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Abstract

Previously unknown exposures of silicified serpentinites 
have been documented within the Szklary Massif, which 
is a fragment of the tectonically dismembered Central 
Sudetic Ophiolite (NE Bohemian Massif). On the basis 
of textural, mineralogical and chemical differences, two 
types of silicified serpentinites have been distinguished 
in this study (Type I and Type II). Type I is characterized 
by well-preserved primary minerals cut by numerous 
veinlets filled with microscale euhedral quartz crystals. 
Studied samples of Type I are enriched in silica (from 62 
to 69 wt.% SiO2) and depleted in magnesium (from 10 to 
19 wt.% MgO) in comparison to serpentinized peridot-
ites from the Szklary Massif. Type II is almost exclusive-
ly composed of amorphous or poorly crystalline silica, 
with microquartz aggregates being the most abundant 
form. Silicified serpentinites of Type II show extremely 
high values of silica (from 83 to 90 wt.% SiO2) and low 
magnesium concentrations (from 4 to 8 wt.% MgO). 
Both types of silicified serpentinites have elevated con-
tent of REE and many other trace elements generally 
regarded as incompatible. We infer that the earlier silici-
fication event was caused by the percolation of Si-rich 
hydrothermal fluids derived from igneous rocks, which 
intruded this area from ca. 380 to 330 Ma. A subsequent 
silicification event is the result of silica remobilization 
during intense chemical weathering under tropical con-
ditions, which could have occurred between Late Creta-
ceous and Miocene.
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1. Introduction

Silicification refers to the natural process in which pri-
mary mineral aggregates are replaced by various forms 
of crystalline and/or amorphous SiO2. Silica is commonly 
derived from hydrothermal fluids that normally accom-
pany volcanic activity (Gibson et al. 1983). On the other 
hand, supergene processes such as lateritic weathering 
can also be responsible for silica enrichment in certain 
horizons of lateritic regolith (Elias 2002; Butt, Cluzel 
2013). Therefore, an increase in SiO2 content can be trig-
gered by many geological processes and chemical reac-
tions, thus a universal silicification model does not ex-
ist. However, most of the previous studies have shown 
that silicified ultramafic rocks are products of broadly 
defined metasomatism or various types of supergene 
chemical weathering. 
Strongly siliceous rocks referred to as birbirites have 
been previously described within ultramafic rocks in 
western Ethiopia (Duparc et al. 1927; Molly 1959) and 
in the Mauritanides Belts - the Gouérarate region (Moc-
tar et al. 2019). According to the authors, the birbirites 
were formed by tropical weathering of dunites, which 
includes intense magnesium leaching simultaneous-
ly with silica recrystallization as secondary quartz and 
chalcedony. It was suggested by Moctar et al. (2019) 
that birbirites are a transitional lithology between un-
weathered peridotites (the protolith) and lateritic sap-
rolite, which is the end-product of tropical weathering 
(Sherman et al. 1953). The term “silicified serpentinites” 
was used by Lacinska and Styles (2013) for rocks formed 
as a result of the incongruent dissolution of Mg-silicates 
followed by magnesium leach out and precipitation of 
microquartz (<20 μm spheroidal siliceous grains form-
ing granular texture; e.g. Flörke et al. 1991). In this par-
ticular case, silicified serpentinites are considered as 
silcrete, corresponding to the residuum of palo-weath-
ering surface. On the other hand, the hydrothermal ori-
gin of silicified serpentinites was proposed by Auclair et 
al. (1993) and was based on SiO2-bearing hydrothermal 
fluids interaction with serpentinites. In this scenario, 
appreciable quantities of water and silica are liberated 
due to the transformation of serpentinites into talc-car-
bonate schists and lead to intense silicification of ser-
pentinites which occurs at shallow depth. Serpentinites 
silicification, accompanied by listvenitization (the pro-
cess of carbonate and silica alteration of mafic and ultra-
mafic rocks; see e.g. Spiridonov 1991; Halls, Zhao 1995) 
have been reported within the Birjand ophiolite (Boska-
badi et al. 2020). Silica listvenites (also called birbirites 
by the authors) are hosted, as smaller bodies, by other 
carbonate-rich listvenites, which confirms their relation-
ship with these lithologies as well as their hydrothermal 
origin. Furthermore, thermodynamic models calculated 

by Klein and Garrido (2011) indicate that silicification of 
serpentinized peridotites is possible by fluid influx at a 
temperature below 200 °C. 
In this article we present the results of the mineralogi-
cal and geochemical study of the silicified serpentinites 
from the Szklary Massif (southwestern Poland). These 
rocks contain various forms of silica together with dif-
ferent proportions of primary minerals typical for ser-
pentinized peridotites. We therefore hypothesize that 
at least two different processes are responsible for the 
silicification of the studied ultramafic rocks. 

