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Abstract: Massive quartz–chalcedony ± opal nodules (“plasma” in gemology) represent a specific silica variety, which 
occurs in the laterite-like residues of pre-Miocene paleo-weathering of ultramafites in western Moravia (Moldanubian 
Zone, Bohemian Massif). These zonal silica nodules (ZSN) tend to have concentric texture with a dark green to green-
brown core, pale green margin and a narrow white rim (outer surface zone). The most typical microscopic feature of ZSN 
is vermiform microstructure particularly in the two outer zones. Individual zones consist of micro- to non-crystalline SiO2 
polymorphs with variable contents of H2O (quartz, chalcedony, moganite, opal-C/CT and opal-A). The predominant 
green colour is due to submicroscopic smectite pigment, while the brownish colour originated from decomposition of 
smectite to iron oxohydroxides. ZSN formed in subaerial, partially reducing conditions in the lower part of weathering 
crusts covering serpentinites. The whole process was preceded by component exchange (chloritization) along serpentinite 
– felsic rocks (granulite, migmatite, pegmatite veins) boundaries. The gradual silica migration and subsequent redistri-
bution associated with the removal of aluminium, magnesium and iron led up to the formation of a zonal nodular texture 
dominated by SiO2 polymorphs. Newly formed minerals in micro-cavities and cracks of ZSN are represented by acces-
sory pyrite and sporadic barite. Zonal silica nodules-bearing residues on serpentinites occur only in a narrow area which 
was originally covered by clay-sandy Miocene sediments of the Carpathian Foredeep in western Moravia. Probably late 
low-temperature fluid interaction between silicified serpentinite residuum (chlorite – montmorillonite saprolite) and  
marine sediments may be the main factor controlling formation of ZSN. 

Keywords: Bohemian Massif, Carpathian Foredeep, paleo-weathering, Miocene sediment – serpentinite interaction, 
green zonal silica nodule. 

Introduction

Weathering of ultrabasic rocks (dunite, peridotite, serpentinite) 
produces due to their instability during tropical and subtro-
pical conditions variable silicified clay residua, which  
contain SiO2-rich materials, especially microcrystalline and 
fibrous quartz, moganite and opals (Rice & Cleveland 1955; 
Venturelli et al. 1997; Lacinska & Styles 2013; Ulrich et al. 
2014). 

One of these silica varieties, which are formed in strongly 
weathered serpentinites is specific green-brownish zonal silica 
fragments, referred to as “plasma” in gemology (Hurlbut & 
Kammerling 1991). It is typically formed by various micro- to 
non-crystalline SiO2 polymorphs with variable contents of 
H2O, especially quartz, chalcedony (mixture of fibrous quartz), 
moganite and opal-C/CT (Heaney et al. 1994; Chauviré et al. 
2017). The unique deep green zonal “plasma” (ZSN – zonal 
silica nodules in this paper is used) occurs only in the specific 
conditions and in the narrow restricted area of serpentinite 
 residues in western Moravia (Mrázek & Rejl 2010; Koníčková 
2014, 2015). 

The aim of this research is to specify the position and pos-
sible genetic conditions of ZSN origin by means of a more 

detailed mineralogical and chemical study and thus clarify 
their unique occurrence in Central Europe.

Geological background

Ultrabasic rocks enclosed in granulites, orthogneisses and 
migmatites are part of the Gföhl Unit in the Moldanu bian 
Zone (Bohemian Massif, western Moravia; Fig. 1). Their pro-
toliths include peridotite, dunite and lherzolite, and sporadi-
cally also pyroxenite. Most of these ultrabasic rocks were 
affected by strong hydration – serpentinization; therefore, they 
contain antigorite, chrysotile or lizardite that predominate 
over relics of olivine and enstatite, and sporadic Cr-rich spinel, 
chromite, magnesiochromite, pyrope, diopside and pargasite. 
On the other hand, younger magnetite and chlorite are locally 
common. They usually contain intercalations of these felsic 
rocks and locally are also injected by numerous pegmatite 
veins affected by desilicification. These rocks are often com-
pletely chloritized; chloritization also resulted in occurrence 
of relatively common veins of chlorite sometimes accompa-
nied by anthophyllite and/or tremolite (Rejl et al. 1982; 
Medaris et al. 2005; Novák 2005).
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The thickness of the weathering crust that formed in the 
warm and humid tropical to subtropical climate on top of ser-
pentinite bodies reached up to 30 metres. However, complete 
profiles of nickel-bearing deep laterite-like bodies (only spo-
radic aluminum hydroxides are present) are rarely preserved 
(Kudělásek et al. 1972). 

