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LA ICP-MS study of fluid inclusions in quartz from the
Yuzhna Petrovitsa deposit, Madan ore field, Bulgaria

Bilyana Kostova®", Thomas Pettke?, Thomas Driesner?, Paraskev Petrov! and Christoph A. Heinrich?

Abstract

Major and trace elements contents of individual fluid inclusions in quartz from the Yuzhna Petrovitsa hydrothermal
Pb—7n deposit were analyzed microthermometrically and by LA TCP-MS in order to better characterize the ore-
forming fluids and their evolution. We found different trends in T}, vs. depth for fluid inclusions associated with
various stages of mineralization, which quantitatively match predictions from published hydrothermal fluid flow
simulations. The data indicate that the early quartz—pyrite association formed when the hydrothermal system was
still heating up. The somewhat later quartz—galena—sphalerite main ore stage was deposited during the thermal peak
under hot hydrostatic head conditions with a temperature-depth distribution representing the fluid’s boiling curve,
and post-sulphide quartz formed after the thermal peak. Galena and sphalerite precipitated from a slightly acid fluid
with a Pb content of about 7-8 ppm and a Zn content of about 33 ppm at the present-day +668 m level, which
represents a paleodepth of about —1200 m. Precipitation within the vein structure was mainly the result of cooling
from about 310 °C to 285 °C over the investigated 400 m vertical interval. Ore fluid concentrations of lead and zinc
can be used to estimate a minimum time-integrated amount of fluid in the order of 107 km? that was necessary to

form the Madan ore field, which agrees well with typical values for present day hydrothermal systems.

Keywords: Hydrothermal, fluid inclusions, LA ICP-MS analysis, Madan, Bulgaria.

Introduction

Major Oligocene lead-zinc mineralization in the
Central Rhodopes occurs in four ore fields:
Madan, Laki, Davidkovo (South Bulgaria) and
Thermes (Greece). The host rocks of the ore
fields are migmatized orthogneisses, schists, am-
phibolites and marbles of the Arda tectonic unit
and Madan and Startsevo Allochthone (Fig. 1).
The Arda unit represents the lower plate, and the
Madan and Startsevo Allochthone the upper
plate of an extensional structure, the Central
Rhodope or Madan dome. The Madan ore field is
located in the southwestern part of the dome.
Paleogene sediments are situated in the NW part
of the ore field (Ivanov, Dimov and Sarov, 2000).
Rhyolites form several dikes in the northern part.
U-Pb dating on zircons of the dikes defined their
emplacement at 32-30 Ma ago (Ovtcharovaet al.,
2002). The dikes crosscut the extensional faults
indicating that magmatism took place after the
main extensional event.

Thirty-nine lead-zinc deposits were mined
within the Madan field (Kolkovski and Dobrev,

2000). The larger deposits are related to six fault
zones with lengths up to 15 km and more. The ore
bodies are of three types — veins, carbonate re-
placement bodies and stockworks. Veins are the
most widespread with typical lengths between 500
m and to 2 to 2.5 km and vein widths up to 10 m
(more commonly 1-2 m). Ar—Ar measurements
of sericite associated with the main Pb—Zn miner-
alization reveal mica crystallization ages of 30.5—
29 Ma (Rohrmeier et al., 2002) in agreement with
the observation that the ore veins crosscut the
rhyolitic dikes in some areas. Fault zone-bound
stockworks are not abundant and mainly occur in
the deposits in the southern part of the ore field.
Carbonate replacement ore bodies were formed
where the ore-bearing faults cut the marbles. The
thickness of metasomatic ore bodies is controlled
by the thickness of marble layers and usually is 4—
5 m. The main minerals of all deposits are quartz,
galena and sphalerite with additional johannsen-
ite becoming important in the peripheral parts of
the replacement ore bodies. In decreasing order
of abundance, additional ore minerals are pyrite,
chalcopyrite and arsenopyrite, and as gangue
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Fig. 1 Simplified geological map of the Madan ore field (after [vanov et al.,2000).

minerals calcite, manganocalcite, rhodochrosite,
dolomite and rhodonite, the last occurring in the
metasomatic ore bodies only. One of the most im-
portant faults for ore-localization is the Karaaliev
dol-Petrovitsa fault on which the Yuzhna Petro-
vitsa deposit of this study is located (Fig. 1). We
chose this specific mine for a case study because
well-documented samples of the major minerali-
zation stages were available over a >400 m verti-
cal interval.

