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Abstract This study comprises the relationship between
organic matter (OM) and gold occurrence using two dis-
tinctive ore deposits of the Bakyrchik gold-sulfide deposit
(Kazakhstan) and Western Mecsek uranium ore deposit
(Hungary). The two ore deposits are identified as organic-
rich sedimentary formations linked to the Variscan gold
cycle globally. Characterizing OM is essential because it
can act as a carrier for gold, influencing its distribution
and behavior within the deposit. Understanding the nature
and distribution of OM can provide insights into the pro-
cesses of gold deposition and help optimize exploration
and extraction strategies in mining operations. The primary
objective is to characterize OM by identifying its elemental
composition, thermal maturity, functional groups, and solu-
ble fractions; and extract gold from OM using a two-step
sequential extraction method (hydrogen peroxide and aqua
regia) combined with geochemical techniques. Analytical
and experimental results from samples of both ore deposits
indicate the presence of finely disseminated solid bitumen
and reworked vitrinite, originating from thermally matured
(RmcRo%—3.76 in Bakyrchik; Ro%—2.25 in W-Mecsek)
terrigenous high plants. Both deposits exhibit extremely
low extractable bitumen yield and TOC (0.34% in Bakyr-
chik; 0.25 wt% in W-Mecsek), characterized by an aromatic
carboxylic acid organic structure and a composition rich in
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sulfur-containing (1.17% in Bakyrchik; 5.81% in W-Mecsek)
aromatic hydrocarbons. Gold occurrence and enrichment
within OM were confirmed through the sequential extraction
method employing ICP-OES and LA-ICP-MS techniques.
The sequentially extracted gold content from OM reached up
to 3 ppm in Bakyrchik and up to 3.28 ppm in Western Mec-
sek, accompanied by Ag (ranging from 0.01 to 0.32 ppm).
Higher concentrations of Au (4 ppm) and Ag (27 ppm) were
extracted from residue materials, which are likely associ-
ated with sulfide minerals. The presence of gold in OM was
further validated using LA-ICP-MS. Gold bonding within
OM structure, gold is preserved in the form of lattice gold
or structurally bonded metal most likely within the aromatic
hydrocarbon fractions of the OM in both the W-Mecsek and
Bakyrchik deposits. These findings underscore the profound
potential of ongoing exploration endeavors, offering pivotal
revelations regarding the extraction and practical applica-
tion of Au and Ag derived from OM within the geochemical
framework of both ore deposits.

Keywords Bakyrchik - Western Mecsek - Solid bitumen -
Reworked vitrinite - Gold

1 Introduction

Research by various authors such as Goldschmidt and
Peters (1933), Noddack (1936), Burnet (1986), Finkel-
man and Brown (1991), Meitov and Rodionov (1993),
Seredin (2008), and Seredin and Finkelman (2008) has
shed light on gold mineralization associated with organic
matter (OM)-rich rocks. These rocks, often found in
sedimentary basins alongside various compositions of
granites, volcanic rocks, shales, and limestones, exhibit
significantly higher concentrations of precious metals
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than typical values, indicating the economic potential for
primary extraction or by-product recovery. Bowell et al.
(1999) found OM in the Getchell mine (Nevada, USA)
with 2-3 ppm Au. Emsbo and Koenig (2007) reported
veins of reworked organic matter in the El Rodeo deposit
(Dominican Republic) containing up to 100 ppm Au. Hall-
bauer (1986) described gold intimately associated with
hydrocarbons in the Witwatersrand (South Africa), with
an average whole rock grade of 5-7 ppm Au.

The widespread enrichment of gold within organic-rich
sedimentary formations is related to the Carboniferous
Variscan cycle, during which gold was cycled into organic-
rich reservoirs globally (Parnell 2019). This mineraliza-
tion, occurring between 410 and 310 Ma, extended over an
impressive distance of 10000 km from the Appalachians to
China. The Variscan orogenic gold cycle also includes two
distinct regions of Central Europe (Hungary) and Central
Asia (Kazakhstan), which are the current interest of this
study. Parnell (2019) regarded these regions as a signifi-
cant gold occurrence associated with the global coal depo-
sitions of Variscan gold formation in the Late Palaeozoic
age, around 300 million years ago. In Central Europe, gold
mineralization takes the form of palacoplacers spread across
numerous basins, enriching coalified plant material. This
gold presence is often accompanied by a diverse mix of sil-
ver, mercury, platinoids, and selenium (Malec et al. 2012;
Franus et al. 2015). While, in Central Asia, gold minerali-
zation is associated with sedimentation within coal-bearing
sandstone and mudstone sequences. Here, gold is situated
within carbonaceous sediments and cross-cutting quartz
veins, exhibiting heightened concentrations adjacent to
thrust surfaces (Levitan 2008).