The top part of residues contains (due to subsequent erosion 
only locally) goethite, hematite, maghemite, magnetite, 
nontro nite, metahalloysite-chlorite, and sporadic gibbsite 
(“red wea thering zone”, with Ni < 0.7 wt. %). The chemistry  
of the underlying zone of “green weathering” is markedly 
chemi cally affected by the gneiss relics. This zone contains 
abun dant Ni-montmorillonite, Ni-nontronite and “Ni-chlorite” 
(1– 4 wt. % Ni). Remnants from felsic rocks include quartz, 
K-feldspar, almandine and zircon. The lowest zone of “grey 
weathering” is characterized by numerous fragments of wea-
thered serpentinite with carbonate coatings and hematite. This 
zone also has a high content of different varieties of siliceous 
matter. Clay minerals are represented by nontronite. The base 
of this zone is very poor in Ni (0 – 0.5 wt. %), with common 
fragments of serpentinite, and contains up to 30 % chlorite 
(Kudělásek et al. 1972; Mátl 1972).

The age of formation of the weathering products is not 
known precisely but in the studied area of the Bohemian 
Massif they undoubtedly existed before the transgression of 
the Lower Miocene sea (Mátl 1972; Dlabač 1976; Francírek &  
Nehyba 2016; Kováč et al. 2018). Parts of the residual rocks 
were originally covered by brackish and marine sand-clay 

sediments (Eggenburgian and Ottnangian to Lower Badenian). 
Their mutual relations have not been studied in detail yet, but 
the repeated intervention of the Miocene sea transgressions is 
obvious in the studied area (Kuhlemann 2007; Rasser et al. 
2008; Chlupáč et al. 2011). The ZSN-bearing residues are also 
locally covered by Middle Miocene to Pleistocene moldavite- 
bearing gravels (moldavite age 14.6 Ma, Buchner et al. 2010) 
or late Pleistocene loesses (Trnka & Houzar 2002; Nehyba & 
Hladilová 2004). 

Sample material and experimental methods

In the studied area, two green silica varieties commonly occur 
as loose rounded fragments in agricultural fields: (a) common 
unzonal pale green chlorite-bearing silica fragments, and  
(b) dark green zonal silica nodules (ZSN). They were studied 
in this paper in detail, and were distinguished by Koníčková 
(2014). From the number of individual serpentinite bodies in 
western Moravia where the weathering profiles were deve-
loped, typical ZSN are only found in a limited area around 
Oslavany, Dukovany, Tavíkovice, Bojanovice, Přeskače and 
Jiřice near Moravské Budějovice (Fig. 1). 

Thin sections from representative ZSN were studied using 
NU-2 Carl Zeiss Jena and Olympus BX41 optical microsco-
pes in transmitted and reflected light and documented by  
the Canon EOS 1100D digital camera.

Microprobe analyses were carried out at the Joint Labora-
tory of Electron Microscopy and Microanalysis of the 
Depart ment of Geological Sciences, Masaryk University  
and Czech Geological Survey, Brno (analysts P. Gadas,  
R. Čopjaková) using the Cameca SX 100 microprobe. 
Measurement was  carried out under the following condi-
tions: wavelength dis persion mode, accelerating voltage  
15 kV, beam current 10 nA and 20 nA, beam size 2–4 μm. 
The following standards were used for the analysis of indi-
vidual oxides and silicates: albite (Na); sanidine (Si, Al, K); 
wollastonite, grossular (Ca); spessartine (Si, Mn); titanite 
TiO (Ti); almandine, pyrope, hema tite (Fe); topaz (F); chro-
mium (Cr); gahnite (Zn); Mn2SiO4 (Mn); ScVO4 (V); barite 
(Ba); vanadinite (Cl); Ni2SiO4 (Ni); MgAl2O4 (Mg, Al); fluor-
apatite (P, Ca); SrSO4 (Sr, S); zirconium (Zr). The analytical 
data were corrected by the PAP  routine (Pouchou & Pichoir 
1985).

