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Pesiome. S1axoBu mpobu OT MOCICIOBATENIHOCT HA JUTHUTH M MBIACTOYHU C BapHALUH B 3PEIOCTTA HA OPTaHUYHOTO BEIIECTBO OT
coHiax B pyaHuk TpostHoBo-3 (,Munn Mapuna-u3tok* EAJl) ca aHalu3MpaHy C 1€ U3CIIeBaHe pa3lpe/ieIeHUETO Ha eJIeMEHTHTe-
crnenu. Bewuku enementu ¢ n3kmouenue Ha Hg u Th mokasBaTt efuH MONOXKUTENCH BPBX B TAXHOTO paslpelelcHue, HO Ha Pa3IndHU
Ib160unHE. MonubaeHsT 1 Ni oka3BaT MaKCHMAaJIHH CTOMHOCTH B IbI0OKHTe HHBa (52,6-53,0 m). XKenszoro, V, As, Hg, Zn, U n Th
ca ¢ Hail-BUCOKH cToiHOCTH TpH 29,3-29,5 m. OnoBoro u Cu ChIIO MOKAa3BaT MAKCUMYMH, HO Ha Manka JabndoodnHa — 19,2-20,1 m. B
CpaBHEHHE C KJIApKHUTE 32 BBIVIMIIA HUCHK PaHT U CEIMMEHTHH CKaJIH, BCHYKH H3MEPEHHU CTOIHOCTH Ca MHOTO T10-BHCOKH, HO B CPaBHECHHE
CbC CTOHHOCTUTE 34 IUTHUTHH BBIVIUINA U YePHU IIHHH OT V3TouHOMapuIIKys 6aceiiH MOBEYeTO eIEMEHTH HOMaAaT B OIM3bK AUAMa30H.
Jlumcara Ha Kopeamys MeXIy OOIIHs OpraHUYeH BBITIEPO]] M BCUUKH €JIEMEHTH-CIICAN Pe/oiara, 4e TeOXHMHIHOTO UM MOBEICHHE Ce
pasnuyaBa OT TOBa Ha OPraHUYHO CBBp3aHHTE eneMeHTH. CuitHuTe monoxuTeaHu kopenanuu Ha Fe ¢ V, Ni, Cr, As u Mo npeanonarat
BKJIFOYBAHETO MM B Kele3Ha cyiadunHa paza. Cunante nonoxurenan kopenanun Ha Al ¢ Ni, Co, Mo u U u crabata xopenamus Al-V
IpeanosaraT TepUreHHa W/uii copbupana Gopma Ha OPHCHCTBHE. Bpb3kaTa Mexy )KUBaka U OOMIUS OPraHUYCH BBIVICPOJ, IEMENTa,
csipata M ypaHa He ¢ ¢JJHO3HAa4YHA M IOTBBPXKIaBa KOMIUIEKCHHs a¢uHuTeT Ha Hg. Hamara xunoresa 3a mosumeHa 3penoct Ha OM B
pe3yiTaT Ha BIMSHUETO Ha BB3XOMAIIN XUAPOCYI(UIHN Pa3TBOPU TyK Oelle MOAKPEeNeHa OT AU(EpeHIMANUiTa Ha eIeMEHTUTE-CICIN
Ha Pa3IMIHN JbJIOOUHHH.

Kntouosu Oymu: pasnpeznenenne u audepeHIpanis Ha eIeMEHTH-CIIEN, YBEINYeHa 3peJIOCT Ha OPraHMYHOTO BEILECTBO,
MOCJIEZI0BATEIIHOCT OT JIMTHUTH U MBJICTOYHH, COHAQKHN 00pa3iyl OT PyIHUK ,,TposHoBo-3%, ,,Muun Mapuna-usrok* EA/L.