The Madan ore field is of particular interest
for the study of hydrothermal ore formation be-
cause large primary fluid inclusions are abundant
in the sulphide ore minerals (Bonev, 1977; Bonev
and Kouzmanov, 2002). These inclusions fre-
quently reach a size that allows sampling for clas-
sical wet-chemical analysis. The pioneering work
of Bonev (1977), Piperov et al. (1977), and Piper-
ov and Penchev (1982) showed dominantly mete-
oric water with generally low salinities and NaCl
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as the main solute. The inclusions contain CO,-
bearing vapour bubbles of variable volume frac-
tion, indicating that the ore-forming fluid was
boiling. Quantitative data on Na, K, Ca, Fe, Mn,
Cl- and 8D, as well as upper limits for Mg, Pb, Cu,
Zn, Al, F-, HCO;, SO,*, HS-, and $* were ob-
tained in these studies.

While this was a major achievement in charac-
terizing the general nature of the ore-forming flu-
1ds, it was not possible to analytically determine
the original ore metal content of the fluids be-
cause of post-entrapment deposition on the sul-
phide inclusion walls. This original ore metal con-
tent, however, should be preserved in fluid inclu-
sions in cogenetic or previously deposited quartz.
It is now possible to quantitatively analyze these
with the LA-ICPMS method (Giinther et al, 1998;
Heinrich et al., 2003). In addition, quartz also con-
tains fluid inclusions from pre- and post-ore sta-
ges, thus allowing the study of thermal and chem-
ical fluid evolution in detail. The study of Kolkov-
ski and Petrov (1972) showed that systematic
trends in the thermal evolution of the system are
recorded in quartz-hosted inclusions from several
deposits in the Madan area.

o7

The primary goals of this study were to deter-
mine the salinity and temperature distribution as
well as possible variations of major, ore and other
trace elements in single fluid inclusions from
quartz crystals associated with the various stages
of ore deposition over the vertical extent of the
Yuzhna Petrovitsa mine.

Sample material and methods

Fluid inclusions in vein quartz as well as in quartz
from metasomatic replacement bodies from the
Yuzhna Petrovitsa deposit were studied. The fluid
inclusion measurements reported here are based
on 11 carefully selected samples that represent a
460 m vertical interval of the deposit (Fig. 2).

The investigated quartz belongs to different
mineralization stages. According to Kolkovski and
Dobrev (2000), 6 paragenetic stages can be distin-
guished: (1) quartz—pyrite, (2) quartz—galena, (3)
quartz—galena-sphalerite, (4) rhodochrosite—dolo-
mite—manganocalcite, (5) quartz—arsenopyrite+/—
sulphosalts, and (6) manganocalcite—calcite, not all
of which are present in all parts of all mines.
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Fig. 2 Sample location within the Yuzhna Petrovitsa Pb—Zn mine.
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Fig. 4 (1) Primary sectorial fluid inclusions (level 931, N 282). (2) Pseudosecondary fluid inclusions; 2a: Level 970, N

62;2b: Level 820, N 28: 2¢c: Level 668, N 269.

