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We characterize the morphology and arsenic contents of pyrite framboids versus pyrite microcrystals in the Up-
per Cambrian pyrite stratiform deposit of the Wisnidwka area (south-central Poland). The framboids form iso-
lated spherical or ellipsoidal aggregates varying from 4 to 70 uym across or irregular agglomerations
(polyframboidal aggregations) attaining 150 um in size. Each of them is made up of loosely- or closely-packed,
equidimensional, equimorphic, locally multifaceted nano- and microcrystallites (nano- and microglobules) rang-
ing mostly from tens of nanometres to 1.5 ym in diameter. Some framboids show a well-preserved pyritized spi-
der-web-like matrix (organic biofilm) with embedded pyrite crystallites. Unlike pyrite microcrystals, framboids
lack mineral inclusions and do not form paragenetic associations with hydrothermal index minerals. Some cor-
roded framboids are completely overgrown by pyrite microcrystals averaging 10—15 pm in diameter. In contrast
to pyrite microcrystals enriched in As (0.06-6.33 wt.%), framboid occurrences are distinctly depleted in this
metalloid which varies from <0.015 to 0.43 wt.% in recrystallized forms of primary framboids. In pyrite framboids
cobalt usually predominates over nickel (with a Co/Ni median ratio of ~3) as opposed to pyrite microcrystals in
which cobalt is barely traceable. This study indirectly shows that framboids represent products of microbial ac-
tivity presumably as low-temperature bacterial sulphate reduction. Their formation may have preceded
high-temperature multi-stage influxes of metal(loid)- and H,S-rich hydrothermal fluids into the depositional ba-
sin giving rise to crystallization of pyrite microcrystals and their aggregations that vary from tens to hundreds of
micrometres in diameter. This pyrite type prevails over framboids in the upper parts of the Podwisniéwka-
Wisniéwka Duza profile. The morphological, microtextural and geochemical relationships between pyrite
framboids and pyrite microcrystals suggest two different pathways of pyrite formation.
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INTRODUCTION microcrystallites composed mostly of pyrite, occasionally of
magnetite, hematite, arsenopyrite, sphalerite, galena, etc. (Sa-
wiowicz, 1993, 2000 and references therein). Pyrite framboids

Framboids resemble raspberry-shaped spherical aggrega-  occur in a variety of reducing sedimentary or metasedimentary
tes, and their name comes from the French word “framboise”  settings, e.g., dark grey to black muds, mudstones, clayey
(Rust, 1935). Each framboid comprises multifaceted nano- to  shales, tills, carbonates, coals, as well as soils, tailings piles or
some hydrothermal veins ranging from the Precambrian to the
present time in age (e.g., Ostwald and England, 1979; Wilkin
and Barnes, 1997; Butler and Rickard, 2000; Paktunc and
Davé, 2002; Lowers et al., 2007; MacLean et al., 2008; Soliman
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published online: May 21, 2025 Itaya, 2022). Interestingly, submicrometre-sized pyrite framboid
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spherules attaining 140 ym in diameter have also been found
on the pages of Renaissance manuscripts (16th—17th centu-
ries) at the Archivo Historico Nacional in Madrid (Spain). The
source of iron and sulphur was the ink containing tannin mixed
with iron sulphate, whereas carbon and nitrogen came from cel-
lulose and arabic gum (Garcia-Guinea et al., 1997).

Despite widespread occurrences of framboidal pyrite, its
origin has aroused many controversies among scientists. The
pivotal issue of this dispute is their inorganic or organic forma-
tion. Some researchers point to bacterially-induced processes
that take place in organic-rich sedimentary environments at a
temperature of ~25°C (e.g., Schopf, 1965; Folk, 1993, 2005;
Schieber, 2002; Astafieva et al., 2005; Gong et al., 2008;
Cavalazzi et al., 2014), whereas others indicate an inorganic
pathway of pyrite framboid formation (e.g., Sawtowicz, 1993;
Wilkin et al., 1996; Wilkin and Barnes, 1997; Mozer, 2010;
Wang et al., 2013; Gregory et al., 2014, 2022; Smolarek et al.,
2014; Dziatak et al., 2022; Cai et al., 2024). Experimental data
indicate that inorganic framboids may form in hydrothermal sys-
tems at a temperature range of 150 to at least 350°C (Graham
and Ohmoto, 1994). There is also a lack of agreement about
the mechanisms that lead to the growth and aggregation of
crystallites (Ohfuji and Rickard, 2005). For example, Sawtowicz
(1993) proposed three inorganic pathways of pyrite framboid
generation:

— indirect formation through iron monosulphides into individ-
ual globules;

— direct precipitation from solution in the form of euhedra;

— continuous growth from iron monosulphide globules to
euhedral grains.

Compared to pyrite microcrystals, framboidal nano- and
microcrystallites undergo a more rapid nucleation and growth
rate under supersaturated conditions induced by increased Eh
(Ohfuji and Rickard, 2005).

