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INTRODUCTION

The zoning of ore deposition, i.e., the regular vari�
ation in proportions between two or several compo�
nents of mineralization along the strike, dip, and
thickness of an ore zone, is quite important for the
development of methods for searching for geochemi�
cals (Solovov, 1985). The data on vertical zoning of
orebodies play a great role not only in searching
geochemistry (the forecast of mineralization at depth
and determination of the depth of erosion) but in the
solution of genetic problems and verification of the
results of thermodynamic modeling of ore formation.
The data presented in this paper are part of a study
whose target is a reconstruction of physico�chemical
parameters, material sources, and formation of the
orebodies and halos of vein hydrothermal deposits.
The investigations were conducted by geochemical
(the study of element distribution in orebodies and
host rocks) and thermodynamic (construction and anal�
ysis of equilibrium–dynamic models of vein formation)
methods (Borisov, 2000, 2003; Borisov et al., 2006).

The Pb–Zn deposits of the Sadon ore district in
Northern Ossetia, Russia, are the objects for the study
of vein ore formation. The aim of this work is to
present the data on the variation in the Cd/Zn ratio
updip of base metal ore veins based on the example of
the Dzhimidon deposit and to interpret this variation.

BRIEF CHARACTERISTICS OF THE DEPOSITS 
FROM THE SADON DISTRICT

Middle to Late Paleozoic granites are the major
host rocks of the high�angle veins of deposits from the
Sadon ore district. The outcrops of granites are sur�
rounded by a wide band of Lower and Middle Jurassic

tuffs, fine�clastic tuff breccia, lavas of andesite–dac�
itic porphyrites, and sedimentary rocks (sandstones,
claystones, and siltstones). The Jurassic volcanic and
sedimentary host rocks are less significant in compar�
ison with granites (Nekrasov, 1980, 2007). A channel
role for the near�latitudinal Sadono–Unal deep nor�
mal fault, which limits the area of the development of
the vein deposits from the south, is commonly
accepted. The main deposits of the district are con�
trolled by northwestern and northeastern splay shear
fractures and tension cracks restricted to the reclined
limb of the normal fault. The ore processes occurred in
the Middle Jurassic, before the Callovian. The vein
thickness varies from 0.1 to 5 m and more. The veins
were excavated for more than 1100 m updip (Verkhnii
Zgid) and for 1000 m along the strike. The major ore
minerals are sphalerite, galena, pyrite, chalcopyrite, and
pyrrhotite; arsenopyrite is less abundant. The gangue
minerals include quartz, carbonates, chlorite, and others.

The metasomatic processes after the host granites
include silicification, chloritization, sericitization,
and carbonatization. Based on thermobarogeochemi�
cal data (Lyakhov et al., 1994), the temperatures of ore for�
mation are 415–65°C and pressures are 230–0.011 MPa.
The gradients updip of the vein bodies could attain
35–40°C and 25 MPa for 100 m. A productive quartz–
galena–sphalerite assemblage was formed at 345–
120°C. The ore�forming hydrothermal fluids were
chloride–carbonate with more than 50% chlorides.
The paleodepth of the formation of the deposits from
the lower structural level (Precambrian metamorphic
rocks, Paleozoic granites, and Early Jurassic volcanic
rocks) is estimated at 2.5–3 km (Nekrasov, 1980), i.e.,
a pressure close to the lithostatic one should be about
80–100 MPa at this depth.
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In comparison with most deposits of the district
(Zgid, Sadon, Arkhon, and Kholstin), which are
hosted by Middle to Late Paleozoic granites of the
Sadon type and volcanic rocks of the Early Jurassic
Ossetin Formation, the host rocks of the Dzhimidon
deposit are crystal schists and amphibolites of the
Neoproterozoic–Lower Paleozoic Buron Formation.
In recent years, we have been conducting works at the
Dzhimidon deposit, which is the only explored
deposit in the district. Three northeastern ore zones
from east to west—East�Dzhimidon, Tsagarsar, and
Bozang—were revealed at the deposit (Groznova
et al., 2006). The ore zones are exposed by series of
adits: no. 8 (1760 m in altitude), no. 3 (1680 m), no. 47
(1640 m), no. 45 (1560 m), and no. 49 (1520 m). Adits
nos. 8 and 45 were excavated a long time ago and have
been inaccessible for more than 15 years. We began our
study in 1999–2000 when adit no. 3 worked and adit
no. 47 was established (the infrastructure of the
Bozang ore zone was constructed before 2003). The
excavations in adit no. 49 have operated from 2008
until the present through the Bozang and Tsagarsar ore
zones. Adits no. 3 and 47 became almost inaccessible in
2009. We sampled the material from ore veins of the
Dzhimidon deposit consecutively during the advance�
ment of exploration works from adit no. 3 to adit no. 49.