Trace element analysis was performed by laser-ablation 
inductively coupled plasma mass spectroscopy (LA-ICP-MS) 
in the laboratory of the Department of Chemistry, Masaryk 
University (analyst M. Holá). The instrumentation consisted 
of LSX-213 G2 + laser ablation device (Teledyne Cetac Tech-
no logies, USA) and Agilent 7900 ICP-MS analyser (Agilent 
Technologies, Japan). The laser operates at a wavelength of 
213 nm with pulse duration ~4 ns. Using helium as a carrier 
gas with a flow rate of 0.9 l min−1, the aerosol was washed  
out of the chamber (HelEx) and transported to the ICP-MS. 
Analyses were performed as spot ablation using 100 μm of 
spot diameter, laser fluence of 15 J cm−2 and repetition  
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Fig. 1. Geological situation of ZSN-bearing lateritic-like residues on 
serpentinites and other ultrabasic bodies in south-western Moravia 
(modified after Koníčková 2014). 
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rate of 10 Hz. The ablation time of one analysis was 60 s.  
The following isotopes were monitored during the LA-ICP-MS 
scan measurements: 11B, 23Na, 24Mg, 27Al, 29Si, 31P, 34S, 39K, 

43Ca, 47Ti, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 88Sr, 137Ba. 
Integration time was 2.1 s. External calibration was perfor med 
using the standard reference materials (SRM) – NIST 610 and 
NIST 612. Quantification was based on the sum of oxides 
equal to 100 wt. %.

X-ray powder diffraction 

Three zones of a typical ZSN sample from the locality 
Přeskače were mechanically separated and analysed indivi-
dually: dark core, pale green margin and white outer surface 
zone. The samples were ground under isopropyl alcohol using 
a McCrone Micronizing Mill. In addition, the dark core  
sample was mixed with 10 wt. % of fluorite used as an internal 
standard to quantify the amorphous phase content. An oriented 
mount of the white outer surface zone was prepared on  
a zero-background silicon monocrystal wafer and saturated 
with ethylene glycol vapour to prove the presence of smectite. 
Limited amounts of the samples did not allow the separation 
of < 2 μm fraction. Therefore, the study was conducted on  
a pulverized bulk sample. Powder X-ray diffraction (PXRD) 
analysis was conducted at the Department of Geological 
Sciences at Masaryk University (analyst D. Všianský) using 
an X’Pert PRO MPD diffractometer, equipped with a Co tube 
(λKα = 0.17903 nm), operated at 40 kV and 30 mA, and  
a 1-D RMTS (real time multiple strip) detector at the Bragg-
Brentano parafocusing θ – θ reflection geometry. Step size: 
0.033 °2θ, time per step: 160 s, angular range: 5–100 °2θ, 
which produces the total scan duration of 3684 s. The data 
obtained were processed using the Panalytical HighScore 3 
plus and ICSD 2012 structure models. Quantitative phase 
analysis was done using the Rietveld method. For moganite, 
ICSD 2012, reference pattern (structure model) no. 98-006-
7669 was used.

Raman spectra

Raman spectra of the SiO2 phases and accessory minerals 
were measured by a HORIBA LabRam HR microspectro-
meter with Si-based Peltier-cooled CCD detector at the Depart-
ment of Geological Sciences, Masaryk University (analyst  
Z. Losos and Š. Koníčková). Spectra were evaluated using  
the LabSpec 6 and PeakFit 4 software. Measuring conditions: 
red laser 633 nm, green laser 532 nm, room temperature, 
 confocal mode, lens magnification 100 × and 50 ×, grid 600, 
filter 25–100 %, loading length 2 × 5 to 2 × 80 s, range  
80 –2000 cm1. For each ZSN sample, at least 20 points were 
measured on the cross-section. 