Our petrographically well-characterized sam-
ples (Fig.3) represent the stages (1), (3),and quartz
that crystallized after the sulphide ore minerals but
probably before stage (5), as late generation of
quartz from stage (3). We will use the notation Q1,
02, and Q3 to distinguish these three paragenetic
types. In order to relate fluids to the characteristic
mineralization stages, we selected mainly fluid in-
clusions that petrographically can be character-
1zed as “pseudosecondary”, which are typically
20-60 micrometer in size and much larger than
the locally present but generally small primary in-
clusions (Fig. 4). Only in one case, primary “secto-
rial” fluid inclusions (Petrov, 1981) could be ana-
lyzed. Selection of these types of inclusions en-
sures that the respective fluids were trapped dur-
ing a particular stage of crystal growth. A total of
107 fluid inclusions from 11 doubly polished
quartz sections were studied.

Our prototype LA ICP-MS system uses a 193-
nm ArF excimer laser with output energy of 200—
230 ml. A stream of He gas transports the ablated
material from the sample chamber and is mixed
with Ar before entering the ICP quadrupole
mass spectrometer (Elan 6100, Perkin-Elmer).
Element concentration ratios were calculated by

referencing intensity integrals against signal
from external standards (NIST 600 silicate
glass). These ratios were then converted to abso-
lute concentrations using Na as an internal
standard. The concentration of Na in fluid inclu-
sions was calculated from their apparent salinity
(measured by microthermometry) and the rela-
tive abundance of other major cations (from LA
ICP-MS), using an empirical correction (Hein-
rich et al., 2003). A total of 26 major and trace
elements in the hydrothermal fluids were ana-
lyzed.

Results

Temperature distribution with depth
and mineralization stage

A plot of all homogenization temperatures
against mining level shows an irregular distribu-
tion at first sight. However, if the temperatures
are grouped by quartz stages Q1-Q3 (Fig.5), then
those from the early Q1 show a distinctive, nearly
linear trend with a gradient of about 40-50 °C/
100 m.
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Fig. 5 Fluid inclusion homogenization temperatures vs. mine level for the three quartz stages.

For Q2, only two data sets are available with a
vertical difference of 400 m, which indicate an up-
ward temperature drop by 25 °C. If these are rep-
resentative for the trend in Q2, the thermal gra-
dient would have been much less pronounced
than during the Q1 stage. In other words, the shal-
lower parts would have been much hotter at this
later stage than during Q1.

The O3 data from the lower levels are shifted
to lower temperatures compared with Q2, and
only the data from the rather high level 1020 over-
laps with those of Q2. The temperature during
this stage seems rather independent of mining
level, or even indicates a slightly cooler lower part
implying an inverse thermal gradient.

Fluid composition

Most of the analyzed trace elements were below
the limit of detection (LOD; Sn typically <5-30
ppm, Sc <1-30 ppm, Ag <1-10 ppm, Ge <10-30
ppm, Bi <1-2 ppm, Cd <20-60 ppm, Cu <5-100
ppm, Fe <100-1000 ppm, B <200-1500 ppm).
Only Na, K, Rb, Cs and Sr are above detection
limit throughout. Ca, Ba, Mn, Sb, As, T1, Pb and Zn
do at least in some samples show significant and
quantifiable signals, which are summarized in
Table 1.

The interpretation of strong Li and Al raw sig-
nals is difficult due to a strong variation of their
contents in the host quartz, which dominates their
yield in the ablation signal. Alis probably close to
equilibrium between the fluid and feldspars + mi-
cas in the host rock (see below) and can be as-
sumed to be rather low and below the typical de-
tection limit. Nevertheless, host-corrected analyti-
cal results on fluid inclusions sometimes showed
still very high Al contents up to several percent.
We consider this an artefact resulting from the

usage of low-Al zones in the host quartz for host
correction, and have therefore assumed that Alin
the fluid is generally below detection in all inclu-
sions. In addition, it was found that the ratio of
Al/Li in the host quartz and fluid inclusion raw
analysis is very similar (17:1 to 20:1 on a ppm ba-
sis), which implies that the Li results are also
dominated by the host quartz contribution. In
these cases, Li was manually host-corrected by
taking the raw Li value and subtracting Al(raw)/
(average Al/Liratio). In all these cases, Li values
fell below LOD.