Sedimentary pyrite has not been given much attention as a
source of microbial fossils. Studies have shown that both early
diagenetic chert and the more common pyrite may be the best
media for preserving microfossil remains (Schopf, 1965; Schie-
ber, 2002). Hence, framboids may be used as a biomarker in
the search for life in palaeoenvironmental systems on Earth and
other planets (Schieber 2002; Popa et al., 2004; Gong et al.,
2008; MaclLean et al., 2008). Pyrite framboids have also been
found, for example, in fossil chambers of pyritized radiolarian
skeletons (Szczepanik et al., 2004) and in shells of living bi-
valves (Clark and Lutz, 1980), which may be indicative of their
organic provenance.

Studies by other researchers have been focused on differ-
ent sedimentary and diagenetic transformations of framboidal
pyrite with no indication of its provenance (e.g., Love, 1971;
Chang et al., 2022). Measurements of pyrite framboid diameter
and width of size distribution range have also been used as a
proxy for reconstruction of palaeoredox conditions in mudrocks.
Wilkin et al. (1996) divided framboids into two groups: (i) syn-
genetic (<6 ym across) formed under euxinic/anoxic (lack of O,
and H,S abundance/lack of both O, and H,S) conditions, and
(i) diagenetic (=7 um in size) originated in dysoxic/oxic (low
Oy/high O, contents) conditions. Many textural, mineralogical
and geochemical aspects of framboid formation were summa-
rized by Rickard (2021).

More recent investigations of pyrite framboids have also
been centred on hydrothermal vent environments involving de-
terminations of trace elements and stable sulphur isotopes
(Zhang J. et al., 2011; Hu et al., 2022; Liu et al., 2022; Zhang
W.D. et al., 2022). A study by Zhang W.D. et al. (2022) sug-
gests that negative stable sulphur isotope signatures of fram-
boidal pyrite indicate bacterial sulphate reduction (BSR),

whereas their positive values are linked to thermochemical sul-
phate reduction (TSR). Framboidal pyrite clusters may also
show large variations in 5**S values, for instance from —27 to
—13%o in BSR pyrite from the Devonian Nisku Formation, Al-
berta, Canada (Machel, 2001).

The 2014-2023 acid mine drainage studies that were con-
ducted in the Wisnidowka massif also encompassed the mineral-
ogy and geochemistry of the pyrite stratiform deposit (e.g.,
Migaszewski and Gatuszka, 2019, 2023a, b; Migaszewski et
al., 2023). However, little attention was given to pyrite framboids
in the context of their provenance and relationship with other
ore mineral occurrences. Hence, this study centres on the mor-
phology and geochemistry of the framboidal pyrite. We have
employed the arsenic, and partly cobalt and Co/Ni ratio, finger-
prints to distinguish microbially-generated pyrite framboids from
hydrothermal pyrite grains and veinlets. This study also fills the
gap regarding the occurrence and provenance of pyrite fram-
boids and associated pyrite microcrystals in the sediment-
hosted hydrothermal pyrite deposits. This geochemically di-
verse environment gives a unique opportunity to look into the
two pathways of pyrite formation in the context of multi-stage
hydrothermal activity.

MATERIALS AND METHODS

OUTLINE OF GEOLOGICAL SETTING AND PYRITE
MINERALIZATION

The study area is located north of the uptown section of
Kielce, the capital city of the Holy Cross Mountains region (Fig.
1). This site occupies the Wisnidbwka massif (elevation of
455.7 m a.s.l.) located in the western part of the Main Range.
The massif is made up of Upper Cambrian (Lower Furongian)
siliciclastic rocks assigned to the informal regional lithostrati-
graphic unit called the “Wisnidéwka Sandstone Formation” (Orto-
wski, 1975). This formation consists mainly of alternating
quartzite, quartzitic sandstone/siltstone and clayey-silty shale
beds with subordinate bentonite and tuffite interlayers dipping
northwards (Jaworowski and Sikorska, 2006; Zylinska et al.,
2006; Migaszewski and Gatuszka, 2019). The black to dark
grey pyritiferous sandstone-shale-bentonite beds predominate
in the southern part of the Wisnidéwka massif (Podwisniéwka),
representing the oldest part of the geological section. There are
three quarries in the study area (from west to east): (i) the his-
toric Wisnidwka Mata (WM) quarry, now filled with a bipartite
lake, (ii) the operational Wisniéwka Duza (WD) quarry, and (iii)
the operational Podwisniowka (Pw) quarry. Quarrying for
quartzites has exposed pyritiferous rock beds in the last two
open pits (Fig. 1).

Geochemical and mineralogical study of the rock succesion
by Migaszewski and Gatuszka (2019) enabled the distinguish-
ing of two stratiform (sediment-hosted hydrothermal) pyrite min-
eralization zones of different stratigraphic positions (from the
south to the north): (i) Podwisnidowka (lowest Upper Cambrian)
and (i) Wisnidwka Duza (early-middle Upper Cambrian). The
pyrite mineralization is confined only to the Wisniéwka Sand-
stone Formation and does not occur in the subjacent quartz-
ite-bentonite/tuffite succession (Migaszewski and Gatuszka,
2019). The high concentrations of pyrite, generally uncommon
in hard rock mining worldwide, have been observed especially
in the Podwisnidwka area, giving rise to acid mine drainage
(e.g., Migaszewski et al., 2008, 2018a, b, 2019).