Two distinct ore deposits linked with organic matter (OM)
have been selected from specific regions: the Bakyrchik gold
deposit in Kazakhstan and the Western (W) Mecsek uranium
ore deposit in Hungary.

According to authors (Rafaylovich et al. 2011; March-
enko and Komashko 2011; and Azerbaev and Zhautikov
2013), gold within the Bakyrchik gold deposit is enriched
within OM in the form of nanostructured particles, along
with arsenic sulfide minerals that are embedded in organic-
rich sedimentary rocks. The presence of gold in OM within
the Bakyrchik deposit emphasizes the importance of con-
ducting further research.

Numerous publications concerning the organic-rich ura-
nium ore deposit of W-Mecsek, such as those by Szalay
(1954), Benkd & Szadeczky-Kardoss (1957), Szalay and
Almassy (1956), Kiss (1958, 1960), Odor (1969), Varga
et al. (1972), Kadas (1983), Selmecziné and Vincze (1986),
Barabas and Konrad (2000), and Barabas (2010), have high-
lighted the association of gold within organic-rich uranium
ore deposits in Hungary. Kadas (1983) specifically noted
gold concentrations of up to 2 ppm in the Mecsek area.
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Despite the wealth of both ore deposits within OM, the
deposits remain relatively unexplored regarding interna-
tional publications, with a limited focus primarily on petrol-
ogy, geochemistry, and gold extractions concerning OM.

The primary objective of this study is to offer new
insights and concepts concerning OM characterization, gold
geochemical extraction from OM, and identifying potential
gold exploration within OM in these ore deposits. This will
be achieved through 1) determination of the total organic
carbon content, organic components, and maturation of the
OM; 2) optical and electron microscopic observations of
OM; 3) geochemical analysis of gold concentration in OM
and 4) comparing gold values present in OM between the
two ore deposits.

2 Geological settings and sampling locations

The Bakyrchik deposit is one of the largest in the West
Qalba gold province in Eastern Kazakhstan, including over
450 gold deposits in organic-rich sedimentary formations
from the Carboniferous period (Shcherba 2000; Goldfarb
et al. 2014). The gold reserve of the deposit is 410 t, on
average 8-9 g/t (Goldfarb et al. 2014; Dyachkov et al. 2017).
The bulk (90%) of gold in the deposit occurs as an “invisible
gold’’ type, bound to the lattice of arsenian pyrite and arse-
nopyrite (Umarbekova and Dyusembaeva 2019) and gold
concentrates in a structure of amorphous OM (Marchenko
and Komashko 2011). Gold mineralization occurs as a strati-
form type, within zones containing finely disseminated Au-
containing pyrite—arsenopyrite ores in carbonaceous—car-
bonate terrigenous rocks and gold-polysulfide ores formed
in the Middle-Late Carboniferous (C,_;) of the Bukon suite
(Zhautikov and Maulenov 1985; Dyachkov et al. 2011), see
Fig. la.

As Lubecky et al. (2008) and Wong et al. (2017) have
explained that the Bakyrchik gold deposit was formed in an
ophiolite Irtysh-Zaisan suture zone relating to post-tectonic
plate collisions, which includes the Late Palaeozoic Variscan
orogenic tectono-magmatic event (Parnell 2019). During the
tectono-magmatic event, the collision played a role in the
creation of the Kunush granitic batholith, a process occur-
ring in the Upper Carboniferous to Lower Permian periods
(C5-P)) (Rafaylovich 2009).

