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Volcanic ash layers (tephras) dispersed over large areas may offer important time markers in the geo-
logical record provided their age and geochemical fingerprint can be established. Accurately dated and 
geochemically characterized tephras are essential in correlation of temporally and spatially discontinu-
ous geological records, which is key for paleoenvironmental, paleoclimatic, and paleogeographic recon-
structions. Here we report geochronological and geochemical data for the Gorelka tephra (southwestern 
Russia) – a prominent tephra of uncertain age and origin that provides a key time marker for the largest 
marine transgression of the Eastern Paratethys Sea in the Miocene. Coupled U-Pb and (U-Th)/He dating of 
zircon crystals constrains the eruption age of the Gorelka tephra, and hence the age of the highest stand 
of Eastern Paratethys in the Miocene, to 11.5±0.5 Ma. Geochemical characteristics in combination with 
the new eruption age and tephra volume estimates suggest a magnitude ∼7.4 eruption from a volcanic 
source in the Transcarpathian region. The Gorelka tephra was transported ∼1,500 km ENE from its source 
by westerly winds, which were typical for the atmospheric circulation regime within the Ferrel cell in 
Central Europe during Sarmatian times. Based on the results presented here, the Gorelka tephra provides 
a reliable tie-point for paleoenvironmental and stratigraphic correlations across southeastern Europe.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Volcanic ash beds (tephras) dispersed over significant areal 
extent (thousands of km2) provide important isochronous strati-
graphic markers that can be used to date events in both geolog-
ical and human history. Such deposits provide key markers that 
correlate geographically discontinuous geological records, which 
is critical to a wide range of paleoenvironmental, paleoclimatic, 
paleogeographic, and stratigraphic questions (e.g., Lowe, 2011). A 
robust tephra time marker requires accurate eruption age and 
mineralogical/geochemical characterization to allow fingerprinting. 
However, accurate and precise dating of tephras is not always 
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straightforward given the common lack of datatable material or 
limited accessibility to viable dating methods. Given these chal-
lenges, the chronology of many important tephras remains dis-
puted (e.g., Danišík et al., 2020).

The Gorelka tephra, a prominent layer of white volcanic ash 
of enigmatic origin found in a paleovalley of the Don River near 
Gorelka Village in southwestern Russia (Fig. 1), intercalates a se-
quence of marine deposits, interpreted to have formed during the 
largest Miocene marine transgression of the Eastern Paratethys 
(Iosifova, 1977; Iosifova et al., 1986; Popov et al., 2004. During 
this maximum transgression (mapped by the spatial distribution 
of marine sediments and paleo-shorelines), the Paratethys Sea cov-
ered the lowlands on the southern edge of the East European Plain 
and intruded the paleo-Don valley, advancing upstream for some 
∼450 km (Iosifova, 1977; Iosifova et al., 1986; Popov et al., 2004). 
The Gorelka tephra thus marks an important paleoenvironmental 
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Fig. 1. A. Simplified physical geography map of SE Europe-SW Asia with the position of Gorelka site and the Don River. The Black, Azov, Caspian and Aral Seas represent the 
relicts of the Eastern Paratethys Sea. Inset illustrates the position of the area in Eurasia (orange outline). Abbreviations: Carpathian Mts. – Carpathian Mountains; Manych D. 
– Manych Depression; Azov S. – Azov Sea; Aral S. – Aral sea. B. Outcrop of the Miocene deposits with white 2.2 m thick layer of the Gorelka tephra. A black dashed rectangle 
shows the position of Fig. 1C. Note a person (highlighted in the white outlined ellipse) in the upper right corner for scale. C. The lower part of the tephra layer; position and 
labels of the samples is indicated with red circles and black numbers, respectively. An additional photograph of the Gorelka tephra is provided in Supplementary Figure S1. 
(For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
and stratigraphic boundary and, if dated accurately and geochem-
ically characterized, could provide a temporal constraint on the 
Eastern Paratethys major marine transgression and serve as an 
important tie-point for paleoenvironmental and stratigraphic re-
constructions across southeastern Europe.