Pyrite microcrystals are associated with goethite/hematite,
REE-bearing minerals (goyazite, gorceixite and xenotime with
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Fig. 1. Geological sketch map of the Wisniéwka acid mine drainage (AMD) area
(modified after Zylinska et al., 2006) with location of borehole Pw3
and open pit walls sampled (marked in red)

subordinate monazite, crandallite and florencite), TiO, poly-
morphs (anatase, rutile, mixed rutile-anatase and rare rutile-
brookite phases, and brookite), and nacrite. The other hydro-
thermal minerals, e.g., marcasite, galena, sphalerite, tetra-
hedrite, chalcopyrite, chalcocite, covellite, bornite, cinnabar, ar-
gentite, scorodite, barite, Fe-alloys mixed with other metals,
chromite, and part of the zircon (besides the dominant detrital
zircon), generally occur in trace amounts as tiny inclusions in
pyrite microcrystals, goethite and TiO, polymorphs or in the
rock matrix (e.g., Migaszewski et al., 2019, 2023; Migaszewski
and Gatuszka, 2023a, b). All these mineral assemblages occur
in the form of disseminated grains or aggregates mostly parallel
to bedding, which is characteristic of sedimentary-exhalative
(SEDEX)-type ore deposits (Leach et al., 2005; Qiu et al,
2018). Of particular interest are occasional quartzite-pyrite and
quartzite-barite stratiform breccias or quartz sandstones ce-
mented with pyrite which were formed in a Late Cambrian sedi-
mentary basin. Hydrothermal index minerals (pyrite, nacrite,
goyazite, gorceixite, xenotime, goethite/hematite) are indicative
of crystallization temperatures in the range of 150-300°C
(Migaszewski and Gatuszka, 2023b).

FIELDWORK AND SAMPLING

Geological fieldwork (profiling and sampling) has been per-
formed since 2014 as quartzite mining progressed in the Pod-
wisnidwka and Wisniéwka Duza quarries (Fig. 1). For the pur-
pose of this study, 36 mineralized rock samples (weighing
0.5-1.0 kg each) were collected from exposed walls for more
detailed mineralogical and geochemical study. Each sample
was placed in a labelled polyethylene bag to prevent accidental
mixing. During sampling, transport, storage and treatment, pre-
cautions were taken to avoid accidental contamination.

MICROSCOPE STUDY AND GEOCHEMICAL
MICROANALYSIS

The rock samples were used for making epoxy-bound pol-
ished thin-sections to examine pyrite occurrences with optical
microscopy in transmitted and reflected light using a polarizing
microscope, model Nikon Eclipse LV 100 Pol. In all, 27 thin sec-
tions were carbon-coated for more detailed morphological and
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microtextural characterization and imaging of framboidal and
crystalline pyrite with scanning electron microscopy combined
with energy-dispersive spectrometry (SEM-EDS), employing a
model LEO 1430 with an EDS ISIS Detector (Oxford Instru-
ments Ltd.). For the purpose of this study, the following param-
eters were applied: signal A — backscattered electron (BSE),
magnification 2.40-16.36 Kx, acceleration voltage (EHT) 20
keV, working distance (WD) 10-12 mm.

Of the total of 27, 16 thin-sections (Pw1, Pw2, Pw3, Pw32,
Pw33, Pw34, Pw35, Pw36, Pw38, Pw39, Pw40, Pw42,
Pw3/11.5-11.6, Pw3/14.5-14.6, Pw3/81.1-81.2, WD6) were
subject to electron microprobe analysis (EMPA), using a model
Cameca SX-100 equipped with five wavelength dispersive
spectrometers. EHT was set at 15 keV, beam current at 20 nA,
beam spot diameter at 1 to 5 mm in the BSE mode, counting
times were 20 s on peak and 10 s on background. Standard
materials included orthoclase K[AISi;Og], elemental As, skut-
terudite CoNiAss, chalcopyrite CuFeS,, pentlandite (Ni,Fe)oSs,
InSb and ZnSe. The main objective of the EMPA study was to
analyse pyrite framboids, including all material that is present
between the component microcrystallites, and the accompany-
ing pyrite microcrystals for concentrations of As, Co, Cu, Ni, Sb,
Se and Zn.

The basic petrographic study was conducted at the Envi-
ronmental Analytical Laboratory, Jan Kochanowski University
in Kielce whereas the SEM-EDS and EMPA investigations
were performed at the Microanalysis Laboratory of the Polish
Geological Institute — National Research Institute (PGI-NRI) in
Warsaw. The microanalytical data obtained were processed
using Microsoft® Excel for computing median values of the ele-
ments determined and the Co/Ni ratio in pyrite. The median val-
ues have not been calculated for elements below detection lim-
its, i.e., 0.015 wt.% (censored) exceeding 20% of the total num-
ber of measuring points.