2. Geological settings of the study area

Tectonically dismembered fragments of the Early Devo-
nian oceanic lithosphere occur in the northeastern mar-
gin of the Bohemian Massif (Kryza, Pin 2010) (Fig. 1a). 
The obduction of oceanic crust and mantle rocks onto 
the continental margin is interpreted as a consequence 
of the Rheic Ocean closure during the Variscan multi-
stage collision between Gondwana and Laurussia (Fran-
ke, Żelaźniewicz 2000; Mazur et al. 2006). Ultramafic 
and mafic rocks of the ophiolite sequence crop out as 
isolated massifs spread around the gneissic Góry Sowie 
Massif (Fig. 1b). All these massifs are collectively includ-
ed in the so-called Central Sudetic Ophiolite (CSO) (e.g., 
Dubińska, Gunia 1997; Kryza, Pin, 2010; Awdankiewicz 
et al. 2021). Along the easter margin of the Góry Sowie 
Massif extends the Niemcza left-lateral shear zone (Ma-
zur, Puziewicz 1995). This unit comprises mainly mylo-
nitic gneisses accompanied by quartz-graphite schists, 
amphibolites, as well as undeformed Carboniferous 
syenites and diorites (Mazur, Puziewicz 1995; Pietranik 
et al. 2013). The Szklary Massif, also located within the 
Niemcza shear zone, is the smallest fragment of CSO 
(Fig. 1c).
The Szklary Massif is composed of weakly serpentinized 
peridotites including harzburgites and lherzolites, as 
well as a subordinate orthopyroxenites which are con-
sidered as lowermost fragment of the ophiolite se-
quence (Gunia 2000). Ultramafic rocks were affected by 
later metamorphism, particularly evident in the numer-
ous shear zones, where primary minerals are replaced 
by chlorite-tremolite aggregates and Cr-spinel, talc, and 
actinolite as accessory minerals. Serpentinized peridot-
ites from the Szklary Massif are often cut by narrow 
amphibolite veins enveloped by chlorite-rich zones, as 
well as different varieties of leucocratic rocks, including 
LCT-type pegmatites (Pieczka et al. 2019), aplites, and 
plagiogranites (Gunia 2007). Furthermore, lamprophyre 
dykes (kersantites and spessartites) (Niśkiewicz 1967) 
and rare metasomatic rocks such as rodingites can also 
be found (Dubińska et al. 2004). A distinctive feature of 
the Szklary Massif, which is not observed within other 
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CSO massifs, is the presence of a relatively thick later-
itic cover (up to 76 m). It occurs in situ directly above 
unweathered serpentinized peridotite and forms a 
heterogeneous layer of saprolite with remnants of the 
parent rock, which marks the lowermost part of weath-
ering profile (Dubińska et al. 2000; Niśkiewicz 2000). 
The lateritic cover consists mainly of partially or altered 
hydrous Mg-silicates, clay minerals, and a few varieties 
of silica, including rare gem-quality chrysoprase (green 
variety of chalcedony) (Čermáková et al. 2017). Elevated 

contents of dispersed iron oxides and oxyhydroxides are 
responsible for the distinctive reddish color. Moreover, 
some fragments of the saprolite layer contain abundant 
magnesite-quartz veins and are cut by numerous frac-
tures mostly filled with amorphous silica together with 
greenish nickel-bearing clay minerals (Wiewióra, Szpila, 
1975; Dubińska et al. 2000). Most of the previous studies 
of the lateritic cover from the Szklary Massif were based 
on core samples obtained during local drilling projects. 
These revealed the presence of strongly siliceous and 

Figure 1. (a) Simplified sketch map of the Bohemian Massif (black rectangle represents the study area) and (b) western 
margin of the Góry Sowie block (modified after Aleksandrowski, Mazur 2002). (c) Geological map of the Szklary Massif 
(modified after Badura, Dziemiańczuk 1981). GJM – Gogołów-Jordanów Massif; KZMFB – Kamieniec Ząbkowicki 
Metamorphic Fold Belt; BBM – Braszowice-Brzeźnica Massif; BB – Bardo Basin. GJM, BBM and Szklary Massif are collectively 
termed as Central Sudetic Ophiolite (CSO).
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porous metasomatic rock (e.g., Niśkiewicz 2000; Mi-
kulski 2014). On the grounds of chemical and physical 
similarities to Ethiopian birbirites, Mikulski (2014) stat-
ed that this horizon enriched in silica developed due to 
intense chemical weathering and seasonal groundwater 
fluctuations under subtropics climate conditions. This 
led to chemical elements migration within saprolite trig-
gered by changes in the pH-Eh conditions. Intense sil-
ica enrichment and its recrystallization combined with 
simultaneous loss of elements such as Mg, Ni, Cr, and 
Co suggest that the birbirite from the Szklary region is a 
product of near-surface processes (Mikulski 2014).

3. Analytical methods

During the field work 32 samples were collected. They 
represent various rock types, but predominantly ser-
pentinized peridotites and silicified serpentinites, as 
well as solid and loose lateritic material from the sap-
rolite horizon. The bulk-rock chemistry of samples was 
analyzed in the laboratories of Bureau Veritas Minerals 
(Vancouver, Canada). Silicified serpentinites, partially 
serpentinized peridotites, and hard saprolite were an-
alyzed by inductively coupled plasma mass spectrome-
try (ICP-MS), following the fusion of samples in lithium 
borate. The method reproducibility (2SE) assessed by 
replicates ranges from 0% (CaO) to 1.6% (Cr2O3) at 95% 
confidence limits. Analytical accuracy (2SE) based on 
measurements of 4 standard STD SO-19 is from 0.25% 
(Al2O3) to 4.4% (Ba) at 95% confidence limits. More-
over, the chemical composition of loose saprolite was 
determined by X-ray fluorescence (XRF) analysis. The 
preparation procedure consisted of samples fusion in 
a platinum gold crucible with a lithium tetraborate flux 
followed by casting into a disc to lower the negative 
impact of moisture accumulation and obtain a better 