The age of the Gorelka tephra is controversial and its vol-
canic source hitherto unknown. The Gorelka ash was deposited 
into green silts and clays with marine and brackish water di-
atom species, indicating a shallow sea environment (Iosifova, 1977, 
1992). Based on paleobotanical and sedimentological data, the 
bracketing marine deposits to the tephra are identified as middle 
Sarmatian (ca. 11 Ma; Iosifova, 1977; Yakobovskaya and Iosifova, 
1968). In contrast, K-Ar and fission-track dating of the volcanic 
glass from the tephra yielded ages of 23±5 Ma (Iosifova, 1992) 
and 19.9±1.4 Ma, respectively, suggesting an early Miocene age 
(Chumakov et al., 1992). These dates correspond to a marine re-
gression stage of the Paratethys and thus would contradict inter-
pretations of transgressive-regressive cyclicity as argued by Popov 
et al. (2010), on the basis of lithofacies analysis. Consequently, 
the Gorelka deposits have not been used to delimit the extent of 
the largest Miocene Eastern Paratethys marine transgression (Vino-
gradov, 1967–1969; Popov et al., 2010).

To place accurate temporal constraints on the Miocene marine 
transgression, this work aims to constrain the eruption age of the 
Gorelka tephra using a combination of two independent dating 
techniques – U-Pb and (U-Th)/He dating, both techniques applied 
on individual zircon crystals. In addition, in order to facilitate ap-
plication of the Gorelka tephra as a regional correlation marker, we 
report major and trace element glass chemistry and bulk tephra 
Sr-Nd-Pb isotopic composition, and, finally, use the new age and 
geochemistry data to identify the potential volcanic source of the 
Gorelka tephra and derive some paleoenvironmental inferences.

2. Geological setting

2.1. Sample site

The Gorelka outcrop (N 51.440755◦ E 42.668847◦) is located 
in the Peschany (“Sandy”) ravine near Gorelka village within a 
Miocene paleovalley of the Don River (Fig. 1). The top of the 
∼30 m high outcrop has an elevation 142 m above modern sea 
level. A ∼70 m long lens of the white Gorelka tephra lies within a 
Miocene marine sequence of greenish sands, silts, and clays, over-
2

lying eroded early Cretaceous glauconitic sands (Fig. 1B; Iosifova, 
1977). The tephra exhibits a sharp contact with the underlying silts 
and comprises a 0.2 m thick bottom layer overlain by a 2 m thick 
package of layered ash. Layering in the lower part of the tephra is 
accentuated by thin rusty crusts reflecting oxidation of iron min-
erals (Fig. 1C; Supplementary Figure S1). The lower 0.2 m, fine to 
very fine ash layer likely represents the original tephra fall, while 
in places the upper ash layer exhibits slumping or oblique layering 
and likely represents a redeposited unit. The Gorelka tephra and 
overlying layers were deposited during a reversed polarity paleo-
magnetic interval (Iosifova, 1992). Lithologically comparable ash at 
the same stratigraphic interval (thickness of 0.45 m) is also found 
6 km north of the Gorelka site (Iosifova, 1977).

2.2. Significance for Eastern Paratethys history

Based on the geological setting, dating the Gorelka tephra 
would place an important temporal constraint on the largest 
Miocene transgression of the Eastern Paratethys – a large inland 
sea that once stretched from the European Alps over Central and 
Eastern Europe to the Aral Sea and Kopetdagh in western Asia 
(Fig. 2A). Modern relicts of the Eastern Paratethys include the 
Black, Azov, Caspian, and Aral seas (Fig. 1A). During Oligocene-
Miocene time, the Eastern Paratethys had a restricted connection 
to the World Ocean with the northern boundary of this basin ex-
tending from southern Ukraine to the Northern Azov – Manych – 
Pre-Caspian Depression to Northern Aral Sea (Figs. 1 and 2).