RESULTS AND DISCUSSION

MORPHOLOGY OF THE PYRITE FRAMBOIDS

In the Wisniéwka geological profile, pyrite microcrystals, ag-
gregations and veinlets predominate over different forms of py-
rite framboids. Results of EMP analysis show that the molar
Fe/Sratiois 1: 2 indicating that all these occurrences are repre-
sented by an iron disulphide, i.e., pyrite with scarcely any
marcasite as indicated by a polarizing microscope study (data
not shown). Framboids, likewise REE-minerals and TiO, poly-
morphs, occur primarily within dark grey to black carbonaceous
clayey-silty shales and bentonites, especially in the Podwi-
Snidwka geological section. These rock types prevail in the old-
est (southern) strata that crop out in the Podwisniéwka area. In-
terestingly, pyrite crystals and veinlets, which are typically de-
void of organic imprints, are distinctly abundant in quartzites
and quartzitic sandstones/siltstones of the study area (Miga-
szewski and Gatuszka, 2019). Nearly all framboids are pyritic
(Figs. 2A—-G, 3 and 4), and their non-pyritic equivalents made
up solely of primary iron oxy(hydr)oxides are extremely scarce
(Fig. 2H).

There are two principal morphological types of framboidal
pyrite: (i) isolated spherical or ellipsoidal framboids (Figs. 2 and
4B), and (ii) irregular aggregations (polyframboids, Figs. 3 and
4A, C, E). They occur predominantly as separate accumula-
tions infilling rock matrix microvoids or interlaminar spa-
ces/joints, occasionally within massive pyrite aggregations
(Figs. 2A, E-G and 4D). These two different microtextural

forms show diverse geochemistry that may throw light on their
origin (discussed in the GEOCHEMISTRY OF THE PYRITE
FRAMBOIDS subsection). Individual framboids typically range
from 4 to 70 um in diameter. Each individual framboid consists
of loosely- or closely-packed (mostly with barely identified
boundaries), equidimensional, equimorphic, locally multifac-
eted, nano- and microcrystallites (nano- and microglobules)
varying from tens of nanometres to 1.5 ym in size, sporadically
reaching even 10 ym across in some forms which underwent
recrystallization into polygons. Some individual framboids re-
veal welded crystallites in their centre and loosely-packed crys-
tallites in their outer parts (Fig. 2D).

Another interesting form, which may suggest its organic ori-
gin, is a cemented framboid surrounded by a chain of oval-
shaped microcrystallites (Figs. 2A and 3A). These microcry-
stallites may represent authigenic pyrite encrustations on mi-
crobial cells, and thus reflect metabolic activity (Krajewski et al.,
1994; Mozer, 2010). Some framboids have a spider-web matrix
binding individual microcrystallites (Fig. 4B), which may have
been formed within a low-temperature microbial biofilm
(MacLean et al., 2008). The high-resolution SEM-EDS study
excludes formation of such a matrix by the growth of individual
framboidal microcrystallites within organic matter or clay (e.g.,
Caietal., 2024). Nonetheless, in most recrystallized forms, this
spider-web-like matrix underwent disappearance at the ex-
pense of enlarged microcrystallites. No single annular fram-
boids lacking inner solid spaces have been observed in the
samples examined. Some framboids contain single or double
aureoles (cortices) composed of pyrite microcrystals resem-
bling a flower calyx ("sunflower” according to Kosacz and Sa-
wiowicz, 1983; Fig. 2G). This may suggest that some framboids
may have served as nuclei for subsequent outward pyrite
growth (Wilkin and Barnes, 1997), representing two different
pathways of pyrite formation, i.e., pyritic framboids and pyrite
microcrystals.

In places, single framboids show etching of their outer parts
that may result from the recent oxidation of pyrite that triggers
acid mine drainage formation (Fig. 4B). Some pyrite framboids
are so densely packed that their inner original microtexture is
partly or even totally obliterated (Figs. 2G, 3H and 4C—E). Nota-
bly, these forms, encapsulated in a pyrite matrix, locally reveal
corroded boundaries that may suggest etching of framboidal
surfaces induced by inputs of subsequent hydrothermal Fe(ll)-
and H,S-bearing fluids (Figs. 2G and 4D). Microtextural interre-
lationships between these two different morphological pyrite
forms may also indicate that framboids grew under sedimentary
and early diagenetic conditions, thus excluding an impact of late
diagenetic or epigenetic processes on their formation.

By contrast, agglomerations of different framboids attain
150 um in size, typically showing composite microtextures
made up of several individual framboids of different diameters
and additionally composed of crystallites showing diverse sha-
pes and sizes (Figs. 3 and 4A). In addition, these crystallites are
loosely or densely packed within the same aggregations (Fig.
3H). Another characteristic feature of the Wisnidwka pyrite
framboids, which may indicate their provenance, is a lack of
mineral inclusions or different paragenetic associations of hy-
drothermal minerals (goethite/hematite, goyazite, xenotime,
gorceixite, monazite, TiO, polymorphs, nacrite, metal sulphi-
des, barite) as opposed to those found in the predominant pyrite
microcrystal accumulations. By contrast, most pyrite crystals
commonly show an oscillatory-zoned microtexture, i.e., the
presence of alternating internal light grey (As-rich) and
grey/dark grey (As-depleted) microbands that point to multi-
-stage inputs of hydrothermal fluids during their crystallization
(Migaszewski et al., 2018a; Migaszewski and Gatuszka, 2019).
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Fig. 2. Optical (reflected- and plane-polarized light) (A) and back-scattered SEM (B-H)
photomicrographs of individual framboids

