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Relations between mineralization and magmatic
rocks and sources of ore-forming fluids are presently
among the most important problems in endogenous ore
formation. Geochemical methods provide a valuable
insight into these problems. The estimation of ore
potential and search for reliable criteria for the determi-
nation of sources of ore elements are based mainly on
the study and comparison of the ore-element composi-
tions of rocks and ores. In this study, we attempted to
solve these problems by a nontraditional way, studying
REE distribution in ores and comparing it with the
behavior of these elements in igneous rocks.

The distribution of REEs in ores was studied by the
example of epithermal deposits and occurrences of
gold–silver (Au–Ag), silver–base metal (Ag–Pb), and
tin–silver (Sn–Ag) associations. All the objects are
located within the largest ore-bearing structures in the
central part of the Okhotsk–Chukchi volcanic belt
(OCVB): the Turomchin (Dal’nee and Kvartsevaya
Sopka Au–Ag deposits and Al’dygich occurrence) and
Arman (Katamken Au–Ag deposit) ring volcanic struc-
tures and the Dukat volcanoplutonic uplift (Dukat
Au

 

−

 

Ag deposit, Mechta and Tidit Ag–Pb deposits,
Malyi Ken Sn–Ag deposit, and Final’noe occurrence).
The geology, mineralogy, and geochemistry of the
deposits and occurrences were reported in [1–10 etc.].
However, there is no information on REE distribution
in epithermal Au–Ag, Ag–Pb, and Sn–Ag ores, both in
the Russian and international literature. This is the first
such investigation.

Rare-earth elements were analyzed by spectro-
scopic methods [11]. Analysts were E.V. Smirnova and
T.N. Galkina. To compare LREEs and HREEs, the
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REE and the proportions of REE groups 

 

Σ

 

Ce
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Y

 

Σ

 

Sc

 

were calculated [12]. The Eu/Sm ratio was used to esti-
mate the depth of formation of ores using the interpre-
tation of [13]. The redox conditions of ore-forming
environments were estimated using the Eu/Ce ratio, and
the degree of LREE and HREE differentiation was
characterized by the Ce/Yb ratio. The distribution of
REEs in the rocks of the ore-bearing structures and

deposits were previously investigated in [14–17]. All
these data were generalized and are considered below.

The magmatic rocks of the ore-bearing structures are
mainly represented by the subduction-related calc-alka-
line andesite and postsubduction subalkaline trachyrhy-
olite–basalt associations of the OCVB [4, 5, 16, 17].

The magmatic rocks of the later contrasting bimodal
trachyrhyolite–basaltic series are widespread only at
the Dukat Uplift, where they form an independent rhy-
odacite–leucogranite association enriched in Ag, Sn,
and base metals [5, 17]. The wall rocks are silicic vol-
canics. The leucogranites and rhyodacites show 
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values of 288 and 157–203 ppm, respectively. Their
REE proportions are nearly identical: 

 

77

 

Ce

 

16

 

Y

 

7

 

Sc

 

 and

 

78

 

Ce

 

16

 

Y

 

6

 

Sc

 

, respectively. The degree of LREE enrich-
ment increases slightly. The average Ce/Yb ratios are
11 and 14, respectively. The similar Eu/Sm (0.1–0.2)
and Eu/Ce (0.003–0.007) ratios in the rocks of the rhy-
odacite–leucogranite association testify to similar con-
ditions of their formation. Figures 1 and 2 present REE
distribution patterns for the leucogranites of the Dukat
Massif (average of 11 samples), which reflect the main
characteristic features of this association.

