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Abstract: This study examines the potential of using tri- and tetracyclic terpanes
to determine the depositional environment of sediments lacking preserved fossils
and whose biomarker distribution has been disrupted by biodegradation, weath-
ering, or other alteration processes. In the case of sediments from Jazovnik, Sna-
govo, Drina and Gucevo (Internal Dinarides), tricyclic terpanes have demonst-
rated easy applicability and strong predictive power for distinguishing deposit-
ional settings. This study analysed siliciclastic sediments exposed to prolonged
chemical weathering, influencing the distribution of hydrocarbons, and resulting
in highly abundant branched hydrocarbons and the presence of unresolved com-
plex mixtures (UCMSs). The abundances and interrelationships of tri- and tetra-
cyclic terpanes (Cyg—CyyTT, CoTT, Cp4TeT) showed valuable results. The triang-
ular diagram incorporating C,o + C5,%, C,;% and C,3% has proven particularly
effective in distinguishing between swamp, fluvial-deltaic, freshwater lacustrine,
and marine-saltwater lacustrine depositional environments. Once again, this
method clearly depicts different sedimentary environments, providing valuable
insights into the geological history of the studied area.

Keywords: chemical weathering; biodegradation; organic matter; branched alkanes;
unresolved complex mixture; paleoenvironmental settings.

INTRODUCTION

Reconstructing the conditions of paleoenvironmental deposition represents
one of the most difficult challenges in organic geochemistry. Traces of changes in
paleoenvironmental settings are preserved in molecular structures incorporated
into the organic matter (OM) of sedimentary rocks, representing the guardians”
of important information about biogeochemical transformations of OM. Therefore,
the application of specific organic-geochemical parameters based on the distri-
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bution and abundance of individual classes of saturated and aromatic hydrocarbons
is one of the most widely used approaches in interpreting paleoredox conditions,
paleoclimate and paleosalinity of the environment, which is most often in connect-
ion with other scientific disciplines such as stratigraphy, sedimentology, mineralogy,
petrography, efc. However, the reconstructions of depositional environments based
on organic proxies are often ambiguous or even impossible due to the intense and
prolonged chemical weathering that affects the distribution of hydrocarbons, res-
ulting in high relative abundances of branched hydrocarbons and the presence of
unresolved complex mixtures (UCMs).!-2 Only a few proxies are available for
assessing depositional environments, and they rarely allow unambiguous inter-
pretations. Among them, the tricyclic terpanes seem to be the most useful.2

The tricyclic terpanes are the organic compounds ubiquitous in sediments and
oils spanning the geological record.!-3 Their ubiquities and ability to participate in
solving a wide range of different geochemical and geological problems. Abun-
dance, clear origin and resistance to biodegradation (robustness) allow them to
have been widely applied in geochemical analyses to determine the oil-to-oil cor-
relations,# the oil-to-source correlations,>-¢ the thermal maturity,” as well as the
depositional environment characteristics® and the OM inputs.?~!! In the identify-
ing depositional settings, the specific tricyclic terpanes (e.g., Ci9 + Cpg, Co1,
Co3TT) are key for determining of the origin of OM: Cy3 TTs are often associated
with marine environments and can indicate the presence of planktonic organic
matter,!-3 Co TT is typically derived from the degradation of higher plant material,
such as terrigenous plants,” while Co,TTs are similar to C»TT also derived from
higher plant material, but can show variations based on the maturity and depo-
sitional environment.>

With all said, the idea behind this work is to reconstruct the depositional
settings using tri- and tetracyclic terpanes in sediments of Jazovnik, Snagovo,
Drina and Gucevo (Internal Dinarides) that have participated in three sedimentary
cycles and characterise the absence of preserved fossils. For this reason, the sedi-
ments that were exposed to prolonged chemical weathering, and almost all of them
contain over 50 % SiO,,were considered in this study.

