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Introduction

Recent advances in the U/Pb techniques revealed
that the garnets from the grossular-andradite se-
ries are suitable for age determination due to the
isomorphic incorporation of REE and U in the gar-
net structure (Seman et al., 2017; Salnikova et al.,
2019). The occurrence of Ca-garnets is generally
connected with skarn formation, resulting from the
interaction of silicate melts and high-temperature
hydrothermal fluids with carbonate host rocks.
Consisting of calc-silicates, skarns commonly host
economic Fe, Cu, Zn-Pb-Ag, Au, Sn, W or Mo min-
eralization (Meinert et al., 2005). The timing of for-
mation of the skarn ore deposits often corresponds
to the age of the related magmatism. In cases of dis-
tal ore deposits (such as Pb-Zn deposits in the Cen-
tral Rhodopes), with uncertain genetic connection
with possible source, the indirect timing could be
acquired by postmagmatic (hydrothermal) minerals.
In attempt to determine the age of ore formation in
Bulgarian deposits, we have studied garnets from
several localities. Here we present the mineralogical
and geochemical characteristics of two types of an-
dradite garnets from Djurkovo deposit, Laki region.

Geological background

The Laki region occupies the northernmost part of
the area of the Central Rhodopean Pb-Zn(+Ag) de-
posits, attached to four NNE-trending ore-bearing
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faults, which also crosscut the Borovitsa volcanics.
Rich base metal mineralization in the area is pre-
sented as subvertical polymetallic veins, formed
by open-space filling in the aluminosilicate rocks
(various gneisses) of the Rhodopean metamorphic
complex. Metasomatic replacement in carbonate
environment led to formation of rich skarn-ore bod-
ies, composed of Mn-rich silicates and carbonates
(typical for the Govedarnika mine).The deposit of
Djurkovo is characterized by two main polymetal-
lic veins (namely Eastern Apophysis and West 2),
both trending NNE-SSW and cutting through the
host gneisses. The stages of mineralization include:
1) quartz-pyrite; 2) polymetallic stage; 3) late
quartz-carbonate (Buret, 2012). In the metasomatic
ore bodies, occurring mostly in the deeper levels of
the deposit, the hydrothermal process often starts
with prograde skarn stage. The deposition of sul-
phide mineralization (galena and sphalerite) led to
hydrothermal alteration of the gneisses with forma-
tion of adularia, epidote, chlorite and later wide-
spread carbonatization. The source of the metals
and the genetic link with possible magmatic body is
still controversial.

Analytical procedures

For the goals of the present study we have sampled
two types of skarn garnets from the Djurkovo un-
derground deposit. The mineral relationships were
studied by optical and scanning-electron micro-



scopy (SEM-BSE regime). Major elements were
determined by EPMA (SEM-WDS) in the Institute
of Precambrian Geology and Geochronology, Rus-
sian Federation. U-Pb isotope characteristics were
defined mainly at the Institute of Geochemistry and
Petrology of ETH Zurich (Switzerland) with Reson-
etics Resolution 155 laser ablation system coupled
to a Thermo Element XR Sector field [CP-MS. The
trace-element composition was defined complimen-
tary at the Geological Institute of BAS, using the
LA-ICP-MS system consisting of New Wave Re-
search 193 nm Excimer laser UP-193FX attached
to a Perkin-Elmer ELAN DRC-e quadrupole induc-
tively coupled plasma mass spectrometer. Ablation
craters for dating were 40 um and 25-50 um for
tracing. Mali garnet was the primary external stand-
ard for age determination and NIST 610 for com-
positional characteristics. lolite or SILLS programs
and the SiO, content in garnet (as internal standard
from EPMA) were used for data reduction and cal-
culation of the chemical composition.

Results and discussion

According to the mineral association and chemical
characteristics the studied garnets could be deter-
mined as two types. Their general characteristics
are summarized in Table 1. Type I garnet is pre-
sented by dark red to brownish red mm-sized crys-
tals in massive aggregates, forming nests and bands
in association with diopside (Fig. 1A). These skarns
are developed after the marble layers in the meta-
morphic host rocks. They are not affected by the
ore-forming mineralizing fluids and remain barren
in terms of Pb-Zn sulphide deposition. Garnet from
type 2 occurs as massive garnet zone on the contact
of the altered gneiss with quartz-sulphide minerali-
zation (Fig. 1B). Epidote, chlorite, pyrite and car-
bonates are also compiling the association.

The general formula for the garnet supergroup
minerals is {X;}[Y,]1(Z,)$,,, where X, Y, and Z refer
to dodecahedral, octahedral, and tetrahedral sites,
respectively, and ¢ is O, OH, or F (Grew et al.,
2013). The chemical composition of both studied
types reveals that they belong to the Ca-group gar-
nets (Table 1). According to the occupancy of the
Y-position, the studied minerals are determined as
andradite members of the grossular-andradite solid
solution. BSE images show chemical inhomogene-
ity in crystals of both types, mainly due to the isova-
lent Fe**—Al** isomorphic substitution. Both types
show minor Al (0.05, 0.08 apfu, respectively) in the
tetrahedral site. Type 1 is characterized with Ca-oc-
cupancy in the dodecahedral site mainly in the range
2.81-2.85 apfu, compared to 2.87-2.93 in type 2.
Apart from that, Mn-incorporation (up to 0.05 apfu)
in the X-position is characteristic, together with
some amount of Fe?" (Table 1). The Fe*" incorpora-
tion in the octahedral site reaches 1.30 apfu in type
1, and 1.77 in type 2, while AI** is less than 0.81 and
0.50 apfu, respectively. Minor Ti** (0.02—0.04 apfu)
completes the site occupancy in both garnets.

