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Abstract. Isotopic covariations of carbon and oxygen in
hydrothermal calcites are quantitatively modeled in terms
of the following three mixing processes: (1) mixing be-
tween two different fluids which leads to the precipitation
of calcite; (2) mixing between fluid and rock: (a) calcite
precipitation due to fluid/rock interaction, (b) secondary
alteration of primary calcite by interaction with a sub-
sequent fluid. The models are derived from mass balance
equations. A distinction among the three mixing processes
can be made on a 6!3C vs 480 diagram, which places
important constraints on the genesis of hydrothermal
mineralization. The variables which control the ultimate
isotopic composition of hydrothermal calcites include the
composition of the initial fluid and the wallrock, temper-
ature, and dissolved carbon species. Owing to significant
temperature-dependent fractionation effects during equi-
librium precipitation of calcite from a hydrothermal fluid,
the mixing processes may be distinguished by telltale
patterns of isotopic data in 6'3C vs 6'%0O space. In par-
ticular, caution must be exercised in postulating the fluid
mixing as the cause for mineral deposition. This is demon-
strated for hydrothermal Pb-Zn deposits in the western
Harz Mountains, Germany. A positive correlation be-
tween 6'3C and 680 values is observed for calcites from
the Bad Grund deposit in the Upper Harz. Two sample
profiles through calcite veins show similar correlations
with the lowest d-values at the center of the veins and the
highest d-values at the vein margins. Because the correla-
tion array has a greater slope than for calcite precipitation
at equilibrium in a closed system and because fluid mixing
may not proceed perpendicular to the vein strike, it is
assumed that a fluid/rock interaction is responsible for the
observed correlation and thus for the precipitation of
calcite. A deep-seated fluid is inferred with a 613C value of
— 7%o and a 6180 value of + 10%o, as well as H,COj; as
the dominant dissolved carbon species; precipitation tem-
peratures of the calcites are estimated to be about
280 ~ 170°C. Quite different isotopic distributions are
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observed for calcites from the St. Andreasberg deposit in
the Middle Harz. An alteration model is suggested based
mainly on the isotopic distribution through a calcite vein.
In addition to a primary fluid which has the same isotopic
composition as that in the Bad Grund deposit and thus
seems to be responsible for the precipitation of calcite
associated with sulfides, an evolved, HCO3-dominant
subsurface fluid with §'3C about — 20 ~ — 15%0 and
580 < 0% is deduced to alter the primary calcite at low
temperatures of 70 ~ 40°C.

Carbon and oxygen isotopic covariations in carbonates
associated with hydrothermal mineralization have been
used for obtaining information about (1) the temperature
of formation of the carbonates, (2) the isotopic composi-
ton of hydrothermal fluids involved as an indicator of
their origin, and (3) the nature of dissolved carbon species
(e.g- Rye and Williams 1981; Matsuhisa et al. 1985; Zheng
1990). Simultaneous variations in *3C/!2C and !8Q/'0
ratios of hydrothermal calcite during CO, degassing have
been modeled by Zheng (1990). As an example of his
theoretical modeling, carbon and oxygen isotopic data for
calcites from the Kushikino gold-mining area in Japan
(Matsuhisa et al. 1985) have been applied, and CO, de-
gassing has been suggested as a more likely cause, instead
of fluid mixing, for the precipitation of calcite and quartz.

With respect to geochemical mixing processes in hy-
drothermal mineralization, three types of mixing can be
distinguished: (1) mixing of fluids, (2) fluid/rock interac-
tion, and (3) secondary alteration. As is well known, the
mixing of fluids is an effective mechanism of precipitating
hydrothermal ore and/or gangue minerals. Several recent
studies have indicated the presence of more than one type
of fluid during the formation of individual ore deposits
(e.g. Taylor 1974; Behr et al. 1987). Obviously, the mixing
of fluids is characterized by the simultaneous presence of
more than one type of fluid, whereas the occurrence of
different generations of fluid is better described as second-
ary alteration, i.e. previously deposited minerals are over-
printed by a late fluid. Additionally, chemical composi-
tions of a fluid can be changed during its transport due to
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fluid/rock interaction, leading to a profound effect on the
precipitation of hydrothermal minerals. The three mixing
processes have significantly different implications for the
genesis of hydrothermal mineral deposits and thus a dis-
tinction between them is clearly of value.

The purpose of this contribution is to develop a set of
similar mass balance equations for the calculation of the
simultaneous §'3C and §'80 changes that occur due to
the mixing processes in hydrothermal mineralization. The
equations are similar to those developed by Volimer
(1976) for isotopic mixing of two components, by Taylor
(1977) for fluid/rock interaction, and by Sverjensky (1981)
for secondary alteration of carbonates. As a case study,
carbon and oxygen isotopic data for calcites from two
economically significant hydrothermal Pb-Zn deposits in
the Harz Mountains (i.e. the Bad Grund deposit in the
Upper Harz and the St. Andreasberg deposit in the
Middle Harz), Germany, are compared to calculated
models. Because of very rapid rates of isotopic exchange
between fluid and calcite under hydrothermal conditions
(O'Neil et al. 1969), it is reasonably assumed that isotopic
equilibrium has been established between different fluids
or between fluid and solid (hydrothermal calcite or
wallrock). Therefore, kinetic fractionation effects are not
likely to have been significant in the processes of isotopic
exchange, even if dissolution/precipitation of calcite could
take place in the hydrothermal systems. The application
of these calculations does not require that the mineral or
rock phases have reached chemical equilibrium with hy-
drothermal fluids. In most situations, nevertheless, it is
adequate to recognize that the mineral or rock composi-
tions have advanced toward equilibrium during hy-
drothermal mineralization. Banner and Hanson (1990)
have presented similar calculations for simultaneous iso-
topic and trace element variations during water-rock in-
teraction in carbonate diagenesis.