Whole-rock analyses

Samples weighing 10–20 g were used for whole-rock 
 chemical analyses; they were acquired at the Bureau Veritas 

Laboratories (Vancouver, Canada). Loss on ignition (LOI) 
was calculated from the weight difference after ignition at 
1000 ºC. The rare earth and other trace elements were ana-
lysed by ICP-MS following LiBO2 fusion (analytic code: 
A4B4 – major oxides, Ba, Be, Co, Cr, Cs, Ga, Hf, Nb, Ni,  
Rb, Sc, Sr, Ta, Th, U, V, W, Y, Zr, REE; 1DX – Ag, As, Au,  
Bi, Cd, Cu, Hg, Mo, Ni, Pb, Sb, Se, Tl, Zn; 2ALeco – Ctot, Stot; 
for analytical details, reproducibility, and detection limits  
see http://bureauveritas.com/um).  

Results

Mineralogy, zonal texture and vermiform microstructure 

The typical ZSN are bluish green to dark green oval  
nodu les with an irregular surface. The nodules are concentric 
zoned, with a dark green to brown-green translucent core,  
a pale gree nish margin, and a white outer surface zone (rim) 
(Figs. 2, 3.)

Some polymorphs and varieties of SiO2 in ZSN were dis-
tinguished by an optical study, X-ray diffraction or Raman 
spectroscopy. The core of ZSN is formed by fine-grained 
micro-cryptocrystalline mosaic quartz, which forms grains of 
size ≤ 500 μm. It also contains aggregates of fine fibrous radial 
chalcedony, but it is more abundant as a filling of contractile 
cracks and, in particular, the predominant mineral of young 
veinlets of up to 1 mm in thickness, irregularly penetrating 
nodules. Sometimes there is also a zonal microstructure of 
these fillings with a narrow margin of moganite or quartzine 
(one of the fibrous quartz variety in chalcedony) at the edge or 
a wider zone of chalcedony. The centres are filled by micro-
crystalline granular quartz. Optically isotropic opal occurs on 
the narrow outer surface of zonal nodules.

A typical microstructure (and very rarely also macrostruc-
ture) of ZSN samples, which distinguishes them from other 
silica products of ultrabasic rock weathering, is a relic ver-
miform (“worm-like” or “vermicular”) microstructure. It is 
represented by a form of twisted worm-shaped aggregates, 
consisting of transversely arranged “fibres” and “strips”  
(Fig. 4a, b).

The vermiform microstructure of the ZSN is developed 
mainly in its pale green margin and white outer zone (Figs. 3, 5), 
where different types of opal were identified in vermiform 
domains and fibrous silica in the matrix corresponds accor-
ding to the optical view to quartzine or moganite. Towards  
the margin, the boundary of vermiform structure becomes 
more distinct, as the white outer surface zone of the nodules, 
which is often formed by younger opal only. Direct ZSN tran-
sitions to serpentinites were not found. 

Porous, sharply bound areas in homogeneous mass of cores 
of some ZSN correspond to vermiforms in terms of shape  
and size. They are formed by coarser crystalline quartz aggre-
gates, which could result from recrystallization of opal with 
simultaneous reduction of volume leading to formation of 
pores (Fig. 6).

http://bureauveritas.com/um
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Mineralogy

Relic minerals of serpentinite

The only microscopically visible relic minerals from the 
primary rock (serpentinite) are present in ZSN in an accessory 
amount ≤ 0.5 vol. %; they are slightly more abundant in  
the outer parts of the nodules. The most common relic mineral 
is clinochlore (with 9.37–20.42 wt. % FeO, 0.02– 0.69 wt. % 
Cr2O3 and 0.22–1.18 wt. % NiO); it forms sporadic flakes  
and microcrystalline aggregates. Only colourless amphiboles 
(magnesio-hornblende, tremolite, par gasite, rarely anthophyl-
lite) are present in addition. From pyroxenes only diopside 
was determined whereas orthopyro xene (enstatite) which was 
originally abundant in non-wea thered serpentinites was not 
found. Rare accessory minerals include Cr-rich spinel, chro-
mite, titanite, zircon and Mg- ilmenite (Koníčková 2014; 
Koníčková et al. 2015).