Ca is below the rather high detection limit of
several thousand ppm in Q1, and occasional sig-
nals in Q2 and Q3 are too close to LOD to be
considered as reliable. Mn is seen in concentra-
tions of hundreds of ppm in most samples.

Of the ore metals, Pb and Zn mostly are below
LOD in Q1. In Q2, both elements are detectable
in the sample from the lowest level 668, with Pb
at an average 8 ppm (ranging from 7 to 17 ppm),
and Zn with 33 ppm, close to its LOD. At the 1070
m level, both elements are close to or below the
LOD, and the few significant signals for Pb indi-
cate about 2 ppm and about 67 ppm for Zn. In
Q3, contents are generally significant, with Pb at
typically 5-12 ppm at the highest level (1020 m),
and even 30-50 ppm at 931 m. At the 770 m lev-
el, LOD vary substantially (up to 60 ppm) but
where significant, Pb contents are in the range
of 10 to >40 ppm. Zn values from 1020 m are
mostly at the LOD and occasional successful re-
sults indicate concentrations of 5 to 40 ppm.
Concentrations are very high at the 931 m level
with 100 to 400 ppm and range from 14 to >200
ppm at the 770 m level. Copper signals are usu-
ally below LOD and the significance of occa-
sional values in the range of tens of ppm is un-
known. Significant signal of As,Sb and Tl appear
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mainly in Q3, in agreement with the late appear-
ance of arsenopyrite and sulphosalt minerals in
the Madan ore deposits.

Discussion

Hydrodynamic model:
temperature-space evolution

While the temperature vs. depth trends may seem
unusual at a first glance, they are likely to repre-
sent a real evolution in the Yuzhna Petrovitsa
hydrothermal system. Very similar trends were re-
ported by Hayba and Ingebritsen (1997, see their
figure 4) in simulations of hydrothermal fluid flow
around cooling plutons. These authors simulated
hydrothermal convection around a pluton as a
function of host rock permeability. The hottest
hydrothermal systems developed with host rock
permeabilities around 10-'° m?. Above the pluton,
the hydrothermal system first establishes a steep
thermal gradient (or a rather small slope if tem-
perature is plotted on the horizontal and depth on
the vertical axis) until after about 6000 years the
system has developed a temperature-depth pro-
file that corresponds to hot hydrostatic head con-
ditions. This remains largely unchanged until,
about 10’000 years after intrusion emplacement,
the lower part of the system begins to cool faster
than the upper part because the laterally recharg-
ing cold fluid cannot anymore be heated suffi-
ciently by the cooled pluton. As a result, a nega-
tive temperature slope develops while there is a
general cooling trend in the overall system.

The trends in the Yuzhna Petrovitsa fluid in-
clusion homogenization temperatures quantita-
tively match the general trends predicted by Hay-
ba and Ingebritsen (1997) at a depth interval of
around 1200-700 m (Fig. 6). This depth range is in
excellent agreement with earlier estimates based
on geomorphological, geological, and fluid state
considerations as outlined by Bonev (1977) and
Piperov et al. (1977). The Q1 data match the
“heating up” phase about 4000-5000 years after
intrusion, Q2 records the period between about
5000 and 8000-9000 years under hot hydrostatic
head conditions in a boiling fluid column, and Q3
represents the situation about 10’000 years after
intrusion. It is not clear if the apparent negative
thermal gradient in the fluid inclusion data really
does reflect the actual state of the system at one
specific time. It may rather result from trapping of
fluids at slightly different times at different depths
since a negative thermal gradient would not allow
quartz precipitation and trapping of fluid inclu-
sions. It is nevertheless in very good agreement

with the overall evolution of an apparently nor-
mal magmatically heated hydrothermal system.