quality of analyses. The method reproducibility (2SE) 
assessed by replicates is below 1% for major elements, 
as well as nickel and commodity elements for nickelif-
erous laterites; 0.8% (Ni) and 8.3% (Co) at 95% confi-
dence limits. For XRF analysis, analytical accuracy, as es-
timated from the real concentration in the standard STD 
OREAS 184 is below 1% for major elements, as well as 
nickel and cobalt. Petrographic thin sections were stud-
ied using an optical microscope (Zeiss Axioskop EL-Ein-
satz) and scanning electron microscope JEOL JSM-IT100 
(SEM-EDS) equipped with monochromatic cathodolumi-
nescence detector Deben Centaurus (SEM-CL). For com-
plete information about crystalline phases identifica-
tion of silicified serpentinites and accompanying rocks, 
manually ground samples were examined using X-Ray 
diffraction (XRD). Measurements were performed on 
Bruker D8 ADVANCE diffractometer with CuKα radiation 
(1.5406 Å), counting time 1.9° 2θ/min and 3° - 75° 2θ 
range. For qualitative differentiate mineral phases, we 
used the DIFFRAC.EVA software with PDF - 4+ database. 
Electron and optical microscope investigations, as well 
as X-Ray diffraction analyses were carried out at the In-
stitute of Geological Sciences (University of Wrocław). 

4. Field observations

Natural outcrops of silicified serpentinites have not been 
documented in the northern part of the Szklary Massif, 
therefore only single blocks of rusty and porous quartz-
itic rocks were collected on the field. The situation is dif-
ferent in the central and southern parts of the Szklary 
Massif, where new outcrops of silicified serpentinites 
have been documented during fieldwork. Silicified 
zones crop out within serpentinized peridotites (Fig. 
2a) and overlying lateritic cover (Fig. 2b). They usually 
form relatively narrow vertical or subvertical elongated 

Figure 2. (a) Field photos showing silicification within serpentinized peridotites – Type I. Inset shows contact between ser-
pentinized peridotite (host rock) and silicification zone. (b) Silicified zones located within lowermost part of the saprolite hori-
zon – Type II.
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zones, occasionally similar in shape to the convex lens. 
Silicified zones located above and beneath the weath-
ering front demonstrate slightly different macroscopic 
features. Two types of silicified serpentinites, hereafter 
referred to as Type I and Type II, have been already dis-
tinguished during fieldwork (Fig. 3). Major differences 
are manifested by the presence of primary minerals and 
iron oxyhydroxide, resulting in changes of color tone al-
ready at the outcrop scale. Type I represents silicified 
serpentinites collected mainly from horizontally elon-
gated zones, surrounded by serpentinized peridotites, 
beneath the lateritic cover. It contains more primary 
minerals representative for serpentinites and it is usual-
ly less weathered and porous. Moreover, Type I contains 
either quartz or chalcedony veinlets oriented in a com-
parable direction. Type II crops out within the saprolite 
zone, which is situated directly above serpentinized per-
idotites. It is more porous and does not contain visible 
primary minerals except for corroded grains of Cr-mag-
netite. Type II is noticeably harder and more silicified 
than Type I. The samples of Type II display intense rusty 
color, and the pores are occasionally filled up by quartz 
and colorless opal.

5. Petrography and chemical composition of 
silicified serpentinites

5.1. Type I

Silicified serpentinites have been divided into two main 
types according to their textural and optical proper-
ties. The differences in chemical and mineral compo-
sition between the types are also consistent with this 
division. Macroscopically, Type I displays a cryptocrys-
talline texture, but a minor amount of serpentine min-
erals and single grains of Cr-magnetite remain visible 
by the unaided eye. Microscopic examination revealed 
that primary minerals are mostly well preserved, as 
well as light color veinlets filled with microscale quartz 

clusters alternating with minor amounts of cryptocrys-
talline silica (Fig. 4a). Relicts of the original mineralogy 
are recognizable in thin sections. They are represented 
by amphiboles, which appear as bladed and/or acicu-
lar crystals, as well as Cr-magnetite represented by ir-
regular-shaped, opaques grains. Relicts of serpentine 
and clinochlore usually display pale green color. They 
appear as parallel fibers or asbestiform crystals (ser-
pentine) and tabular crystals characterized by perfect 
cleavage (clinochlore). Qualitative analysis, obtained 
from X-ray diffraction and SEM-EDS, revealed the pres-
ence of talc, tremolite and anthophyllite. Further obser-
vation of backscattered electron (BSE) images obtained 
from Type I have shown that the most striking feature 
is the presence of numerous veinlets overgrown by eu-
hedral quartz crystals. Preserved rock-forming silicates 
are usually cut by these veinlets (Fig. 4b). Moreover, 
in studied veinlets, single zircon grains (<20 µm) were 
observed as inclusions (Fig. 4c), as well as alkali feld-
spar but in this particular case the chemical analysis is 
uncertain due to the extremely small size of the grain 
(<10 µm). Quartz crystals occurring within the veinlets 
display characteristic oscillatory zoning under cathodo-
luminescence (Fig. 4d). A minor amount of chalcedony 
and microquartz grains have been documented in some 
parts of studied Type I where primary minerals. In com-
parison to protolith, samples of silicified serpentinites 
(Type I) are generally enriched in Si (from 63 to 69 wt.% 
SiO2) and depleted in Mg (from 10 to 19 wt.% MgO). 
All samples of Type I show elevated K2O content and 
two samples are characterized by Al2O3 concentration 
higher than average for serpentinized peridotites (Fig. 
5). Other major oxides concentrations are roughly the 
same as measured in partially serpentinized peridotites 
(Table 1). Silicified serpentinites (Type I) show elevated 
concentrations of rare-earth elements (REE), whereas 
in serpentinized peridotites abundances of these ele-
ments are usually below the detection limits. Moreover, 

Figure 3. Examples of silicified serpentinites occurring within the Szklary Massif. (a) Type I is less weathered and porous and 
usually display grayish color. Note that quartz veinlets (Qz) are oriented roughly in one direction. (b) Type II is characterized by 
rusty orange color, as well as presence of pores and colorless opal (Opl). 
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samples representing ultramafic rocks are characterized 
by comparable Co and Ni compositions, while in Type 
I samples these elements are more variable. Also, Rb 
and Y concentrations measured in Type I are enriched in 
comparison to the protolith (Fig. 6). Complete trace ele-
ment compositions of the studied samples are reported 
in Table 2.