Trace element signatures of the studied garnets
revealed poor incorporation (Table 1) in most of the
measured points. A general trend of increased val-
ues for most elements is observed in the diopside-
associated garnets compared to those in epidote as-
sociation. The content of metals like Co, Ni, Cu, As,
Mo, Ag, Sb, Pb, Au remain constantly below the
limit of detection in both samples, although some
are typical for the garnet structure (e.g. Sb, As;
Grew at al., 2013). This might be due to the fact
that diopside concentrates (average values, in ppm):
Sc (11.99), V (56.09), Cr (37.93), Co (33.10), Ni
(58.81), Zn (205.05), Sr (6.92), Pb (17.32), while
elements like Ga (38.13), Zn (18.35), Sr (400.92),
Sn (15.77), U (11.86) and some REE are typical for
the co-existing epidote. Type 1 shows significant

Fig. 1. Macrophotographs of the occurrence and mineral association of the andradite garnet in the Djurkovo deposit: 4, type I —
andradite nests in diopside association; B, fype 2 — andradite zone on the contact of gneiss and quartz-sulphide mineralization. Ab-
breviations refer to: And, andradite; Di, diopside; Cc, calcite; Chl, chlorite; Ep, epidote; Py, pyrite; Qtz, quartz.
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Table 1. Characteristics of the andradite garnets from Djurkovo deposit

Characteristics Type 1 Type 2

Occurrence massive garnet aggregates, forming cm-sized massive garnet zone (1.5 cm in thickness) on the
ceu nests and bands of crystals (2—3 mm) gneiss/quartz-sulphide mineralization contact

Mlner.al' diopside, anorthite, later calcite and quartz epidote, quartz, pyrite, chlorite, carbonate

association

Chemical Si0, (36.38-37.09), TiO, (0.44-0.71), Si0, (35.53-36.82), Ti0O, (0.35-0.53),

composition, wt.%

Average crystal
chemical formula

Average values
for selected trace

ALO, (7.70-9.15), Fe,0, (19.37-21.52),
MnO (0.53-0.77), CaO (31.95-32.95)

2+
(Ca, g Feo'y ;M1 )5 0
3+ 3+ At :
(Fe™ ) AP 50Ti" 03)2.00(S15.95ALy 05)3.00012

Sc (6.04), V (1066.13), Cr (23.52), Zn (4.73),
Ga (35.61), Ge (13.11), Sr (0.35), Y (47.94), Zr
(37.14), Nb (2.22), Sn (30.87), La (0.06), Ce
(0.54), Pr (0.34), Nd (4.41), Sm (3.39), Eu (2.09),

ALO, (3.74-6.01), Fe,0, (22.24-25.84),
MnO (0.56-0.72), CaO (32.49-33.13)

2+
(Ca, oMng osFe* 45); 0
3+ 3+ et .
(Fe, oA 34 Ti% 005 00(S1.05AL 4)3 00012

Sc (1.88), V (48.15), Cr (14. 44), Zn (9.31), Ga
(26.80), Ge (9.53), As (1.56), Sr (5.98), Y (15.25),
Zr (14.74), Nb (1.91), Sn (38.71), La (0.12), Ce

(0.41), Pr (0.16), Nd (1.23), Sm (0.97), Eu (0.48),

elements, ppm

U-Pb age, Ma 39.5+4.60 Ma

Gd (5.09), Tb (0.95), Dy (6.65), Ho (1.54), Er
(5.52), Tm (0.79), Yb (6.05), Lu (0.85), U (2.34)

Gd (1.74), Tb (0.34), Dy (2.41), Ho (0.52), Er
(1.65), Tm (0.22), Yb (1.32), Lu (0.17), U (<1)

38.56+3.60 Ma

amounts of V (up to 1562 ppm). The chondrite-nor-
malized patterns of both garnets show low LREE
and high M-HREE.

The in-situ U/Pb dating of prograde garnets in
barren diopside skarns and sulphide-associated an-
dradite revealed similar ages of 39.5+4.60 Ma and
38.56+3.60 Ma, respectively. Despite the significant
uncertainty, the acquired data suggest that the studied
garnets are clearly pre-ore. The age of the mineraliza-
tion of the Laki deposits based on **Ar-**Ar dating of
sericite is determined ~ 29.5 Ma (Kaiser-Rohrmeier
et al., 2013, and references therein). High-precision
“Ar/PAr thermochronology on hydrothermal and
metamorphic K-feldspar from the Laki mining dis-
trict conducted by Buret et al. (2013), revealed that
mineralisation in the Djurkovo mine took place in
the time span of 32-30 Ma, ceased at ~ 30 Ma, and
was coeval with hydrothermal activity in the Madan
district to the south. U-Pb zircon dates from sub-vol-
canic bodies forming part of the Borovitsa volcanic
zone in the Laki district are ~33 Ma (Ovtcharova et
al., 2001). However, according to Kaiser-Rohrmeier
et al. (2013) in the Central Rhodope Dome after an
early Alpine phase of accretion and orogenic nappe
stacking, the late Alpine postcollisional evolution
started with the intrusion of granitic bodies at about
41-42 Ma. One of the early Eocene granite bodies
is the Yugovo granite dated at 41.9+1.0 Ma, and
similar but not age-dated small granitic bodies are
outcropped in the town of Laki. The new grandite
age dating provides evidence for the relation of the
skarns to this early magmatism, marking the begin-
ning of extension. The skarns, namely type 2 garnets,
are retrograde overprinted during the subsequent
hydrothermal activity and should be considered a
“host environment” during the mineralizing events at
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32-30 Ma, related to the extrusive/shallow intrusive
magmatism.
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