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ABSTRACT

The Podolia region is located along the western border of the Eastern European Craton, which is also
known as Ukrainian Shield. From the Ordovician to the Miocene, this area formed part of an epicon-
tinental basin system. In order to investigate the effects of orogenic cycles occurring along the plate
margin, a multi-disciplinary approach was used in this study. Paleotemperature analysis and low-
temperature thermochronometry were combined with stratigraphic data to obtain a burial model for
the Paleozoic succession exposed in the study area. Maximum burial for Silurian and Devonian rocks
occurred during the Devonian and Early Carboniferous at depths of 45 km, as constrained by
vitrinite reflectance and illite content in mixed illite-smectite layers. Thermochronometric data indi-
cate that exhumation through the 45-12(0) °C temperature range took place between the Late Triassic
and the Early Jurassic, and that no significant burial occurred afterwards (temperatures characteris-
ing the stratigraphically lowermost units remaining below ca. 60 °C). These results point to a major
exhumation event coeval with the Cimmerian orogenesis, which took place a few hundreds of kilo-
metres away from the study area. On the other hand, no significant effect of the Alpine orogenesis
was recorded, although the collisional front was located <100 km from the Podolia region. This work
shows how paleothermal and thermochronometric analyses can be successfully integrated with strati-
graphic data to reconstruct the burial history, and how the burial history of a basin located on a plate
margin can, in some cases, be independent from the distance of the margin from the collisional

fronts.

INTRODUCTION

The Podolia region (Southern Ukraine) is located to the
east of the Trans European Suture Zone (TESZ), a suture
between the weaker and thinner Western European litho-
sphere, and the thicker and stronger Eastern European
Craton (EEC; e.g. Drygant, 2000; Skompski et al., 2008;
Malkowski ez al., 2009; Fig. 1), in the so-called Peri-
Tornquist margin (i.e. western margin of the EEC). Dur-
ing the Early Paleozoic, and later during the Neogene,
this region was part of epicontinental basin systems that
extended along the Peri-Tornquist Margin (e.g. Wrona &
Lis, 2012; and references therein). The diagenetic evolu-
tion of the Paleozoic strata exposed in this area has been
investigated in recent years (Srodoﬁ et al., 2013), with
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particular focus on the succession cropping out along the
Dniestr River (Huff ez al., 2000). Based on X-ray diffrac-
tion, K-Ar and apatite fission track data, Srodofi et al.
(2013) reconstructed the T-t paths for the Lower Paleo-
zoic part of this succession. However, their study did not
take into account stratigraphic information and, thus, did
not produce a burial model.

In this work, we provide a set of original paleothermal
and thermochronometric data that integrate stratigraphic
information to constrain the thermal and burial history of
the western border of the Ukranian Shield (Figs 1b and
2). In particular, we combine X-ray diffraction of the
inorganic fraction of sediments and organic matter optical
analysis with apatite fission-track (AFT) and U-Th/He
analyses. These latter two thermochronological methods
are characterised by well-established closure temperatures
(T.) of ca. 110 °C and 60 °C, respectively (Ketcham
et al., 1999; Gautheron er al., 2009; Flowers et al., 2009;
Djimbi ez al., 2015). Stratigraphic data were used to
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Fig. 1. (a) Simplified sketch map of Europe, showing Variscan, Cimmerian and Alpine fronts; WEP — West European Platform;
TESZ- Trans European Suture Zone; EEC — East European Craton. Black box shows location of the Podolia region. (b) Simplified
geological map (with post-Palaeozoic cover removed; redrawn after Srodon ez al., 2013) showing location of the study area of Fig. 2

(black box) and the line AA’ of the section presented in Fig. 3c.
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Fig. 2. Geological map of the study area with sample location (Dniestr River path is shown in white).

reconstruct pseudo-wells, allowing us to trace the burial
evolution of the basin. The burial and exhumation events
that took place in the Podolia epicontinental basin provide
information on the tectonic evolution of the margin of the
East European Craton and eventually allowed us to evalu-
ate the effects of different orogenic cycles — Variscan,
Cimmerian, Alpine — along the plate margin.

Geological setting

The Ordovician-Silurian succession in Podolia is mainly
constituted by shelf facies, consisting of lagoonal, reef and
open shelf deposits, with distal facies extending to the
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west moving towards the TESZ. During the Late Silurian
and the Early Devonian, slope and basin facies progres-
sively tend to prevail on shelf facies, while in the late
Early Devonian the continental margin progrades west-
ward and a continental sedimentary environment (i.e. that
of the “Old Red Sandstones”) establishes throughout the
Peri-Tornquist margin. Carboniferous and Permian
deposits occur farther to the NW (Bula & Habryn, 2011).
The outcropping sedimentary succession is charac-
terised by three angular unconformities, representing
periods of uplift and erosion. A first unconformity sepa-
rates Lower Silurian deposits from the underlying
Ordovician units (e.g. Wrona & Lis, 2012). A second one
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separates Middle-Upper Jurassic strata from the underly-
ing upper Lower Devonian beds (in the western part of
the basin) and Upper Ordovician deposits (to the east,
Fig. 3a). Finally, a third unconformity is located between
the Miocene deposits and the underlying Middle-Upper
Cretaceous strata (Fig. 3a-b).