5.2. Type II

The characteristic textural feature of Type II is the pres-
ence of partially porous zones, manifested by circular 
and oval-shaped vesicles whose diameter is up to 1mm 
(Fig. 7a). The distribution of porous zones is irregular 
and they often border with massive parts. Type II dis-
plays an almost homogeneous intense rusty orange col-
or. Macroscopically, the groundmass of rock is mostly 
indistinguishable, except for colorless opal, as well as 
milky and transparent silica veins, which thickness usu-
ally does not exceed 1 cm. In thin section, the ground-

mass of Type II is mainly composed of non-crystalline 
silica aggregates which often mimic the original mesh 
texture of serpentinized peridotite (Fig. 7b). Strongly 
corroded and subangular Cr-magnetite grains are also 
recognizable. Veins with euhedral quartz are present but 
less common in Type II (Fig. 7c). The non-crystalline sili-
ca aggregates, which are the most common component 
of the groundmass, are strongly intermixed with opaque 
and deep-red brown iron oxyhydroxides. This particular 
feature makes thin sections of Type II difficult to exam-
ine under the petrographic microscope, because iron 
oxyhydroxides mask the optical properties of preserved 
minerals. However, further SEM-BSE observations of 
Type II revealed that the groundmass is mostly occupied 
by so-called microquartz grains which usually form larg-
er clusters (Fig. 7d). Relics of talc, bladed tremolite and 
fibrous serpentine minerals were observed in interstic-
es between the microquartz grains. Moreover, qualita-
tive XRD analysis revealed the presence of clinochlore. 
Type II is characterized by extremely high silica (from 83 

Figure 4. Microscopic (a), back-scattered electron (b, c) and cathodoluminescence (d) images of the silicified serpentinite (Type 
I). (a) Primary tremolite aggregates (Tr) and magnetite grain (Mag) invaded by a late quartz veinlet (Qz). (b) Tremolite crystal 
cut by a silica veinlets (Qz). The groundmass of Type I is mostly composed of cryptocrystalline silica intermixed with relicts of 
serpentine (Srp), clinochlore (Clc) and subhedral magnetite grains (Mag). (c) Zircon grain (Zrn) enveloped by quartz (Qz) and 
anthophyllite (Ath) and serpentine (Srp) aggregates. (d) Euhedral growth zones of hydrothermal vein quartz. 
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to 90 wt.% SiO2) and low magnesium values (from 4 to 
8 wt.% MgO). In comparison to the protolith, the chemi-
cal analyses showed a slightly lower content of Fe (up to 
5 wt.% Fe2O3), as well as CaO (up to 0.7 wt.%), MnO (up 
to 0.05 wt.%) and Cr2O3 (up to 0.32 wt.%) (Fig. 5). Oth-
er major oxides present comparable values (Table 1). 
Unlike serpentinized peridotites, the concentrations of 
REE in silicified serpentinites of Type II are usually above 

detection limits (Table 2). In comparison with the ultra-
mafic protolith, all samples representing Type II are de-
pleted in Co, while Ni shows a range of concentrations. 
Moreover, Rb and Y concentrations are higher, while V 
and Sr display lower concentrations than in the protolith  
(Fig. 6).

Figure 5. Major oxides composition of two types of silicified serpentinites. The value ‘1’ corresponds to the average composition 
of partially serpentinized peridotites from the Szklary Massif (see Table 1). 

Figure 6. Trace element compositions of two types of silicified serpentinites. The value ‘1’ corresponds to the average compo-
sition of partially serpentinized peridotites from the Szklary Massif (see Table 2). 
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6. Discussion 

6.1. Petrography of silicified serpentinites 

Petrographic studies on silicified serpentinites from 
the Szklary Massif revealed that these rocks are mainly 
composed of different types of silica. In samples repre-
senting silicified serpentinites of Type I the groundmass 
is composed of numerous veinlets, mainly filled with 
quartz clusters and minor amounts of cryptocrystal-
line silica. Nevertheless, the presence of various silica 
forms is not as abundant as in Type II. Additionally, the 
most striking feature of Type I is well-preserved pri-
mary minerals, whereas Type II is characterized by an 
almost complete lack of primary minerals other than 
silica. This difference is probably caused by uneven dis-
solution of Mg-silicates within the lower zones of the 
lateritic profile, especially on the boundary between 
parent rock and saprolite, where fluid circulation could 
be not as pervasive as within the subsurface horizons. 