METHODS OF FIELD 
AND LABORATORY WORK

The sampling was carried out using our own
method. Massive bands of the oriented vein monoliths
(from one contact to another) were sampled at the var�
ious horizons of the excavations along the transverse
sections of the vein orebodies. The lengths of such sec�
tions can reach 1.5 m and more, depending on vein
thickness. At the field camp, the oriented monoliths
were described and cut on plates–samples and sepa�
rated samples (the sampling step is 2–5 cm, their
weight is up to 5 kg). After this, the samples were
crushed, quartered, and powdered. The weight of the
final samples was 100–200 g. We collected data on
17 transverse vein sections at three horizons of the
deposit (135 samples). Some of these include series of
samples that describe the complete vein section from
one contact to another (13 sections with 4 to 29 sam�
ples in each) and several samples, bulk combined sam�
ple (4 samples).

The Fe, Zn, Pb, Cu, Cd, As, Mn, and Ca contents
in the bulk samples from ore veins were determined on
a RLP 3 X�ray fluorescent energy dispersive portable
analyzer (Mo anode), at an acceleration voltage of 15,
20, 30, and 38 kV (38 kV during analysis), a current
intensity of 30–400 mcA (100 mcA in our case), and a
time of analysis of 5 min (Department of Geochemis�
try, Moscow State University). The Ag and Sb con�
tents were determined using a AI�1024�95�16 multi�
channel impulse analyzer with a radioactive isotope
(241Am) as an excitation source (20 min exposure).

RESULTS OF THE STUDY

Statistical processing of the analytical results was
conducted for all 135 ore samples: Tsagarsar orebody
(adit no. 49, 1520 m, 5 sections, 28 samples) and veins
and apophyses of the Bozang ore zone (adit no. 47,
1640 m, 10 sections, 91 samples, and adit no. 3, 1680 m,
2 sections, and 16 samples). The data on the Tsagarsar
orebody obtained in 2010 widened the sampling from
10 to 28 samples for the horizon of adit no. 49. This
allowed us to compare the distribution of several ele�
ments updip of the veins for the entire deposit. Statis�
tically reliable results were obtained only for the
Cd/Zn ratio (the standard errors and deviations, sam�
pling dispersion, and Student’s test were analyzed).
The Zn and Cd contents in the studied samples vary
from 0.11 to 39.6% and 0.003 to 0.15%, respectively.
These contents in the bulk samples are governed by the
amount of sphalerite, so it is expedient to use the con�
centration ratios but not the absolute values.

Fig. 1 demonstrates the distribution of the sample
amounts by single intervals of the Cd/Zn ratios for
three elevation levels. It is evident that maximums of
the frequency occurrence are regularly shifted relative
the values of the Cd/Zn ratio (from (1–2) × 10–3 to
(6–7) × 10–3) updip of the orebodies. At the lower
horizon (adit no. 49), the average value of the (Cd/Zn) ×
1000 ratio is 1.64 ± 0.17 (71% of the samples have val�
ues from 1 to 2), at the intermediate horizon (adit
no. 47), this was 4.23 ± 0.16 (78% of the samples have
values from 2 to 5), and the upper horizon (adit no. 3)
is characterized by 7.0 ± 0.3 value (75% of the samples
have values from 5 to 8). The standard deviation was
0.83, 1.51, and 1.19 for the samples from adits no. 49,
47, and 3, respectively. The significance of the discrep�
ancies in average values of the Cd/Zn ratio was con�
firmed by the Student’s test: t was 8.2 for the samplings
from adits no. 3 and 47 and 11.1 for the samplings from
adits no. 47 and 49, at the critical value of the Stu�
dent’s test of about 2 at the 95%�level of the confident
probability. Fig. 2 displays the values of the Cd/Zn
ratio in all samples from the orebodies of the Dzhimi�
don deposit depending on the true altitude. The aver�
age value of the Cd/Zn ratio in the entire sampling is
4.1 ± 0.2.