EXPERIMENTAL
Geological settings

Upper Cretaceous—Eocene carbonate and siliciclastic sediments (Fig. 1) were formed as
sedimentary cover in two Internal Dinaridic domains: Jadar-Kopaonik and Drina-Ivanjica,!%13
close to the Sava zone. The Neoproterozoic-Carboniferous basement metamorphics,
predominantly belonging to green schist, facies comprise the Drina-Ivanjica domain while Jadar
unit consist of Paleozoic clastics and carbonates. These rocks are overlaid and are overlaid by
the Lower Triassic continental to shallow marine meta (clastics) and the Middle to Upper
Triassic shallow marine to basinal formations.!*!5 The Jadar-Kopaonik and the Drina-Ivanjica
thrust sheets are bonded by ophiolites and ophiolitic mélange of western Vardar tectonic unit or
thrust sheet.!216
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Fig. 1. Map of the investigated area, with localities that have been sampled.
Legend: 1. Jazovnik; 2. Snagovo; 3. Drina River; 4. Gucevo Mt.
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Methods

All analysed samples were crushed using a jaw crusher, pulverised in a mill, and later
sieved through a 63 um sieve.

The Soxhlet extraction method was used to isolate the soluble organic matter (bitumen).
An azeotropic mixture of dichloromethane and methanol (88:12 volume ratio) served as the
solvent. Elemental sulphur was removed by adding copper to the mixture. Afterwards, the satur-
ated hydrocarbon fraction was isolated from bitumen using column chromatography, using the
silica gel and aluminium oxide (in a 2:1 mass ratio) as the adsorbent, while n-hexane was emp-
loyed as the eluent. Subsequently, the total saturated fraction was analysed using gas chromato-
graphy—mass spectrometry (GC—MS) in total ion chromatogram (TIC) mode. This analysis was
conducted with an Agilent 7890A gas chromatograph equipped with an HP-5SMS column (30
mx0.25 mm, 0.25 pum film thickness, with helium as the carrier gas at a flow rate of 1.5
cm?/min), coupled to an Agilent 5975C mass selective detector. For a detailed analysis of alk-
anes, branched alkanes and tricyclic terpanes, the typical mass fragments were analysed: m/z
71, 127 and 191, respectively.

RESULTS AND DISCUSSION

The total ion current (TIC) chromatograms of an aliphatic fraction for most
investigated samples are characterised by the presence of an unresolved complex
mixture (UCM). The unresolved complex mixture often indicates matured organic
matter or a significant contribution of degraded or reworked organic matter.!-3 The
TIC chromatograms of the two representative samples are shown in Fig. 2. This
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distribution reflects prolonged chemical weathering to which the sediments from
Drina, Gucevo and Snagovo were exposed. The mentioned sediments passed
through three cycles of sedimentation (see Geological settings), which influence
hydrocarbon distributions, resulting in highly abundant branched hydrocarbons
and the presence of UCMs (Fig. 2).
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Fig. 2. Total ion currents (TICs) of investigated samples.

Further, n-alkanes are absent or present in low abundance in most samples,
except for P1-P8 (Jazovnik). In these samples, even homologs predominate with
amaximum at n-Cjgalkane (Fig. 3). At the same time, branched alkanes, monitored
using ion m/z 127, are present in all samples. These hydrocarbons have been iden-
tified in cyanobacterial cultures,!” as well as modern and ancient sediments asso-
ciated with cyanobacterial mat assemblages.!3-21 The highly abundant branched
alkanes in a large group of studied sediments suggest the presence of microbio-
logically reworked OM.
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Fig. 3. Fragmentograms of m/z 71 for n-alkanes and isoprenoids. n-Alkanes are labelled
according to their carbon number; Legend: Pr — pristane; Ph — phytane; * — 5,5-diethylalkanes.

