydro-
gen (see Friedman, 1953; Tamiya, 1960; Piperov and 
Penchev, 1982). The synthesis of carbon dioxide, 
containing the oxygen atoms of the water molecule, 
proceeds by interaction with an oxygen-free com-
pound: guanidine hydrochloride [(NH2)2CNH.HCl 
(abbr. GuaHCl)], following the methods of Boyer 
et al. (1961) and Yang et al. (1996), with some 
inessential changes. The conversion of water to  
hydrogen or carbon dioxide proceeds in sealed glass 
ampoules.

To identify isotopes and to determine their abun-
dance, atomic masses 2, 3, 16, and 18 were trailed 
and peak intensities I2, I3, I44, and I46 were registered 
for the purpose.

RESULTS

The conventional way for presentation of the results 
is the relative depletion–enrichment (δ ‰) of the 
heavier isotope, when compared with a universally 
adopted standard, in this case the Standard Mean 
Ocean Water (SMOW): δ (‰) = [(Rx/Rs) – 1] × 103, 
where Rx = R3 = (I3/I2) (DH/H2) or Rx = R46 = (I46/I44)  
(C16O18O/C16O2), and Rs = R(SMOW) is the cor-
responding mol ratio for SMOW. Thus, only these 
ratios are the object of experimental determination. 
The median is preferred to the average in data pro-
cessing (Dean and Dixon, 1951). The standard de-
viation (SD) is calculated using the concise expres-
sion SD = ± (w/n0.5), where w is the range of results 
and n is the number of measurements (Skoog and 
West, 1976).

The found ratio R3SMOW = (3.08 ± 0.07)×10–4 
corresponds to deuterium concentration DSMOW = 
0.0154 ± 0.0004 atomic percent, well comparable 
with our earlier data for the same standard (DSMOW = 
0.0157 ± 0.0002 at.%: Piperov and Penchev, 1982), 
as well as with the concentration DSMOW = 0.0158 
± 0.0002 at.% proposed by Craig (1961a) and also 
with the one declared for SMOW-V: DSMOW-V = 
0.015576 at.%. The result for 18O-concentration 
found by R46SMOW is 18O = 0.201 ± 0.004 at.% and 
also corresponds to the SMOW-V value: 18O = 
0.20052 at.%, within the uncertainty limits.

The data obtained for sericite samples SP-133 
(SER133) and S-178 (SER178) were plotted in co-
ordinates δD vs. δ18O, together with the results for 
the meteoric water (MET) (Fig. 6). The points of 
two samples of Chelopech alunite (Lerouge et al., 
2006) are also presented in the same diagram, as 
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well as the result from the isotope analysis of the 
enargite trapped fluid inclusions from the same de-
posit (Piperov et al., 2017).

The δD values of both sericite samples show 
relatively similar results. Sample S-178 (SER178) 
shows δD178 = –14 ± 23‰, whereas sample SP-133 
(SER133) shows δD133 = –28 ± 22‰. The respective 
δ18O values for these samples are: δ18O178 = –1 ± 
10‰ and δ18O133 = +11 ± 7‰. The δD and δ18O data 
for meteoric water (MET), collected from the Iskar 
Dam, are δDMET = –93 ±23 ‰ and δ18OMET = –14 ± 
9‰, and show significant similarity with the data 
on surface waters in the area of the Assarel deposit 
studied by Lerouge et al. (2006).

DISCUSSION AND CONCLUSIONS

The stable isotope signatures of H and O are favora-
ble tools for investigation of the characteristics and 
origin of fluids involved in and responsible for hy-
drothermal processes in mineral deposits. The iso-
topic composition of the alteration and/or ore min-
erals should give a feedback about the parental fluid 

composition. Generally, the major sources of fluids 
participating in the formation of alteration haloes in 
the host rocks of epithermal deposits represent mag-
matic, meteoric and also sea or intra-basin waters. 
Normally, their isotopic signatures are particular. 
Caution is needed when different factors could in-
fluence and obscure the original isotopic signature. 
The most important factor could be the fluid–wall 
rock isotopic exchanges caused during fluid circula-
tion and interaction.

The δD and δ18O values obtained from sericite 
samples from the quartz-sericite alteration zone in 
the Chelopech deposit are consistent with precipita-
tion from fluids dominated by volcanic derivatives 
with some tendency towards lower δ18O, especially 
in sample S-178 (SER178), which indicates dilution 
with surficial waters. The δD and δ18O values for 
SP-133 (SER133) are statistically indistinct from the 
points of the two samples of Chelopech alunites 
studied by Lerouge et al. (2006).

