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Abstract. Pyrite and marcasite aggregates were found in a sample of blue silty clay from an exploration drill core 
at the northern edge of the Troyanovo North mine, Maritsa East lignite basin, Bulgaria. The aggregates have vari-
ous sizes – from 50 µm (single crystal twins) to 0.5 cm (large twinned aggregates). Pyrite occurs as single cubic and 
cuboctahedral crystals, penetrative twins forming oval-shaped aggregates with visible cubic to truncated octahedral 
habits. Marcasite occurs as single tabular, pyramidal crystals, but often as twinned (penetrative, parallel, contact) com-
posite oval-shaped aggregates. Marcasite has higher trace element contents than pyrite. In both minerals are detected 
Mn, Co, Ni, Cu, Zn, Mo, As, Sb, Hg, Tl and Pb with varying contents. The crystal aggregate growth is slow in varied 
supersaturation and pH due to the occurrence of both octahedral and cubic faces in pyrite and marcasite presence.
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Introduction

Pyrite is the most widespread sulfide mineral in 
many types of ore deposits with magmatic, meta-
morphic and sedimentary origin. It is also an impor-
tant carrier of other metals such as Au, Ag, Mn, Co, 
Ni, Cu, Zn, Mo, Tl, Hg, as well as metalloids – As, 
Sb, and non-metals – Se. Minor and trace elements 
in pyrite occur as discrete mineral inclusions or are 
structurally bonded through isovalent and heterova-
lent substitutions. Many studies have shown that 
the trace element composition of pyrite indicates 
the mineral forming conditions and composition 

of the fluids in different geological environments. 
Marcasite, the orthorombic dimorph of FeS2m, usu-
ally forms under low-temperature acidic conditions 
and is more typical for sedimentary rocks such as 
shales, unlithified sequences of clays in low grade 
coal (lignite) basins. Marcasite is also a carrier of 
many elements, sometimes in higher contents than 
in pyrite. 

Framboidal pyrite is a common variety oc-
curring in coal and sedimentary rocks, but radial 
(“sun”), “sunflower”, nodular, spheroidal, euhedral 
and anhedral pyrite aggregates are also reported. 
Some of these varieties have been described in Bul-
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garian coals (Kortenski, Kostova, 1996). Pyrite and 
marcasite also occur in clay partings in the Maritsa 
East lignite basin, usually associated with coal mat-
ter (Yossifova et al., 2018). This work reports the 
results on morphology and chemical composition of 
pyrite and marcasite aggregates found in a very low 
carbon blue silty clay in the lowermost parts of the 
Maritsa Formation. Based on this, we present some 
initial ideas on the conditions of formation of these 
aggregates.

Materials and methods 
Pyrite and marcasite aggregates were found in a 
sample of blue silty clay from an exploration drill 
core at the northern edge of the Troyanovo North 
mine, Maritsa East lignite basin, Bulgaria. The clay 
sample is taken from the bottommost part of the 
drill core (109.4 m depth) and associates with the 
lowermost parts of the Maritsa Formation (Nedyal
kov, 1985). The silty clay contains quartz, plagio-
clase, mica, montmorillonite, pyrite and marcasite 
aggregates, as well as insignificant quantity of or-
ganic and carbonate matter (<0.06%). 

The morphology, size, internal texture, as well as 
major element composition of the aggregates were 
studied by optical (binocular and reflected light) 
and scanning electron microscopy using Zeiss EVO 
S25 equipped with EDAX detector at the Institute 
of Mineralogy and Crystallography, BAS. 

Trace element contents in pyrite and marcasite 
were measured by laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) on 
polished sections at the Geological Institute (Bul-
garian Academy of Sciences), Sofia, Bulgaria. 
The analyses were made using the PerkinElmer 
ELAN DRC-e ICP-MS equipped with a New Wave 
UP193-FX excimer laser ablation system. NIST 
SRM 610 glass and USGS MASS1 were used as 
external standards. The laser system was operated 
at constant 6 Hz pulse rate; laser energy density was 
5.0  J/cm2 on the sample using a 35  μm spot size. 
The following isotopes were monitored: 23Na, 25Mg, 
27Al, 29Si, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 
66Zn, 71Ga, 74Ge, 75As, 77Se, 95Mo, 107Ag, 111Cd, 115In, 
118Sn, 121Sb, 125Te, 182W, 185Re, 197Au, 202Hg, 205Tl, 
208Pb, and 209Bi. Data reduction was done using 
SILLS ver.  1.1.0 software (Guillong et al., 2008) 
and Fe as internal standard. 