However, the literature data indicate that tricyclic terpanes (TT) are signific-
antly more resistant to chemical changes and can be a reliable tool for determining
the depositional environment.!-3 For example, some studies show that the differ-
ence in the distributions of tricyclic and tetracyclic terpane (TeT) ratios can help dis-
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tinguish sediments and crude oils derived from different sedimentary environ-
ments. %09 In the aliphatic fraction, a series of tricyclic terpanes were identified,
including ConT, CleT, C22TT, C23TT, C24TT and C26TT, as well as C24TCT
and Cp¢TeT. The representative chromatograms of the m/z 191 ion are shown in
Fig. 4, while the geochemical parameters based on the abundance of certain tri-
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Fig. 4. C1g—Cy¢ TT distribution in m/z 191 mass chromatograms for representative samples.
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cyclic and tetracyclic terpanes are summarised in Table I. The C»3 tricyclic terpane
is typically the dominant homolog among C,g—C»3 tricyclic terpanes in Jazovnik
samples (P1-P8), where Co3TT > 50 % (Table I, Figs. 4-6). The Co3TT domin-
ation is characteristic of the marine, reducing marine carbonate setting or saline
lacustrine depositional environment.22-24 Since Jazovnik sediments are from the
Cretaceous—Paleogene boundary, it can be assumed that they were deposited in an
environment that is the remnant of a former sea or in a lake environment that often
resembles a marine sedimentation environment in its characteristics. Opposite to
the Jazovnik, most samples from Guéevo are characterised by a predominance of
Cyo and CpTT (Table I, Figs. 4—6). Domination of these tricyclic terpanes is
characteristic of terrigenous input.1-25 The other examined samples from Drina and
Snagovo are formed in a mixed depositional environment between continental and
marine depositional settings (Table I, Figs. 4-6).

TABLE 1. Organic geochemical parameters based on the abundance of tricyclic and tetracyclic
terpanes; Legend: TTs — tricyclic terpanes, TeTs — tetracyclic terpanes, C,q + Cy, (%) = 100(Cy
+ CpTTs)/(Cyp + Cyp + Cop + Cy3TTs), Cyp (%) = 100Cy TT/(Cyg + Cop + Cyp + Cp3TTs), Cas
(%) = 100C;TT/(Cyg + Cyy + Cyp + C3TTs)

Sam. Formation C23/C21TTS CZI/ConTS C20/C23TTS C24/C26TCTS C20+C22 (%) C21 (%) C23 (%)

Pl  Jazovnik 2.96 2.03 0.166 1.061 21.85 19.71 58.44
P2 3.72 4.22 0.064 1.082 18.55 17.25 64.20
P3 3.36 7.14 0.042 1.028 13.12 20.16 66.73
P4 3.31 3.39 0.089 0.863 17.58 19.11 63.32
P5 1.92 2.30 0.226 0.862 22.86 26.45 50.69
P6 1.80 1.16 0.477 0.591 30.96 24.62 4443
P7 1.93 2.61 0.198 1.190 21.48 26.82 51.70
P8 243 2.17 0.189 0.727 22.31 22.62 55.07
P9  Snagovo 1.55 0.73 0.885 0.667 39.78 23.58 36.64
P10 1.44 1.04 0.667 0.976 36.48 26.00 37.52
P11 1.64 1.66 0.368 0.606 28.39 27.17 4444
P12 1.48 0.84 0.807 0.480 42.14 2333 34.54
P13 0.00 0.00 0.000 0.000 0.00 0.00 0.00
P14 1.36 1.12 0.659 0.654 34.24 2791 37.85
P15 0.00 0.00 0.000 0.000 0.00 0.00 0.00
P16 1.17 0.55 0.910 0.338 39.37 27.96 32.67
P17  Drina 1.70 1.38 0.427 0.795 29.23 26.22 44.55
P18 1.88 1.19 0.445 1.044 30.45 2413 4542
P19 1.12 1.18 0.762 1.568 34.38 31.01 34.61
P20 1.86 1.42 0.379 1.852 28.20 25.13 46.67
P21 1.00 1.00 1.001 1.052 39.07 30.49 3043
P22 1.43 1.44 0.487 0.884 31.83 28.05 40.11
P23 291 1.51 0.228 0.805 24.11 19.42 56.47
P24 1.23 1.31 0.623 1.014 34.46 29.44 36.10
P25 1.50 0.75 0.890 0.962 41.06 23.61 35.32

P26  Gucevo 1.32 0.59 1.287 0.874 46.24 23.13  30.63
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TABLE I. Continued
Sam. Gucevo C23/C21TTS Czl/C20TTS C20/C23TTS C24/C26TCTS C20+C22 (%) C21 (%) C23 (%)