According to Golightly (2010), limited drainage within 
the saprolite zone enhances the process of silica pre-
cipitation and deposition. Microscale structural analy-
ses of Type I reveal the presence of numerous veinlets 
filled with quartz crystals. Their spatial and geometric 
configuration in oriented samples mimics the elonga-
tion trend of silicification zones. This may suggest that 
Si-rich fluid flow occurred only in certain well-defined 
directions. Quartz crystals occurring in Type I display a 
few textural variations, nevertheless the most common 
texture could be described as euhedral growth zones of 
oscillating cathodoluminescence intensity (Rusk 2012). 
These CL signatures indicate hydrothermal rather than 
weathering origin of quartz crystals occurring in silicified 
serpentinites of Type I (Götte et al. 2011; Rusk 2012; 
Frelinger et al. 2015). According to Rusk (2012), the cor-
relation between the properties of quartz growth zones 
and crystallization temperature is uncertain. However, 
euhedral and well-formed crystals are generally consid-
ered to be derived from low temperature and/or epith-

Figure 7. Microscopic (a, b, c) and back-scattered electron (d) images of the silicified serpentinite (Type II). (a) Characteristic 
porous texture of Type II. Between single voids occur numerous quartz veinlets (Qz). (b) Microquartz aggregates form pseudo-
morphs after primary minerals and mimic mesh texture of partially serpentinized peridotites. (c) Vein with euhedral quartz (Qz). 
Note that the quartz crystals grow toward the central part of void. (d) Spheroidal microquartz grains (Qz) and relicts of primary 
minerals, tremolite (Tr) and serpentine (Srp). 
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ermal environments (<300ºC) (Dong et al. 1995; Götze 
2009). Unweathered primary minerals are irregularly 
cut by silica veinlets and somewhat less often along 
their cleavage planes. The presence of sharp contact 
between silica and primary phases and lack of reaction 
zones may indicate that fluid influx was relatively rap-
id. Further BSE observations revealed the occurrence of 
zircon inclusions within silica veinlets. Zircon is probably 
not an authigenic component of partially serpentinized 
peridotites from Szklary Massif, whereas hydrothermal 
origin, related to the presence of Si-rich fluids, is the-
oretically possible. However, due to the small size of 
grains (<20 µm), the characteristic textural features of 
the hydrothermal zircon have not been observed in our 
samples (Schaltegger 2007). At present, we assume that 
zircon was relocated from another geological environ-
ment and subsequently emplaced within serpentinized 
peridotites, together with Si-rich fluid.

Type II is characterized by a random distribution of var-
ious forms of silica, however the groundmass compo-
sition is predominantly occupied by microquartz aggre-
gates, with minor silica veinlets similar to those in Type I. 
A comprehensive mechanism of microquartz formation 
within ultramafic rocks was proposed by Lacinska and 
Styles (2013). Incongruent in situ dissolution of Mg-sil-
icates occurs in the phreatic zone, where meteoric and 
groundwater fluids mingle with each other. This leads 
to the formation of an environment characterized by 
near-neutral pH, which is favorable to microquartz, as 
well as opal precipitation from a fluid. The silicification 
model presented by Lacinska and Styles (2013) is similar 
to the hypothesis formulated by Mikulski (2014), who 
proposed that silicification of ultramafic rocks in Szklary 
was possible due to silica recrystallization and intense 
leaching of Mg within zone characterized by fluctuations 
of the groundwater table. The resemblance in high silica 

Table 1. Average major oxides composition of previously studied silicified ultramafic rocks and major oxides composition of 
investigated types of silicified serpentinites and serpentinized peridotites from the Szklary Massif. 

wt.% SiO2 Al2O3 Fe2O3 MgO CaO K2O MnO Cr2O3 LOI Total

Serpentinized peridotites

BC2 39.67 0.68 8.39 37.28 0.48 <0.01 0.12 0.37 12.70 99.69
BC3 44.59 0.87 9.36 30.74 1.89 <0.01 0.13 0.37 11.70 99.65
BC4 41.46 1.12 8.20 35.47 0.99 <0.01 0.12 0.30 12.00 99.66
BC15 42.82 0.73 9.12 33.72 1.46 <0.01 0.13 0.47 11.20 99.65
BC17 42.02 1.14 9.08 37.31 0.10 <0.01 0.12 0.35 9.60 99.72
BC22 39.91 0.71 9.21 39.35 0.17 <0.01 0.12 0.38 9.80 99.65
Avg. 41.75 0.88 8.89 35.65 0.85 <0.01 0.12 0.37 11.17

Silicified serpentinites (Type I)
BC10 62.62 0.59 7.33 19.60 0.47 0.02 0.10 0.37 8.50 99.60
BC12* 68.74 3.34 10.49 9.89 0.34 0.12 0.18 0.51 4.40 98.00
SS1 68.00 2.06 6.56 12.65 2.29 0.02 0.10 0.30 7.70 99.68
BC21 69.36 0.40 8.99 12.52 0.16 0.02 0.11 0.58 7.40 99.54

Average composition of silica-carbonate listvenites (1), (2)

45.39 0.91 4.84 19.62 4.82 0.58 0.09 - 22.6

Silicified serpentinites (Type II)

BC6 88.26 0.51 3.24 4.57 0.69 0.02 0.04 0.13 2.30 99.76
BC9 89.80 0.37 2.47 4.30 0.37 0.02 0.03 0.11 2.30 99.77
BC16 82.54 1.55 4.34 7.30 0.64 0.02 0.02 0.32 2.80 99.53
BC19 84.22 0.48 2.92 7.53 0.03 0.02 0.05 0.10 4.00 99.35
BC20 86.69 0.26 3.45 5.58 0.06 0.03 0.02 0.09 3.70 99.88

Average composition of silica listvenites (1), birbirites (2), (3) and silicified serpentinites (4)

84.5045 0.78667 6.7185 1.567 2.10842 0.11833 0.07 0.43 4.01

*The chemical composition of sample BC12 is derived from the XRF analysis; <0.1 – values indicating detection limits
(1) Boskabadi et al. (2020)
(2) Gahlan et al. (2020)
(3) Mikulski (2014)
(4) Lacinska, Styles (2013)
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Table 2. Trace elements composition of investigated types of silicified serpentinites and serpentinized peridotites from the 
Szklary Massif. 