The recent structure of the Bakyrchik deposit shows a
terrigenous basin, including the Carboniferous sequence
from the marine in the Late Devonian—Early Carbonifer-
ous (D;-C,), coastal-marine in the Middle Carboniferous
(C,), and continental carbonaceous molasses in the Mid-
dle-Late Carboniferous (C,_3) (Lubecky et al. 2008). The
lower part of the stratigraphic sequence comprises a 1500
m thick carbonate and volcanogenic shales and volcanoclas-
tic sandstones containing lenses and interlayers of siliceous
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sandstone and carbonaceous-cherty siltstones. The upper
part of the sequence consists of 600—800 m thick sandstone
with layers of carbonaceous siltstones with fossil remains.
Carbonaceous-terrigenous sequences are cut through by a
magmatic formation (depth 3-3.5 km), which is parageneti-
cally associated with ore mineralization (Rafaylovich et al.
2011; Umarbekova et al. 2017). Previous research on fluid
inclusions within quartz in the ore zone revealed the primary
gold mineralization ranges 200-340 °C and 110-130 MPa
pressure (Novojilov and Gavrilov 1999).

The W-Mecsek uranium ore deposit is located in the
Southern Central part of Hungary. The recent resource
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_H_
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Palaeozoic (Moragy complex)

estimate reevaluation indicates a quantity of 17946 t of ura-
nium ore, with an average uranium concentration of 0.117%
(IAEA Report 2014). The ore deposit occurs in the west-
ern part of the Mecsek Mountains. The Mecsek Mountains
occur in the southwestern part of the Tisza Mega-unit (Haas
and Hamor 1998). The Tisza Mega-unit forms the basement
of the Eastern Pannonian Basin, the northern part of the
Mecsekalja strike-slip fault zone (Szederkényi et al. 2012),
shown in Fig. 1b. The unit belongs to the Variscan orogenic
collage, accreted during the Carboniferous—Permian (C-P)
(Szederkényi et al. 2012). The European Variscan orogeny
occurred when crystalline rock associations were formed
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by mega, macro, and microfolding. The Late Variscan low-
pressure and high-temperature regime (late orogenic heat-
ing in the 330-270 Ma period) undoubtedly contributed
to the granitization (Haas 2012). This unit includes crys-
talline rocks that only crop out in the Mecsek Mountains
(Haas 2012), mainly granitic formations of the Carbonifer-
ous Moragy complex. Variscan granitoids characterize the
Moragy Complex (Buda 1996; Klotzli et al. 1999).

A 2500-3200 m-thick Permian sequence has various
types of Late Carboniferous crystalline rock (non-meta-
morphic rocks) that occur in the entire area of the Mecsek
Mountains (Szederkényi et al. 2012). Permian sequence
consisting of uranium ores mainly in the K&vagoszlos
Sandstone Formation (KSF) (Barabas and Konrad 2000)
follows the Boda Claystone Formation, occurring in the
Permian-Triassic anticline of the Mecsek Mountains (René
2014). The KSF represents a fluvial depositional environ-
ment, where the thickness of the formation reaches 600 m
(René 2014). The uranium ores in the KSF are of polygenic
origin (Viragh and Vincze 1967) as they show stratiform
pennaccordance, disseminated and transversal enrichments
(Barabas 2013). Barabas and Konrad (2000); and Barabas
(2013) indicated that the uranium mineralization forms in
the deposit up to 200 “C hydrothermal temperatures. The
occurrence of gold is poorly known in the sequence. Some
sporadic analysis indicated gold might be enriched at a max-
imum of 6.5 g/t which relates to the reductive carbonaceous
matter-rich intercalations (Foldessy 1998).

A total of six samples were selected from the ore miner-
alization zones of two deposits, representing organic-rich
sedimentary rocks. The Bakyrchik samples are characterized

Fig 2 Photomicrographs in
reflected normal light (a and

) and fluorescence UV light
excitation (b and d) under oil
immersion, showing solid bitu-
men (B) and reworked vitrinite
(V) of samples Bakyrchik (a
and b) and W-Mecsek (a and d)
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by dark-colored, dull, and hard carbonaceous-siltstone rocks
containing arsenic sulfide mineral inclusions. Conversely,
the W-Mecsek samples show brittle, blackish-grey, medium-
grained dolomitic silty sandstone with carbonaceous shale
lenses and sulfide inclusions.