Eastern Paratethys underwent a series of transgressions and 
regressions, the age and extent of which are not well con-
strained. Located on a stable platform, the northern shelf of East-
ern Paratethys is in many places represented by shallow marine 
deposits, which are difficult to directly date. Approximate age esti-
mates for Oligocene-Miocene marine transgressions were obtained 
by correlation with the Mediterranean realm and from rare, of-
ten contradictory radiometric data (Chumakov et al., 1992). The 
chronostratigraphy of Eastern Paratethys has only recently been 
constrained by phytoplankton and paleomagnetic data (Popov et 
al., 2018). The well-preserved Gorelka tephra at the investigated 
site thus provides a perhaps unique opportunity to date enclos-
ing deposits accumulated under the influence of the advancing 
Paratethys Sea and hence, constrain the age of the largest Miocene 
marine transgression.
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Fig. 2. A. The Mediterranean and Paratethys realms and their major basins and straits during middle Sarmatian times, as inferred from the distribution of middle Sarmatian 
sediments and faunistic data (modified after Popov et al., 2004). The Eastern Paratethys reached its maximum extent in the Miocene during this time. Cenozoic volcanic 
fields active in the Miocene (red patches) are shown for circum-Mediterranean and Caucasian-Iran fields according to Lustrino and Wilson (2007) and Dilek et al. (2010), 
respectively. Magenta circle shows the position of the Gorelka site in the Don River paleovalley; yellow star indicates approximate location of the suggested source volcano; 
C.P. – Central Paratethys. B. Paleogeographic map of northern shoreline of the Eastern Paratethys during the highest stand of the middle Sarmatian transgression (modified 
after map 7 in Popov et al., 2004). Note that the up to 450 km long and 100 km wide northwards ingression along the Paleo-Don valley was not considered as a part of the 
Eastern Paratethys due to the existing age discrepancy of Gorelka sediments (Popov et al., 2010).
3. Samples and methods

Three samples of ash were collected from a cleaned section 
of outcrop (Fig. 1B). Individual glass shards from all three sam-
ples were analysed for major element content (51 analyses) and 
those from one sample were analysed for trace elements (eight 
analyses); a split of the sample from the upper part of the 
tephra (marked 8.5 in Fig. 1B), was used for U-Pb and (U-Th)/He 
geochronology and Sr-Nd-Pb isotope analysis.

Combined dating of zircon by U-Pb and (U-Th)/He methods 
was carried out at the John de Laeter Centre at Curtin University 
(Perth, Australia) and is detailed in the Supplementary materials. In 
brief, separated zircon was mounted in epoxy resin, ground to half-
width, polished, and imaged by cathodoluminescence (CL). Zircon 
was then U-Pb dated using laser ablation multi-collector induc-
tively coupled mass spectrometry (LA-MC-ICPMS). Following the 
U-Pb analysis, zircon crystals that yielded Miocene U-Pb ages were 
plucked out of the epoxy mount and analysed by the (U-Th)/He 
method.

Geochemical characterization included electron microprobe 
(EMP) and laser ablation inductively coupled mass spectrometric 
(LA-ICPMS) analyses of volcanic glass for major and trace element 
3

composition as described in Portnyagin et al. (2020). Bulk tephra 
analysis was obtained by thermal ionization mass spectrometry 
(TIMS) for Sr-Nd-Pb isotope composition.

4. Results

4.1. Geochronology

In total, U-Pb geochronology was undertaken on 40 zircon crys-
tals (Supplementary Table S1). U-Pb ages range from ca. 11 Ma to 
ca. 3300 Ma. Twenty-six dates define a young component in the 
range of 11.2±0.2 Ma to 13.8±0.2 Ma (Middle Miocene; uncer-
tainties here and elsewhere reported at 2σ level unless otherwise 
stated) but do not yield a statistically valid single age component. 
To identify the youngest coherent age component, we applied the 
TuffZirc age algorithm (Ludwig and Mundil, 2002). The algorithm 
was designed to extract reliable U-Pb ages from Phanerozoic tuffs. 
This is achieved by (i) rejecting the data with anomalously high 
uncertainties, (ii) ranking of the remaining data and finding the 
largest cluster of U-Pb ages that yields a probability-of-fit of >0.05. 
The algorithm then finds the median age of the largest cluster, 
which is taken as the age closest to the eruption that produced 
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Fig. 3. Ranked order plots of U-Pb and (U-Th)/He datasets; dark blue bars indicate 
data considered for calculation of the mean ages. Note that U-Pb age provides max-
imum eruption age (purple dashed line and magenta bar) and this age overlaps 
within uncertainty with (U-Th)/He age estimate (orange dashed line and deep yel-
low bar), which directly dates the time of eruption.

the tuff (Ludwig and Mundil, 2002). The TufZirc algorithm applied 
to the Gorelka zircon U-Pb data yielded an age of 11.7±0.1 Ma 
(93.5% confidence interval) based on a coherent group of 11 207Pb 
corrected U-Pb ages (Fig. 3).