In the following case calculations, H,COj (including
dissolved CO,) and HCOj are treated as independent
conservative components, as previously done by Robin-
son (1975), Matsuhisa et al. (1985) and Zheng (1990).
Although the speciation of carbon in solution is known to
be a function of temperature and fluid chemistry, it is
useful in geochemistry to consider the dissolved carbon in
hydrothermal fluids either as dominant H,CO; or as
dominant HCO3. The isotopic fractionation factors for
carbon among calcite, CO, and HCO73 are taken after
Ohmoto and Rye (1979), for oxygen between calcite and
H,O after O’Neil et al. (1969), and for oxygen between
CO, and H,O after Truesdell (1974). Additionally, it is
commonly assumed that isotopically H,CO; behaves like
CO,, so that the fractionation involving CO, is applied
where H,CQOj; is involved. Moreover, isotopic ratios are
represented in the conventional ¢ notation, and carbon
isotope ratios are denoted relative to the PDB standard
while oxygen isotope ratios are denoted relative to the
SMOW standard.

Models for mixing processes
Mixing between two fluids

Experimental investigations have indicated that in alka-
line solutions the solubility of calcite increases with tem-

perature and that the addition of either NaCl or CaCl,
increases the solubility of calcite in hydrothermal solu-
tions (Holland and Malinin 1979). Obviously, when a fluid
is CaCOj;-supersaturated and rich in alkali-chloride mixes
with a fluid that is poor in alkali-chloride, the precipita-
tion of calcite can result due to dilution. Suppose that two
hydrothermal fluids A and B are mixed in differing pro-
portions specified by a parameter r defined as:

r=A/B (1)

where A and B are the relative weights of the two fluids in
a given mixture. The isotopic compositions of carbon and
oxygen in such a mixture are:

(14 7r)8'3C,, =r6"3C, + 6'3C, (2)
(1+1)3'%0,, = r3'*0, + 3'%0, (3)

where subscripts m, a and b denote the mixture, fluids

A and B respectively. Equations 2 and 3 can be combined

into a single equation by eliminating the parameter r:

S3C — 5% '(5‘3C,, —813¢, N S13C,0180, — 6'3C,6%0,
m m 518011 _ 5180[] 518011 _ (51801,

(4)

This is the equation of a straight line in coordinates of
5'%0,, and 8'3C,,. It is the locus of all points representing
mixtures of fluids A and B in differing proportions, includ-
ing the pure components, but in the same concentrations
of carbon and oxygen. Actually, because of H,O domi-
nance the different fluids contain nearly equal oxygen
contents (0,/0, ~ '°0,/'°0,) but there might exist a large
difference in the carbon contents. When proportions of
the carbon contents in the fluids A and B can be specified
by another parameter, P, defined as:

P =C,/C, = '2Cy/"2C, &)
Equation 2 becomes:
(P + rdt3C,, =ré'3C, + P5'3C, (6)

For oxygen isotopes Eq. 3 is still valid. After eliminating
r from Eqgs. 3 and 6, we obtain a general hydrothermal
carbon—oxygen isotopic mixing equation as follows:

§180,(613C, — P3'3C,) + 6180,03C,(P — 1)
+ 813C, (5180, — PS'80,)
+(P§180,5'3C,
— 5180,613C,) = 0 (7)

This is the equation of a hyperbola because it contains
a term of 6!%0,613C,,. When P =1, Eq. 7 reduces to
Eq. 4. In the case of P # 1, the sense of the hyperbolic
curvature (concave up or concave down) is dependent on
the relative concentrations of carbon in the fluids A and B.
A possible example is illustrated in Fig. 1, which shows
mixing curves of fluid compositions for mixing between
‘seawater’ (fluid A) and ‘magmatic water’ (fluid B) in 6!*C
vs 8180 space. As the ratio, P, of carbon content of fluid
B to fluid A becomes progressively greater or less than
unity, the hyperbolic form of the function becomes more
pronounced.

If a suite of cogenetic calcites is deposited during
mixing of two fluids, the temperature variable must be
taken into account in calculating the isotopic composi-
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Fig. 1. Mixing curves of fluid compositions for mixing of two fluids
in 8'C vs §'®0 space. Fluid A (e.g. seawater) has 6'>C = 0%, (PDB)
and §'%0 = 0% (SMOW), fluid B (e.g magmatic water) has
8"*C = — 7% (PDB)and 6'%0 = + 7% (SMOW). P is the concen-
tration ratio of total dissolved carbon in fluid B to in fluid A

tions of the resulting calcites because of the fractionation
effect between calcite and fluid. Suppose that fluid A is
dominated by HCO3 and has a lower temperature where-
as fluid B is dominated by H,CO; (~ CO,) and has
a higher temperature, then carbon and oxygen isotopic
ratios of calcites can be calculated by:

X,(0'3C, + 10 Inagglsie) + P(1 — X,)(6"3C, + 10° In aefesite
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other cations reinforce this movement. If calcite is depo-
sited from a fluid due to fluid/rock interactions, the iso-
topic compositions of carbon and oxygen in the calcite are
determined by the differences of isotopic ratios between
the fluid and the wallrock. The isotopic compositions of
the final fluid after fluid/rock interaction can be calculated
by the mass balance equation (e.g. Taylor 1977):

Wo'itia + ROloar = W 1ia + ROk (10

where superscripts i and f denote the ‘initial’ and ‘“final’
composition; W and R represent the atom percentage of
carbon or oxygen in fluid and rock, respectively.