A — a cemented spherical pyrite framboid with a chain of microcrystallites (marked with white arrow) surrounded by pyrite euhedra (sample
Pw3); B — a spherical framboidal pyrite aggregate made up of microcrystallites with a partly preserved pyritized spider-web matrix (sample
Pw39); C — a loosely-packed spherical pyrite framboid associated with scattered pyrite euhedra that may be recrystallized former framboids
(drill core sample Pw3/81.1-81.2); D — a spherical pyrite framboid composed of loosely-packed microcrystallites in the central part with a pre-
served pyritized spider-web matrix (drill core sample Pw3/81.1-81.2); E — three spherical pyrite framboids encapsulated in a pyrite
microcrystal matrix (sample Pw33); F — a spherical pyrite framboid composed of nanocrystallites embedded in a pyrite microcrystal matrix
(sample Pw33); G — an etched densely-packed pyrite framboid with overgrown pyrite crystals resembling a flower calyx (sample Pw33); H —
a Fe-oxy(hydr)oxide framboid in a microvoid composed of loosely-packed microcrystallites (drill core sample Pw3/11.5-11.6)
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Fig. 3. Back-scattered SEM photomicrographs of framboidal pyrite aggregations

A — two densely-packed aggregations, each made up of different-sized and loosely-packed individual framboids;
one framboid is surrounded by a chain of microcrystallites (marked with white arrow) (drill core sample
Pw3/81.1-81.2); B — an irregular framboidal aggregation containing a framboid made up of larger loosely-packed
crystallites (drill core sample Pw3/81.1-81.2); C—F — different-sized framboidal aggregations locally associated
with pyrite euhedra (drill core sample Pw3/81.1-81.2); G — a pyrite aggregation composed of different-sized
framboids (drill core sample Pw3/81.1-81.2); H — a closely-packed framboidal aggregation comprising
a densely-packed recrystallized framboid (drill core sample Pw3/81.1-81.2)
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Fig. 4. Back-scattered SEM photomicrographs of pyrite occurrences with measuring points
(see Table 2)

A — scattered different-sized pyrite framboids (drill core sample Pw3/81.1-81.2); B — an etched pyrite framboid re-
vealing different-sized microcrystallites embedded in a spider-web-like matrix (sample Pw34); C — a composite
framboid with a partly obliterated microtexture in the centre; different-sized microcrystallites embedded in a spi-
der-web-like matrix (drill core sample Pw3/81.1-81.2); D — an etched framboid showing an obliterated micro-
texture, surrounded by pyrite microcrystals (sample Pw3); E — a framboid agglomeration with densely-packed
microcrystallites (drill core sample Pw3/81.1-81.2); F — scattered pyrite euhedra associated with a TiO, poly-

morph grain (sample Pw38)

Another option that may be considered is oscillatory precipita-
tion of As at the crystal/solution interface related to the As-con-
centration gradient in a single-stage solution.

GEOCHEMISTRY OF THE PYRITE FRAMBOIDS

Median and range concentrations of EMPA-determined
metal(loid)s in the Wisniéwka pyrite are summarized in Table 1,
while Table 2 shows the results of microanalysis performed on
selected framboids. The corresponding measurement points of
microanalysis are depicted in Figure 4. The results indicate that

the pyrite framboids are distinctly depleted in arsenic (range of
<0.015 to 0.43 wt.%) and antimony (<0.015 to 0.05 wt.%) com-
pared to the dominant arsenical pyrite microcrystals. The latter
contains an average of 1.92 wt.% As, attaining 6.33 wt.%, and
even 8.23% As based on LA-ICP-MS measurements (Miga-
szewski and Gatuszka, 2019) and 3.66 wt.% Sb (Table 1).
These high concentrations of As in pyrite microcrystals are un-
usual in sedimentary settings and are encountered only in hy-
drothermal veined metal-ore deposits, for instance, up to 4.5%
in As-enriched pyrite of the Roudny gold deposit, Bohemian
Massif (Zacharias et al., 2004). The median contents of Cu and
Zn in the framboids examined are 0.04 and 0.03 wt.%, respec-
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Table 1

Median and range contents of metal(loid)s in pyrite framboids
and microcrystals of the Wisniéwka area
(based on EMP measurements)

Pyrite framboids Pyrite microcrystals
Element (n=78) (n=93)
[wt. %]
As <0.015-0.43 1.92 (0.06-6.33)*
Co 0.09 (<0.015-0.35) <0.015-0.16
Cu 0.04 (<0.015-0.18) <0.015-3.20
Ni 0.03 (<0.015-0.23) 0.02 (<0.015-0.31)**
Sb <0.015-0.05 <0.015-3.66
Se <0.015-0.04 <0.015-0.07
Zn 0.03 (<0.015-0.09) <0.015-0.12

Median contents are not calculated for elements below detection
limits (censored) exceeding 20% of the total number of measuring
points

* — maximum content of 8.23% As was determined by LA-ICP-MS
(Migaszewski and Gatuszka, 2019)

** — maximum content of Ni (13.3 wt.%) was measured by SEM-
EDS; Ni substitutes for Fe in the pyrite crystal structure

tively, whereas the selenium content is below detection limits,
i.e., 0.015 wt.%.