Results
Pyrite and marcasite aggregates vary in size from 
50  µm (single crystal twins) to 0.5  cm (large 
twinned aggregates). Pyrite occurs as single cubic 
and cuboctahedral crystals, penetrative twins, com-
plex overgrown oval-shaped twinned aggregates 

with visible cubic to truncated octahedral habits. 
Marcasite occurs as single tabular, pyramidal crys-
tals, but often as twinned (penetrative, parallel, 
contact) composite oval-shaped aggregates. Pyrite 
is frequently overgrown by marcasite (Fig.  1a, b) 
Pyrite and marcasite aggregates contain mostly 
overgrown quartz and plagioclase grains. The rough 
surface of these mineral grains served as multitude 
of nucleation centers for precipitation and growth 
of the pyrite and marcasite crystals in random di-
rections, which leads to intergrowth. During the 
growth of the aggregates, they additionally incor-
porate/cement not only quartz and plagioclase, but 
also clay minerals. Thus, the cross sections of the 
aggregates reveal a very complicated internal struc-
ture composed of different sectors of the intergrown 
and twinned crystal aggregates. 

The trace element composition of pyrite and 
marcasite are measured in different sectors visible 
in the cross sections of the aggregates. This ex-
plains the wide variation in element concentrations 
through the aggregates. However, there is a clear 
trend that the impurity contents are higher in mar-
casite than in pyrite. The following concentrations 
of elements were established in marcasite (in ppm): 
Mn (113–29 630), As (6.5–2150), Zn (7.5–483), Cu 
(4.5–142), Ni (7–868), Mo (1.3–150), Co (0.8–57), 
Pb (0.3–18.7). Several analyses detected Ag (0.2–
2.0), Sb (0.3–4.1), Tl (0.2–1.9), Hg (0.5–6.8), and V 
(0.7–5.0). In two analyses was detected Au, 0.3 and 
0.9 ppm, respectively. Pyrite contains less trace ele-
ment impurities in lower concentrations compared 
to marcasite. Most common are (in ppm): Mn (28–
1684), As (21–750), Ni (5.3–114), Co (1.2–46), Mo 
(4.3–146), Zn (7.6–26), and Pb (0.5–28). Elements, 
which were sporadically detected, are: Cu (3.5–39), 
Sb (0.3–4.4), Hg (0.4–0.9), Tl (0.05–0.4), and V 
(0.4–4.0). 

Strong positive correlations exist between Mn 
and Zn, Co and Ni, and Pb and Co in both minerals 
(Fig. 1c, d, f), whereas Mn vs. Cu and Cu vs. Zn 
positive correlations are visible only in marcasite. 
The correlation Mo vs. As is stronger in marcasite 
than pyrite (Fig. 1e). In marcasite, Cu has positive 
correlation also with Ag, Sb, Tl and Pb. The con-
centrations of Na, Mg, and Al were also sporadical-
ly detected, which is explained by overgrown tiny 
clay particles. 

Discussion and conclusions
The obtained results for the contents of trace ele-
ments in pyrite and marcasite aggregates, even in 
the same analyzed sectors, do not show any regular-
ity in their distribution. This is probably caused by 
a slow change in the trace element composition of 
the pore solutions that provide the nutrients for the 
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growth of crystal aggregates. On the other hand, the 
well-formed smooth faces of pyrite and marcasite 
crystals are an indication that the growth of the ag-
gregates occurred slowly, probably in an environ-
ment of low supersaturation of the solutions, where 

the rate of supply of nutrients is less than the nu-
cleation rate as explained in Rickard (2012b). The 
occurrence of marcasite suggests that pH of pore so-
lutions has dropped below pH<4, which could be a 
result of the oxidation of pyrite exposed to oxygen-

Fig. 1. Morphology of pyrite (a) and marcasite (b) aggregates and concentrations of some elements (c–f)
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ated water (Schieber, 2011; Rickard, 2012a, b), or 
acidic water infiltration from the overlying organic 
matter containing layers (black clay partings and 
coal layers). This percolation decreases the pH and 
sustains the pore water saturation with metal com-
plexes. Some of these redox dependent metals (Cu, 
Zn, and Mo) are related to the decomposition of or-
ganic matter. Both organic matter (coal) and clays 
sorb/desorb elements from/into the pore waters and 
under anoxic conditions Mn, Mo, Co, Zn, Ni, As be-
come more mobile and enriched in the pore waters. 
This explains why marcasite is more enriched in 
trace elements compared to pyrite. The formation of 
pyrite and marcasite may involve the nucleation and 
subsequent sulfidation of an iron monosulfide pre-
cursor as suggested by Schoonen, Barnes (1991a, 
b), but we cannot confirm this now. The aggregate 
growth is slow but some variation of supersatura-
tion can be inferred due to the occurrence of octa-
hedral faces beside the cubic, which are dominant 
in low supersaturation (Rickard, 2012b). The traces 
of partial dissolution on pyrite crystal faces suggest 
variable hydrodynamic regime (Rickard, 2012c).
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