In general, fluid and rock are not in isotopic equilib-
rium before the interaction and therefore tend to exchange
their isotopes in order to approach isotopic equilibrium at
the interaction temperature. At low temperatures (below
60-80 °C), meteoric groundwater will commonly maintain
its oxygen isotopic composition because of very slow rates
of oxygen isotope exchange between water and rock (Gat
1981), but when the water is heated up to 80 °C or more,
a change in the oxygen isotope composition of the water
occurs due to increasing rates of isotopic exchange. The
extent of isotopic exchange depends on the relative pro-
portions of oxygen in the fluid to that in the rock, on the
initial isotope ratios of the fluid and the rock, on the
fluid-rock isotopic fractionation factors (which are tem-
perature dependent), and on the time and surface of con-
tact. If 6'804,,,, is determined by isotopic equilibration
with the rock, then from Eq. 10:

, R )
08010 = 5180[/1;4.':1 + W(‘slgoiock —6'%0%,4) (11)

A similar equation is used to calculate the isotopic com-
posttion of carbon in the final fluid:

51:«!Ccacie =
feit P+ X,- PX,

518 0scue = 8130, + 10° Inafflsse + X,(6'°0, — 550,
©

where X, represents the mole fraction of fluid A in the
mixed fluid and 10°lnaf denotes the equilibrium frac-
tionation factor between components X and Y. Fig. 2
illustrates the mixing curves of calcite compositions due to
mixing between ‘seawater’ (fluid A, 50 °C) and ‘magmatic
water’ (fluid B, 250 °C) in 6'3C vs 6'80 space. Obviously,
the isotopic compositions of carbon and oxygen in the
calcites are significantly different from those in the fluids.

Effect of fluid/rock interaction

Interaction takes place between a high-temperature hy-
drothermal fluid and a relatively cold wallrock as the fluid
flows along open rock fractures. The interaction can in-
volve cation ex-change, redox reactions, or both. It can
thus exert a significant influence on the precipitation of
gangue minerals (Holland and Malinin 1979). The loss of
H™ moves hydrothermal fluids toward saturation with
respect to carbonates; gains of Ca?*, Mg?*, Fe?* and

’

. R .
513C[!uid =6'3C! tuid + _(513C:ack - 613C{ock (12)
S S W

Consequently, the isotopic composition of calcite which is
precipitated from the final fluid is related to temper-
ature, i.e.

. ‘ | . |
613Ccalcite = 613(:_'/'1,“'4 + ]03 lnd%zﬁe + W-A“‘C'f
- (13)
18 18nyi 3 calcite R CAl18Ai
0" %0 arcite = 0 Oj‘luid + 10°In X% ,0 + W A Of

(14)

where A} = 81, — 67, The isotopic composition of car-
bon and oxygen in the calcite can be delineated in terms of
Eqgs. 13 and 14, given that a relationship between
Rl
W/
tially, the change in these values represents a flux in the
isotopic composition of wallrock due to the fluid/rock

; R .
-A3CY and W *A'®0 values is determined. Essen-
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Fig. 2. Mixing curves of calcite compositions for mixing of two
fluids in 8'3C vs 8'80 space. The isotopic ratios of the fluids are the
same as in Fig. 1, but dissolved carbon species are different. Fluid
A is dominated by HCO; and has a low temperature of 50°C,
whereas fluid B is dominated by H,CO; and has a high temperature
of 250°C. X 4 is the mole fractionation of fluid A in the mixed
solution

interaction. The change in the isotopic composition of
wallrock can be quantified by direct measurement on
altered and fresh wallrocks, but the atomic ratios of car-
bon and oxygen in the wallrock to that in the fluid are
instantaneous variables and thus it is difficult to quantify
them. A simplified approach, for the purpose of theoretical
modeling, is to assume R/W = R'/W’. Then the change in
the 6'3C and 6'80 values of wallrock can be used to
indicate the nature of alteration.

Assuming that rock/fluid ratios (R/W) vary from 0 to
1 and temperatures decrease from 300 to 50 °C, we can
calculate the theoretical curves for either H,CO; or
HCO 35 as the dominant dissolved carbon species, as illus-
trated in Fig. 3 for an initial fluid with §'*C = — 7%, and
5180 = + 8%o in the case where the wallrock has been
altered with A'>C% >0 and A'®O% > 0. This assumed
case requires that the wallrock has higher '*C/!'*C and
180/160 ratios than the fluid, so that the slope of correla-
tion trends of the resulting calcite is greater than that in
the closed system when H,CO; acts as the dominant
carbon species. Theoretically, increasing CO, in solution
can reduce the effective oxygen isotope fractionation fac-
tor between calcite and the bulk fluid and steepen pre-
dicted 613C vs 6130 trends. The increase in the dissolved
CO, content of fluid requires an open system where car-
bonate in wallrock is progressively taken up by the mi-
grated fluid. This case is substantially equivalent to the
presently described effect. A similar picture can result due
to changes in fluid pH, as previously demonstrated by
Ohmoto (1972). Essentially, an increase in fluid pH can

cause the precipitation of calcite and the resulting calcite
can be progressively enriched in '*C relative to that in
a closed system. But a simultaneous change in the '%0
values of calcite cannot result from the change in pH.

If HCO; is the dominant form of dissolved carbon in
hydrothermal fluids, calcite precipitated will show small
variations in 6'3C values relative to temperature. But
large variations in 'O can occur simply due to temper-
ature effect on the CaCO;-H,O system.