Figure 3c represents a section located to the northwest
of our study area, going from the Carpathian foredeep
(e.g. Castelluccio et al., 2016; and references therein) to
the I.’viv-Volyn Basin. This latter is the Ukrainian part of
the NW-trending Lublin Basin in Poland that developed
in the late Visean (Sachsenhofer & Koltun, 2012). The
section shows how the Paleozoic-Mesozoic stratigraphic
gap tapers off towards the TESZ (i.e. westwards) as a
result of the westward increase in the Paleozoic sedimen-
tary thickness and the progressive onlap of Mesozoic sedi-
ments on the SW-ward gently tilted Paleozoic strata of
the Peri-Tornquist margin to the east (e.g. Kurovets &
Koltun, 2012). Mesozoic sediments onlapping against the
Lower Devonian deposits consist of Middle Jurassic con-
tinental conglomerates passing upward to Upper Jurassic
to Cenomanian lagoonal and open shelf sediments. Mid-
dle-Upper Miocene marine sediments onlap against the
Mesozoic sediments of the Peri-Tornquist margin. Iso-
lated remnants of Upper Eocene quartz-glauconitic sands
occur in the easternmost portion of the Podolia region,
indicating that erosion of the Paleogene deposits occurred
in Oligocene-Early Miocene times. Continental condi-
tions established during Pliocene-Quaternary times.

The unconformities within the Podolian succession
reveal that this epicontinental basin underwent periods of
extensive uplift and erosion, most likely related to geody-
namic processes involving the plate margin. The colli-
sional events that occurred along the craton edge since the
establishment of the Podolia sedimentary basin on the
Peri-Tornquist margin are related with: (i) Caledonian
(Ordovician-Early Devonian), (ii) Variscan (Devonian-
Carboniferous), (iii) Cimmerian (Triassic-Jurassic) and
(iv) Alpine (Late Cretaceous-Tertiary) orogeny. Fig-
ure la shows the thrust fronts of these orogens.

MATERIALS AND METHODS

X-ray diffraction and organic matter optical analyses
allowed us to obtain a robust dataset for constraining the
maximum burial experienced by studied succession. Apa-
tite fission track and apatite (U-Th/He) dating were used
to trace the cooling history of the sedimentary succession
through their partial retention zones (PRZ; i.e. the range
of temperatures through which a thermochronometric
system passes from an open to a closed system state, e.g.
Reiners & Brandon, 2006). The thermochronometers
used in this work have PRZ in the range of ca. 12045 °C
(Reiners & Brandon, 2006). Coupling indicators of maxi-
mum burial and thermochronometers is important to sub-
stantially reduce the number of acceptable thermal and
burial histories for the basin (Aldega ez al., 2011; Carlini
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Table 1. Sampling location, stratigraphic age and lithology

Sample Latitude Longitude Age Lithology

Po24  48,71967 25,63824
Pol5  48,63022 25,73717
Pol6  48,63022 25,73717
Pol3  48,63164 25,73578
Pol2  48,63164 25,73578
Po23  48,61614 26,08917

Lower Devonian Calcarenite
Lower Devonian Pelite
Lower Devonian Cherty-Marl
Lower Devonian Marl

Lower Devonian Marl

Lower Devonian Marly-Pelite

Po20  48,53795 26,23940 Upper Pridoli ~ Marl

Pol7  48,84389 26,21535 Pridoli Pelite

Pol0  48,50578 26,60647 Tudlovian Siltite

Poll  48,50578 26,60647 Tudlovian Siltite

Pol9  48,64827 26,60233 Tudlovian Pelite

Pol8  48,64825 26,60266 ILudlovian Marly-Pelite
Po4 48,63841 26,73205 Wenlockian Pelite

Po3 48,63841 26,73205 Llandoverian Coarse-Siltite
Po2 48,63829 26,78214 Llandoverian Silty-Pelite
Pol 48,63829 26,78214 Llandoverian Siltite

Po7 48,59098 26,99714  Ordovician Pelite

Po8 48,59092 26,99718 Ordovician Siltite

C3 48,54468 26,47996  Silurian Bentonite
C6 48,54468 26,47996  Silurian Bentonite
M2 48,54649 26,63239  Silurian Bentonite
Mo 48,54649 26,63239  Silurian Bentonite

PLI1  48,71967 25,63824

Lower Devonian Calcarenite

et al., 2013; Caricchi et al., 2015; di Paolo er al., 2014;
Invernizzi et al., 2008; Corrado er al., 2009, 2010a,b;
Schito et al., 2016).

Eighteen samples for X-ray diffraction and organic
matter optical analyses were collected from the shaly and
silty intervals contained in the succession cropping out
along the Dniestr River. As the sedimentary succession is
mainly composed of calcareous lithologies with interbed-
ded shales, samples suitable for thermochronology derive
exclusively from Silurian bentonite layers and from fine-
grained Devonian sandstones. Silurian apatites are all
euhedral crystals, as expected from a volcanogenic source,
whereas those contained in Devonian strata are small
(<60 pm) and rounded, therefore not suitable for apatite
(U-Th/He) dating. Sampling locations and lithologies
are reported in Fig. 2 and Table 1.

Indicators of maximum burial
Clay mineralogy

Mineralogical assemblages of whole rock and <2 pum frac-
tion of sediments were determined by X-ray diffraction
performed using a Scintag X1 XRD system (CuKo radia-
tion, solid-state detector, spinning sample) at 40 kV and
45 mA. Randomly oriented whole-rock powders were run
in the 2-70°20 interval with a step size of (0.05°20 and a
counting time of 3 s per step. Oriented air-dried (AD)
samples were scanned from 1 to 48°20 with a step size of
0.05°26 and a count time of 4 s per step. The presence of
expandable clay minerals was determined for samples
treated with ethylene glycol at room temperature for
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24 h. Ethylene glycol (EG)-solvated samples were
scanned at the same conditions as air-dried aggregates
with a scanning interval of 1-30°20. The <2 um grain-
size fraction was separated by centrifuging, and oriented
slides were prepared by the pipette-on-slide method
(Moore & Reynolds, 1997), keeping the specimen thick-
ness as constant as possible, with at least 3 mg of clay per
cm? of glass slide.