Rocks of the calc-alkaline andesite association are
most abundant in the ore-bearing structures studied (Tur-
omchin, Arman, and Dukat). An andesite–granodiorite
volcanoplutonic association was distinguished there. It is
closely related in space and time with typical epithermal
Au–Ag ores of volcanogenic deposits [3, 4, 5, 8]. The
REEs were analyzed mainly in andesite series rocks:
andesites, basaltic andesites, dacite porphyrites, and
diorites. The host rocks are intermediate volcanics. The
lowest 

 

Σ

 

REE (70.5–107 ppm) were found in unaltered
andesites from all the ore-bearing structures, and the
highest 

 

Σ

 

REE values are confined to the weakly altered
andesites (162 ppm) of the Turomchin volcanic structure
and diorite porphyrites (154 ppm) of the Dukat Uplift.
The rocks of the andesite series display similar REE
patterns with low REE totals and a weak negative Eu
anomaly [14], which are strongly different from those
of the rhyodacite–leucogranite association [15]. There
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is LREE enrichment, especially pronounced in the
andesites: 
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. The REE distribution
patterns of andesites and diorites are sharply different
from those of leucogranites. Their REE abundances are
two to four times lower, except for Eu, which is three to
five times higher relative to the silicic rocks. The low
REE totals (70.5 ppm or lower), high Eu/Sm ratios
(>0.6), and the absence of a Eu anomaly indicate that the
rocks of the andesite series could be derivatives of basal-
tic melts [14, 16]. In the chondrite-normalized diagrams
(Figs. 1, 2), these rocks are represented by continental-
margin andesites of the calc-alkaline series (average of
15 samples).

The contents and distribution of REEs in the ores of
the Au–Ag, Ag–Pb, and Sn–Ag deposits and occur-
rences of the Dukat volcanoplutonic uplift were defined
by the evolution of the rhyodacite–leucogranite rock
association. Unlike the ores of the Turomchin and
Arkan deposits, these ores underwent a longer and
more complex evolution. The beginning of hydrother-
mal activity produced Sn–Ag and then Ag–Pb mineral-
ization. The Sn–Ag ores are ascribed to the stringer–
disseminated type. The stringers are quartz–sulfide and
chlorite–biotite–sulfide in composition (Malyi Koen).
The main ore minerals are argentite, stannite, cassiter-
ite, chalcopyrite, sphalerite, galena, pyrite, arsenopy-
rite, and, occasionally, fahlores and tourmaline. The
Ag–Pb mineralization occurs as vein-type ores (Mechta
and Tidit). The veins have sulfide–quartz and sulfide–

carbonate–quartz compositions. Hydromica, apatite,
and epidote occur in subordinate amounts. The most
abundant ore minerals are galena, sphalerite, arsenopy-
rite, chalcopyrite, and freibergite. Pyrite, marcasite,
boulangerite, stannite, pyrargyrite, and stephanite are
less common. Miargyrite, diaphthorite, acanthite, poly-
basite, alargentum, and native silver occur in very
minor amounts [1, 7, 10].

The later Au–Ag and Ag ores of the Dukat deposit
are characterized by polychronous evolution and com-
plex mineral and component compositions [2, 5, 6, 9,
etc.]. The ores of the deposit provide a typical example
of rejuvenated pregranite Au–Ag mineralization. The
rejuvenation was promoted by the emplacement of a
rare-metal granitoid intrusion (Dukat Massif). Based
on mineralogy, ore geochemistry, and spatial varia-
tions, three main productive stages can be distinguished
(in order of their formation): Ag–Pb, Au–Ag, and late
Ag-dominated. The footwall levels bear distinct
polysulfide (Sn–Ag–Pb) noncommercial mineraliza-
tion. The Ag-dominated ores are composed mainly of
native silver, kustelite, and Ag sulfoantimonides. The
Au–Ag ores are made up of acanthite and Ag sulfoars-
enide. The Ag–Pb and Sn–Ag–Pb ores are composed of
galena, sphalerite, freibergite, and stannite. There are
also rare-metal minerals, such as helvite, spessartite,
and axinite.

All the ores are characterized by relatively low REE
contents as compared to their host rocks (Table 1). Low
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Fig. 1.

 

 REE contents in the rocks of the central part of the OCVB and ores of the Dukat ore cluster. Rocks: (

 

1

 

) final-stage leucogranite
of the Dukat Massif (average of 11 samples), (

 

2

 

) continental-margin andesite (average of 15 samples). Ores: (14) Sn–Ag (
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);
(15) Sn–Ag–Pb (
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); (16) Ag–Pb (
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, 
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); (17) Au–Ag (
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–11), and Ag (

 

12

 

, 

 

13

 

). Symbols correspond to numbers in Table 1. Here
and in Fig. 2, REE contents are normalized to chondrite values [18].