Of the other elements, contents of Co and Ni in the pyrite
framboids vary from <0.015 to 0.35 wt.% and from <0.015 to
0.23 wt.% with a median value of 0.09 and 0.03 wt.%, respec-
tively. The abundance of Co is in turn reflected by a higher
Co/Ni ratio of median values averaging 3. A ratio value of <1
points to diagenetic pyrite origin, for example, in pre-ore fram-
boidal pyrite of the Qixiashan Pb-Zn-Ag polymetallic deposit
(Eastern China). The median concentrations of Co and Ni were
5.70 and 13.2 ppm (mg/kg), respectively, and the Co/Ni ratio
amounted to 0.43 (Zhang et al., 2022). By contrast, Wisniéwka
pyrite microcrystals display similar Ni contents (medium of 0.02
wt.%), but distinctly lower Co abundances (mostly <0.015 wt.%;
Table 1).

Results of microanalysis suggest that a higher Co/Ni ratio,
like depletion of As, may point to a negligible direct impact of hy-
drothermal processes on the growth of framboids, for example,
one of these occurrences (Table 2 and Fig. 4C) is depleted in
As (<0.015 wt.%), and slightly enriched in Co (0.02—0.18 wt.%),
Cu (0.02-0.16 wt%), Ni (0.02-0.10 wt.%) and Zn (0.03-0.07
wt.%). Although its microtexture is obliterated, the lack of hydro-
thermal impact is also documented by the Co/Ni ratio varying
from 1.8 to 6 (measuring points 1 through 3). The same rela-
tionship was also noted in densely-packed framboidal aggrega-
tions (Table 2 and Fig. 4E). The arsenic content ranges from
<0.015 to 0.43 wt.%, whereas the Co/Ni ratio averages 1.8 with
arange of 0.6 to 12. The other selected framboids contain com-
monly higher contents of Ni than Co (Table 2 and Fig. 4A, B, D),
which may indicate an influence of subsequent hydrothermal
fluids. This is also indicated by somewhat higher concentrations
of arsenic in some framboids.

By contrast, pyrite microcrystals (Table 2 and Fig. 4F) show
a distinct enrichment of As (range of 0.80 to 2.31 wt.%) and a
dominance of Ni over Co (0.02 to 0.04 vs. <0.015 wt.%). The
difference between these two pyrite types is particularly en-
hanced when it comes to comparing the contents of As in

framboids with their pyrite microcrystal overgrowths (Table 2
and Fig. 4D). A densely-packed and corroded framboid con-
tains 0.03 to 0.08 wt.% As (points 1, 2, 3in Fig. 4D) whereas the
surrounding aureole of pyrite grains shows a far higher abun-
dance of this metalloid in the range of 0.92 to 2.44 wt.% (points
1, 5). This contrasts with results of the pyrite study from the up-
per oceanic crust of the South China Sea Basin, where fram-
boidal pyrite is enriched in As and other trace elements com-
pared to pyrite euhedra (Hu et al., 2022). Similarly, pyrite-filled
cellular occurrences from Kentucky coals have been enriched
in As up to 0.647% (Diehl et al., 2012). This means that this re-
lationship varies from site to site depending on different envi-
ronmental conditions.

Taken together, depletion of arsenic may be regarded as
the Ariadne’s web for the Wisnidéwka framboids. Notably, some-
what higher As levels (range of 0.06 to 0.14 wt.%) were re-
corded in a pyritiferous framboidal template infilling spaces be-
tween microcrystallites (points 2 and 4 in Fig. 4B). By contrast,
the content of As in microcrystallites is markedly lower, amount-
ing to 0.02 and 0.03 wt.% (points 1 and 3 in Fig. 4B). For com-
parison, pyrite framboids from the recent Achterwasser lagoon
sediments (western estuary of the Odra River, close to the Ger-
man/Polish border) also contain low concentrations of arsenic,
scarcely reaching 0.11 wt.% (Neumann et al., 2013).

FRAMBOIDAL PYRITE PROVENANCE

Studying framboids in stratiform pyrite deposits yields us an
opportunity to figure out their organic origin. Wisniéwka strati-
form mineralization zones are characterized by the presence of
dominant sediment-hosted hydrothermal pyrite typically en-
riched in numerous metal-bearing minerals that may be em-
ployed to fingerprint different geological processes. Another
signature of hydrothermal activity in the Wisniéwka Late Cam-
brian sedimentary basin is an unusual light sulphur enrichment
of pyrite highlighted by a 3*s range of —41.4 to —23.6%o (Miga-
szewski and Galuszka, 2019). These strongly negative §**S
values were produced by reaction of hydrothermal Fe(ll) with
bacterially-reduced sulphur species (Boyce et al., 1983). Inter-
estingly, framboids do not occur in the subjacent light grey
quartzite-bentonite/tuffite succession exposed in the south-
easternmost section of the Podwisnidéwka quarry close to the
Middle/Upper Cambrian boundary (Fig. 1). This implies that a
lack of hydrothermal activity did not favour the formation of
framboids and pyrite microcrystals at that time. All this changed
with the deepening of the sedimentary basin combined with pe-
riodic sea-floor venting giving rise to the euxinic-anoxic environ-
ment. In order to unravel the provenance of the pyrite framboids
and pyrite microcrystals, we must consider the specific mor-
phology, microtexture, mineralogy and geochemistry of these
two different mineral occurrences, that reflect diverse physico-
chemical conditions.