Expandability measurements for both I-S and chlorite-
smectite (C-S) mixed-layer minerals were determined
according to Moore & Reynolds (1997) using the °A20
method after decomposing the composite peaks between
9-10°20 and 16-17°20O for I-S and between 10-12.3°20
and 25-26°20 for C-S using Pearson VII functions.

Organic matter optical analysis

Vitrinite derives from thermal maturation of woody tis-
sues of vascular plants and its reflectance is in general the
most accepted thermal maturity indicator. In order to
carry out the analyses, the samples were first crushed in
an agate mortar, mounted in epoxy resin and finally pol-
1shed according to standard procedures described in Bus-
tin er al. (1990). Reflectance analyses were then
performed using a Zeiss Axioskop x40 microscope,
equipped with a conventional microphotometric system
(MSP200 by J&M), under oil immersion (7 = 1.518) in
reflected monochromatic non-polarised light
(A = 546 nm).

Ordovician and Silurian successions of this study are in
general devoid of organic matter of terrestrial origin. Nev-
ertheless, for the lowermost Palaeozoic samples the
increase in reflectance of marine organoclasts (i.e. grapto-
lites, chitinozoas, conodonts) was calibrated against ther-
mal maturity according to Bertrand and Malo’s
correlation (2012). Organic matter particles were collected
from sandstones, siltstones and clays. Mean random
reflectance on organoclasts (R,%org) and vitrinite reflec-
tance (R, %) were measured on Silurian and Devonian
whole-rock samples, respectively. The mean organoclast
reflectance (R,%eq) values for Silurian samples were con-
verted according to Bertrand and Malo’s equation (2012)
since only graptolite fragments were measured.

Fission-track analysis

Sample preparation for apatite fission-track analysis was
performed according to Donelick et al. (2005). Apatite
grains were separated after careful crushing using heavy
liquids and magnetic separation techniques. Mounts of
apatites in epoxy were ground and polished to expose pla-
nar surfaces within the grains and then etched with 5.5 M
HNO; at 21 °C for 20 s to reveal spontaneous fission
tracks. Samples then were irradiated with thermal neu-
trons in the reactor at the Radiation Center of Oregon
State University with a nominal neutron fluence of
9 x 10" # cm ™% The CN-5 dosimeter was used to mea-
sure neutron fluence. After irradiation, induced fission
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tracks in the low-U muscovite that covered apatite grain
mounts and glass dosimeter were revealed by etching in
409% HF at 20 °C for 40 min. AFT dates were calculated
using the external-detector and the zeta-calibration meth-
ods (Hurford & Green, 1983) with IUGS age standards
(Durango, Fish Canyon and Mount Dromedary apatites;
Hurford, 1990) and a value of 0.5 for the 4n/2n geometry
correction factor. The analyses were subjected to the
test (Galbraith, 1981) to detect whether the data sets con-
tained any extra-Poissonian error. A x> probability of
<5% denotes a significant spread of single grain dates.
Dpar (i.e. the diameter of etch figures parallel to the crys-
tallographic c-axis; Ketcham ez al., 1999) of single crys-
tals was measured and used as a kinetic parameter.
Wherever possible, track densities were measured on
more than 20 grains per sample, and as many horizontal
confined track lengths as possible were measured, to bet-
ter constrain the t-T paths of single sample (Gleadow
et al., 1986; Braun et al., 2006).

Apatite (U-Th)/He dating

Apatite (U-Th)/He dating (AHe) was carried out at the
University of Arizona He dating laboratory. Apatite
grains which satisfied quality requirements (e.g. no inclu-
sions, >60 um in minimum dimension, etc.; see Ehlers &
Farley, 2003) were extracted from heavy mineral separates
and up to five crystals measured for alpha-ejection correc-
tion following methods described in Reiners ez al. (2007).
Single crystals were loaded into 0.8 mm Nb tubes, and
degassed under vacuum by heating with a Nd-YAG laser.
The concentration of 4He was determined by 3He isotope
dilution and measurement of the 4He/3He ratio through
a quadrupole mass spectrometer. U, Th and Sm concen-
trations were obtained by isotope dilution using an induc-
tively coupled plasma mass spectrometer.

Thermal modelling

The HeFTy 1.8.1 software (Ketcham, 2005), which gen-
erates T-t paths using a Monte Carlo algorithm, was used
to perform inverse thermal modelling on four samples
(M2, M6, C3, C6) to integrate the AHe and AFT data
and test valid thermal history scenarios. AFT ages and
lengths (where present) and AHe data were used for mod-
elling. Only one AHe replicate was used for each sample
(i.e. that bearing the minimum age; see section “Results
and interpretation” below). Modelling was based on the
fission-track annealing model of Ketcham et al. (2007)
and on the model for He diffusion kinetics in apatite of
Flowers et al. (2009). A homogeneous distribution of U
and Th in apatite was assumed.