Secondary alteration of hydrothermal calcite

Hydrothermal alteration of calcite at low temperatures is
the other type of mixing process which does not cause
original precipitation of the calcite but can systematically
change the isotopic compositions of carbon and oxygen in
the previously deposited calcite. The isotopic ratios of the
calcite being altered by an H,O-rich C-O-H fluid may be
calculated from an integrated form of a mass balance
equation (Taylor 1977). For oxygen isotope exchange,
this is:

.!/L/ =1n [5180;120 + (AlSO%l;(i)!e - 5180£alcile):| 15)
5000 — (60 — ATPOFE)

R
where A'PO§5¢ is the equilibrium oxygen isotope frac-
tionation between calcite and water. A similar equation is
used to describe carbon isotope exchange, taking into
account the concentration of carbon in the fluid (written
here in terms of the mole fraction of HCO 5, XHCO;):

w
—__'X . =
R HCO;

In |:513C;'1C03 + (AlSC;.‘;lCCiOM; - 513Cialci!e)j|
i calcite (16)
S Ch o — (63 Cluene — ACIDe

where A! 3C°,‘,”C‘g§ indicates the equilibrium carbon isotope
fractionation between calcite and HCO 3.

The equations given above are valid for the isotopic
exchange in an open system where the fluid is replenished
by fluid of the same initial isotope composition, i.e. the
fluid’s composition is externally controlled. Such ‘open
system’ behavior is described by the ‘single pass’ exchange
process (e.g. Taylor 1974). In the open system, the extent
of isotopic exchange is typically larger than in a closed
system.

Straightforward transformation of Egs. 15 and 16
gives expressions for calculating the isotopic compositions
of altered calcite:

13 _ 13,0 13 lcit
5 Ccalcite - (5 CIH(‘O; + A CCI'?CE‘IO?)

_ 513Ci A13lecite _513ci . *-I/—VXHCOV
( Heo; T HCO; caleite) "€ R 3
(17)
61806alcile = (5180}120 + Alsoﬁl;(i)le)

w
R

— (3"#0k 0 + AMPOFSE — 550 e T R (18)

Closed-system exchange differs slightly from the above
description in that complete and continual equilibrium is
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. w . . ¥aco7, = 0-2
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calcite = by
w o
1+ —
* R -0} 1 J
2100 Y100
(20) ot
A set of isotopic mixing curves is illustrated in B PR —
Fig. 4 for exchange of a limestone with a secondary fluid at 50y Of Calcite(%)

150 and 100 °C having X ;- values of 0.3 and 0.2, respec-
tively. The isotopic exchange produces initially greater
changes in '%0 than in §'3C. The calculated, lower §'20
end-point of the mixing curves represents the isotopic
composition of calcite in equilibrium with the fluid. The
form and curvature of the mixing curves depend on the
Xyco, value in the fluid, alteration temperature and the
differences of isotopic ratios between the primary calcite
and the secondary fluid. The similar calculations on the
isotopic alteration of limestone were given by Sverjensky
(1981).

From the preceding modeling it can be seen that signifi-
cant correlation trends in §'3C vs §'%0 space may be
either due to the mixing of two fluids (Fig. 2), or due to
a temperature effect during calcite precipitation in the case
of fluid/rock interaction when H,COj; acts as the domi-
nant dissolved carbon species (Fig. 3), or due to sub-
sequent alteration of primary calcite by interaction with
a secondary fluid (Fig. 4). The shape of the mixing curves
reflects the isotopic compositions of the involved fluids

Fig. 4. Covariation of carbon vs oxygen isotopic compositions dur-
ing fluid/rock interaction involving a limestone with §!'*C = 0%
(PDB) and §'8%0 = +28% (SMOW), and a fluid with
313C = — 12%0 (PDB) and 630 = + 3% (SMOW) as well as
HCOj3 as the dominant dissolved carbon, at temperatures of 150
and 100 °C respectively. X ycos is the mole fraction of HCOJ in the
fluid. The solid curves denote the closed system and the dashed curves
denote the open system. A progressively increasing fluid/rock ratio
(w/r) is assumed for the hydrothermal alteration

and wallrock (or primary calcite). Apparently, the correla-
tion trends of any slope in 6'3C vs 680 space can be
caused for hydrothermal calcites by the mixing of two
fluids.

With respect to the genesis of hydrothermal mineral-
ization, the mixing between the fluids of different origins is
of much more significance than the mixing between the
fluids of the same origin. Geochemically, three different
origins of hydrothermal fluid can be recognized in terms
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of carbon and oxygen isotopic compositions: (1) magmatic
or deep-seated crustal fluid, which has 6'3C values similar
to the normal mantle value (from —9 to — 4%.) and
080 values from + 6 to + 15%o (depending on the
igneous or metamorphic rocks with which the fluid was
isotopically equilibrated at high temperatures); (2) subsur-
face meteoric water or groundwater, which has §'*C
values similar to those for sedimentary organic carbon
(from — 30 to — 20%o) and 680 values less than 0%o; (3)
seawater, which has 6'*C and 6'®0O values uniformly close
to 0%o (e.g. Sheppard 1986; Hoefs 1987). In modelling the
genesis of hydrothermal mineralization, if fluid mixing is
postulated as a cause for the precipitation of calcite, con-
structing the isotopic compositions of two end-member
fluids permits constraints to be placed on the actual pos-
sibility of the fluid mixing. The differences in the isotopic
composition and temperature of the postulated two fluids
are important signatures in doing so. For example, if the
postulated two fluids are to have a large difference in
temperature but only a small difference in isotopic com-
positions which points to the same origin, it would be
more reasonable to assume one fluid responsible for min-
eral deposition with a temperature effect than to assume
the two fluids. In other words, although the fluid mixing is
a possible cause for the correlation trends between the
613C and 8'80 values of hydrothermal calcites, it is un-
likely in nature that the two fluids of different origins
could have the large difference only in the temperature
rather than in the isotopic compositions. Additionally, the
isotopic composition of a fluid can considerably change
due to fluid/rock interaction during its migration through
wallrocks. But the isotopic composition of the walirocks
and temperature have to be taken into account in assum-
ing the isotopic signature of the resultant fluid. In this
context, caution must be exercised in postulating the fluid
mixing as the cause for the positive correlation trends of
calcite C—O isotopic ratios. [sotopic investigations of pro-
files across calcite veins are particularly useful for dis-
criminating between the different mixing processes. The fit
of an appropriate set of data to one of these models can be
used to place limits on the origin of fluids, mineralizing
temperature, and the mechanism of hydrothermal min-
eralization.