 

GEOCHEMISTRY INTERNATIONAL

 

      

 

Vol. 44

 

      

 

No. 12

 

      

 

2006

 

RARE EARTH ELEMENTS IN THE ORES OF EPITHERMAL GOLD–SILVER 1239

 

total REE concentrations (up to 5.7 ppm) were found in
the ore bodies at the upper–middle ore levels of the cen-
tral part of the Dukat deposit, where abundant rejuve-
nated Au–Ag and Ag ores occur in quartz–feldspar–
rhodonite and quartz–rhodonite veins. Low total REE
contents (up to 28 ppm) were detected in the quartz–
base metal veins of Ag–Pb ores (Mechta, Tidit, and
lower–middle ore levels of the Dukat deposit). Elevated
(up to 60 ppm) and high (up to 160 ppm) REE contents
were found only in the quartz–chlorite–polysulfide
veins bearing Sn–Ag mineralization (Malyi Koen and
Final’noe) and in the quartz–chlorite–base metal veins
of the lower ore levels of the Dukat deposit with
Sn

 

−

 

Ag–Pb mineralization.

Similar to all other complexes considered above, the
REE distribution patterns of the ores are enriched to the
highest degree in Ce-group REEs. The average REE
proportions are as follows: 
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in the Sn–Ag
and Sn–Ag–Pb ores, 
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 in the Ag-Pb ores, and

 

81

 

Ce

 

15

 

Y

 

4

 

Sc

 

 in the Au–Ag and Ag ores. The proportions
of Ce-group REEs in most rocks are similar to those of
the leucogranite series. This is most distinctly seen
from the low Ce/Yb ratios. This ratio averages 11 both
in the ores and in the leucogranites. The Eu/Ce ratio
increases regularly from 0.009 to 0.083. The same is
true for the Eu/Sm ratio varying within 0.39–0.91 in the
Sn–Ag ores and 0.40–0.66 in the Au–Ag and Ag ores.
The low Eu/Sm ratios (<1) in the unaltered rocks and
ores indicate that all pre-ore and ore processes related

to the emplacement of a granitoid intrusion took place
in the upper crust under relatively oxidizing conditions
at similar depths [13].

The character of REE behavior during hydrothermal
ore formation and changes in their distribution at different
stages are clearly expressed in the REE patterns shown in
Fig. 1. Each ore type has its distinctive REE pattern. The
early Sn–Ag ores show the highest REE contents and a
distinct negative Eu anomaly. Their patterns are most sim-
ilar to those of the rhyodacite–leucogranite series. The
later Au–Ag ores show a regular decrease in REE contents
and the magnitude of Eu anomaly. The lowest REE con-
tents were observed in the latest Au-Ag and Ag ores.
These ores show a weak negative or no Eu anomaly. The
REE distribution patterns of the rejuvenated Au–Ag and
Ag ores are similar to those of the andesite series. In our
opinion, this fact confirms the mixed mantle–crustal ori-
gin of the ores [2, 5].

The epithermal Au–Ag ores formed within the Tur-
omchin and Arman volcanic structures reveal even a
closer relation with mantle fluids [5, 16]. All ores of typ-
ical volcanogenic Au–Ag deposits, including those stud-
ied here, have two-metal low-sulfide compositions. Only
two elements, Au and Ag, occur in commercial concen-
trations. The gangue minerals are quartz, adularia, seric-
ite, hydromica, and, occasionally, carbonate and kaolin-
ite. Ore minerals account for no more than 1–3%. The
main ore minerals are argentite, electrum, proustite,
pyrargyrite, native gold and silver, polybasite, and
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Fig. 2.