The young zircon age component is represented by euhedral, 
elongate, prismatic crystals with pyramidal terminations, typical 
for zircon of volcanic origin (Supplementary Fig. S2A). On the ba-
sis of crystal morphology and internal texture, these zircon crystals 
are interpreted as having been derived from the eruption produc-
ing the Gorelka tephra. The remaining zircon crystals with U-Pb 
ages from 497±7 Ma to 3311±430 Ma are interpreted as inher-
ited and derived from older crustal source regions.

Seventeen crystals from the dominant Miocene U-Pb age pop-
ulation were dated by the (U-Th)/He method. Alpha-ejection cor-
rected (U-Th)/He ages reproduce well, overlap within uncertainty 
with their corresponding U-Pb ages for all 17 double-dated crys-
tals, and define one unimodal population with a weighted mean 
age of 11.5±0.5 Ma (95% confidence; n=17; MSWD = 1.2) (Supple-
mentary Table S2).

4.2. Petrography and volcanic glass composition

The Gorelka tephra consists of >95% isotropic colourless vol-
canic glass (Supplementary Fig. S1B). The majority of glass par-
ticles have an elongated angular shape, typical of volcanic pyro-
clastic material. Pumiceous particles comprise less than 10%. The 
prevailing size (maximum dimension) of glass shards is 50 to 
300 μm. Some particles exhibit signs of secondary alteration ex-
pressed by variable electron back scatter response within single 
shards, whereas unaltered particles are homogeneous. Admixture 
of host sediments is insignificant.

Gorelka glass is compositionally classified as a homogeneous 
rhyolite (77-78% SiO2) with the K2O contents (3.45-4.51 wt%, me-
dian value 3.69 wt%) at the boundary between medium- and high-
K rocks (Fig. 4A). Na2O and K2O reveal a statistically significant 
negative correlation (r2=0.47, n=51), which suggests minor sec-
ondary alteration expressed as a complementary depletion in Na 
and enrichment in K (e.g., Portnyagin et al., 2020). A major popu-
lation of glass with K2O <4 wt% comprising ∼85% of all analyses, 
likely reflects the initial glass composition. The other major ele-
ment abundances do not correlate with alkali abundance and were 
not affected by alteration. Given the Miocene age of the volcanic 
ash, preservation of its chemical composition is regarded as excep-
tionally good.

Trace element compositions were obtained for eight glass 
shards (Fig. 4B,C), all of which have a similar trace element cargo 
(Supplementary Table S3). The glasses have relatively high contents 
4

of Nb, Y (Y+Nb ∼50 ppm), and Rb (∼150 ppm) and fall in the 
middle of the composition field of granites from post-collisional 
settings, at the compositional boundary between volcanic arc and 
intra-plate granite magmas (Pearce, 1996; Pearce et al., 1984). A 
multi-element primitive mantle (PM)-normalized diagram (Fig. 4C) 
illustrates moderate to strong depletion of Gorelka tephra in Sr, Eu, 
and Ti, which is typical for many rhyolite magmas. Also noticeable 
is a Ba depletion relative to Rb and U. Concentrations of heavy rare 
earth elements and yttrium (HREE+Y) are relatively high (∼8×PM), 
and their normalized pattern is nearly flat (unfractionated). The 
light and middle rare earth elements (LREE and MREE) are mod-
erately enriched ([La/Sm]N=4.7, where N denotes PM-normalized 
values). PM-normalized concentrations of Cs, Ba, Rb, Pb, Th and 
U are strongly elevated compared to Nb, Ta and La, which is dis-
tinctive feature of subduction related magmas (Pearce and Peate, 
1995). The Nb and Ta contents in the Gorelka tephra are relatively 
high (∼24 ppm and 2 ppm respectively) and exhibit a very modest 
depletion relative to La.