The use of other elemental proportions from our
database showed no reliable and regular results. This is
probably related to the fact that Zn and Cd are a pair
of elements from the same mineral, sphalerite. There�
fore, even a small amount of sphalerite makes it possi�
ble to correctly determine the Cd/Zn ratio, even in a
small number of the bulk samples. It should be noted
that sphalerite generations could be unevenly distrib�
uted in ores. Three generations of sphalerite were
described at the Dzhimidon deposit (Groznova et al.,
2006). Sphalerite of the first generation is character�
ized by a higher Fe content (up to 10–15%) and the
lowest Cd contents. Sphalerite of the second and third
generations has lower Fe content and increased Zn
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and Cd concentrations. The variable amount of these
sphalerite generations in the bulk ore samples can
influence an unstable Cd/Zn ratio, which is probably
reflected on histograms (Fig. 1) and in the mean accu�
racy of this ratio at the different elevation levels.

The variations in the other contents of elements
(Fe, Zn, Pb, Cu, Mn, As, and Sb) depend on the
amount of different host minerals in the studied sam�

ple, which varies both in separate sections and along
the vein strike. The choice of the sampling location in
the continuous section through the veins was random
and was due to sampling convenience, i.e., by the pos�
sibility of sampling large oriented monoliths through
the vein section in the underground excavations;
therefore, the samples could have been unrepresenta�
tive for the mentioned elements. In addition, Fe, Cu,
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Fig. 1. Distribution of the samples over the single intervals of the Cd/Zn ratio for the three elevation levels from the Dzhimidon
deposit. (a) 16 samples (Bozang ore zone, adit no. 3, 1680 m), (b) 91 samples (Bozang ore zone, adit no. 47, 1640 m, (c) 28 sam�
ples (Tsagarsar ore zone, adit no. 49, 1520 m).
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Mn, As, and Sb could simultaneously occur in several
host minerals, for example, in pyrrhotite, pyrite,
sphalerite, chalcopyrite, arsenopyrite, manganosider�
ite, and fahlore. The main problem of the Ag–Pb pair
and its major host mineral, galena, is related to the low
Ag content in the bulk samples at Pb concentration of
less than 1% (in many samples it was close to the lower
detection limit of the X�ray fluorescent analysis).

DISCUSSION

It is known that the Cd/Zn ratio in the Earth’s crust
is 2.63 × 10–3, varying from 1.2 × 10–3 in ultramafic
rocks to 3.3 × 10–3 in acidic rocks and clays (Ivanov,
1997; Grichuk, 2005). The average Cd/Zn ratio in the
sphalerite of the various deposits was 4.02 × 10–3 (mas�
sive sulfide base metal, 3.04; stringer, 3.65; Pb–Zn
stratiform, 4.17; Pb–Zn skarn, 7.03, etc.). The aver�
age Cd/Zn ratio in the bulk ore samples from the
Dzhimidon deposit agrees well with the given values.
However, no reliable data on vertical zoning of Cd and
Zn distribution in ores from the base�metal stringer
deposit are found in the literature.

Let us review the possible explanations for the vari�
able Cd/Zn ratios during hydrothermal ore formation.

1. The evolution of the ore�bearing fluid source.
The average value of the Cd/Zn ratio in condensates of
the volcanic gases from 12 studied volcanoes was 67 ×
10–3. Such a high value is related to the fact that in vol�
canic exhalations Cd, in contrast to Zn, is transported
in a high�temperature form—Cd0 (Grichuk, 2005).
This leads to the most intense Cd transport by
endogenic fluids that entered the hydrothermal system
at certain stages and it could produce an increase in
the Cd/Zn ratio in ores. Our data (the average value of
the Cd/Zn ratio at the surveyed deposit and low values
in the lower horizons) indicate that this hydrothermal
system developed without a significant contribution of
endogenic fluid, in spite of the presence of the Middle
Jurassic granite–porphyritic stock, whose influence
on the temperature of the hydrothermal system forma�
tion was probably decisive.