In Bakyrchik, sampling was conducted across the
organic-rich sedimentary bedrocks within the mineraliza-
tion zones, situated near the shear zone within the open pit
mine of the ore deposit (Fig. 1), labeled as Bak 1, Bak 2, and
Bak 2.1. Sampling in W-Mecsek involved drill core samples
from the borehole WHEI/2 (Figs. 1, 2), located in the mining
area of the uranium ore deposit, labeled as WH2-057, WH2-
073, and WH2-077. These samples of the drill core were
extracted from depths ranging between 831.4 m (WH2-057)
to 907.5 m (WH2-077).

3 Analytical and experimental methods

Six rock samples were chosen for analytical and experimen-
tal observations. Specimens of OM-rich host rocks, embed-
ded in epoxy resin, were polished for various investigations:
reflected-light organic petrography (A Zeiss Axiolmager,
A2m) was conducted using 50 X oil immersion lenses (R.I.
of the oil = 1.5180) using incident normal and fluorescence
light for maceral analysis (a photography camera (AxioCam
MRc5) was used with the computer program AxioVision
Rel. 4.8 by Carl Zeiss Microlmaging, GmbH); and vitrinite
reflectance analysis was made on Axioplan Zeiss microscope
extended with J&M spectrometer system of the MOL Ltd,;
electron microprobe (EMPA, JEOL SXA 8600 Superprobe
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deposits, containing relatively lower amounts of arsenic
content (up to 0.46 wt%). The reworked vitrinite is closely
associated with clay minerals, namely illite (Fig. 3a and b).

We could not find any free grains of precious metals in
the bitumen and vitrinite particles, early diagenetic pyrite,
and recrystallized pyrites.

5 Organic components, functional groups,
thermal maturity, and soluble fraction analysis

The total organic carbon (TOC %) in the samples was meas-
ured after the removal of carbonates using an organic ele-
mental analyzer. This was preceded by treatment with 10%
chloric acid at both room temperature and 60 °C for 20-30
minutes in a water bath. The TOC values varied, ranging
from 0.32 to 0.34 wt% in the Bakyrchik samples and from
0.15 to 0.25% in the W-Mecsek samples. The lowest TOC
content (0.15%) was observed in the W-Mecsek sample
(refer to Table 2). Across the Bakyrchik samples, hydrogen
content ranged from 0.19 wt% to 0.43 wt%, nitrogen from
0.10% to 0.21%, and sulfur up to 0.17%. Conversely, the
W-Mecsek samples exhibited the highest nitrogen (0.52 %)
and sulfur (5.81 %) contents, alongside the lowest nitrogen
value at 0.15%.

The organic matter composition in samples from both
deposits was determined through FTIR spectra, reveal-
ing similarities. The spectra exhibited distinctive charac-
teristics: a broad peak at 3375 cm™! signifying stretching
vibrations of hydroxyl (O—H) groups, albeit in very small
amounts. The appearance of methylene groups was observed
in the antisymmetric stretching peak at 2932 cm™' and the

Table 2 Total organic carbon (TOC %), H, N, and S contents of sam-
ples

Samples TOC % value  H% value  N% value  S% value
Bak 1 0.33 0.21 0.19 1.15
Bak 2 0.34 0.43 0.21 1.17
Bak 2.1 0.32 0.19 0.1 1.14
WH2-057  0.15 0.23 0.025 0.16
WH2-073  0.17 0.23 0.027 1.67
WH2-077  0.25 0.52 0.15 5.81

stretching peak at 2854 cm™!, respectively. Notably, peaks
at 1632, 1525, 1497, and 1282 cm™" indicated characteristic
vibrations from aromatic rings, characteristic of polycyclic
aromatic hydrocarbons. However, the stretching vibration of
C-O for carbonyl groups was absent in the samples.

The presence of characteristic vibrations of the aromatic
rings and phenolic hydroxyl groups at 1632, 1523, 1499,
and 1282 cm™!, along with similar vibrations at 2854 and
2931 cm™!, indicated a resemblance to the phenolic hydroxyl
group. Surprisingly, the carbonyl area of the phenolic
hydroxyl group peak at 1733 cm™! was absent in the organic
matter composition studied, possibly due to a decarboxyla-
tion process. The composition and structure of the studied
organic matter also displayed functional groups correspond-
ing to the phenolic hydroxyl group characteristics found in
lignin material.