Burial modelling

Palacothermal and geochronological data were used as
constraints to perform numerical models of the burial his-
tory of the area. Three pseudo-wells were calibrated by

© 2017 The Authors
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Table 2. Analytical data from thermal maturity analysis, indicating: sample age, organoclast and/or vitrinite reflectance and related
standard deviation, illite content in mixed layers illite-smectite and semiquantitative analysis of whole rock composition and <2 pm

grain size fraction

XRD analisys
Sample  Age Ro% =+ SD (n.meas.) %Iinl-S <Zum Whole rock
Po24 Lower Devonian ~ — 86 Ig11-S4Chy;s QtzyPlgsPhgsSid;
Pol5 Lower Devonian - 86 1541—52()K4Ch22 CLtZHCallPlgsPthSidl
Pol6 Lower Devonian  — 85 I6,1-S14K5Chy5 QtzyCalsPlgsPhgyAnk;
Pol3 Lower Devonian ~ — 86 I50I-S7K5Chjg Qtz;, PlggPhg,Sid,
Pol2 Lower Devonian - 86 ISGI—SI()KSChzg QZZ13P1ggPh79
Po23 Lower Devonian (.87 £ 0.08 (5) 89 I561-S15K,Ch;5 Qtz,¢Cal,PlgsPhg,Sid,
Po20 Upper Pridoli - 85 I73I—SsK6Ch16 QtZ(,Calz3Kfs1Plg4Ph57Dol5Ank4
Pol7 Pridoli - 90 I73I—SgK4Ch14 QﬁZ(,KfS]Plg3Ph75D0115
Pol0 Ludlowian - 90 I46I—S4K25Ch25 Q!ZZ] 8C3123KfSZP1g8Ph4gsid 1 Dol 1 Ank4
Poll Ludlowian 0.65 = 0.07 (4) 90 IGSI—S7KgCh20 (lthCal1KfszPlggPhﬁgSid1D013Ank6
Pol9 Ludlowian - 89 IGSI_SI()Chl‘) QZZI()Call5KszP1g5Ph5(,Sid1D0111
Pol8  Ludlowian - 89 I1-S1,C-S;K4Chyy  QtzeKfsPlggPh,Sid; Dol
Po4 Wenlockian - 85 I_;_;I—S31C—S3K4Ch7 QﬁZ()Cal4gP1g2Ph42DOlz
Po3 Llandoverian 0.75 + 0.12 (5) 88 1521—825K12Ch11 @Z27Kf83plg7ph()3
Po2 Llandoverian 0.77 + 0.08 (3) 85 1521—830C—S10K4Ch4 (ltZ]gKfS]Plg7Ph79
Pol Llandoverian - 85 I421—Sz5C—SI3K7Ch13 QﬁZngfSIPIgQPhﬂ
Po7 Ordovician - 84 IZ6I—SI7C1’157 QZZI(,KfSIPIgI()Ph(,4
Po8 Ordovician - 82 1341—835K14Ch] 7 (BZZ] 3KszP1g] 2Ph73

Acronyms: I = illite; I-S = mixed layers illite-smectite; K = kaolinite; Ch = chlorite; C-S = mixed layers chlorite-smectite; Qtz = quartz; Cal = cal-
cite; Ph = phyllosilicates; Plg = Na-plagioclase; Kfs = K-feldspar; Dol = dolomite; Sid = siderite; Ank = ankerite.

organic and inorganic thermal maturity data derived from
the Lower Silurian successions cropping out close to the
EEC (psedowell 3) and from the Upper Silurian (psedow-
ell 2), as well as from Devonian successions (pseudowell
1) cropping out to the west. Pseudo-wells were built by
considering the thickness variations due to the westward
deepening of the basin and using thicknesses measured in
the field or collected from previous works (Oncken, 1982;
Noth et al., 2001). Exhumation stages were constrained
by apatite fission track data and U-Th/He dating.

Simplified reconstructions of the burial and thermal
history for the Ordovician-Devonian successions have
been performed using the software package Basin Mod®
1-D (1996). The main assumptions for modelling are the
following: (i) rock decompaction factors apply only to
clastic deposits (Sclater & Christie,1980); (ii) seawater
depth variations in time are assumed as not relevant,
because thermal evolution is mainly affected by sediment
thickness rather than by water depth (Butler, 1992); (iii)
thermal modelling is performed using LLNL Easy %R,
method based on Burnham & Sweeney (1989) and Swee-
ney & Burnham (1990) and (iv) heat flow values vary
through time, based on available constraints (Botor et al.,
2002; Poprawa et al., 2005 and Carozzo et al., 2012), from
50 mW m 2 in the Paleozoic and Mesozoic with a peak
of 65 mw/m?* during the Carboniferous, to 30 mW m*
during the Cenozoic.

Rock properties including initial porosity, compaction
data, density, conductivity and heat capacity were chosen
from the software libraries among those available for pure
or mixed lithologies. Illite content in mixed layers I-S was

© 2017 The Authors

converted into vitrinite reflectance equivalent values on
the basis of the correlation between these two palethermal
indicators from Aldega ez al. (2007) and Merriman &
Frey (1999).

RESULTS AND INTERPRETATION
Clay mineralogy

Randomly oriented whole-rock powders from the col-
lected Devonian samples show a mineralogical assemblage
composed of phyllosilicates (in the range of 79-85%),
quartz (9-13%), plagioclase (5-8%) and subordinate
amounts of calcite, siderite and ankerite (1-6%; Table 2).
Minor contents of K-feldspars (19%) occasionally occur.
The <2 pm grain size fraction is constituted by illite (56—
81%), mixed layers illite-smectite (4—20%), chlorite (15—
29%) and kaolinite (0—-12%9%). Mixed layers illite-smectite
are long-range ordered structures with an illite content
ranging between 85-89% (Fig. 4).

In the Silurian succession, Wenlockian to Pridoli
rocks are characterised by phyllosilicates (43-75%),
quartz (6-18%), plagioclase (2-8%), K-feldspar (1—
29%) and higher amounts of carbonate minerals with
respect to the Devonian units. Calcite ranges between
1 and 48%, dolomite between 1 and 15%, while anker-
ite never exceeds 6%. Siderite is a minor component
of the carbonate fraction, with contents of about 1%.
On the other hand, the Llandoverian portion of the
succession does not show carbonate minerals and is

Basin Research © 2017 John Wiley & Sons L.td, European Association of Geoscientists & Engineers and International Association of Sedimentologists 537
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Fig. 4. (a) Geological map of the Dniestr River area, showing values of paleothermal indicators. (b) Pseudo-well stratigraphies used

as input for 1D burial models.

mainly constituted by phyllosilicates (63-79%) and
quartz (13-27%), with subordinate amounts of plagio-
clase (7-9%) and K-feldspar (1-3%).