Abstract. Drill core samples from a lignite-mudstone succession with variations in organic matter maturity from Troyanovo-3 Mine
(Mini Maritsa Iztok EAD) were analyzed for trace element contents. All elements except Hg and Th show one positive spike in their
distribution, located at different depths. Molybdenum and Ni peak at the deep level (52.6-3 m); Fe, V, As, Hg, Zn, U, and Th peak at
29.3-29.5 m; Pb and Cu peak at shallow depth — 19.2-20.1 m. All measured concentrations are much higher than the Clarke for low rank
coal and sedimentary rocks and comparable with published data for black clays from Troyanovo-3 Mine. The lack of significant correlation
between total organic carbon and all analyzed trace elements points to other hosts for the trace elements. The strong positive correlations
found for Fe and V, Ni, Cr, As, and Mo suggest incorporation of these elements into Fe sulfide phase(s). The strong positive correlations
for Al and Ni, Co, Mo and U, and a weak correlation between Al and V suggest a terrigenous and/or sorbed form of presence. The lack of
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a strong correlation between mercury and total organic carbon, ash, sulfur and uranium confirms the well-known complex Hg affinity. Our
previously outlined hypothesis for OM enhanced maturity as a result of ascended hydrosulfide injection is here further supported by the

trace element differentiation at different depths.

Keywords: trace element distribution and differentiation, enhanced organic matter maturity, lignite-mudstone succession,

Troyanovo-3 Mine core samples, Mini Maritsa Iztok EAD.

Introduction

The current study is based on drill core samples from
Troyanovo-3 Mine lignite-mudstone sequence. In
this sequence, Milakovska et al. (2022) reported
for the first time in the Maritsa Iztok lignite field
(Bulgaria) variations in organic matter (OM) matu-
rity. Elevated OM maturity in the lowermost sample
(59.60 m depth) was evidenced by hopane distribu-
tions, i. e. Ts/(Tm + Ts), homohopane H; index,
hopane ratios (H,,;/H;, and H,,/H,,,). These vari-
ations are ascribed to interaction with hot ascending
hydrosulfide fluids (Milakovska et al., 2022).

Trace elements (TE), and Hg in particular, have
a strong affinity for OM, which is usually marked
by significant TE and Hg enrichments in organic-
bearing deposits in comparison to background sedi-
ments (Cherbonnier et al., 2020). While the effects
of incipient weathering on sedimentary Hg have
been investigated (Park et al., 2022), the impact
of thermal maturation of organic matter on trace
elements distribution in sedimentary basins has
not been systematically studied (Indraswari et al.,
2024). Here we explore the influence of thermal
maturation on sedimentary TE using the core sam-
ples utilizing key inorganic geochemical proxies
by whole-rock geochemistry. By investigating TE
concentrations in addition to OM geochemical char-
acteristics in a stratigraphically constrained interval
in a bore-hole from Troyanovo-3 Mine, we exam-
ine the role of thermal maturation as a key factor in
post-depositional TE mobility in the sediments. The
new data additionally support our findings that hot
reducing fluids that formed sulfide mineralization
in fractures may have been responsible for the ther-
mal alteration of the organic matter and the trace
element enrichment.

Geological Setting

The Maritsa Iztok Basin (MIB) occupies the eastern
part of the intraorogenic Thracian Basin (Dabovski,
Zagorchev, 2010). The basin development and fill-
ing were coeval with Late Neogene extension that
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formed subequatorial Neogene—Quaternary pull-
apart depressions (Burchfiel et al., 2000). The tec-
tonic structure of the MIB comprises a pre-Miocene,
highly disintegrated basement that is a fragment of a
Meso-Alpine collisional orogeny, and a Upper Mio-
cene—Pliocene cover (Boyanov, Goranov, 2001).