 Serpentinized peridotites    Silicified serpentinites (Type I) Silicified serpentinites (Type II)

ppm BC2 BC3 BC4 BC15 BC17 BC22 avg. BC10 BC12* SS1 BC21 BC6 BC9 BC16 BC19 BC20

Co 116.2 123.7 116.7 120.4 113.8 123.4 119 98 248.6 69.9 115.8 53.6 32.3 41.4 55.2 31.8

Ni 2054 2165 2271 2343 2036 2386 2209 2534 6760 1021 1995 1410 1252 1886 4954 536

Cs <0.1 1 0.4 <0.1 <0.1 <0.1 0.7 3 3.2 0.9 2.3 1.4 1.7 0.7 2.2 2.6

Ga <0.5 <0.5 <0.5 <0.5 0.9 <0.5 0.9 <0.5 2.6 3.3 <0.5 1.2 <0.5 <0.5 <0.5 <0.5

Hf <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Nb <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.6 0.3 <0.1 0.8 0.1 0.2 <0.1 <0.1

Rb <0.1 0.7 0.2 0.1 0.2 <0.1 0.3 2.6 10.2 1.5 2.8 2 1.6 1.4 2.1 2.8

Sn <1 <1 <1 <1 7 <1 7 <1 <1 <1 <1 <1 <1 <1 <1 <1

Sr 2.3 6.7 5.1 4.5 1.3 1.7 3.6 1.6 3.2 13.3 1.9 2.3 1.6 2.9 0.5 0.9

Ta <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Th <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 0.9 0.4 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

U <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 1.1 0.4 0.3 0.6 <0.1 <0.1 0.3 0.3 0.3

V 41 44 36 49 43 40 42.17 40 66 35 51 18 17 25 15 18

W <0.5 <0.5 <0.5 0.5 0.6 0.9 0.67 <0.5 0.7 <0.5 1.6 1 0.6 1 0.5 0.9

Zr 0.4 0.4 0.4 0.3 1.9 0.6 0.67 0.9 5.6 3.6 0.5 2.1 0.8 1.2 0.4 0.7

Y 0.1 0.3 0.1 0.2 0.2 0.2 0.18 0.7 2 1 1.3 0.6 0.3 0.6 0.3 0.3

La 0.4 0.5 0.7 0.5 1.1 0.3 0.58 1.6 4.1 1.3 1.2 1.8 0.9 1.3 1.3 1.1

Ce 0.2 0.4 0.2 <0.1 0.5 0.1 0.28 0.2 4.7 1 0.1 0.4 0.2 0.9 0.2 0.2

Pr <0.02 0.02 <0.02 <0.02 0.04 <0.02 0.03 0.19 0.69 0.22 0.18 0.12 0.06 0.18 0.11 0.04

Nd <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 0.7 2.6 0.9 0.9 0.4 0.3 0.7 0.5 0.3

Sm <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.11 0.49 0.18 0.26 0.07 <0.05 0.09 <0.05 <0.05

Eu <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.04 0.11 0.04 0.03 <0.02 <0.02 0.03 <0.02 <0.02

Gd <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.09 0.46 0.15 0.29 0.13 0.06 0.12 <0.05 0.06

Tb <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.07 0.02 0.05 0.01 <0.01 0.02 <0.01 0.01

Dy <0.05 <0.05 <0.05 <0.05 0.05 <0.05 0.05 0.06 0.4 0.15 0.26 0.07 <0.05 0.11 <0.05 0.06

Ho <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.02 0.07 0.03 0.05 0.02 <0.02 0.03 <0.02 <0.02

Er <0.03 0.04 <0.03 <0.03 <0.03 0.03 0.035 0.07 0.22 0.1 0.14 0.07 0.03 0.06 <0.03 0.03

Tm <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.01

Yb <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.08 0.25 0.1 0.09 0.06 <0.05 0.08 <0.05 0.08

Lu <0.01 0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 0.04 0.02 0.02 0.01 <0.01 <0.01 <0.01 0.01

Mo <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.2 0.1 0.1 <0.1 0.2

Cu 5.6 0.8 1.2 1.6 4.3 1 2.42 2.9 9.4 2.3 3.3 1.8 4.3 1.5 5

Pb 0.9 0.4 0.3 1.8 0.2 0.2 0.63 1 0.6 1.8 1.2 1 1.3 0.5 2.1

Zn 28 26 32 35 26 26 28.83 27 17 29 25 14 36 21 13

As <0.5 1.9 2 1.8 0.9 1.6 1.64 1.9 <0.5 3.7 0.8 0.6 0.6 0.8 3

Cd <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.1 0.1 0.3 <0.1

Sb <0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.1 0.1 <0.1 0.3 <0.1 <0.1 <0.1 <0.1 0.5

Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Au <0.5 <0.5 <0.5 <0.5 0.9 <0.5 0.9 1.2 0.9 <0.5 <0.5 <0.5 1.1 <0.5 <0.5

Hg 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.03 0.03 0.06 0.01 <0.01 0.02 <0.01 0.03

Tl <0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5  <0.5  <0.5 <0.5  <0.5 <0.5 <0.5 <0.5 <0.5