P27 0.97 0.53 1.942 0.000 51.05 24.80 24.15
P28 0.93 0.71 1.515 0.647 46.00 2791 26.09
P29 1.35 1.10 0.674 0.857 34.37 27.98 37.65
P30 1.09 0.55 1.680 0.607 51.14 23.39 2547
P31 1.63 0.86 0.712 2.400 3491 2479 40.30
P32 1.68 0.72 0.830 0.789 42.19 21.56 36.25
P33 1.27 0.78 1.006 1.522 41.31 25.83 32.86
P34 1.30 0.73 1.059 0.900 45.79 23.60 30.62
P35 1.18 0.66 1.289 0.890 45.48 25.04 29.47
P36 1.82 1.27 0.431 0.838 29.89 24.85 45.26
P37 1.32 0.92 0.826 1.371 38.45 26.58 34.97
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Fig. 5. The cross plots of Cy3/Cy; vs. Cyy/Cos
TTs and C,3/Cyy vs. Cyo/Cyz TTs for invest-
igated samples.
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A recent study introduced a ternary diagram that enables the differentiation of
depositional environments of sediments based on the analysis of Cj9—C»y3
TTs. %1126 In general, the rocks with abundant terrigenous organic matter input
exhibit higher concentrations of C19TT and Cy¢TT, while a predominance of
Co TT characterises sediments deposited in freshwater lacustrine environments.©
A slightly modified ternary plot (CoTT +Cy¢TT, Co;TT and Cp3TT, Fig. 6)
suggests that Jazovnik sediments fall within zone IV, indicating a brackish/marine
depositional environment. Some Drina samples belong to the same zone, while
others are within zone III, indicating a mixed floodplain/freshwater lacustrine
depositional environment. In contrast, the Gucevo samples fall within zone II,
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indicating the fluvial-deltaic depositional settings. Besides, the most of Snagovo
samples overlap between the Zone III (floodplain/freshwater lacustrine
environment) and the Zone IV (brackish/marine environment).
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Fig. 6. A triangular diagram of C20+C22TT,
C21TT and C23TT depicting distinct dep-
ositional settings. Legend: [ — Swamp facies,
I — Fluvial deltaic, IIT — Floodplain/fresh-
water lacustrine, IV — Brackish/marine (mod-

B T A B ified and adapted from Xiao et al., 2019¢, Bao
Cypn TT (%) C,TT (%) etal., 2023, and Xiao et al., 2024)10.11.26
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The distribution of tri- and tetracyclic terpanes indicates that the examined
sediments were deposited in distinct depositional environments. The sediments
from Jazovnik were formed in brackish/marine depositiional environments, while
the sediments from Gucevo were deposited under continental fluvial-deltaic
settings. On the other hand, the transitions in sedimentary conditions were
observed during the formation of the Drina and Snagovo sediments. For some
sediments, a salt enrichment within the alluvial system was noticed.

Moreover, the cross-plots of C»3/Cy1 vs. Co9/Cp3 TTs and Cy3/Cpq vs. C0/Co3
TTs (Fig. 5) and the ternary diagram C19—C»3 TTs (Fig. 6) more reliably depicted
paleoenvironmental settings under which investigated sediments were formed.

CONCLUSION

The study focused on tracking changes in hydrocarbon distributions of
siliciclastic sediments from Jazovnik, Snagovo, Drina and Gucevo (Internal Din-
arides) exposed to prolonged chemical weathering. A large group of studied sedi-
ments participated in three sedimentary cycles, containing over 50 % SiO, and are
characterized by the absence of preserved diagnostic fossils. Biodegradation,
chemical weathering and/or other alteration processes influenced the distribution
of hydrocarbons, resulting in highly abundant branched hydrocarbons and UCMs.
In such cases, tri- and tetracyclic terpanes proved susceptible to transitions in
paleoenvironmental settings since they are well-known for their resistance to the
above-mentioned processes.