The Upper Miocene—Pliocene sedimentary in-
fill of MIB consists from bottom to top of: the Up-
per Miocene Maritsa Formation (Fm.) (Kamenov,
Panov, 1976), the Pliocene Gledachevska Fm. (Ne-
dyalkov, Kojumdgieva, 1983; Nedyalkov, Rachev,
1990) and a Pliocene formation of dispersion clays
(Nedyalkov, Kojumdgieva, 1983). The lignite-
bearing sequence (Maritsa Fm.) comprises a coal
basement of grey-black mudstone, fine- to coarse-
grained sand, and three lignite seams separated by
black clay-blended coal, coaly shale and mudstone.

The Troyanovo-3 (Tr-3) Mine has complex
geological and engineering-geological features dis-
covered with the progression of mining. Compared
with the other two mines operating in the MIB, Tr-3
Mine has specific: (i) basement structure; (ii) posi-
tion of coal in the sequence; (iii) ongoing active tec-
tonic processes; and (iv) contoured areas where no
coal seams were crossed during drilling. Other nota-
ble characteristics include mud volcanoes (Velchev,
1953), H,S emission and hot underground water
(Velchev, 1958; Nedyalkov, 1983). The sediments
of Maritsa Fm. cover an uneven, most likely tecton-
ically deformed and dismembered basement (Nedy-
alkov et al., 1982) as corroborated by the positive
tectonic structures described by Vladislavov and
Milakovska (2019). The basement consists of Pale-
ozoic gneiss and gneiss-schist and Triassic lime-
stone, dolostone, and low-grade metamorphosed
conglomerate (Nedyalkov, 1983).

Samples and methods

Powdered aliquots of seven non-ashed drill core
mudstones from Troyanovo-3 Mine (Table 1) used
in our previous study (Milakovska et al., 2022) were
analyzed here for Fe and Al using a Varian Vista
MPX Simultaneous apparatus, and for selected



Table 1

TOC, mineral content and hopane distributions in the studied core samples from Troyanovo-3 Mine (from Milakovska et al., 2022)

Tabnwuma 1

debpolcaﬂue Ha opeanu4en 6b2ﬂep0(), MUHepalen cbcmae upa3npe()eﬂeHue Ha Xonanume 6 uzCie08anume s0Ko6uU 06pa3uu om

conoaoic 8 pyoHux ,, Tposinoeo-3*“ no Milakovska et al. (2022)

Biomarker parameter

Sm. Ne Mudstone* D(irl);h (;l;?(g) ) XRD data H,,,,S/ Ts/ H,,/
(StR)**  (Ts+Tm) H,,,
Tr-3-1 mudstone 12.7-12.9 nd I/S, kaol, quartz nd nd nd
Tr-3-4 coaly mudstone 18.4-18.5 31.13 Chl, I/S, kaol, quartz 0 0 11.0
Tr-3-5 carbonaceous mudstone  19.2-20.1 5.13 I/S, I/Ms, kaol, quartz 0 0 7.4
Tr-3-8 mudstone 24.1-24.3 1.31 I/S, kaol, Py nd nd nd
Tr-3-15 carbonaceous mudstone  29.3-29.5 10.01 I/S, kaol, quartz, Py 0 0 10.6
Tr-3-38 carbonaceous mudstone  52.6-53.0 16.27 1/S, chlorite, kaol, quartz 0 0 15.1
Tr-3-38s sulfide veinlet 53.20 0 quartz, Py, marcasite (tr.) nd nd nd
Tr-3-43  carbonaceous mudstone ~ 59.1-59.2 3.31 quartz, 1/S, kaol, Py 0 0 10.2
Tr-3-44 mudstone 59.5-59.7 0.77 I/Ms, quartz, Py, gypsum 0.3 0.29 2.0
Tr-3-45 sulfide veinlet 60.20 0 I/Sm, kaol, Py, quartz nd nd nd

TOC: total organic carbon; H: hopane; Ts: 18 (H)22,29,30-trisnorneohopane; Tm: 17 (H)22,29,30-trisnorhopane; nd, not de-
termed; Chl, chlorite; I/S, illite/smectite; I/Ms, illite/muscovite; kaol, kaolinite mineral; Py, pyrite; tr, traces
* Mudstone term is according to the “Nomenclature and Description Guidelines” introduced by Lazar et al. (2015)