X-ray diffraction analysis of the <2 um grain-size
fraction for the Silurian rocks displays illite (42—73%),
long-range ordered mixed layer illite-smectite (4-31%),
kaolinite (0-25%) and chlorite (4-25%) (Table 2).
Furthermore, in a few samples (PO1, PO2, PO4,
PO18), mixed layers chlorite-smectite with a chlorite
content of 70-80% were detected. Mixed layered clay
minerals are low expandable illite-smectite with an illite
content ranging between 85% and 90% (Fig. 4 and
Table 2).

Ordovician rocks are composed of phyllosilicates (64—
73%), plagioclase (12-19%), quartz (13-16%) and low
amounts of K-feldspar (1-2%; Table 2). Among minerals
of the <2 pm grain size fraction, chlorite (17-57%), illite
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(26-34%), kaolinite (0—14%) and mixed layer illite-smec-
tite (17-35%) were identified (Table 2). Mixed layered
clay minerals are long-range ordered Illite-smectite with
an illite content of 82—-84% (Fig. 4).

Organic matter reflectance data

The collected samples are very poor in organic matter
content (Table 2). Reflectance was measured on vitrinite-
like fragments and graptolites in the Silurian-Devonian
stratigraphic interval. The results of the conversion of
organoclasts reflectance data into vitrinite reflectance
equivalent data are reported in Table 2 and Fig. 4.

In the Lochkovian interval, a R,%eq value of 0.87%
was measured (sample PO23). A value of (0.65% has been
obtained on sample PO11 from marly mudstones of Lud-
lowian age. In pelites of Landoverian age, two samples
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B g g (PO2, PO3) provided reliable R %eq with a mean value
2 e = f about 0.76%
z2 g of about 0.76%.
o =2 A
E F A
E Il
I, 8 Thermochronology
g = =
S s en
& .
> _Zc 2 Up to 20 grains per sample have been analysed for AFT.
X £ Sl =2z The results (Table 3 and Fig. 5) indicate a low spread of
~ . = . . .
87 o B single grain ages (between 0 and 21%; Fig. 5) and the
§ o -g Sﬁ ; ; ; chi-square test displays that only one age population is
< ? “a present in each sample. Track lengths measurement of t
ERCES I was only possible on Silurian samples, and in samples C3
8 £ § gﬂ and M2 the number of lengths was high enough to be rep-
g g §0 f resentative of the track length distribution (Braun et al.,
g3 £ g 2006; Table 3). As a whole, the AFT dataset is rather
§.§ 2 S consistent and indicates: (i) heating at temperatures
~E g Sl | + < | exceeding the total reset temperature (as all the single
£7E 5 A - . . . ..
<59 grain ages are younger than the stratigraphic age), and (ii)
S %58 g a Late Triassic-Early Jurassic cooling phase. In three
;'— g é \D:/L samples (M2, C6, P1.91), a few grains younger than
Rl 'z 7} 120 Ma are present, suggesting that a very faint degree of
2 g § ‘1: + % o o — reset might have affected these samples since the
N e =3 —_— D —
+ o A g2l === Cretaceous.
LT D . .
X = HHHHAH AHe ages show a large age dispersion among the five
O~ = =
¥ 8 § 28 SR 258 replicates of each sample (Table 4). In particular, sam-
4 .2 10 R e
£Z 2 T ples M2, M6 and C3 show up to 400 Ma span among
[~ ’
z o = = replicate dates. Age spread is limited for sample C6,
-~ . .
g g7 =) Rt where single grain ages range between 162 and 241 Ma.
s g Tg & ; ; ; ; ; Despite the high data dispersion, Fig. 6 and Tables 3
2 g g Hl o m o «+ <+ and 4 show that the minimum ages detected for each
=% é’u AN E E = sample are consistent (160—-176 Ma) and match the AFT
5 = _E’ central ages (these being, as expected, slightly older: 172—
= 5§ Jlgggeex 215 Ma). Based on correlations between single grain ages
— = SRS . X .
H ?g P8 SZlFFTTT and grain size (Rs), U and Th contents (eU: effective
[} .
b —§ s g sccgs Uranium = [U] + 0.235 x [Th]; Shuster et al., 2006,
§ e E’ Rl =] olcicia= [U], [Th]) and Th/U ratio, several hypotheses (listed
s & below) for the possible sources of high age dispersion
2 g £ S were tested; in several cases negative correlations between
ol =] < .
LNIJ _-;; g Tl en s o age and Rs, eU, [Th] and Th/U occur (Fig. 7).
<8 g f SEszg + A He excess from U, Th rich inclusions would
Pt y— L . . . .
= ‘é 2 oo explain younger dates occurring in U and Th richer
% § %0 ~ E = E (> § grains. However, (i) inclusions are generally small
g £ 2 - Z — (their dimensions is very close to 1/10 of the dimen-
< . . . ..
ED §~:§ § ~ 0 o <+ <+ sions of the apatite grains), thus requiring an eU
Sog |2 |SFLET higher than ca. 2000 ppm to justify such older
g E Tlﬁ - - dates; (ii) the random distribution expected for the
S ER| g Nxeexx size and composition of the inclusions would not fit
pEZ § Zz|Tee=T with the correlations observed between AHe dates
< . . e
£ E.g = % o and grain radius, eU, [Th] and Th/U; (iii) no clear
= e 3 . .. .
£y § (;%; N PRI relation between the presence of big inclusions and
PR = the occurrence of old dates, nor, on the contrary,
- O o . .
S g = 2 between the absence of inclusions and young dates
g 5= 2 are observed; and (iv) Volcanic apatites not exposed
< s .
= F § Bt to subsequent metamorphism are not known to pos-
£ 5 2 S . . .o S
g Qg’ﬁ = RN sibly contain monazite (i.e. U-Th very rich inclu-
O g = dlaaS == sions). Therefore, a major role of inclusions in
o E %, B determining high data dispersion is not convincing.
,_"g g E g - o S S + Age dispersion caused by slow cooling and/or partial
= 5B BlUC=ZE reset is also not convincing since, in that case, a direct,
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Fig. 5. Radial plots of apatite fission-track data. n: number of analysed grains; P(XZ): probability of obtaining xz—value for v degrees
of freedom (where v = number of crystals-1); a probability >5% is indicative of an homogenous population; Dpar: length of the etch

