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Abstract. The contents of major and rare elements in 10 samples of altered (mainly zeolitized) pyroclastic rocks
from the Eastern Rhodopes are investigated. The samples are selected to represent different secondary mineral as-
sociations specific to the area. The obtained results indicate that the diversity in secondary mineral associations has
relatively little influence on the trace element geochemistry of zeolitized pyroclastic rocks in the Eastern Rhodopes.
Regarding their trace and rare earth element composition, these rocks show the main characteristics seen in the acid

lavas in the area.
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Introduction

Large amount of volcanic glass was ejected during
highly explosive volcanism that occurred in the East-
ern Rhodopes (SE Bulgaria) during Paleogene. Re-
sulting thick deposits of glass rich rocks were altered
and now host large zeolite and bentonite clay depos-
its. Bentonite deposits originated by transformation
of both acid and intermediate in composition glasses
(Atanassov, Goranov, 1962, 1988; Atanassov et
al., 1964, 1972, etc.) while zeolite deposits (several
clinoptilolite and one mordenite) are typical of the
enriched in acid glass precursor rocks (Djourova,
Aleksiev, 1984; Raynov et al., 1997; Yanev et al.,
2006, etc.). Due to their application in the industry,
both zeolitized rocks and bentonites have been sub-
jects of extensive research since 1960s. Mining of
zeolitized tuffs (so called trass) started even earlier.
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Interest in these and other mineral raw materials has
grown in recent years after the European Commis-
sion declared some of them (including bentonite
clays and phosphorites) as critical with highest risk
availability due to their great economy importance
and high insecurity in supply. The zeolitized tuffs
are not included in the list of critical raw materi-
als and are neither considered as a source of criti-
cal elements, however, the interest in them has also
increased. Respectively, in the last years we have
started to collect data to fill the existing gap in our
knowledge of these materials with respect to their
trace element geochemistry (Ivanova et al., 2018;
2020). This paper reports recent data from LA-ICP-
MS analyses of 10 samples of mainly zeolitized tuffs
from different localities with a different position in
the pyroclastic section in the Eastern Rhodopes and
related to different volcanic phases.
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Material and methods

The samples studied are selected to represent, as
complete as possible, various secondary mineral
associations: clinoptilolitized tuff (near Gorna Kre-
post village, GK), mordenitized tuff (Lyaskovets
village, L), analcimized tuff (NW of the town of
Krumovgrad near the village of Vransko, V,; and
near the village of Pazartsi, P), samples with var-
ied clinoptilolite/clay minerals ratio (NW of Kru-
movgrad, V; near the villages of Silen S; Dazh-
dovnitsa, D; and Dolno Cherkovishte, DCh,). Two
not completely altered samples, still containing vol-
canic glass, are also analyzed (near Bryagovo (Br)
and Raven (R) villages) as one of them also con-
tains apatite (Br).

Mineral and phase composition was determined
by powder X-ray diffraction using Huber image foil
Guinier camera G670 (Geological Institute, BAS),
equipped with Ge monochromator, providing pure
Cu Ka1 radiation in the 5-100° 26 range with a step
0f 0.005 degrees two theta. The XRD patterns have
been processed using Match! software by CRYS-
TAL IMPACT, Bonn, Germany. Whole-rock sam-
ples were analysed for major oxides using XRF
spectroscopy in Bureau Veritas Mineral Laborato-
ries (Canada) and XRF Epsylon3 XLE at Sofia Uni-
versity. The trace element content in zeolitized tuffs
was determined by laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) us-
ing a PerkinElmer ELAN DRC-e ICP-MS equipped
with a New Wave UP193-FX excimer laser system
(Geological Institute, BAS). The analyses were
carried out in three 100-um diameter spots in each
fused pellet at 10-Hz repetition rate and 9-10 J/cm?
homogeneous energy density on the sample. A to-
tal of 53 isotope masses were measured throughout
the experiment by ICP-MS. External standardiza-
tion was done using NIST SRM 610 glass. Data re-
duction of the analyses was done using SILLS ver.
1.1.0 software (Guillong et al., 2008) and Si as in-
ternal standard.