2. Changes in the composition of the ore�bearing
fluid during the deposition of sphalerite or its exhaus�
tion of Cd. The Cd distribution in sphalerite is gov�
erned by the partition coefficient (KD) between
sphalerite and fluid. The estimation of its value for this
system (Kase and Horiuchi, 1996) shows that it is
more than 1 at 600–150°C. In this case, the decrease
in Cd concentration in the fluid (an exhaustion) dur�
ing deposition of sphalerite updip of the veins should
lead to a decrease in the Cd/Zn ratio.

3. Heterogeneous formation conditions related to
the decrease in temperature of mineral formation
updip of the ore veins. High values of the temperature
gradient updip of the veins (up to 35–40°C per 100 m)
were reported from many deposits of the region (Lya�
khov et al., 1994) and this may have been the main fac�
tor of ore deposition. From their research on the min�

eralogical and geochemical features of the Dzhimidon
deposit, workers from the Institute of Geology of Ore
Deposits, Petrography, Mineralogy, and Geochemis�
try of the Russian Academy of Sciences (IGEM RAS)
have drawn the conclusion that cooling of the hydro�
thermal fluid is the main cause of ore formation
(Groznova et al., 2006; Groznova, 2010). Differences
in the thermodynamic features of the Zn and Cd chlo�
ride complexes and the properties of the ZnS–CdS
solid solution with a decrease in temperature could
lead to an increase in the Cd molar fraction in sphaler�
ite, which was confirmed by E.F. Bazarkina (Baz�
arkina, 2010; Bazarkina et al., 2010). These works
describe the results of an experimental study of the
constants of Cd chloride complexes in aqueous solutions
at various T–P�parameters and show that the Cd content
and Cd/Zn ratio in sphalerite increase upon a decrease in
temperature from 400 to 250°C (100 MPa). Thus, it may
be assumed that most probable cause of zoning is
related to a decrease in temperature of ore formation
updip of the veins.

It is important to link the variation in the Cd/Zn
ratio upon a decrease in temperature with the real dis�
tribution of mineralization updip of the veins but
geochemical data obtained is not enough for this esti�
mation. This can be considered from the results of
thermodynamic modeling and their correlation with
the parameters of natural objects (Borisov et al., 2006).
The vein level up the dip in thermodynamic models is
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described through the decrease in temperature of ore
formation. It is typical of all models that the maximum
content of sphalerite in ore occurs at 150–160°C and
an increase in bulk pyrite content and decrease in
sphalerite concentration occur toward the deeper level
(200–210°C). A decrease in sphalerite content is
noted in models at temperatures less than 150°C.
Comparison of the values of the bulk pyrite and sphaler�
ite contents in the main orebodies of the deposit with the
results of modeling allows us to relate the maximum of
sphalerite deposition to veins at the level of adit no. 47
(1640 m). These data show that the sphalerite content
regularly decreases to the horizon of adit no. 49 (1520
m). Thus, a value of the (Cd/Zn) × 1000 ratio of less
than 2 points indicates that the maximum of ore dep�
osition should occur higher and the amount of
sphalerite (and galena) will only decrease down the dip
of the orebodies. This is a preliminary conclusion,
which will be specified in models after the creation of
a thermodynamic supply for the description of the
ZnS–CdS solid solution.

CONCLUSIONS

1. The vertical zoning of the Cd and Zn distribution
in ore veins from the Dzhimidon base�metal deposit,
Northern Ossetia was established. The (Cd/Zn) ×
1000 ratio varies from 1.64 ± 0.17 (the horizon of adit
no. 49, 1520 m) to 4.23 ± 0.16 (the horizon of adit
no. 47, 1640 m) and 7.0 ± 0.3 (the horizon of adit no. 3,
1680 m).

2. The probable cause of the zoning is related to a
decrease in the temperature of ore formation updip of
the veins.
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