The results showed that tri- and tetracyclic terpanes effectively determined the
changes in the depositional environments of examined sediments. The sediments
from Jazovnik were formed in the brackish/marine lacustrine depositional envi-
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ronments, while the sediments from Gucevo were deposited under continental
fluvial-deltaic settings. On the other hand, the transitions in sedimentary conditions
were observed during the formation of the Drina and Snagovo sediments, which
resulted from the salt enrichment within the alluvial system. The conditions were
changing between the floodplain/freshwater lacustrine and brackish/marine. Once
again, this approach clearly demonstrates the differences in depositional settings
of the Jazovnik, Snagovo, Drina and Gucevo sediments, offering some valuable
insights into the geological history of the studied area.

Acknowledgments. The study was partly financed by the Ministry of Science, Techno-
logical Development and Innovation of the Republic of Serbia (Contract numbers 451-03-
136/2025-03/200026 and 451-03-136/2025-03/200168).

U3BOJ
PEKOHCTPYKLHWJA CPEOUHE TAJTOXKERBA EPOOOBAHUX CUJIMIUKITACTUYHHNX
CEOMMEHATA UHTEPHUX TUHAPUJA HA OCHOBY PACIIOOEJIE U OBUJIHOCTHU TPHU-
U TETPATUKIIMYHUX TEPITAHA

VIBAHA JOBAHUR!, AJIEKCAH/IPA LIAJHOBUR?, CAFA CTOJAIIMHOBUR?, HUKOJIA BYPA3EP?,
BOJAH I[TIABALI-TPBUR' 1 BPAHUMUP JOBAHUUYEBUR?

Teonowku 3asog Cpbuje, Posurcka 12, 11000 Beoipag, *Ynusepsutieii y Beoipagy, HHCTRUMmY T 3a XeMUjy,
wexHoNoTujy u memanypiujy, Fbetowesa 12, 11001 Beoipag u *Ynusepsuiiei y Beoipagy, Xemujcxu
Qaxynitein, Cuygentticku twpi 12—16, 11001 Beoipag

Osa cTynuja ucnuryje MmoryhHocT koprirhema TpU- M TETPaLIMKIMYHHX TEpPIaHa 3a kapak-
TEpU3alLHjy CpeArHe TaJloXewa cequMeHaTta KOju HeMajy odyBaHe pocuiie U udja je pacrogena
OuomMapkepa HapylleHa OMOpasrpaliboM WIM APYTMM IpoliecMMa. AHalHW3UPaHU Cy CHIIULIMK-
JIACTUYHU CeNUMEHTH KOju Cy OWIM H3/I0KEHH ITPOLYKEHOM XEeMHjCKOM M aTMoc@epcKkom
IielioBaiby Ha CTeHe, Koje je yTHLalIo Ha pacrogeny yriboBogoHUKa. To je pe3ynTHpano BUCOKOM
obunHowhy pasrpaHaTHX YIJbOBOZOHHUKA U IPUCYCTBOM HEPa3fiBOjeHe KOMIIEKCHE CMellle jefu-
mewa (UCM). U3 Tor pasnora je penaTtHBHa OOMJIHOCT M Pacnofiesia TPH- U TETPaLHKINYHUX
TeprnaHa (Cz0—Ca4TT, Ca6TT, C24TeT), ka0 pe3sucTeHTHUX OHoMapkepa,kopuinheHa 3a MpoLeHy
yCIoBa TajIoKewa. TpUaHryIapHu oujarpaM Koju ykisyuyje Czo + C22%, C21% u C23% mokasao ce
nocedHo epuKaCHUM 3a Pa3THUKOBake MOUYBapHeE, ITyBHjaTHO-E/ITHE, CJIATKOBOJHE U MOPCKO-
-C/laHe jesepcke cpepuHe cenumeHTtanuje. OBaj MPHUCTYT je jaCHO pasrpaHUYHO Jeno3UloHe
CpenvHe cefuMeHaTta M3 JasoBHMka, CHarosa, [JpuHe u I'yueBa (yHyTpammsu JuHapuou), npy-
*ajyhu BpefaH yBu[ y T€0JIOIIKY UCTOPHjy IPOy4YaBaHOr 0pyyja.

(TTpumisero 27. neuemdpa 2024, pesunupano 4. dedpyapa, npuxsahero 11. anpua 2025)
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