The Gorelka tephra has a very radiogenic Sr initial ratio
(87Sr/86Sr(i)=0.70928), moderately radiogenic Pb initial ratio
(206Pb/204Pb(i)=18.95, 207Pb/204Pb(i)=15.66, 208Pb/204Pb(i)=38.90) 
and unradiogenic Nd initial ratio (143Nd/144Nd(i)=0.51247, εNd(i)=
-3.1) (Fig. 4D, Supplementary Table S2). Such isotope Sr-Nd-Pb 
composition is close to the mantle end-member component of EM-
2 (Hofmann, 2003) and intermediate between the composition of 
the upper mantle (N-MORB in Fig. 4D) and the upper continental 
crust (Zartman and Haines, 1988).

5. Interpretation and discussion

5.1. Eruption age of the Gorelka tephra

The youngest zircon U-Pb age component in the Gorelka tephra 
is 11.7±0.1 Ma and this age is interpreted to record the time of 
magmatic crystallization. This U-Pb age (11.7±0.1 Ma is statisti-
cally indistinguishable from the (U-Th)/He age of 11.5±0.5 Ma. The 
temporal concordance of U-Pb and (U-Th)/He ages demonstrates 
that crystallization of the Miocene zircon crystals in a magma 
reservoir (recorded by the U-Pb system) was near contempora-
neous with cooling of the zircon below ∼200 ◦C recorded by (U-
Th)/He system (e.g., Danišík et al., 2020). This similarity in U-Pb 
and (U-Th)/He zircon ages is consistent with a geological process 
that rapidly transferred crystals from magmatic to (near) surface 
temperatures. Geochronological data from both systems are there-
fore interpreted to constrain the age of eruption that produced the 
Gorelka tephra.

Given that (U-Th)/He system should directly date the time of 
zircon eruption (as opposed to zircon crystallization recorded by 
U-Pb system), we designate the (U-Th)/He age of 11.5±0.5 Ma as 
the eruption age of Gorelka tephra despite greater uncertainty rel-
ative to the U-Pb age (11.7±0.1 Ma). This newly proposed eruption 
age is in excellent agreement with the Sarmatian paleobotanical 
constraint (Iosifova, 1977; Popov et al., 2004), yet demonstrates in-
accuracy in the previously published K-Ar and fission track ages. 
Unfortunately, no information on the analytical procedures nor 
data quality assessment was provided in these studies (Iosifova, 
1977; Chumakov et al., 1992), which precludes further evaluation 
of the age discrepancy.

5.2. Implications of the new Gorelka tephra age for paleogeography

Our results resolve a longstanding controversy over the age of 
the Gorelka tephra, previously defined by paleobotanical and sed-
imentological constraints and K-Ar and fission-track dating (Chu-
makov et al., 1992). The new date of 11.5±0.5 Ma obtained for 
the Gorelka tephra suggests a middle Sarmatian (middle Miocene) 
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Fig. 4. Major element, trace element, and Sr-Nd isotope composition of Gorelka tephra. (A) K2O vs. SiO2 diagram. Dashed lines divide fields of med-K2O and high-K2O 
rhyolites following Le Maitre et al. (2002). (B) Classification (Y+Nb) vs. Rb diagram for granites after Pearce et al. (1984) and Pearce (1996). Dashed lines divide fields of 
volcanic arc granites (VAG), ocean-ridge granites (ORG), within-plate granites (WPG), syn-collisional granites (syn-COLG), and post-collisional granites (post-COLG). (C) Trace 
elements normalized to primitive mantle (McDonough and Sun, 1995). (D) Sr-Nd isotope composition of Gorelka tephra in comparison with composition of rocks from the 
Eastern and Western Carpathians, Aegean Arc (Mason et al., 1996) and Central Anatolia (ignimbrites of Cappadocia; Temel et al., 1998) and middle Miocene high-K rocks from 
Western Anatolia and Iran (Lechman et al. 2018; Aldanmaz et al., 2000). Bold arrow points to the average composition of the upper continental crust (UCC: 87Sr/86Sr=0.7149, 
143Nd/144Nd=0.51219; Zartman and Haines, 1988).
age for the enclosing deposits and, for the first time, permits di-
rect temporal constraint on the highest Miocene Eastern Paratethys 
stand. During this transgression, Eastern Paratethys waters in-
truded the ∼100 km wide paleo-Don valley for ∼450 km north-
wards (Fig. 2B). Thus, the Gorelka tephra can be regarded as an ex-
cellent marker for the middle Sarmatian sediments deposited dur-
ing the maximum transgression of the Eastern Paratethys (Fig. 5).