Raman reflectance (RmcRo%) has been identified as
3.76% in the Bakyrchik samples (referenced the result of
the same samples, Junussov et al. 2021), while the vitrin-
ite reflectance (Ro%) measurement ranges between 1.7%

Fig. 3 EMPA-BSE images (a and ¢) and EDS X-Ray maps (b and d) with quantitative results (middle side displaying rock matrices and right-
side showing elemental composition) showing fractured vitrinite particles (black color) associated with pyrites (white color) in the rock matrix
on the BSE images from samples of a Bakyrchik and ¢ W-Mecsek; and the elemental mapping of EMPA-EDS of b Bakyrchik samples present
fractured vitrinite (marked in red) within the rock matrices (identified as illite in green, albite in pink, quartz in purple, and pyrite in yellow); and
d W-Mecsek samples displays fractured vitrinite (highlighted in blue) among the rock matrices (identified as illite in red and quartz in green)
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Fig. 5 Representative time-resolved LA-ICP-MS depth profiles for Au and Ag along a linear track through OM grains are depicted. The profiles
showcase a a laser spot on the OM grain in the Bakyrchik sample and b laser measurements on the OM grain surrounding quartz matrices (qtz)
in the W-Mecsek sample. (Each with a scale of 100 pm in the photomicrographs)

show Au content ranges between 0.01 and 5.06 ppm and
Ag content 1 ppm and 90 ppm.

Au and Ag determinations were not performed on sulfide
minerals associated with OM due to limitations in reliable
detection size.

6 Discussion

6.1 Characterization of OM in Bakyrchik
and W-Mecsek

The organic petrology analysis of six samples derived
from two distinct ore deposits of Bakyrchik and W-Mecsek
revealed two primary forms of solid bitumen and reworked
vitrinite in the samples. These forms exhibited distinct prop-
erties and distributions within the rock matrices. The solid
bitumen filled fractures and voids, lacking fluorescence and
forming a discontinuous membrane within veins. Reworked
vitrinite, although less frequent, displayed cracked particles
often aligned linearly within larger voids filled by quartz
growth. Notably, the reworked vitrinite particles occurred
with clay minerals (mainly, illite) and differed in size
between the Bakyrchik and W-Mecsek samples. Moreover,
geochemical results of OM in both ore deposits, such as
the presence of polycyclic (hetero) aromatic hydrocarbon
and humic acid, indicate most likely the terrestrial original
(TOC, 0.32% and 0.34%) coal source, mainly from vascu-
lar plants (lignin), which is likely derived from lacustrine

and fluvial environments (Azerbaev and Zhautikov 2013;
Barabés 2013). The organic composition was assessed using
FTIR spectra, showcasing characteristic vibrations associ-
ated with aromatic rings and phenolic hydroxyl groups.
However, the absence of certain vibrations, such as C-O for
carbonyl groups, indicated potential alterations or degrada-
tion processes during diagenesis. This analysis provides
insights into the nature and structural features of the organic
matter present in these deposits. The elemental analysis of
OM from both ore deposits revealed significant sulfur con-
tent, notably measuring the highest concentration of sulfur
(5.81%) in the W-Mecsek sample. This high S content char-
acterizes it as high-sulfur OM, a finding further supported by
EMPA-EDS analysis. Tseng et al. (1986); Harrison (1991);
and Ward and Gurba (1998) have successfully quantified
organic sulfur in individual maceral grains of OM. Accord-
ing to Ward and Gurba (1998), EMPA can detect a broader
range of organic sulfur forms compared to chemical combi-
nation analyses limited to pyritic sulfur and sulfate, offering
a more comprehensive understanding of sulfur content in
OM.