pit figure.

rather than an inverse correlation between AHe dates
and Rs would be expected.

+ A thermal modelling of the five replicates was
attempted using the Flowers ¢s al. (2009)’s Radiation
Damage Apatite Annealing Model for He diffusion to
test a possible effect of radiation damages, but no
acceptable results were obtained.

«  Furthermore, there is no clear connection between
abrasion or breaks in the crystals and dates.

+ Finally, the correlations found among dates and Rs,
eU, Th, Th/U suggest that, at least in three samples,
a major and systematic effect caused age dispersion,
therefore a combination of several causes must also be
ruled out.

+  He implantation in the crystals from external U-Th
rich sources is considered the most reasonable
hypothesis for He dispersion since it would explain
the observed correlations: bigger and U-Th rich
grains bear younger ages. In fact, these grains are less
sensitive to the age increase caused by excess He from
external sources. This is also supported by the good
match among the minimum ages of each crystal and
between minimum age and AFT central age.

Therefore, we consider only the youngest ages,
obtained from the biggest and U-Th richest grains, to be
the most correct ones and maintain them for the following
discussion.

540

AFT and AHe ages have been then modelled using the
HeF Ty software (Fig. 8; Ketcham, 2005). Thermal mod-
els were performed using AFT dates and lengths (where
present) and the youngest He date for each sample. The
T-t constraints used were: (i) 0—20 °C at the depositional
age; (i1) 100-210 °C in the Paleozoic burial stage; (iii) 0—
50 °C during the Cretaceous, when Silurian rocks were at
surface (Fig. 7); (iv) 0-100 °C in the post-Albian to force
the model testing the heating event proposed by Srodon
et al. (2013).

Thermal modelling results (Fig. 8) indicate that the
present thermochronometric dataset can be explained by
a major cooling event in the Late Triassic-Early Jurassic,
following a period of heating and possible retention to
temperatures higher than ca. 120 °C (AFT total reset
temperature). As the results of thermal modelling are
fully reliable only for the temperature intervals corre-
sponding to the partial retention zones of the applied
thermochronometers, i.e. 40—120 °C, our thermochrono-
logical modelling is not able to detail the thermal path for
temperatures higher than 120 °C and lower than 40 °C.
However, some sedimentation is expected to have taken
place after the Early Jurassic (as described by Srodori
et al., 2013; Fig. 3). This can be observed in Fig. 8,
where good fitting thermal histories are found also with
heating up to 50-70 °C in post-Albian times. However,
the total amount of sediments was not sufficient to reset
the AHe system. Therefore, assuming a surface
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Fig. 7. Correlation diagrams of AHe ages of single sample and grain radius (Rs), effective Uranium concentration (eU = [U]
+ 0.235 x [Th]; Shuster ez al.,2006); U and Th concentrations; Th/U ratio.
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Cc3 Model Measured GOF
AFT 186 186 +32 1
AFTlengths 14.4+09 145+09 0.9
AHe 165.8 166.9+2.7 0.7
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0ol |
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Cé6 Model Measured GOF
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Fig. 8. Thermal evolution of the analysed samples obtained by thermal modelling with HeF Ty (Ketcham, 2005). The software gen-
erates possible T—t paths using a Monte Carlo algorithm. Constraints are indicated by boxes bounded by dashed lines. The Goodness
of Fit parameter (GOF) indicates the fit between measured and modelled data. The GOF and model values referred to the best fitting
paths are shown in the tables on the right. Shaded areas mark envelopes of statistically acceptable (light grey, goodness-of-fit [GOF]:
0.05-0.5) and good (dark grey, GOF>(0.5) fit. Thick lines show the average thermal history with good fit. Track length histograms are
shown on the right. Thermal histories are well defined only for the temperature interval of the AHe and AFT PRZ, and thus segments
of the thermal path out of the range of the AHe and AF'T PRZ are highly inferential.

temperature of ca. 10 °C and geothermal gradients
between 40 and 20 °C km %, post-Jurassic burial must
have been lower than ca. 2 km.