5.3. Tephra provenance

The volcanic source of the Gorelka tephra is uncertain as the 
site is located >1000 km from known volcanic areas (Fig. 2A), 
and the Miocene volcanic record is incomplete. Nonetheless, re-
gions with abundant Miocene volcanism which could be the po-
tential volcanic source for the Gorelka tephra are present in the 
Anatolia-Iran volcanic belt in the south and Carpathians in the 
west (Fig. 2A). The precise age obtained in this work, combined 
with the geochemical and isotopic characterisation, allow us to 
narrow down the most probable provenance of the Gorelka tephra.

The age of the Gorelka tephra (11.5±0.5 Ma) corresponds 
closely to the latest collision between the northern edge of Ara-
bia and Anatolia-Caucasus-Pontide margin of Eurasia (Pearce et 
al., 1990). Beginning from Late Miocene times, abundant post-
collisional explosive volcanism occurred in Eastern and Central 
Anatolia, and in the Caucasus. However, this volcanism mostly 
post-dates the Gorelka tephra. For example, abundant ignimbrites 
in Cappadocia in Central Anatolia were erupted between 10 to 
2.5 Ma (Le Pennec et al., 2005; Aydar et al., 2012; Lepetit et al., 
2014). In addition to the younger age, the Cappadocian ignimbrites 
are mostly high-K rocks enriched in Rb and relatively depleted 
in HREE+Y in comparison to the Gorelka tephra, and they have 
5

less radiogenic Sr and more radiogenic Nd isotope compositions 
(Fig. 4D). Similarly, post-collisional volcanism in the Caucasus be-
gan at ca. 9 Ma, whereas only sparse volcanic activity occurred 
there between 9 and 13 Ma (Lebedev et al., 2011; Akal et al., 
2013). Some middle Miocene rocks from Iran and Western Ana-
tolia with ages of around 11 Ma, have similar Pb and Nd isotope 
composition but slightly less radiogenic Sr isotope compositions, 
in comparison with the Gorelka tephra (Aldanmaz et al., 2000; 
Helvacı et al., 2009; Akal et al., 2013; Moghadam et al., 2015; Lech-
mann et al., 2018). However, these rocks are typically less siliceous, 
strongly enriched in highly incompatible elements and belong to 
an ultra-high-K series that is geochemically very different from 
the calc-alkaline rhyolite Gorelka tephra (for example Urla rhyo-
lite from the Western Anatolia; Fig. 4).

Two periods of silicic volcanism occurred in the Carpathians in 
the Miocene. The first period corresponds to emplacement of the 
Bükkalja Volcanic Field ignimbrites in northern Hungary (West-
ern Carpathians) at 18.2–14.4 Ma in Badenian time (Lukács et al., 
2018). An important tephrostratigraphic marker in the Pannon-
ian Basin (Dej Tuff) was deposited at the end of the first period, 
at 14.8 ± 0.4 Ma (Szakács et al., 2012; de Leeuw et al., 2013). 
The Badenian rhyolites are older than the Gorelka tephra and tend 
to have high-K and relatively low-Nb island arc-like compositions 
(Fig. 4), although the trace element spectra for Badenian obsidian 
from the Tokaj Mountains (Rozsa et al., 2006) is similar to that of 
the Gorelka tephra (Fig. 4C).