Application to hydrothermal Pb-Zn deposits
in the western Harz Mountains

Geological setting

The Harz Mountains in Germany consist of strongly
folded Silurian-Carboniferous sedimentary rocks, mainly
of pelitic and psammitic compositions. In the north, their
contact with Mesozoic sequences is a steeply inclined
fault. To the east, south and west, they are unconformably
overlain by Permian and Mesozoic rocks. Along the
northern margin of the Harz Mountains the granitic Oker
and Brocken plutons as well as the gabbro-norite body of
Bad Harzburg are intruded into the Paleozoic sediments.

Besides the stratiform Rammelsberg ore deposit, many
hydrothermal vein deposits are known in the Harz area.
In some cases they extend over a length of ~ 20 km and
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Fig. 5. Simplified geological map of the western Harz Mountains
showing the location of the Bad Grund and St. Andreasberg de-
posits

have been mined to a depth of ~ 1000 m in a few places.
The western Harz Mountains enclose two economically
significant Pb-Zn ore districts, i.e. the Bad Grund deposit
in the Upper Harz (Northwest in Fig. 5) and the St
Andreasberg orefield in the Middle Harz (South in Fig. 5).
The detailed geological and geochemical characteristics of
the two deposits have been described by Sperling (1973),
Mohr (1978), Schnorrer-Kohler (1983) and Walther
(1986).

The Bad Grund deposit is characterized by an intense vein
system (Sperling 1973; Sperling and Stoppel 1979). The
wallrocks of the ore veins are greywackes more than
1000 m thick and clay slates of the Lower Carboniferous
Culm facies, representing the flysch of the rising Variscan
mountains in the southeast. In the northern parts of the
deposit, the veins occur in Devonian slate, sandstones and
diabases. Four mineralization phases were distinguished
according to the investigations of mineral paragenesis
(Sperling 1973; Stedingk and Schnorrer-Kohler 1988).
Sphalerite was predominant in phase I whereas galena
was predominant in phase II1. The other sulfides are small
amounts of chalcopyrite and pyrrhotite. Calcites occur
mainly in phase Ilc, together with sphalerite (and galena)
to form banded-ores, and in phase I1la. The other gangue
minerals are quartz, siderite, dolomite and barite.

The St. Andreasberg deposit is situated on the south-
ern rim of the Brocken granitic massif (Fig. 5). The
wallrock of the veins consists mainly of argillaceous
schists, quartzites and cherts with flinty limestones of the
Devonian along with greywackes of the Lower Carbonif-
erous and Devonian diabases. The paragenesis is funda-
mentally similar to that of the Bad Grund deposit (Wilke
1952; Schnorrer-Kohler 1983). Calcites occur mostly in
phase Ilc, together with sulfides (galena, sphalerite, minor
chalcopyrite and tetrahedrite, etc.), and in phase I1la. The
other gangue minerals are quartz and fluorite. Rejuven-
ation, a drusy vein structure and irregular mineralization
with locally rich ore shoots are characteristic and point to
remobilization subsequent to the main mineralization.
Some minerals, especially various silver minerals as well
as Co-Ni arsenides and antimonides, are found in much
higher quantities than those in the Upper Harz districts.



Ideas concerning the age, origin and causes of the
hydrothermal Pb-Zn mineralizations in the Harz Moun-
tains have changed repeatedly. After the assumption of
a connexion between the late Mesozoic-Tertiary uplift of
the Harz Mountains and the ore veins orientated parallel
to the northern rim of the Harz Mountains was aban-
doned, the concept of the Upper Carboniferous Brocken
granite and its hypothetical extension to the west as the
ore supplier for the ore veins in the Upper and Middle
Harz prevailed (e.g. Dahlgriin 1950). However, it has been
shown in recent years that a considerable amount of the
vein content can be derived from underlying sediments or
from more or less adjacent wallrocks (e.g. Nielsen 1968;
Sperling and Nielsen 1973; Wedepohl et al. 1978). With
respect to the mechanism of hydrothermal mineralization,
a fluid-mixing model has been postulated by Mdéller et al.
(1979 and 1984) who investigated the distribution of rare-
earth elements (REE) in the hydrothermal calcites of the
Bad Grund deposit. They concluded that the calcite of the
banded-ores in the deposit crystallized from hybrid mag-
matic-metamorphic solutions both of which were rather
rich in REE3* and Fe3*. Behr et al. (1987) carried out
a fluid inclusion investigation of mineral parageneses from
most mining districts in the Harz Mountains and recog-
nized two types of fluid: one is a highly saline, relatively
high-temperature Ca-Na (K-Mg)-Cl basinal brine; the
other is a low-salinity, relatively low-temperature forma-
tion water (rich in HCO3 and SO3") or meteoric water.
Thus the authors postulated a model in which the two
fluids mix by seismic pumping. However, the
homogenization temperatures reported by Behr et al.
(1987) are somewhat too low due to the widespread pres-
ence of secondary inclusions (Liiders 1988).