Burial modelling

Thermal maturity and thermochronological data were
used to reconstruct the burial and exhumation history of
the sedimentary successions outcropping along the

© 2017 The Authors
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Dniestr River (Figs 9, 10 and 11). The burial history of
the succession of pseudo-well 1 begins with the deposition
of about 50 m of siltstones during the Ordovician (since
about 460 My). At that time, the Podolia basin was char-
acterised by extremely low sedimentation rates, as con-
firmed by the paraconformity between Ordovician and
Llandoverian units. Shallow water conditions developed
during the Silurian, with the deposition of about 220 m
of platform carbonates, nodular limestones and
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Fig. 9. (a) 1D burial and thermal history for pseudo-well 1. The model is calibrated against illite content in mixed-layers [-S and
reflectance data of Devonian rocks. (b) Present-day maturity data plotted against calculated maturity curves.
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Fig. 10. (a) 1D burial and thermal history for pseudo-well 2. The model is calibrated against illite content in mixed-layers I-S and
reflectance data of Ludlow-Pridoli rocks. (b) Present-day maturity data plotted against calculated maturity curves.

dolostones. Since the late Silurian and during the early
Devonian, sedimentation of about 530 m of siltstones
took place in deeper water marine environments. In the
Pragian, the sector evolved from inshore lagoon to fluvial
estuarine environments (Wrona & Lis, 2012) with the
deposition of the Old Red Sandstones (Dniestr forma-
tion). The basin deepened during the Carboniferous as a
result of subsidence, hosting a large infill of sediments
(about 3700 m) until about 300 My ago. At that time, the
succession experienced maximum burial at depths of
about 4700 m (Fig. 9a) and maximum temperatures at
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about 220 My (Fig. 12a). After nearly 100 My of scarce
to null sedimentation following maximum burial, a Late
Triassic-Early Jurassic exhumation event brought the
Paleozoic rocks close to the surface, eroding the Carbonif-
erous rocks. From Middle Jurassic onwards, a few hun-
dred meters of carbonates were deposited, (Gutowski
et al., 2010). Sedimentation continued until the end of
the Eocene, when a new phase of exhumation occurred,
recorded by the unconformity occurring at the base of the
Miocene sediments capping the succession. The
described evolution allows an acceptable calibration
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Fig. 11. (a) 1D burial and thermal history for pseudo-well 3. The model is calibrated against illite content in mixed-layer I-S and
reflectance data of Llandoverian-Wenlockian rocks. (b) Present-day maturity data plotted against calculated maturity curves.
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Fig. 12. Time-temperature diagrams of the lower Silurian interval for pseudo-well 1 (a), pseudo-well 2 (b) and pseudo-well 3 (c).
The lines that delimit the lower Silurian rocks correspond to the temperature evolution of the top (line at lower temperature) and at

the bottom (line at higher temperature).

against measured data, as shown by the present-day matu-
rity curve of Fig. 9b.

The burial reconstructions of pseudo-wells 2 and 3
differ from that of pseudo-well 1 for the thickness of
the Carboniferous infill and the amount of exhumation
since Triassic times. The amount of eroded thickness
obtained from the numerical models decreases moving
towards the EEC and is about 3600 m for pseudo-well
2 and 3100 m for pseudo-well 3 (Figs 10 and 11).
These differences affect the maximum temperatures
experienced by the Lower Silurian and Ordovician suc-
cessions. These are about 120 °C in pseudo—well 3,
140 °C in pseudo-well 2 and 155 °C for pseudo-well 1
(Fig. 12). During the Triassic a rapid cooling occurred;
a new temperature increase marked the last phase of
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burial during Jurassic and Cretaceous times. A gentle
temperature decrease is recorded by the pre-Devonian
units (Fig. 12) between 70 and 40 My as a result of
quicker rates of isotherm depression in comparison to
burial rates. A Tertiary to present day general cooling,
only slightly interrupted by a minor heating event asso-
ciated with Miocene deposition, marks the youngest
exhumation in the study area.

DISCUSSION
Maximum Burial estimate

The three representative pseudo-wells of Fig. 4, that
were calibrated against organic and inorganic thermal
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indicators, effectively summarise the burial history of the
Podolia basin, where a Mesozoic regional unconformity
covers progressively younger and thicker Paleozoic suc-
cessions moving from the EEC to the west. Paleothermal
data from Devonian and Silurian intervals indicate a
mid-mature stage of HC generation (mainly 0.7-0.9 R eq
% and 82-90% illite content in mixed layers I-S), high-
lighting lateral variations of thermal maturity through
time. Assuming heat flow changes through time similar to
those reconstructed in nearby areas (e.g. for the Lublin
basin; Botor ef al., 2002; Poprawa et al., 2005; Carozzo
et al., 2012), time-temperature diagrams for pseudo-well
1 and 2 indicate maximum palacotemperatures between
110 °Cand 155 °C for the Silurian and Devonian succes-
sions (Fig. 12a,b) consistent with AFT total reset temper-
ature (ca. 120 °C). On the other hand, the time-
temperature diagram for Middle and Lower Silurian
rocks in pseudo-well 3 (Fig. 12¢) shows lower palaecotem-
peratures according to clay minerals and organic data.

A number of studies on the thermal evolution of sedi-
ments, based mainly on conodont alteration index (CAI),
clay minerals and vitrinite reflectance have been already
performed along the Peri Tornquist margin (Drygant,
1993; Nehring-Lefeld ez al., 1997, Srodot: et al., 2013).
Our thermal maturity data are consistent with those
derived from Drygant’s zonation (1993) based on Con-
odont Alteration Index (CAI). In this paper, Silurian and
Devonian successions of the Podolia Basin can be grouped
in the 2-3 CAI zones corresponding to about 110-140 °C
according to Epstein et al. (1977). These results are con-
sistent with many geological studies used to build burial
models (Drygant, 1993; Skompski et al., 2008; Matkowski
et al., 2009; Kaljo et al., 2012; Olszewska-Nejbert &
Swierczewska—Gladysz, 2012; Racki et al.,2012; Wrona &
Lis, 2012) that point to a burial of 4-5 km during Paleo-
zoic times. On the other hand, thermal maturity and
palacotemperature estimates have been recently reviewed
by Srodon et al. (2013). The authors detected an illite
content in mixed layers illite-smectite between 81 and
99%, indicating deep diagenetic conditions, slightly
higher with respect to our results and zonation. More-
over, they suggest a maximum burial of 5-10 km and
related maximum palaeotemperatures of about 200 °C,
whereas our reconstruction indicates burial depths
between 3.5 and 4.7 km and derived maximum
palacotemperatures between 110 and 155 °C. This signif-
icant discrepancy between the two proposed thermal sce-
narios depends on the choice of thermal boundary
conditions. In our reconstruction, heat flow varies
through time with values of 50 mW m™? in Paleozoic and
Mesozoic times, 65 mW m ™~ in the Carboniferous (Botor
et al., 2002; Poprawa et al., 2005 and Carozzo et al.,
2012), and 30 mW m ™ during the Cenozoic till the pre-
sent-day. On the other hand, Srodot et al. (2013) applied
a simplified thermal model with a constant geothermal
gradient of 2040 °C km . Furthermore, the numerical
models performed in this work allow us to outline the
Podolia basin as an asymmetric Paleozoic trough in which