**H;,,5 S/(S+R) = Homohopane index (HomoH)

TOC: 06m opranmdeH Beriaepos; Biomarker parameter — GmoMapkepeH mapamersp

H: xoman; Ts: 18 ,(H)22,29,30 — tpucuopreoxoman; Tm: 17 (H)22,29,30 — tpucHopreoxonan; nd — HeonpenensH; Chl — xmopur;
I/S — unut/cmextut; I/Ms — nnut/myckosur; kaol — kaonuunToB Munepai; Py — nuput; tr — crenu

* MBJICTOYH — TEPMHUHBT € U3II0JI3BaH ChIIacHO HacokuTe 3a HOMEHKIIaTypa U onicanue, myonnkysanu ot Lazar et al. (2015)

** H31ap S/(S+R) — XOMOXOIaHOB HHIEKC

trace elements (As, Pb, Cu, Zn, Mo, Cr, Ni, Co, V,
U, Th) using a LA-ICP-MS on pressed rock powder
pellets. The LA system in the Geological Institute
at Bulgarian Academy of Sciences consists of a
193 nm ArF excimer laser (ATLEX-LR, Germany)
linked to a Perkin-Elmer ELAN DRC-¢ quadrupole
inductively coupled plasma mass spectrometer. Ad-
ditionally, we measured the Hg content in nine non-
ashed drill core mudstones and two ~5-mm-thin
pyrite-bearing veinlets (Table 1) crossing the mud-
stones. Mercury abundances were measured using a
Dual-cell Double beam DMA-80 Evo direct mercu-
ry analyzer (Milestone, Inc.) in the Geological Insti-
tute at Bulgarian Academy of Sciences; the analyti-
cal setup and method details are given in Georgiev
and Bidzhova (2023). Enrichment coefficients (EC)
according to Ketris and Yudovich (2009) were cal-
culated to estimate the enrichment or depletion of
particular elements.

Results

The abundances of the analyzed elements have
an overall homogeneous depth profile. However,

specific TE are notably elevated in certain samples
(Fig. 1). For example, Mo and Ni are enriched in
sample Tr-3-38 (52.6-53.0 m); Fe, V, As, Hg, Zn,
U, and Th in sample Tr-3-15 (29.3-29.5 m); Pb
and Cu in sample Tr-3-5 (19.2-20.1 m). The Hg
content is also relatively high in sample Tr-3-4
(18.4-18.5 m) and Th content — in sample Tr-3-5
(19.2-20.1 m). Compared with the Clarke values
for low rank coal and sedimentary rocks (Ketris,
Yudovich 2009), all measured TE concentrations
are notably higher. However, most values fall in
the same range as in previously reported trace el-
ement contents in black clays (Yossifova et al.,
2018) from Troyanovo-3 Mine. Mercury contents
are higher than previously reported Hg contents
for black clays from Troyanovo-3 Mine and Marit-
sa Iztok lignite (Yossifova et al., 2017) and from
the average Hg value of 300 ppb for Bulgarian
high-sulphur coal (Kostova et al., 2020). Mercury
in pyrite bearing veinlets (323—476 ppb) is simi-
lar to the lower Hg values (400 ppb) reported by
Dimitrova et al. (2023) for pyrite in blue silty clay
from the bottom part (109.4 m) of the Troyanovo-
North Mine bore-hole (Mini Maritsa Iztok EAD).
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Fig. 1. Trace element depth distribution in the core samples from the Trojanovo-3 Mine borenole (Mini Maritsa Iztok EAD,
Bulgaria. Data for samples position and TOC are from Milakovska et al. (2022). Coarser diamonds in Hg log represent Hg content

in pyrite veinlets.