Analytical results

Using the conventional phosphoric acid method (McCrea
1950), carbon and oxygen isotopic analyses were carried
out for 130 calcite samples from the phases Ilc to I1la in
the Bad Grund deposit and 110 calcite samples from the
phases IIc and Illa in the St. Andreasberg deposit. The
results are presented in Figs. 6 and 7, respectively. All of
the calcites were from fracture-filled veins, partly asso-
ciated with Pb-Zn mineralizations. The minerals were
separated by hand and thus appear to be pure calcite. The
analytical sample set represents most of the principal
occurrences of hydrothermal calcite in the two deposits.
Additionally, two profiles through calcite veins in the Bad
Grund deposit and a profile across a calcite vein in the St.
Andreasberg deposit were sampled and the results are
presented in Figs. 8 and 9, respectively. The detailed
description of the samples and the complete dataset is
presented in Zheng (1991) and can be delivered upon
request.

As shown in Fig. 6, a significant positive correlation be-
tween 6'*C and 6'%0 values is observed for the calcites
from the Bad Grund deposit, with 6'3C varying from
— 88 to —4.9% and 6'%0 from + 16.4 to + 21.7%o.
The calcites sampled from the banded-ores (phase Ilc) all
have low §-values within a narrow variation (6'3C from
— 8.8 to — 7.8%0 and 5'%0 from + 16.4 to + 17.7%).
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Fig. 6. The carbon and oxygen isotopic compositions of hydrother-
mal calcites from the Bad Grund deposit in the Upper Harz
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Fig. 7. The carbon and oxygen isotopic compositions of calcites
from the St. Andreasberg deposit in the Middle Harz. Circled crosses
represent the calcite samples that coexist with sulfides. Note that
a sample with 6'3C ~ — 21%. is emphasized particularly

The two profiles across 2.2 m and 3.6 m width veins show
the same positive correlation on the §'3C vs §'%0 di-
agram, with the lowest d-values at the center of the veins
whereas the highest d-values identically occur at the mar-
gins of the veins (Fig. 8).
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In contrast, the calcites from the St. Andreasberg de-
posit exhibit large variations in carbon and oxygen iso-
topic ratios (Fig. 7). 8'°C values vary from - 21.5 to
— 5.9%0 with a mode of — 13.2to — 5.9%.; 6180 values
range from + 152 to + 24.4%.. The samples from the
profile across a 1.4-m-width vein (Fig. 9) show a similar
data arrangement to that from whole of the St. Andreas-
berg deposit in Fig. 7, with the lowest §'80 value at the
vein center whereas the lowest 6'*C values asymmetri-
cally occur at the vein margins. It is noteworthy that the
calcites which coexist with sulfides {(shown by crossed
circles in Fig. 7) follow a trend similar to that found in the
Bad Grund deposit, implying a similar genesis of the
calcites.

Data interpretation

The observed positive correlation between the 53C and
8180 values of calcites in Fig. 6 can be explained by two
different processes: (1) calcite precipitation due to mixing
of two fluids with different alkali-chloride concentrations,
or (2) calcite precipitation from a H,CO3-dominant fluid
due to a temperature effect coupled either with CO,
degassing or with fluid/rock interaction.

As illustrated in Fig. 2, the mixing of two fluids can cause
the precipitated calcites to have correlation trends of any
slope in 6'3C vs §'80 space, through the appropriate
choice of isotopic ratios of end-member fluids, dissolved
carbon species and temperatures. If fluid mixing produced
the observed correlation trend in Fig. 6, there would have
been two end-member fluids with distinct carbon and
oxygen isotopic ratios and temperatures, and therefore
different origins. This is not tenable because of the rela-
tively narrow variations in 6'3C (from — 8.8 to — 4.9%0)
and 6!80 (from + 16.4 to 21.7%0) values of the calcites in
Fig. 6. For the profiles in Fig. 8, furthermore, this explana-
tion requires that one fluid is responsible for the precipita-
tion of calcite at the center of the veins whereas the other
1s responsible for the precipitation of calcites at the mar-

gins of the veins. In view of fluid flow along open fractures,
obviously, this explanation does not stand under close
scrutiny, because the fluid mixing can only take place
along the vein strike rather than perpendicular to the vein
strike. Generally, calcite which fills the vein does not
precipitate instantaneously; it presumably grows from the
vein margins inward. The vein records a time sequence of
calcite precipitation from a fluid whose temperature
and/or chemical composition was changing. If the system-
atic change in the isotopic composition of profiled calcites
corresponded to a change in the isotopic composition of
a fluid mixing zone, the symmetry in the isotopic composi-
tion of vein center and margins could not be otherwise
explained by the varying mixing proportions of two fluids.
Additionally, differences in the isotopic ratios between
vein center and margins are very small, both 6'3C and
6'®0 varying within 2 ~ 3 permil (Fig. 8). This implies
that the two fluids would have to have quite similar
isotopic compositions, which points to needlessness in
postulating the mixing of two fluids of different origins.
Translation of a fluid mixing zone (or other chemical
gradient) along an open fracture could be recorded in
minerals progressively precipitating normal to the frac-
ture walls. The observed positive correlations in Fig. 6 and
8 preclude the mixing between two fluids. We consider it
to be a temperature-dependent trend and thus suggest
that only one fluid is responsible for the precipitation of
calcite.