sediment accommodation space decreased progressively
towards the EEC. This is at variance with the uniform
burial throughout the basin suggested by Srodon et al.
(2013).

The lateTriassic-Early Jurassic exhumation

Thermochronometric ages indicate that Paleozoic sedi-
ments were exhumed close to the surface in the Late Tri-
assic-Early Jurassic (Fig. 8). These data match with the
age of the oldest sediments overlapping the widespread
unconformity along the margin of the Ukrainian Shield.
However, our AFT ages differ significantly from those
obtained by Srodon et al. (2013). These authors reported
ages spanning from 63 to 107 My, in some cases with a
large spread among grains of the same sample. Also track
lengths differ from our measurements, as all of theirs are
shorter than our mean lengths and have a larger standard
deviation. As a consequence, Srodof et al. (2013) indicate
an exhumation event during the Cretaceous, followed by
a heating event characterised by temperatures of about
100 °C. However, robust evidence confirms the reliability
of our dataset. First of all, there is an internal consistency
among our AFT data, with very similar central ages (tak-
ing into account the analytical error) and between AFT
ages and AHe minimum ages. Furthermore, the cooling
event unravelled by our modelling is fully compatible
with the widespread unconformity, above which Jurassic
sediments were deposited. On the other hand, the model
presented by Srodori et al. (2013) implies about 3 km of
burial during the Late Cretaceous, which does not find
any geological evidence in the study region. Moreover,
our AHe analysis displayed Middle Jurassic minimum
ages. This feature rules out a post-Cretaceous heating
event with temperatures of ca. 100 °C, which would have
caused the total reset of the AHe system. Our high qual-
ity, integrated thermochronological datasets strongly sup-
port the hypothesis of a Late Triassic-Early Jurassic
major cooling event. All single grain ages (both AFT and
AHe) are plotted in Fig. 6. Most of them fit well with the
age of the Cimmerian orogeny, whereas both older (Varis-
can) and younger (Alpine) ages are poorly represented in
the thermochronological dataset.

Our burial models (Figs 9, 10 and 11) depict a
major exhumation event during the Late Triassic-Early
Jurassic. The Alpine exhumation event, testified by the
regional unconformity between Cretaceous and Mio-
cene sediments, must have been moderate, because it
has not been recorded by the AHe thermochronometer,
that is, sensitive to very low temperatures (Tc of ca.
60 °C). As no major low angle normal faults that could
have produced tectonic exhumation are present in this
area, we suggest that the vertical displacement leading
to about 3—4 km of erosion and unroofing during the
Triassic-Early Jurassic could be related to far-field tec-
tonic effects related to the Cimmerian collision, in an
area, where lithosphere strength contrasts occur along
the Trans European Suture Zone. Spatial and temporal
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strength variations of the lithosphere control far field
tectonic stresses that can propagate at distances of
many hundreds of kilometres from the orogen (Ziegler
et al., 1995; Dickerson, 2003). Examples can be found
in the deformation at the northern margin of the Tibe-
tan Plateau, which was synchronous with the early
stage of India-Asia collision (e.g. Yin ez al., 2008; Clark
et al., 2010), in the southeastern Black Sea region,
where Neogene deformation is linked to far-field effects
of the Arabia-Eurasia indentation (Albino er al., 2014),
and even in subduction settings such as the retroarc
foreland region of the Patagonian Andes (e.g. Savig-
nano et al., 2016).

CONCLUSIONS
The integration of paleothermal indicators, ther-
mochronological data and stratigraphic constraints

allowed us to model the burial-exhumation history of the
Paleozoic successions exposed along the western border of
the Ukrainian Shield, providing valuable information on
the tectonic history of this area. First, we defined the
amount of maximum burial (ca. 4-5 km) that the Paleo-
zoic succession underwent during Carboniferous times.
Second, we dated the exhumation through the 12040 °C
temperature range to the Late Triassic-Farly Jurassic.
The recognition of this previously undetected exhuma-
tion event represents a very interesting and somehow
unexpected result, as it is not linked to the Variscan oro-
geny and nor to the Alpine one. In particular, it is worth
of note that no major effect on the burial and exhumation
history of this region was induced by the Alpine cycle,
whose collisional front is located <100 km from the west-
ern border of the Ukrainian Shield. On the other hand,
the unravelled Late Triassic-Farly Jurassic exhumation
event is coeval with the Cimmerian collision. Therefore,
despite the fact that the margin of the East European Cra-
ton is located several hundreds of kilometres away from
the Cimmerian orogen, the new datasets provided in this
study suggest that Mesozoic exhumation in the Podolia
region occurred as a response to far field stress propaga-
tion associated with the Cimmerian collision. This shows
how the burial history of a basin located on a plate margin
can, in some instances, not be directly related to its distance
from the collisional fronts located along the margin itself.
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