@ur. 1. Pa3npenesieHne Ha eJleMeHTHTe-CJIeH B H3C/IeIBAHATE SI/IKOBH MPOOM OT COHIAK B PYAHHUK ,, TposinoBo-3“ (,, MuHu
Mapuua-uzrox EAJI, Brarapusi). JlaHHATE 3a TOJI0KEHUETO HA TPOOKTE U OOIIOTO ChABPKAHNE HA OPTraHUYCH BBIJICPOJI Ca MO
Milakovska et al. (2022). [To-enpure poMOOBe B pa3NpeieICHUETO Ha )KUBAKA IIPEACTABAT ChABPKAHUETO Ha )KUBAK B TUPUTHHUTE

JKUIIKH.

The calculated enrichment coefficients defined
as “TE concentration compared to Clarke for sedi-
mentary rocks” (Ronov et al., 1990 in Ketris, Yu-
dovich, 2009) reach maximum values of 12 for Hg,
14 for Mo, 20 for As, and 22 for Zn.

Discussion

Based on inorganic proxies like low Mo (<50 ppm)
and V (<200 ppm) contents; U/Th ratio between
0.15-0.55 (<0.75) and V/V+Ni ratio between
0.015-0.034 (<0.45) (Jones, Manning, 1994; Mou-
ro et al., 2017), the depositional conditions for the
sediments are characterized as oxic. However, ac-
cording to the V/Cr ratio (close to 2) and the ele-
vated values for redox-sensitive trace elements like
U, V, Th, Ni, Zn, and Pb our samples indicate an
oxic/dysoxic environment. On the other hand, the
samples fall in the anoxic to euxinic area on a U/Th
vs. V/V+Ni plot.

No significant correlation was found between
the following redox sensitive elements and ratios:
Th/U and Ni/Co vs. V/Cr; Mo and Th/U vs. V/V+Ni;
Th/U, Hg and Mo vs. TOC (total organic carbon).
TOC is not correlated with other trace eclements,
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pointing to additional trace element host next to the
organic matter. Strong positive (higher than 0.80 at
95% level) correlation between Fe and V, Ni, Cr,
As, and Mo suggest incorporation of these elements
into Fe sulfide phase(s), whereas a less pronounced
correlation between Fe and Al hints to some of the
Fe being present in alumosilicate minerals. The
strong correlation between Al and Ni, Co, Mo and
U, and a weaker one between Al and V point to a
terrigenous source and/or sorbed form for these met-
als. The absence of notable correlation between Al
and Pb, Cu, Zn, Cr, Th, and As indicates that they
are not primarily controlled by the amount of clay
minerals, even if some of these trace elements are
probably adsorbed onto clays. The maximum values
for TOC and Hg coincide only for Sm. Tr-3-18.40.
Not all samples with high TOC have consistently
elevated mercury concentration, but generally, the
samples with the lowest TOC have low Hg content.
The overall lack of significant correlation between
TOC and Hg suggests that at least some of the mer-
cury can be attributed to an inorganic source, or that
Hg is unevenly enriched only in specific organic
compounds and is therefore not correlated to the
bulk TOC. The lack of significant correlations be-
tween uranium, ash and sulfur supports the latter hy-



pothesis. The variations in the relationship between
mercury and TOC in the samples studied confirm
the known complex Hg affinity (e.g. Grasby et al.,
2013; Percival et al., 2018), presumably a function
of the type of the organic compounds in addition to
the available sulfides and clays with which mercury
can be deposited.

The “discrepancies” found using established
geochemical proxies and correlations for most
samples could be explained by variations in the
OM compounds, by the substantial clay content of
the rocks, by alternating oxic-dysoxic depositional
conditions and/or by post-depositional epigenetic
processes.