Theoretically, calcite which is deposited from
a H,CO;-dominant fluid at temperatures below 300°C
can have a positive correlation between 6'3C and §'%0
values simply due to a decrease in temperature, because
the fractionation factors between calcite and CO, for
carbon and between calcite and H,O for oxygen are
linearly correlated with temperature (see Ohmoto and
Rye 1979; O'Neil et al. 1969). However, the solubility of
calcite in a hydrothermal fluid increases with decreasing
temperature (Holland and Malinin 1979). Thus calcite
cannot be deposited from a fluid by simple cooling under
the conditions of a closed system. Instead, an open system
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Fig. 8. The carbon and oxygen isotopic
compositions of calcites from two profiles
through calcite veins in the Bad Grund
deposit. Profile A is from the
Wiemannbuchter Erzmittel, No. 19, 2205E-
15°, 54.2 ~ 56.4 m; profile B is from the
Westfelderzmittel I, No. 20, 1479W-32°,
68.6 ~ 72.2 m. Note the symmetry in the
isotopic composition of vein center and
margins
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Fig. 9. The carbon and oxygen isotopic compositions of calcites
from a profile across a calcite vein of about 1.4 m width (5 Biicher
Mosis Gang) in the St. Andreasberg deposit. Note the asymmetric
distribution of isotopic ratios across this profile with respect to the
profiles from the Bad Grund deposit in Fig. 8

has to be assumed in which either CO, degassing or
fluid/rock interaction can be responsible for the depo-
sition of calcite. A thermodynamic model of boiling of
hydrothermal solutions indicates that metals complexed
by chloride can be deposited largely as a result of CO,
exsolution during boiling (Drummond and Ohmoto
1985). If calcite is deposited from a H,CO;-dominant flutd
due to CO, degassing accompanied by a progressive
change in temperature, the resulting calcite has a positive
313C-6'80-correlation whose slope is smaller than in
a closed system, i.e. the 5'3C values of the resulting calcite
are lower than those in the closed system because the
degassed CO, is enriched in !3C relative to the precipi-
tated calcite (Zheng 1990). As shown in Fig. 10, the slope
of the observed correlation is greater than for the closed
system, excluding the possibility of CO, degassing. This
relationship then leaves only one process — fluid/rock
interaction — as the most likely cause for the precipitation
of calcite and thus for the positive correlation in Fig. 6.
This implies that the chemical and isotopic compositions
of the ore-bearing fluids have progressively changed dur-
ing their flow through walirocks. Correspondingly, the
wallrocks are subjected to interaction with fluid, produ-
cing hydrothermal alteration. Indeed, Sperling (1973) and
Boness (1987) observed newly formed and recrystallized
phyllosilicates (mostly illite) in wallrocks close to the cal-
cite veins, although these were weak.

As demonstrated in Fig. 10, the observed positive correla-
tion can be explained as the precipitation of calcite by
a temperature decrease from 280 to 170 °C out of a large
and homogeneous fluid reservoir with 6'3C ~ — 7%0 and
880 ~ + 10%o, in which H,CO; was the dominant dis-
solved carbon species. The lower d-values of calcites asso-
ciated with the banded ores point to higher formation
temperatures (280 ~ 250 °C) relative to the other calcites
and imply an identical isotope signature of carbon and
oxygen in the fluid reservoir(s) with respect to different ore
bands. The observed variations in the §!3C and §'%0
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Fig. 10. A fluid/rock interaction model for the covariation of the
carbon and oxygen isotopic compositions of calcites from the Bad
Grund deposit as a function of temperature (solid line). Precipitation
of calcite under closed system conditions is shown in the dashed line.
The fluid is assumed to have &'3C= — 7% (PDB) and
5180 = + 10%0 (SMOW), H,COj; as the dissolved carbon

values of calcites from two profiles (Fig. 8) can be readily
explained by a temperature effect, i.e. calcite at the center
of the veins was precipitated at higher temperatures and
calcite at the vein margins at lower temperatures. The
temperature difference is about 50 °C. The modeling re-
quires that the wallrocks have higher §!'3C and 6!%0
values than the fluid. This prerequisite is fulfilled because
sandstones and clay slates constitute the wallrocks in the
Bad Grund deposit. Additionally, the wallrocks do not
contain significant amounts of reduced carbon. The as-
sumed A-values [ref. Eqs. 13 and 14] are very small, i.e.
ACi =1 and A'®0% =0.5. Such small A-values de-
mand not only small amounts of carbonate in the wall
rocks but also small degrees of hydrothermal alteration,
which is consistent with the observation of Sperling
(1973). Therefore, the observed variations in the isotopic
compositions of hydrothermal calcites were caused by
temperature-dependent isotopic fractionations, with
minor isotopic variations being caused by fluid/rock inter-
action (which were vital as a precipitation mechanism).
The obtained model-temperatures of 280 ~ 170 °C are
comparable with (1) the temperature obtained from sulfur
isotope distribution between sphalerite and galena
(400 ~ 140°C: Zheng 1991) and (2) the temperature ob-
tained by Ga/Ge partition in sphalerite associated with
calcites ( > 240 ~ 260 °C: Moller and Stedingk 1990, per-
sonal communication). As shown before, the calcites asso-
ciated with the banded-ores formed at higher temper-
atures than the other calcites. This also agrees with the
results from sulfur isotopic geothermometry (Zheng 1991).
From the profile studies on the calcite veins in Fig. 8 it
appears that the calcites at the vein margins were crystal-
lized earlier at lower temperatures with respect to the
calcites at the vein centers. It is probably appropriate to
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extrapolate the precipitation sequence from the micro-
scale studies on the vein profiles to the macroscale situ-
ation on the same phase.