Framboidal pyrite morphology may be interpreted as a re-
sult of BSR activity that enabled rapid nucleation from fluids su-
persaturated with ferrous iron and hydrogen sulphide (Rickard,
2021). Both the microcrystal morphology and microtextural fea-
tures of pyrite framboids versus pyrite microcrystals devoid of
organic imprints, as well as the spatial relationships between
these two pyrite types, point to their formation under sedimen-
tary-early diagenetic conditions (Migaszewski and Gatuszka,
2019, 2023b), which has also been documented by other stud-
ies (e.g., Butler and Rickard, 2000; Folk, 2005). These fram-
boids remained largely unaffected by late diagenetic and epi-
genetic processes, which is generally substantiated by the good
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Table 2

Concentrations of metal(loid?s in wt.%) in selected pxrite framboids (Pw3; 81.1-81.2 m, Pw3, Pw34, WD6) and pyrite
microcrystals (Pw38) of the Wisniéwka mining area (based on EMP measurements)

1 2 3 4 5 1 2 3 4 1 2 3 4 1 2 3 4 5
As 0.05 | 0.04 | 0.02 | 0.05 | 0.02 | 0.02 | 0.14 | 0.03 | 0.06 < < < < 2.44 | 0.08 | 0.07 | 0.03 | 0.92
Co < < < < < < < < < 0.18 | 0.06 | 0.15 | 0.02 < 0.02 | 0.02 < <
Cu 002 | < < [0.02]| < < |[002| < |0.05|014|0.16|0.08|0.02|005| < |0.03| < <
Ni 0.02 | 0.02 | 0.04 | 0.02 | 0.03 | 0.02 | 0.04 | 0.02 | 0.07 | 0.10 | 0.02 | 0.08 | 0.03 | 0.05 | 0.02 | 0.05 | < <
Sb 003| < ]0.03|002|002| < |002]|0.03]| < < [002]| < |002]| < < |005| < |0.02
Se 0.02 | 003 | < < < |002]| < < < < < < < [003| < [002| < |o0.02
Zn < < |002]|003| < |002]|0.02]0.05| < |0.07|0.03|0.06|0.05]|0.03|004|0.02]| < |0.04

Tab. 2 cont.
Element PW3/(?:TQ-8‘:E§ i Pw38 (Fig. 4F)

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8
As < 0.04 < < < 0.06 | 0.43 | 0.04 | 0.04 | 0.03 | 0.80 | 220 | 2.31 | 1.15 | 1.09 | 1.92 | 0.82 | 1.70
Co 0.12 | 022 | 0.19 | 0.21 | 0.06 | 0.13 | 0.30 | 0.11 | 0.18 | 0.19 < < < < < < < <
Cu 0.04 | 0.07 | 0.09 | 0.10 | 0.04 | 0.07 | 0.07 | 0.09 | 0.04 | 0.11 | 0.02 | 0.02 | 0.02 < < < < <
Ni 0.02 | 0.06 | 0.05 | 0.05 | 0.10 | 0.09 | 0.23 | 0.05 | 0.18 | 0.11 | 0.02 | 0.02 | 0.02 | 0.03 | 0.04 | 0.03 | 0.02 | 0.04
Sb 0.02 | 0.02 < 0.05 | 0.03 < < < < 0.02 | 0.04 < 0.22 | 0.02 | 0.04 | 0.06 | 0.02 <
Se < < < < 0.02 < < < < < < < 0.02 < 0.02 < < <
Zn 0.03 | 0.07 | 0.02 < 0.07 | 0.03 < < 0.02 | 0.05 | 0.06 | 0.02 | 0.04 < 0.06 | 0.02 < 0.03

< —below 0.015 wt.%

state of their microtextural preservation. This was presumably
induced by their incubation within black/dark grey carbona-
ceous clayey-silty shales and hydrothermal bentonites repre-
senting euxinic-anoxic facies. Some framboids show a well-
preserved pyritized spider-web-like matrix (organic biofilm) with
embedded nano- and microcrystallites (Fig. 4B this study; see
also MaclLean et al., 2008: Fig. 2C). This matrix now consists of
pyrite that replaced microbially-formed organic matter (OM).
The organic template in this biofilm represented a micro-
environment that favoured both nucleation and growth of pyrite
crystallites. This suggests their organic origin and excludes the
direct formation of framboidal pyrite from solution within uncon-
strained microenvironments or free microvoids. Moreover, it is
difficult to explain the diverse sizes of neighbouring individual
framboids and their inner crystallites within composite aggrega-
tions (not to mention their co-occurrence with pyrite micro-
crystals) on the basis of inorganic processes. This means that
nano- and microcrystallites of particular framboids may repre-
sent products of microbial activity locally slightly enlarged by the
BSR process or recrystallized by consecutive inputs of hydro-
thermal fluids.

It should be stressed that the presence of larger framboids
(above 5 or 6 mm across) does not point to their diagenetic or
epigenetic origin, as indicated in other studies, for example by
Wilkin et al. (1996) or Smolarek et al. (2014). The results of the
present study also show that the size of framboids and their pro-
portion to pyrite microcrystals cannot be used to discriminate

euxinic-anoxic from suboxic-oxic conditions as observed in
other depositional basins unaffected by hydrothermal proces-
ses (e.g., Wignall and Newton, 1998; Bond et al., 2004; Piper
and Calvert, 2009; Smolarek et al., 2014). According to Wignall
and Newton (1998), different-sized pyrite agglomerations are
linked to the dimensions of bacterial occurrences and should
not be used in the reconstruction of palaeoenvironmental redox
conditions.