The potential mechanisms forming the TE peaks
in the sequence (Fig. 1) could be: i) fluid remobi-
lization; ii) volcanism; iii) remobilization of sedi-
mentary TE due to wildfires; or iiii) changes in the
weathering environment. In our case, a hypothesis
that changes in local bioproductivity and/or OM
flux to a water body strongly influenced rates of TE
accumulation, evidenced by positive correlation be-
tween TE and total OM, may be valid only for the
maximum TOC and Hg values for sample Tr-3-4
(18.4-18.5 m). Only for this sample, a predominant
organic association of Hg is likely. The lack of Al-
Hg correlation precludes significant Hg absorbance
onto clay minerals in the water column. Although
there is no notable Fe-Hg correlation in the studied
mudstones, sample Tr-3-15 (29.3-29.5 m) has el-
evated Fe, Mo, V, As, Zn, Cr, Ni and Hg contents,
suggesting euxinic conditions caused local TE and
Hg drawdown (Cherbonnier et al., 2020). The sorp-
tion capacity of fusain could not be an additional
source of TE enrichment, because the Hg content
in fusain (200 ppb), even though the highest among
the different coal lithotypes from MIB (Yossifova
et al., 2017), is lower than the Hg content that ex-
ceed 500 ppb in samples Tr-3-4 (18.4—18.5 m), Tr-
3-15(29.3-29.5 m) and Tr-3-35 (49.2-49.3 m).

For sample Tr-3-15 (29.3-29.5 m) a predomi-
nant inorganic (sulfide) association followed by
an organic association of TE could be outlined.
Samples Tr-3-43 (59.1-59.2 m) and Tr-3-44 (59.5-
59.7 m) with thermally affected OM have elevated,
but not anomalous, values for Mo, Zn, Pb and Cu
and high enrichment coefficients (EC) for Hg, Mo,
Cu and Zn. Sample Tr-3-38 (52.6-53.0 m) inter-
preted by Milakovska et al. (2022) as affected by
OM mobilization, transport and fractionation as a
result of wash-out processes has elevated values for

Ni, V and Mo and low EC probably due to TE re-
mobilization.

Our hypothesis for TE transport and enrichment
in the studied mudstones from Troyanovo-3 Mine
is based on enhanced OM maturity (Sm. Tr-3-43,
Tr-3-44) found by hopane distributions (Milakov-
ska et al., 2022), and on pyrite formation in vein-
lets at the deeper levels and TE differentiation, in
the present study. The described features together
with the mud volcanoes, H,S emission and hot un-
derground water mentioned by Milakovska et al.
(2022) are related to the specific tectonic position
and basement structure of Troyanovo-3 Mine. All
the factors lead to pre-, intra- and post-basinal tec-
tonic activities that generated faults, fractures and
ascending hot reductive fluids infiltration. Accord-
ing to Abarghani et al. (2020), remineralization
and decomposition of OM with thermal maturity
could release sulfur as a source of thermogenic
H,S, which could accelerate pore water/rock inter-
action and authigenic Fe-sulfides formation. The
accompanying H,O, CO,, and H,S generation from
both the organic matter and clay phases might also
play a role in TE mobility and deposition. TE dif-
ferentiation and deposition at different levels was
probably temperature dependent. Mercury differ-
entiation from the other TE can also be favored by
the declining temperature of the fluids, as Barnes
et al. (1967) experimentally found that cinna-
bar solubility in the hydrosulfide solution passes
through a maximum somewhat above 100 °C, and
the hydrothermal separation of Hg from Zn, Cu,
and Pb is nearly complete, probably as a conse-
quence of very low solubility of the sulfides of the
latter metals.

Conclusions

In this study, we report the first elevated TE (includ-
ing Hg) contents in an altered carbonaceous mud-
stone succession from a borehole of Troyanovo-3
Mine in Maritza-Iztok coal field. Our results sup-
port the hypothesis of Milakovska et al. (2022) for
hot fluid injection as a possible trigger of the OM
thermal alteration and TE mobility and enrichment.
In constraining the effect of thermal alteration on
specific trace elements distribution the authors will
add TE data on a denser sample dataset, and search
for establishing the main host phases of TE and Hg
in the sediments.
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