The assumed isotopic ratios of the fluid-6'3C
~ — 7%o and 680 ~ + 10%c-apparently compare with
magmatic fluids, but can also be interpreted as deep—sea-
ted crustal fluids. However, it must be pointed out that the
assumed isotopic ratios of the fluid are not independent of
the model temperatures. Essentially, the principal uncer-
tainties encountered in the interpretation of carbon and
oxygen isotope data for hydrothermal calcites are the
temperatures of precipitation of the calcites and the §!3C
and 6'®0 values of the fluid from which the calcites
precipitated. It can be illustrated that the obtained model-
temperatures would be 190 ~ 110°C for the Bad Grund
calcites if the isotopic ratios of the fluid are taken to be
0!13C = — 9%o and 680 = + 6%.. Nevertheless, the pre-
viously given model-temperatures of 280 ~ 170 °C match
the results of the other geothermometers better. This con-
firms the validity of the assumption of §!3C ~ — 7%o and
3180 ~ + 10%o for the fluid. Apparently, the model-tem-
peratures of calcite precipitation and the isotopic com-
positions of the assumed fluid are not independent of each
other. In any case, a single and homogeneous fluid reser-
voir is required and therefore a temperature-dependent
trend is a reasonable interpretation for the observed posit-
ive correlation between the 6'3C and 380 values of
calcites from the Bad Grund deposit. Consequently, we
reason that the calcites precipitated from the deep-seated
crustal fluid and did not experience kinetic fractionation
effects. Additionally, we have good constraints on precipi-
tation temperatures.
In contrast to the Bad Grund deposit, two different fluids
seem to be responsible for the observed variations in the
413C and 680 values of caicites from the St. Andreasberg
deposit. One fluid may be identical to that in the Bad
Grund deposit and thus responsible for the precipitation
of the calcites which are associated with sulfides; the other
fluid must have lower temperatures, with HCO7 as the
dominant dissolved carbon species, and have 6'*C from
about — 20 to — 15%0 and 3'80 about 0%.. The isotopic
and temperature features of the two fluids are comparable
with the results of Behr et al. (1987) from fluid inclusion
investigations, although the absolute values of their
homogenization temperatures are somewhat too low due
to the widespread presence of secondary inclusions
(Luders 1988). Mixing between the two fluids can be ruled
out, because again the profile investigation in Fig. 9 can-
not be explained by the precipitation of calcite at the vein
center from one fluid whereas those at the vein margins
formed from the other fluids. Instead, an alteration of
primary calcite by interaction with a second fluid is
a more likely process responsible for the observed isotopic
variations, as modeled in Fig. 11. In this context, the two
fluids are temporally separated and thus do not mix with
each other. The calcites which are associated with the
sulfides would be precipitated from the deep-seated fluid
at temperatures of 300 ~ 150°C. The second fluid would
have low temperatures of 70 ~ 40°C and can be con-
sidered as an evolved subsurface solution. It may be re-
sponsible for the remobilisation of calcite in the St. An-
dreasberg deposit.
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Fig. 11. An alteration model for the variation of the carbon and
oxygen isotopic compositions of calcites from the St. Andreasberg
deposit. The isotopic compositions of calcites from the Bad Grund
deposit are shown for comparison. Two fluids are assumed:
[ —300 ~ 150°C, 8'*C~ — 70% (PDB) and &'%0 = + 10%0
(SMOW), H,CO; as the dissolved carbon; II — 70 ~40°C,
8'*C = — 20; (PDB) and 6'%0 =~ 0% (SMOW), HCO] as the dis-
solved carbon. The precipitation of primary calcite from fluid I un-
der conditions of a closed system is shown by the dot-and-dash line

Conclusions

Covariations in the isotopic ratios of carbon and oxygen
are modeled for hydrothermal calcites related to the fol-
lowing mixing processes: (1) mixing of fluids, (2) fluid/rock
interaction, and (3) secondary alteration. Choosing the
appropriate variables (e.g. the isotopic ratios of fluids,
temperature, etc) permits the construction of mixing
trends in 6'3C vs 6’80 space for the resulting calcites.
Processes such as the mixing of fluids vs fluid/rock inter-
action or secondary alteration may be distinguished by
the specific arrangements of isotopic ratios on a 6!3C vs
5180 diagram because of the temperature eflect during
equilibrium precipitation of calcite from a hydrothermal
fluid. Furthermore, the profile investigation of carbon and
oxygen isotopic compositions across calcite veins pro-
vides the best means of distinction between the three
mixing processes.

Calcites from the hydrothermal Pb-Zn deposits in the
western Harz Mountains demonstrate the applicability of
the theoretical models. Investigations of profiles through
calcite veins and model constraints rule out fluid mixing
as the cause of the precipitation of calcites. A positive
correlation between the 613C and §'30 values of calcites



from the Bad Grund deposit is interpreted as a temper-
ature-dependent trend accompanied by a progressively
increasing fluid/rock interaction. A deep-seated fluid is
inferred with H,CO5 as the dominant dissolved carbon
species, having a §!3C value of — 7%o and a 680 value of
+ 10%0; precipitation temperatures of the calcites are
estimated to be about 280 ~ 170°C. Fluid/rock interac-
tion is interpreted to play a significant role in causing the
precipitation of hydrothermal calcites in the Bad Grund
deposit. Conversely, the large variation in the §'*C and
5180 values of calcites from the St. Andreasberg deposit is
explained by an alteration model. An evolved,
HCOj -dominant subsurface fluid with 6'*C about
— 20 ~ — 15%0 and §'®0 < 0% has overprinted the pri-
mary calcite, which was deposited from the deep-seated
fluid, at low temperatures of 70 ~ 40°C. Consequently,
two temporally separated fluids were involved in the hy-
drothermal mineralizations in the western Harz Moun-
tains.
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