Aside from morphologic characteristics, the diverse chemi-
cal compositions of pyrite framboids and associated pyrite
microcrystals also point to two different pathways of their forma-
tion. The depletion of trace elements (especially As) in pyrite
framboids, suggests that the products of microbial activity for-
med between consecutive influxes of hydrothermal fluids into
the sedimentary basin or as a result of their mixing with seawa-
ter at a distance from sea-floor vents. These hot metal(loid)-
and H,S-rich fluid inputs may have also inhibited the growth of
framboids, triggering crystallization of pyrite microcrystals
around framboid rims. The presence of sharp or corroded
boundaries between framboids and pyrite overgrowths may
suggest an impact of reactive, concentrated, high-temperature
hydrothermal fluids (Figs. 2E—G and 4D).

However, a still unsolved issue is the contribution of hydro-
thermal fluids to the low-temperature BSR process that has
been observed in many recent and fossil euxinic-anoxic envi-
ronments (e.g., Wilkin and Barnes, 1997; Habicht and Canfield,
1997; Goldhaber, 2003; Mozer, 2010). In most sedimentary en-



https://doi.org/10.1016/0016-7037(96)00209-8
https://doi.org/10.1016/S0016-7037(96)00320-1
https://doi.org/10.2475/ajs.298.7.537
https://doi.org/10.2475/ajs.298.7.537
https://doi.org/10.2475/ajs.298.7.537
https://doi.org/10.2478/ctg-2014-0023
https://doi.org/10.2478/ctg-2014-0023
https://doi.org/10.1016/j.earscirev.2009.03.001
https://doi.org/10.1016/j.earscirev.2009.03.001
https://doi.org/10.2478/v10183-010-0004-2
https://doi.org/10.1111/j.1472-4669.2008.00174.x
https://doi.org/10.1016/S0016-7037(97)00311-6
https://doi.org/10.1016/S0016-7037(97)00311-6
https://doi.org/10.1016/B0-08-043751-6/07139-5
https://doi.org/10.1017/S0016756804008866

10 Zdzistaw M. Migaszewski et al. / Geological Quarterly, 2025, 69, 8

vironments, sulphate-reducing bacteria metabolize at a tem-
perature range of 0 to 80°C, but above this upper limit the BSR
process ceases (Machel, 2001; Canfield et al., 2006; Sawicka
et al., 2012). However, results of the earlier radiotracer study
performed by Jorgensen et al. (1992) have revealed that sul-
phate reduction in deep-ocean sediments can take place at a
temperature of up to 110°C, with an optimum range of 103 to
106°C. Paradoxically, the presence of hydrothermal minerals
(As-rich pyrite, goethite/hematite, REE-minerals, TiO, poly-
morphs, nacrite, metal sulfides, barite, chromite and partly zir-
con) in the Wisnidwka Upper Cambrian siliciclastic formation
points to higher crystallization temperatures varying from 150 to
at least 300°C (Migaszewski and Gatuszka, 2019, 2023a, b).
This may suggest that periodic inputs of high-temperature hy-
drothermal fluids supplied H,S, Fe, As, Co, Ni and other
metal(loid)s to the water column. Some of these chemical spe-
cies may have been selectively taken up by microorganisms. A
part of H,S in turn may have undergone oxidation to S0,%,
which was then mixed up with seawater sulphate. Variations in
the temperature and chemistry of hydrothermal fluids, and in
the spatial distribution and intensity of vent activity, may have
led to increase in or cessation of growth of pyrite framboids.
However, the lack of microtextural relationships between pyrite
framboids and hydrothermal index minerals may indicate that
the framboids originated at a temperature <110°C.

CONCLUSIONS

This study shows that both pyrite framboids and micro-
crystals formed in a hydrothermally-impacted, early diagenetic

sedimentary environment, both within the water column and in
S04%/Fe-rich sediment porewater. Their morphologies, micro-
textures and geochemical features suggest that framboids rep-
resent products of microbial activity that formed under relatively
reducing conditions at low temperatures as a result of mixing of
seawater with periodic influxes of metal(loid)- and H,S-rich hy-
drothermal fluids. Crystallization of pyrite microcrystals may
have occurred during the more intense multi-stage hydrother-
mal activity associated with temporary cessation of framboid
growth. This suggestion is supported by the presence of cor-
roded framboidal aggregates overgrown by pyrite microcry-
stals. Enrichments of As and Ni in some densely-packed or
recrystallized framboids may point to the rapid impact of high-
-temperature hydrothermal fluids on microbial activity. In addi-
tion, the occurrence of As-rich pyrite rims, enveloping some in-
dividual framboids, may be fingerprints of intermittent cessation
of microbial growth. The predominance of framboids in the
lower part of the Wisnidwka Upper Cambrian profile may have
been linked to supersaturation levels of H,S/SO,* and Fe in a
dominant organic-rich clayey-silty sediment.
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