 

 REE contents in the rocks of the central part of the OVCB and in the ores from the deposits and occurrences of the Turomchin
and Arman volcanic structures. Rocks: (10) final-stage leucogarnite of the Dukat Massif (average of 11 samples) and (11) continen-
tal-margin andesite (average of 15 samples). Ores: (12) Au–Ag (
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–
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), (13) Au–Ag sulfide (

 

6

 

, 
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), (14) Ag sulfide–Ag–Pb–Zn (
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,
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).
Numbers (1–9) correspond to numbers in Table 2, and (

 

10 

 

and 

 

11

 

) correspond to numbers 1 and 2, respectively, in Table 1.
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stromeyerite. Less common minerals are galena,
sphalerite, chalcopyrite, arsenopyrite, miargyrite, pear-
ceite, and stephanite; native As, fahlores, stibnite, hes-
site, petzite, freibergite, and canfieldite were observed
in rare cases [3, 4, 8].

Table 2 presents the concentrations and distribution of
REEs in these rocks. Low REE contents (5.6–12.2 ppm)
were found in the high-grade Au–Ag quartz–adularia
veins at the upper–middle levels of Au–Ag deposits
(Dal’nee and Karamken). Rather low REE contents
(16.7–37.8 ppm) were determined in the low-grade
quartz–adularia–sulfide veins (Au–Ag sulfide ores) at the
lower ore horizons of Au–Ag deposits (Dal’nee and Kvart-
sevaya Sopka). Elevated REE contents (25.2

 

−

 

64.7 ppm)
were found only in the zones of Ag-sulfide (Ag–Pb–Zn
ores) mineralization at the flanks of ore fields
(Al’dygich) and deposits (Karamken). The mineraliza-
tion is represented by stringer–disseminated ores
among pervasively altered andesites. The REE distribu-
tion patterns of the Ag–Pb–Zn ores show even greater
LREE enrichment than the previously considered com-
plexes. The average proportions of REE groups are
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in the Ag-sulfide ores, 
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 in the
Au

 

−

 

Ag sulfide ores, and 
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 in the Au–Ag ores.

These characteristics are similar to those of andesites.
The ores are severely depleted in HREEs. This is most
clearly seen from Ce/Yb ratios, which are strongly dif-
ferent in the ores of the Turomchin and Arman volcanic
structures and those related to the Dukat volcanoplu-
tonic uplift. This ratio averages 45 in the Au–Ag volca-
nogenic ores and 50 in the Ag–Pb–Zn ores and is simi-
lar to that of andesites (21). The Eu/Ce ratio increases
significantly (0.053–0.792). The same trend is observed
for the Eu/Sm ratio varying within 0.88–3.10 in the
Au

 

−

 

Ag ores. These values are significantly higher than
those observed at the Dukat deposits and comparable
with the Eu/Sm ratios of the andesite series (0.66).
These observations confirm the greater depths of for-
mation of Au–Ag volcanogenic ores as compared to
subsurface rejuvenated Au–Ag ores formed in the vol-
canoplutonic uplift.

Ore varieties typical of volcanic structures can be
also distinctly distinguished by their REE distribution
patterns (Fig. 2). The highest REE contents and a pro-
nounced negative Eu anomaly were detected in the
Ag

 

−

 

Pb–Zn ores (flanks of ore fields and deposits).
These values are slightly lower in the Au–Ag sulfide
ores (low ore levels of Au–Ag deposits) and reach min-

 

Table 1.

 

  Concentrations of REEs (ppm) in the rocks of the central part of the OCVB and in the ores of the deposits of the
Dukat ore cluster

Compo-
nent 1 2 3 4 5 6 7 8 9 10 11 12 13

La 56 23 38 30 15 8.8 5.5 5.8 0.8 1.5 1.2 0.9 0.7

Ce 104 43 62 46 20 12 7.6 7.1 1.5 2.0 2.5 1.8 1.4

Pr 12 4.9 4.6 6.3 3.0 <1 1.2 1.2 <1 <1 <1 <1 <1

Nd 51 20 29 27 10 5.7 5.1 4.1 1.7 1.0 1.1 1.0 1.2

Sm 10.7 5.2 4.8 6.4 2.8 1.2 1.6 0.9 0.6 0.4 0.5 0.6 0.5

Eu 0.33 1.3 0.70 0.40 0.87 0.27 0.55 0.17 0.09 0.07 0.08 0.15 0.07

Gd 16.5 3.9 5.1 5.0 2.6 2.6 2.0 0.8 0.5 <0.3 <0.3 0.3 <0.3

Dy 15.1 3.2 5.0 5.5 <0.7 2.2 0.8 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7