This scenario is also in agreement with Bonev
et al. (1993), who interpreted their stable isotope
data in terms of a hydrothermal convection sys-
tem above a cooling magma body. Hayba and In-
gebritsen’s (1997) simulations indicate that hydro-
thermal systems with these temperature-depth
relations develop only for a very restricted range
of bulk (>100 m scale) permeabilities around 1013
m?. They did, however, not investigate the role of
fractures in the system and how this changes the
temperature evolution, nor the effects of focuss-
ing of fluids in the third dimension (i.e. within the
fault plane). It should also be noted that the tim-
ing given in their paper is for a rather small intru-
sion of 1 km width with a top at 2 km depth, but
this does not imply that these numbers pertain
directly to the Madan case. A larger pluton would
require a longer cooling period. In spite of the
quantitative agreement with the Hayba and In-
gebritsen (1997) results, we cannot yet decide
whether this does imply that the system formed
above a cooling pluton. Radiogenic isotope dat-
ing of various stages of the evolution of the
Madan Dome has shown a very rapid change in
temperature from migmatic conditions to lower
greenschist facies in about 5 Ma or less for present
day surface outcrop in the lower plate of the
Dome (see Kaiser-Rohrmeier et al., 2004, and
references therein). This implies a strong thermal
gradient in the host rocks, which could potentially
lead to a similar overall circulation and cooling
pattern even in the absence of a magmatic intru-
sion. On the other hand, widespread rhyolitic
dikes with ages similar to those of the hydro-
thermal activity may be indicators for larger mag-
matic bodies at depth.

Ore metal solubilities: analysis
and thermodynamic prediction

The general chemical characteristics of most of
the analyzed quartz-hosted fluid inclusions are in
very good agreement with those observed by Pipe-
rov et al. (1977) by direct extraction and analysis
of primary fluid inclusions in galena. There are
however, some differences that reflect the broad-
er range of mineralization stages covered by our
analysis.

Average Na contents of 1.2 to 1.8 wt% and K
of >0.2 wt% 1 Q2 overlap nicely with the galena-
hosted inclusions. Na contents do significantly in-
crease to >2% in Q3,in agreement with the gener-
ally higher salinity of the Q3 fluids indicated by
microthermometry. A similar picture is seen for
K, as well as for Rb and Cs for which no data from
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Fig. 6 Data from Figure 5 plotted on data from hydrodynamic simulations of fluid flow above a cooling pluton
(modified trom Hayba and Ingebritsen, 1997). For the sake of simplicity, only the average homogenization tempera-

ture of each data set from Figure 5 was plotted.

galena-hosted inclusions are available. Manga-
nese values generally match the range of the Pipe-
rov et al. (1977) data, while their Ca, Fe, and Mg
data indicate contents below our LOD.

In general, we conclude that the fluid inclusions
that were assigned to Q2 for petrographical rea-
sons, are chemically very similar to those known to
be primary inclusions in the ore minerals. There-
fore, the measured ore metal contents are likely to
reflect those present during ore formation.

The solubility of galena and sphalerite from
hydrothermal solutions is controlled by reactions
of the kind

PbS + nCl- + 2H* = PbCl,*™ + H,S (1)
ZnS + nCl- + 2H* = ZnClL > + H,S (2)

1.e., the main solubility-controlling parameters
are chloride activity, pH and total reduced sul-
phur, mg,;. High salinity, low pH and low molality
of total reduced sulphur (H,S.q, + HS(oq) + o
(aq))> Mstor» favour the solubility, of which salinity
has the largest influence since solubility runs with
power n (n from the above reactions is typically 3
for Pb and 4 for Zn under the conditions of inter-
est; Seward, 1984; Ruaya and Seward, 1986). The
total Pb or Zn in the fluid is known from the LA-
ICPMS analyses, and chloride activity can be ob-
tained from the fluid inclusion results as well. pH
and total reduced sulphur are unknown but can
be constrained from ore mineral and alteration
assemblages (see below).