Moritz et al. (2003) investigated primary fluid 
inclusions in enargite and isotope signatures of 
barite crystallized during the late stage of mineral 
formation in the deposit. According to enargite 

Fig. 6. δD vs. δ18O diagram. The meteoric water line (MWL) fits Craig’s (1961b) equation. The field of primary magmatic water 
(PMW) is after White (1974) and Viglino et al. (1985); the fields of crustal felsic magmas (CFM), arc magmas (AM) and subduc-
tion-related volcanic vapor (SDVV) cover the vision of Hedenquist and Lowenstern (1994, fig. 3a). ALU3C and ALU7 denote the 
samples of Chelopech alunites, respectively (Lerouge et al., 2006). ENAFI marks the location of water from Chelopech enargite 
hosted fluid inclusions (Piperov et al., 2017). MET is the point of a sample of extant surface meteoric water (Iskar Dam, Bulgaria). 
The isotope fractionation reveals D-rich primordial waters (empty hexagons).
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fluid inclusion data, the fluid responsible for the 
precipitation of the most important mineral in the 
economic mineralization is a mixing of a hot and 
saline end-member, likely a magmatic brine, and a 
lower temperature and dilute fluid, which could be 
heated groundwater of meteoric or seawater origin, 
or condensed magmatic vapor. The isotope signa-
ture of barite (Sr, O, S) also supports mixing of a 
magmatic fluid with a dilute fluid during late ore 
formation stage, but the data do not allow discrimi-
nating accurately if this dilute end-member could be 
of meteoric or of seawater origin.

The isotopic signatures of H, O and S from alunite 
(Lerouge et al., 2006) revealed that it crystalized in 
the frame of the advanced argillic alteration zone of 
the deposit, but also exhibited characteristics of mix-
ing between magmatic fluids and an external com-
ponent. The latter was identified as seawater-derived 
fluid or meteoric water in the vicinity of a sea, but the 
magmatic fluid was deemed dominant. The data ob-
tained by Piperov et al. (2017), also concerning enar-
gite hosted fluid inclusions, indicated that the enargite 
from the Chelopech deposit is a product of the late 
hydrothermal stage and it was deposited from solu-
tion dominated by deeply circulating meteoric water.

The correct discussion on the water origin needs 
also conformance to the isotope fractionation. The 
isotope signature of the structural water of a given 
mineral does not copy the isotope composition of 
the water that participates in the mineral formation, 
since the crystal lattice selectively incorporates wa-
ter molecules of “preferred” isotopic composition. 
This effect is known as isotope fractionation: Δ = 
103 ln αM–W ≈ δM – δW, where αM–W is the fractiona-
tion factor for the corresponding mineral and water 
(Sheppard et al., 1971).

In the case of sericite (muscovite)–water equi-
librium, the hydrogen isotope fractionation at T ≤ 
450 °C is evaluated as Δ = –23.7‰ (Suzuoki and 
Epstein, 1976), and for oxygen isotopes it is Δ = 
+2‰ (O’Neil and Taylor, Jr., 1969).

The large uncertainty field of our results is due 
entirely to the limitations of the mass-spectrometer 
used. Unfortunately, the isotope fractionation dur-

ing sericite crystallization, as well as the isotope ex-
change on the extraction heating (i.e., silicate-water 
interactions with Δ18O ≤ 10‰), cannot be revealed, 
since the δ-variations lie entirely in the field of un-
certainty. Nevertheless, it may be concluded that the 
isotope signature of the structural water of the ex-
amined sericites clearly differs from contemporary 
surface meteoric water, as well as from the ancient 
hydrothermal inclusion fluid, which also seems to 
be dominated by meteoric water. This finding mini-
mizes the possibility for participation of meteoric 
water in sericite crystallization (see above).

Considering the data obtained from various stud-
ies on the origin of hydrothermal fluids responsi-
ble for the formation of economic mineralization 
in the Chelopech deposit, a main conclusion can 
be drawn. The study of stable isotope signatures in 
various minerals from different hydrothermal al-
teration zones – advanced argillic (alunite), quartz-
sericite (sericite), economic mineralization (fluid 
inclusions in enargite), late stage of mineralization 
(barite) – regardless of the different methodology, 
unequivocally prove that the deposit was formed by 
the precipitation from fluids of magmatic and exter-
nal origin, most probably sea water. The uncertainty 
in determining the origin of the external fluid could 
be explained with the role of interaction of the wall 
rock and the possible mixing between different flu-
id members with undefinable impact. However, the 
isotope signature in sericite from the quartz-sericite 
alteration zone complements the study and unequiv-
ocally confirms the continuity of the hydrothermal 
ore formation process developed in successive stag-
es in time and space, and the significant participa-
tion of magmatic fluid in the system.
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