Results

Zeolitized tuffs possess very well preserved vol-
caniclastic structures. They vary depending on the
amount of rock-building components: fragments of
volcanic glass — different in size and shape dense
fragments of volcanic glass (vitroclasts) and fibrous
pumice; whole crystals and fragments of quartz,
plagioclase and K-feldspar (+biotite, amphibole,
pyroxene in the samples collected NW of the town
of Krumovgrad) and lava rock fragments. In most
of the samples we examined, the glass fragments are
completely pseudomorphically replaced. The trans-
formation process of amorphous volcanic glass be-
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gins with the formation of a thin phyllosilicate layer
on the surface of the fragments. This is followed
by crystallization of zeolites (most often clinop-
tilolite, locally mordenite or analcime). A second
generation of clay mineral often occurs in the cen-
tral hollow space in larger glass shards. Secondary
mineral associations may also include opal-CT and
calcite. In the glass-containing samples (R and Br)
only the initial stage of autogenous mineralization
is observed: development of phyllosilicate layer on
the glass fragments surface. This layer is better de-
veloped and clearly distinguishable in Br (Fig. 1c¢).
Apatite mineralization in the area of Bryagovo vil-
lage is known as Dalbok Izvor phosphorite deposit
and the studies conducted in the area have shown
that apatite is fluorapatite (Stoilov et al., 2006). Mi-
croscopic observations showed that apatite crystals
occupy the void space in tuffs: space between clasts
and vesicles in pumice fragments (Fig. 1a—) and
it is still not entirely clear whether the apatite was
actively involved in the glass alteration process, or
it was deposited in the porous and permeable tuff by
later processes.

The most of the major element contents measured
in the studied samples vary within relatively narrow
limits: SiO, (52.26-74.65%); TiO, (0.08-0.44%);
AlO, (10.39-14.47%); Fe,O, (0.66-3.36%); MnO
(0.01-0.10%); MgO (0.33-1.41%); K,O (0.91-
4.98%); Na,O (0.20-4.34%). Some of them (CaO
and P,0) vary more significantly (0.99-16.56% and
0.01-11.29%, respectively) as the highest recorded
values were determined by the presence of calcite
(DCh, P, V; and V) and apatite (Br). One of the
samples (V) is depleted in K,0 (0.91%). LOI var-
ies between 3.1% and 15.75%, depending mainly
on the clinoptilolite abundance.

Trace element distribution patterns of the stud-
ied samples (Fig. 1d, e) have down-sloping primi-
tive mantle-normalized profiles with LILE enrich-
ment, negative Ba and Ti anomalies and positive
U-Th and Pb anomalies, typical of the acid lavas in
the Eastern Rhodopes (Yanev, 1998). Barium and
titanium negative anomalies are best expressed in
R. This glass-rich sample also shows the deepest
negative Sr anomaly. The positive U anomaly, as
expected, is strongest in apatite-containing sam-
ple (Br). The content of the compatible elements
in the magma process, such as Ni (3.9-11.3 ppm),
Cr (31.7-99.5 ppm), Co (<4.5 ppm), Sc (3.7—
11.6 ppm), Eu (0.2-1.4 ppm), etc., are very low.
The other transition elements as Cu (3-9 ppm), Zn
(25-51 ppm), Cd (<8 ppm), W (0.6-8 ppm) are
present in small amounts and show no significant
variations. LIL elements behave as compatible in
the studied rocks. In our previous studies (Ivanova
etal., 2018, 2020) we have concluded that Ba and
Sr are mainly incorporated in magmatic miner-
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Fig. 1. a—c, microphotographs showing fluoroapatite mineralization in the area of the Bryagovo village; a, b, fluorapatite crystals in
the space between clasts (a, plane-polarized light; b, cross-polarized light); ¢, fluorapatite crystals in pumice; d, primitive mantle-
normalized trace-element spider diagram; e, chondrite-normalized REE diagram of altered pyroclastic rocks from the Eastern
Rhodopes. The normalization values are according to Sun and McDonough (1989). Abbreviations: Ap, apatite; Sm, smectite.