Ho 2.7 0.68 0.8 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Er 8.7 1.5 4.8 <1 <1 2.0 <1 <1 <1 <1 <1 <1 <1

Yb 9.4 2.1 5.0 4.1 5.3 1.8 3.3 0.33 0.17 0.09 0.34 0.30 0.07

 

Σ

 

REE 288* 109* 160 131 60 37 28 20 5.4 5.1 5.7 5.1 3.9

Eu/Sm(

 

n

 

) 0.08 0.66 0.39 0.17 0.82 0.60 0.91 0.50 0.40 0.46 0.42 0.66 0.37

Eu/Ce 0.003 0.030 0.011 0.009 0.044 0.023 0.072 0.024 0.060 0.035 0.032 0.083 0.050

Ce/Yb 11 21 12 11 4 7 2 22 9 22 7 6 20

 

Σ

 

Ce, % 77 83 84 84 81 73 70 89 75 89 84 73 84

 

Σ

 

Y, % 16 13 10 13 10 17 17 9 22 9 10 21 14

 

Σ

 

Sc, % 7 4 6 3 9 10 13 2 3 2 6 6 2

 

Note: (1) Final-stage leucogranite of the Dukat Massif (average of 11 samples); (2) continental-margin andesite (average of 15 samples);
(3, 4) Sn–Ag ores: (3) quartz–chlorite–polysulfide veins, Malyi Ken deposit, and (4) Final'noe occurrence; (5, 6) Sn–Ag–Pb ores:
(5) quartz–chlorite–base-metal veins, Malyi Ken deposit and (6) lower level of the Dukat deposit; (7, 8) Ag–Pb ores: quartz–base-
metal veins, (7) Mechta and (8) Tidit deposits; (9–11) Au–Ag ores: (9, 10) quartz–feldspar–rhodonite veins, Dukat deposit, and (11)
Smelyi area, flank of the Dukat deposit; (12, 13) Ag ores: (12) quartz–rhodonite and (13) pyrolusite–quartz veins, Dukat deposit.
* Here and in further calculations, 

 

Σ

 

REE includes 1.52 ppm Lu in leucogranites and 0.3 ppm Lu in andesites.
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imum levels at the upper–middle zones of Au-Ag
deposits. Most of the Au–Ag ores show high Eu con-
tents (up to 3 ppm), which are expressed as positive
anomalies in the REE distribution patterns. The REE
distribution patterns of the Au–Ag ores are even more
similar than those of the Dukat deposit to the REE pat-
terns of andesite series, which are derivatives of mantle
basaltoid magmas [15, 16]. The data obtained in this
study suggest that andesite magmas are the most prob-
able source of fluids that were responsible for the for-
mation of typical Au–Ag ores and supplied Au and Ag
into all later types of Au–Ag ores.

Our investigations showed that the distribution of
REEs in ores is an efficient tool to study epithermal
deposits of the Au–Ag, Ag–Pb, and Sn–Ag associa-
tions. It was established for the first time that REEs are
sensitive indicators of the ore source, sequence of pro-
cesses, and physicochemical conditions. The Eu/Sm
ratio is indicative of both the depth of formation of ore-
forming fluid systems at different (lower and upper)
crustal levels [13] and the relative depths of formation
of different ores within local intervals. It was shown for
the first time that each ore type is characterized by spe-

cific REE contents and distribution patterns, which can
be used as an efficient geochemical tool in assigning the
revealed mineralization to a particular ore association.
The distribution of REEs is distinctly zoned. As fluids
are formed and ascent during ore formation, the total
REE content tends to decrease concurrently with an
increase in the relative fraction of LREEs.
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