*The chemical composition of sample BC12 is derived from the XRF analysis; <0.1 – values indicating detection limits
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content (from 89 to 94 wt.% SiO2), intense decomposi-
tion of the magnesium silicates, as well as macroscopic 
features, such as numerous pores and rusty color sug-
gest that rocks described as birbirite by Mikulski (2014) 
could be the analogs of rocks described as silicified 
serpentinites of Type II in this study. The microquartz 
patterns which mimic the mesh texture of partially ser-
pentinized peridotite suggest that roundish silica aggre-
gates are the residue after olivine dissolution (Fig. 7b, 
d). Aggregates that form pseudomorphs after serpen-
tine or tremolite occur less frequently, which indicates 
that chemical disintegration was more intense for oliv-
ines than for other rock-forming silicates. Silica veinlets 

occurring in Type II are mostly filled with a cryptocrystal-
line form of silica whereas euhedral quartz crystals are 
less widespread than in silicified serpentinites of Type I. 
Therefore, considering previous studies (Mikulski 2014), 
as well as mechanisms of the silica remobilization as-
sociated with the intense removal of the alkaline earth 
metals during the ultramafic rocks lateritization (Goli-
ghtly 2010; Butt, Cluzel 2013; Lacinska, Styles 2013), we 
suggest that chemical weathering under tropical condi-
tions was the primary cause of Type II silicification.
Different intensity of water drainage conditions at the 
boundary between the lowermost saprolite and ultra-
mafic bedrock could be essential for the diversity of 

Figure 8. Whole-rock SiO2 vs. MgO chemical composition of the silicified serpentinites and serpentinized peridotites from the 
Szklary Massif, compared with field boundaries representing the chemical composition of silica-carbonate listvenites (Boska-
badi et al. 2020; Gahlan et al. 2020), silica listvenites (Boskabadi et al. 2020), silicified serpentinites (Lacinska, Styles 2013) and 
birbirites (Mikulski 2014; Gahlan et al. 2020). Average major oxides composition of previously studied silicified ultramafic rocks 
are presented in Table 1.
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studied silicified serpentinites. The most intensive silica 
precipitation and replacement of Mg-silicates occurred 
within the bottom of the saprolite horizon. This is mainly 
manifested by the presence of microquartz aggregates 
mimicking the original mesh texture of the protolith. 
Petrographical analyses show that this feature is more 
common in silicified serpentinites of Type II. However, 
if serpentinized peridotite had been locally affected by 
hydrothermal fluid before primary minerals dissolution, 
the newly formed silicified serpentinites would contain 
hydrothermal quartz (earlier generation), as well as mi-
nor amounts of weathering silica and microquartz (lat-
er generation). In this study, we infer that the presence 
of both silica generations is a characteristic feature for 
silicified serpentinites described as Type I.

6.2. Geochemical implications 

Nearly all serpentinized peridotites are mainly com-
posed of SiO2, MgO and H2O, where water is embedded 
in serpentine minerals (Coleman 1971). Geochemical 
analysis of partially serpentinized peridotites from the 
Szklary Massif showed that silica content varies from 40 
to 45 wt.% SiO2 and the magnesium content varies from 
31 to 39 wt.% MgO (Table 1). Additionally, in analyzed 
samples Fe2O3 content does not exceed 10 wt.% and loss 

on ignition (LOI) varies from 10 to 13 wt.%, which indi-
cates that the studied samples are relatively unweath-
ered. Thus, we presume that changes in MgO/SiO2 ratios 
do not reflect the degree of rock decomposition, but are 
rather related to the primary proportion between the 
main rock-forming minerals, such as olivines, tremolite 
and serpentine minerals. Representative samples of un-
weathered serpentinized peridotites have 37-39 wt.% 
MgO, while serpentinized peridotites, classified as par-
tially weathered have approx. 31 wt.% MgO. Samples 
representing both types of silicified serpentinites are 
significantly enriched in silica and depleted in magne-
sium with varying degrees of intensity (Fig. 8).
The silica content in silicified serpentinites of Type I is 
higher than in serpentinized peridotites and does not 
clearly overlap with silica-carbonate listvenites (e.g., 
Boskabadi et al. 2020; Gahlan et al. 2020). Although the 
MgO concentrations are comparable in both groups of 
rocks, Type I does not contain minerals typical for sil-
ica-carbonate listvenites, such as euhedral magnesite, 
dolomite, calcite, Cr-rich muscovite, sulfides, and native 
gold (Aftabi, Zarrinkoub, 2013; Gahlan et al. 2020). Some 
minerals considered as characteristic of listvenitized ul-
tramafic rocks still occur in the studied rocks (quartz, 
and minor magnesite veins) but isotopic analysis of 
magnesite from Szklary (Jedrysek, Halas 1990) points 

Figure 9. Simplified sketch showing the probable sequence and timing of the silicification processes within serpentinized per-
idotites from the Szklary Massif. (a) Precipitation and growth of euhedral quartz crystals, caused by Si-rich hydrothermal fluid 
influx into serpentinized peridotites. The presence of enriched in silica hydrothermal fluid is most likely related to Late Devonian 
– Early Carboniferous magmatism. (b) Silica remobilization and microquartz precipitation caused by intense tropical weathering 
between Late Cretaceous and Miocene. (c) Present situation that reflects the results of two different silicification processes. 
Note that silicified serpentines of Type I occur mostly within serpentinized peridotites, whereas Type II usually occur within 
saprolite horizon. 
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to rather a supergene origin. Therefore, the contents of 
MgO and SiO2 in Type I are not due to listvenitization 
but likely result from the presence of relicts of primary 
Mg-silicates and silica precipitation from fluid circulating 
within serpentinized peridotites. 
In silicified serpentinites of Type II, the content of SiO2 
has been doubled in comparison to serpentinized per-
idotites. Such extremely high silica concentrations are 
close to those observed in many quartzites or quartz 
arenites (Frost, Frost 2014). Large enrichment in SiO2 
makes Type II overlap with silica listvenites (Boskaba-
di et al. 2020) (Fig. 8). However, silica listvenites could 
contain minor amounts of dolomite, sulfides and Cr-rich 
muscovite (Boskabadi et al. 2020; Gahlan et al. 2020), 
which are not observed in Type II. The studied samples 
chemically do not clearly overlap with birbirites, which 
have been previously described in Szklary Massif by Mi-
kulski (2014) (Fig. 8). The main difference lies in the ele-
vated content of MgO in silicified serpentinites of Type 
II, but this feature may be caused by the different meth-
ods used to determine whole-rock chemical composi-
tion. Relatively low LOI and magnesium content in Type 
II is consistent with microscopic observations and reflect 
minor amounts or even a complete lack of carbonates, 
as well as of various minerals with hydroxyl groups. 
Most trace elements in partially serpentinized peridot-
ites are characterized by concentrations below the de-
tection limits (e.g., REEs). On the other hand, silicified 
serpentinites show higher REEs concentrations sug-
gesting that trace elements were added at some stage 
of their development. Undoubtedly, the rare-earth el-
ements could have been associated with Si-rich fluids 
(Salvi et al. 2000; Kempe et al. 2015). On the other hand, 
residual enrichment in REE by lateritization is also prob-
able (Aiglsperger et al. 2016; Ulrich et al. 2019). Sam-
ples representing Type I and Type II show variable Ni and 
Co contents, which suggest that silicified serpentinites 
were affected by heterogeneous metals remobilization 
during intense chemical weathering of serpentinized 
peridotites and the supergene gain of silica within the 
lower part of saprolite horizon was strongly related to 
this process (Freyssinet et al. 2005; Ito et al. 2021).