als (Bt, Fsp) and their contents in tuffs are high-
est in the crystal- and lithics-rich varieties. For
the samples reported here this conclusion is not so
evident. Barium content (35.9-1090 ppm) is high-
est in the samples containing lava lithics rich in
crystals (P, 1090 ppm) and amphibole crystals (Vy,
902 ppm). As seen on the PM-normalized trace-
element spider diagram (Fig. 1d), the samples split
into two groups with respect to their strontium
content. Highest values are measured in the am-
phibole containing sample (V,, 2933.8 ppm). Two
samples show relative depletion in Sr (R and V,,
36 and 118 ppm, respectively). This result is ex-
pected for the glass-rich sample (R), which does
not contain significant amounts of crystals or lith-
ics. Surprisingly, the only sample containing com-
plete set of mafic minerals (biotite, amphibole and
pyroxene) is also depleted in Sr (V;). Rubidium
(75.7-490 ppm) and Cs (4-49 ppm) are highly in-
compatible during magma crystallization and are
concentrated in glass and glass-replacing second-
ary minerals. Respectively, Rb is most abundant
in R and Cs — in D. These two samples consist
almost entirely of incompletely altered glassy
pumice fragments (R), and completely zeolitized
glass shards (D) with minor presence of magmat-

ic crystals. The lowest Rb and Cs contents were
measured in the most K-depleted and Sr-enriched
sample (V). These features are most likely inher-
ited from the volcanic glass since this sample is
the only one plotting in the trachyandesite field
in the Zr/Ti versus Nb/Y diagram of Winchester
and Floyd (1977) not shown here. HFS elements
are controlled by the accessory minerals and their
presence in pyroclastic rocks. Correspondingly,
Zr and Hf are most abundant in P (327 ppm and
8 ppm, respectively). An exception is U, which
has highest contents (94 ppm) in the apatitite-con-
taining tuff (Br). The other HFS elements are also
present (Th 20.8-33.8 ppm; Nb 9.7-30.8 ppm; Ta
0.8—-1.8 ppm). Thorium is most abundant in V,, Nb
and Ta—in R.

All studied samples are depleted in both
light (XLREE 73-186 ppm) and heavy REE
(ZHREE+Y+Sc 18-52 ppm). Chondrite-normalized
profiles are slightly LREE enriched compared to
HREE, with negative Eu anomaly (Fig. 1e), which
is barely noticeable in P (Eu/Eu* = 0.8) and best
expressed in D, GK and R (Ew/Eu* = 0.2). The rela-
tive LREE enrichment in two samples (V, and P)
associates with some rise of Zr and Hf contents and
is due to the presence of a greater amount of zircon.
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Conclusions

Acid volcanic rocks in the Eastern Rhodopes and
acid volcanic glass in particular concentrate only the
most incompatible elements (such as Cs and Rb),
which can be fixed in glass-replacing secondary
phases. The presence and contents of the compatible
elements in the pyroclastic rocks is controlled by the
abundance of magmatic crystals and lava rock frag-
ments. It can be also concluded that the diversity in
secondary mineral associations has relatively little
influence on the trace element geochemistry of the
studied samples. In terms of their trace and rare earth
element composition, these rocks show the main
characteristics seen in the acid lavas in the area and
the geochemical matrix of the source volcanic rock is
distinct regardless of later changes. In isolated cases,
they can only modify the behavior of some elements
as, for example, the appearance of fluorapatite (in Br)
has led to an increase in the content of U. Therefore,
the trace element contents and their distribution pat-
terns in the altered pyroclastic rocks from the East-
ern Rhodopes can be successfully used as a tool for
petrogenetic interpretations.
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