The thermal maturity analysis shows that Bakyrchik
and W-Mecsek samples highlight significant challenges in
assessing thermal alteration within these deposits. While the
Raman reflectance (RmcRo%) measurement in Bakyrchik
revealed a value of 3.76%, the vitrinite reflectance (Ro%)
values in W-Mecsek ranged from 1.7% to 2.9%, with an
observed value of 2.25%. A notable obstacle encountered
during the vitrinite reflectance measurement process in
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Bakyrchik samples was the difficulty in accurately distin-
guishing solid bitumen from vitrinite. This challenge is
primarily attributed to the inherent complexities associated
with OM characterization. The presence of OM in low abun-
dance, typically below 1% of total organic carbon (TOC),
and its finely disseminated nature exacerbate the difficulty
in differentiation. Additionally, when the solid bitumen
component is notably abundant, as discussed by Ronald
et al. (2018), it further complicates the precise delineation
between solid bitumen and vitrinite.

6.2 ICP-OES and LA-ICP-MS: Au enrichment
within OM

The optical and electron microscopy analyses reveal the
absence of precious metals within the samples obtained
from both ore deposits. Various researchers (Varshal et al.
2000; Dold and Fontboté 2001; Henrique-Pinto et al. 2015;
Usmanova et al. 2017) explained that optical or electron
microscopy alone may not suffice for accurate determina-
tion, due to gold often exists within solid matrices or as
inclusions smaller than 100 nm, prompting the use of sophis-
ticated methods like LA-ICP-MS and digestion methods
with ICP-OES. Studies have highlighted the effectiveness of
LA-ICP-MS in detecting trace elements, providing sensitiv-
ity, precision, and accuracy similar to total digestion-based
techniques (Butler et al. 2007; Deol et al. 2012; Zheng et al.
2013; Steadman et al. 2021). Au and Ag content associated
with the organic matrix in the samples of both ore depos-
its was evaluated through sequential extraction, confirming
the successful extraction of these precious metals from the
organic fraction in both Bakyrchik and W-Mecsek samples.
The first stage of extraction using a solvent significantly
removed precious metals from all samples. The Bakyrchik
samples exhibited almost a similar concentration of Au (3
ppm) to the W-Mecsek samples (3.28 ppm of Au) in this
stage. In the second stage, aqua regia dissolved even more
precious metals, particularly from sulfide minerals like arse-
nopyrite and pyrite remnants of the first stage. Notably, the
Bakyrchik sample yielded the highest concentrations of Au

Fig 6 General perspective of
migration (a) and enrichment
(b) of gold within organic mat-
ter. Detailed view at the micron
size (a) and nano-size (b)
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(4 ppm), whereas W-Mecsek showed higher Ag concentra-
tions (27 ppm) but no detectable Au after the aqua regia
treatment. Extracting gold from organic matter is challeng-
ing due to its close association with organic matter and its
entrapment within sulfide minerals, where it forms a solid
solution (Osseo-Asare et al. 1984). In our case, however, we
found that using hydrogen peroxide and potassium hydrox-
ide proved to be reliable methods for gold extraction from
organic matter. The presence of Au and Ag within the OM
was not only confirmed through the sequential extraction
method but also verified by LA-ICP-MS analysis. The LA-
ICP-MS spot analyses identified elemental signatures of Au
and Ag within the organic particles, indicating concentra-
tions and distribution patterns across both mineral deposits.
The Bakyrchik samples exhibited higher concentrations of
Au (up to 23 ppm) in the OM particles than the W-Mecsek
samples, but higher concentrations of Ag (up to 90 ppm)
were found in W-Mecsek than in Bakyrchik.

6.3 OM association with Au

The Au concentrations obtained after sequential extrac-
tion were utilized for correlation analysis. The correlation
between gold and the organic phase (total organic carbon,
TOC) shows a positive correlation in samples from both ore
deposits. Specifically, samples from the W-Mecsek deposit
exhibit a strong positive correlation (r = 0.8) between Au
and OM, whereas samples from the Bakyrchik deposit
demonstrate a weaker positive correlation (r = 0.3) (refer to
Fig. 6a, b). The weaker correlation observed in Bakyrchik
samples may be attributed to the relatively weak thermal
stability of certain organic fractions within the groundwater
or hydrothermal system during polymerization. Despite the
weaker correlation, the results of the gold-to-organic phase
ratio suggest that the samples overall hold promise and rel-
evance for further investigation.

The findings from ICP-OES and LA-ICP-MS, along
with the high-grade gold and Ag concentrations observed
in OM, as well as the positive correlation between Au and
OM, explain that the metals are intimately associated with
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