6.3. Sources of silica for serpentinized peridotites 

Silicified serpentinites can be interpreted as a product 
of at least two silicification processes, one related to the 
hydrothermal event and the second to supergene chem-
ical weathering. The source of hydrothermal Si-rich fluid 
is currently unclear. The Szklary Massif is located within 
a shear zone, and hence new fluid conduits could have 
been produced during the deformation event. This sce-
nario is probable because most of the silicification zones 
located in an abandoned quarry as well as single silica 

veins orientation correspond to the prevailing structur-
al N-S trend of the Niemcza dislocation zone (Mazur, 
Puziewicz 1995). The higher K, Rb and Zr contents (Fig. 
5-6) and occurrence of zircon inclusions in Type I silici-
fied serpentinite may suggest that fluid influx was re-
lated to magmatism, which is well documented within 
the Niemcza zone. Carboniferous high K to shoshonitic 
monzodiorites crop out in the abandoned quarry, situ-
ated in Koźmice village, nearby the northern margin of 
the Szklary Massif (Pietranik et al. 2013). Zircons from 
these rocks yield magma emplacement ages 335.6 ± 2.3 
Ma (Pietranik et al. 2013). Moreover, igneous dikes rep-
resented in particular by pegmatites, are located within 
the Szklary Massif itself. Monazite-(Ce) dated in LCT-
type pegmatite yielded ages 383 ± 2 Ma, and therefore, 
the pegmatite-forming melt is concurrent with the ana-
tectic melting in the Góry Sowie Massif (Pieczka et al. 
2015). We suggest that the first stage of serpentinized 
peridotites silicification may be related to at least one of 
the aforementioned events, presumably accompanied 
by the presence of Si-rich fluid (Fig. 9a).
Subsequent silicification is caused by chemical weather-
ing under tropical climate conditions, however the exact 
age of lateritic cover formation has not been established 
yet. According to Mikulski (2014) chemical weathering 
is contemporaneous with silicification and occurred at 
the turn of the Oligocene and Miocene. On the other 
hand, Dill (2017) considers the Late Cretaceous (Turo-
nian – Campanian) as an actual age of weathering from 
the Szklary Massif, while in older studies the research-
ers suggest a Tertiary age (e.g., Niśkiewicz 1967; Dubi-
ńska 1995). Therefore, the second stage of serpentinites 
silicification occurred at least during the Late Creta-
ceous (Fig. 9b). Currently, both types of silica are visible 
in both types of silicified rocks but in different propor-
tions. A possible scenario is that the most pronounced 
changes in the drainage conditions were at the contact 
of unweathered serpentinites with saprolite, which is 
why we observe the most advanced precipitation of 
silica during weathering at this contact. Original mesh 
texture of partially serpentinized peridotites and relics 
of primary minerals are visible in both types of silicified 
serpentinites, because they were formed from the same 
protolith. However, Type I display more frequent prima-
ry features of the protolith, owing to weaker weathering 
intensity. The silica of weathering origin coexists with 
older (hydrothermal) quartz generation, mostly in the 
rock/saprolite boundary. This suggests that certain frag-
ments of partially serpentinized peridotites recorded 
both silicification stages (Fig. 9c).
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7. Conclusions 

Based on samples collected from newly described expo-
sures of silicified serpentinites, located in the southern 
part of the Szklary Massif, we concluded that silicifica-
tion is caused by at least two processes. The chemical 
and mineral composition, as well as the characteristic of 
quartz indicate that the earlier stage of silicification was 
related to the influx of epithermal Si-rich fluids. This flu-
id percolation led to the crystallization of hydrothermal 
quartz. We suggest that the presence of low-tempera-
ture mineralized fluids was caused by ca. 380 to 330 Ma 
magmatism which was widespread within this area. The 
following stage of ultramafic rocks silicification occurred 
not earlier than the Late Cretaceous, but likely before 
the Miocene. After the partial hydrothermal enrichment 
in silica, the same ultramafic rocks have been affected 
by the lateritic weathering process. Consequently, the 
majority of Mg-silicates were dissolved and magnesium 
was leached out. Thus, silicified serpentinites from the 
Szklary Massif have features characteristic for super-
gene as well as hydrothermal silicification. 
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