The measured lead and zinc concentrations
can thus be compared with theoretical and exper-
imental studies. Barrett and Anderson (1988)
gave approximate formulae for calculating the
solubilities of galena and sphalerite in brines. We
take 1 m brine as an approximation for the Madan
ore fluid and 7-8 ppm Pb and 33 ppm Zn as an
average for fluids at the bottom of the system dur-
ing Q2 (sample 269 from the 668 m level). From
the 668 m level to the 1070 m level, we see a drop
in homogenization temperature by about 25 °C.
Interpolating the formulae of Barrett and Ander-
son (1988), at galena or sphalerite saturation, re-
spectively, this would lower the concentration of
Pb in the fluid by about 85%, and that of Zn by
about 80%, predicting 1.2 ppm of Pb and 6.6 ppm
Zn at 1070 m. This is in very good agreement for
the two significant measurements of 1 and 2 ppm
for Pb and 5 ppm for Zn with all other analyses
having a LOD higher than these theoretical con-
centrations. Overall, this indicates that the ob-
served lower concentration at 1070 m is likely to
be the result of galena and sphalerite precipita-
tion by cooling over this 400 m interval.

The cooling occurs along a “boiling curve with
depth” path. Based on this observation Bonev
(1977) and Piperov et al. (1977) concluded that
fluid boiling and subsequent pH increase due to
the loss of CO, to the vapour phase was likely the
most important precipitation mechanism. A deci-
sion about the relative importance of cooling
along the boiling curve vs. pH changes due to the
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boiling scenarios will only be possible on the basis
of a detailed and accurate thermodynamic analy-
sis, which is beyond the scope of this study.

The chemical conditions during ore precipita-
tion can be constrained quite narrowly. An esti-
mate of pH is possible from the alteration assem-
blages in the deposit. In the gneissic host rocks, K-
feldspar is typically altered to sericite (musco-
vite), which frequently also occurs as a late
gangue mineral on the sulphides. The stability
boundary between muscovite and K-feldspar oc-
curs at log(ag.,/a;;,) around 4 at 300 °C (using the
Supert92 data, Johnson et al., 1992). The lower pH
limit is constrained by the stability of muscovite
against kaolinite at log(ay,/ay.) of around 2. The
total K concentration is known as being around
0.25t0 0.3 % (i.e., < 0.1 molal). For these low con-
centrations, association to ion pairs KCI° in the
solution is negligible and K* concentration is
identical to the analytical one. Using an extended
Debye-Hiickel type activity law, the activity of K+
in the solution would be in the order of 102 and,
hence, pH must have been in the range of approx-
imately 4 to 6. Rearranging Barrett and Ander-
son’s (1988) formulae and using the concentrations
given above gives a pH-myg,, relation for galena
and sphalerite saturation that follows the equation
log(mg,,;) = 7.4-2 pH. This relation helps us to fur-
ther constrain the pH range: if we assume that mg,
>0.1 are unlikely, galena and sphalerite would be
undersaturated at all pH <4.2. A Tower limit of mg,
1s given by the lower stability of pyrite vs. pyrrho-
tite. Using standard thermodynamic data from the
Supert92 database (Johnson et al., 1992), we calcu-
late a log(myg;,) of about —2.95 at the pyrite—pyr-
rhotite equilibrium, assuming H,S and HS- as the
major aqueous reduced sulphur species at a typical
hydrogen fugacity of 0.1 bar and that oxidized sul-
phur species are negligible. Therefore, and if the
Barrett and Anderson solubilities are reliable, the
maximum pH at which the observed solubilities
were possible at 310 °C would be around 5.2, which
1s in very good agreement with the 4.6 to 6.2 of Pip-
erov et al. (1977) derived from primary inclusions
in galena. Our calculated value is subject to several
uncertainties, probably mainly in the correlations
of Barrett and Anderson (1988), and needs further
refinement by more rigorous thermodynamic cal-
culations including the most reliable speciation
models available. Nevertheless, a slightly acidic
fluid with pH below that of the K-feldspar—-musco-
vite—quartz is in agreement with the field observa-
tion that all feldspar in rock fragments within the
veins or in the wall rock immediately adjacent to
the vein is altered to white mica.