A second flare-up of explosive silicic volcanism occurred in the 
Carpathians during Sarmatian time (between 13.5 and 11 Ma) and 
was likely related to the volcanic activity in the Transcarpathian 
region and in the Eastern Carpathians (Pécskay et al., 2000, 2006). 
Dacite and rhyolite extrusions and tuffs of this age often reach 
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Fig. 5. Comparison of geochronological results with Miocene sea level changes in the Eastern Paratethys. Sea-level fluctuation curve for the Eastern Paratethys (Popov et al., 
2010); note the eruption age of the Gorelka tephra overlaps with the maximum transgression phase during the Miocene. Geomagnetic polarity time scale, right side of figure, 
after Ogg (2020); normal polarity – black, reversed polarity - white.
great thickness and have been described from drill holes near the 
Hungarian-Ukrainian border in the north-western Pannonian Basin 
(e.g., ca. 700 m thick rhyolite tuff of Sarmatian age in Gelenéts-
1 drill hole, NE Hungary; Pécskay et al., 2000). Similar rocks also 
crop out in the Tokaj Mountains, Hungary (Kiss et al., 2010), Bere-
govo region, Ukraine (Seghedi et al., 2001), and at the Orasu Nou 
volcano (Kovács et al., 2017) and Cãlimani Mountains (Mason et 
al., 1998) in Romania. These rhyolites have a slightly lower bulk 
rock K2O content relative to the older Badenian rhyolites and they 
have very similar trace element patterns to volcanic glass in the 
Gorelka tephra (Fig. 4). Sr-Nd isotope compositions of the Gorelka 
tephra plot at the high-87Sr/86Sr end of the East Carpathian ar-
ray and are nearly indistinguishable from some rocks in the Cãli-
mani Mountains, Romania (for example, rhyolite #C16 in Mason 
et al., 1996). The EM-2-like Pb isotope composition of the Gorelka 
tephra is not very distinctive and overlaps with the compositions 
of middle Miocene Eastern Carpathian rocks (Mason et al., 1998) 
as well as those from the Western Anatolia and Iran (Aldanmaz 
et al., 2000; Lechmann et al., 2018). The distinctive Sr-Nd isotope 
compositions of the Gorelka tephra and Carpathian silicic rocks 
suggest strong contamination by continental crust during magma 
generation (Mason et al., 1998), and in this respect these rocks 
are different from those of the Central Anatolia and Aegean Arc 
(Fig. 4D). Thus, based on the similarity of the ages and composi-
tion, we propose that the volcanic source of the Gorelka tephra 
was most likely located in the Transcarpathian or northern Eastern 
Carpathian region (Fig. 2A).

The distance from the Transcarpathian region to the Gorelka 
site is ∼1,500 km (Fig. 2A). If we assume the original thickness of 
an ash layer in Gorelka as 0.2 m (the lower massive layer) and a 
very narrow ∼300 km-wide dispersal area, the minimum tephra 
volume can be estimated at 300 km3 (based on the single-isopach 
6

method of Legros, 2000), which corresponds to an eruption mag-
nitude of ∼7.4 (calculated according to Pyle, 1995). This minimum 
eruption magnitude estimate is close to that for the upper Pleis-
tocene Campanian Ignimbrite (CI tephra), which hitherto, is the 
only dated tephra marker identified in the East European Plain 
(e.g., Pyle et al., 2006).

Finally, identification of the volcanic source allows us to make 
some inferences about paleo-wind directions and climate dynam-
ics. The relative position of the Transcarpathian region and the 
Gorelka location during Sarmatian times (Fig. 2A) suggests the 
tephra was transported by an atmospheric current flowing from 
west (southwest) to east (northeast). This observation fits into 
the atmospheric circulation model for mid-latitude Central Europe, 
suggesting that a westerly-dominated wind regime within the Fer-
rel cell has been established since ∼14.5 Ma (Methner et al., 2020) 
and that westerlies were the prevailing winds in Central Europe in 
the Sarmatian (Quan et al., 2014).

6. Conclusions

Based on indistinguishable U-Pb and (U-Th)/He ages obtained 
on a subpopulation of zircon crystals, a new eruption age of 
11.5±0.5 Ma is proposed for the Gorelka tephra. The new eruption 
age constrains the highest stand of the Eastern Paratethys waters 
during the Miocene to middle Sarmatian times. The Gorelka tephra 
has a calc-alkaline rhyolite composition, trace element content in-
dicating a post-collisional tectonic setting and EM-2-like Sr-Nd-Pb 
isotope composition suggesting a large contribution from continen-
tal crust into the magma source. These geochemical characteristics, 
in combination with the newly reported eruption age and tephra 
volume estimates, indicate a magnitude ∼7.4 eruption from a vol-
canic source in the Transcarpathian region, ∼1,500 km WSW from 
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the Gorelka site. This tephra was transported by westerly winds, 
typical of the atmospheric circulation regime in Central Europe 
during Sarmatian times.
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