Inclusions in Q3 quartz post-date the main ore
stage and show higher salinity, which will increase

the solubility of the ore metals dramatically. In a
first-order stoichiometric approximation, the sa-
linity increase by a factor of about 1.8 would lead
to an isothermal solubility increase for galena by
1.8*= 5.8, and for sphalerite by 1.8* = 10.5 (sce
above), which is in fair agreement with the LA-
ICPMS data, taking a reduction of solubility due to
the somewhat lower temperature compared to Q2
into account. Increased solubility due to slight sa-
linity increase in the late fluids is in excellent agree-
ment with the dissolution textures frequently seen
on galena crystals at Madan. If the relative dura-
tions of the various stages in the thermal evolution
of the system followed the trends in the simula-
tions of Hayba and Ingebritsen (1997), this stage
would be rather short and highly transient in com-
parison to the preceding ore-forming stage, thus
explaining why any ore minerals are left at all.

Estimate of fluid amount

The economic content of lead in the Madan ore
field produced so far is >2 Mt. Assuming this
amount of metal together with an average Pb con-
centration in the incoming ore-forming fluids of
10 ppm (slightly higher than sample 269 from the
668 m level), and assuming 100% precipitation ef-
ficiency as a conservative constraint, the mini-
mum amount of ore fluid that must have flown
through the system during the quartz—sphalerite—
galena mineralization stage would have been
2X10M t of water, or about 200 km?3. This is of the
same order of magnitude as the 130 km® of domi-
nantly meteoric fluid estimated for the active
Wairakei geothermal system in New Zealand,
based on a discharge rate of ~400 kg/s (Fisher,
1964) and assuming a lifetime of 10’000 y for its
current hydrothermal event. Wairakei covers a sig-
nificantly smaller area than the Madan ore field,
which makes the estimated number seem even
more plausible. A purely meteoric origin of the
fluid seems to contrast the amount of chloride that
passed through the system. Whether or not the
chloride is derived from magmatic or other sources
remains speculative. Also, the D/H and #0O/1%0
data of Bonev et al. (1993) are rather inconclusive
in this respect because the observed trends may
equally well be interpreted as fluid-rock inter-
action paths of purely meteoric fluid or mixing
lines between meteoric and magmatic fluids.

Conclusions
The combination of microthermometric and LA-

ICP-MS results from fluid inclusions with pub-
lished thermodynamic and hydrodynamic models
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has provided new quantitative insight into the
thermal and chemical evolution of the hydrother-
mal system that formed the Yuzhna Petrovitsa
Pb-Zn deposit. The thermal evolution recon-
structed from the microthermometric data does
quantitatively match predictions from hydro-
dynamic fluid flow simulations and hence shows
that pseudosecondary fluid inclusions —if selected
on the basis of careful petrography — are an im-
portant means for quantitative fluid inclusion
studies. The reliability of our results is further sup-
ported by the agreement between LA-ICP-MS
results on quartz-hosted inclusions that petro-
graphically belong to the main ore stage and pub-
lished chemical analysis of macroscopic primary
fluid inclusions in galena.

The LA-ICP-MS results let us conclude that the
main mechanism of ore deposition in the vein was
a gradual cooling of upwelling fluids by about 25
°C over a ~400 m vertical interval, leading to pre-
cipitation of 80-85% of the initial Pb and Zn con-
tent of the fluid. We did not investigate the zoning
of metal ratios or the mechanism of ore precipita-
tion in the replacement ore bodies, which is proba-
bly dominated by fluid-rock interaction with mar-
ble and/or manganese skarn minerals. If we assums
that the fluid evolution at Yuzhna Petrovitsa is rep-
resentative for the whole Madan district, mass bal-
ance calculations based on the analyzed ore metal
contents in the fluid inclusions indicate a fluid vol-
ume in the order of 10” km? for the formation of the
whole Madan district, which is well within the
range of time-integrated fluid amounts known to
pass through currently active hydrothermal sys-
tems within a lifetimes of 10* years.
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