Minerals of paleo-weathering and silicification

The dominant newly formed minerals of ZSN bound to  
the palaeo-weathering of serpentinites and silicification of  
the decomposition products are SiO2 polymorphs; they com-
prise about 99.8 vol. % of the nodule material. The most com-
mon mineral is microcrystalline quartz, mostly mixed with 
moganite. Pigment of various Fe, Mg, Al minerals (clay mine-
rals, relic chlorite and serpentine group minerals) is presented 
in ZSN only in accessory amounts and is responsible for 
colouring of nodules. In the darkest matrix, these silicates 

could not be distinguished using an electron microscope, so it 
can be assumed that main colouring agents already belong to 
the category of clay minerals (grain size < 2 μm). 

Based on the association of regularly distributed elements 
(Si–Mg–Fe–Al) only, the colouring components are probably 
very finely dispersed phyllosilicates, especially smectites or 
chlorites. However, powder X-ray diffraction and Raman 
spectroscopy identified SiO2 polymorphs and varieties and 
rare admixture of smectite only (Koníčková 2014; Koníčková 
et al. 2015).

Fig. 3. Profile across ZSN from core to outer surface zone. Light 
 mineral in outer surface zone – late opal. Locality Dukovany, BSE 
image (photo by P. Gadas). 

Fig. 2. Typical ZSN from the locality Přeskače with three different zones – dark green to brown core (c), pale green margin (m), white rim (r) 
(outer surface zone). In the dark core, originally green smectite was partly altered to goethite (photo by D. Všianský).
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X-ray powder diffraction

The X-ray diffraction patterns of the typical silica nodule 
zones are shown on Fig. 7. The green brown core of the ZSN 
is dominantly composed of quartz and moganite; since the dif-
fraction pattern of chalcedony (i.e. mixture of fibrous quartz 
and moganite) is identical with that of quartz, optical examina-
tion of the sample was necessary to specify that the zone 
 consists of a mixture of quartz and chalcedony. The moganite 
reflection 4.456 Å (4.438 Å according to the database data 
used – ICSD 2012, reference pattern no. 98-006-7669) appears 
at 23.255 degrees 2Θ. Moganite (ca. 7 wt. %) and amphibole 
are present in small amounts; due to their very low content 
(less than 1 wt. %), the exact amphibole species cannot be 
assigned based on PXRD data. The content of opal-A (X-ray 
amorphous phase) reaches ca. 7 wt. %.

The pale green margin is composed of two main phases – 
granular quartz and microcrystalline opal. It is not clear 
whether the structure corresponds to opal-C or CT according 
to its strongest reflection. Cristobalite superstructure weak 
reflections (Graetsch 1994) are present, but two of them  
overlap with moganite reflections in the core. This leads to  
the conclusion that the zone material corresponds partly to 
opal-C and partly to opal-CT. A small amount of amphibole is 
present here, as well as in the dark core. Amphibole causes  
the pale green colour of this zone. Presence of amphibole in 
ZSN is described in literature, as in Graetsch (1994).

The white outer surface zone (rim) is dominated by opal, 
minor quartz (chalcedony) and smectite. The opal structure  
is the same as in the pale green margin. A very weak (0 0 1) 
reflection of smectite is present in the X-ray diffractogram. 
After the ethylene glycol solvation, the peak maximum shifted 
from 14.2 Å to ca. 17.0 Å, which is the evidence of the expan-
dable clay mineral structure presence (Fig. 8).

Raman spectra

Using Raman spectroscopy, we examined the gradual tran-
sition from (a) fully silicified centre with finely dispersed 

sub-microscopic inclusions of phyllosilicates (“ghost micro-
structure”) in microcrystalline quartz, to (b) vermiform, com-
pletely silicified inhomogeneous aggregates of quartz and 

Fig. 5. Vermiform domains in outer surface zone of ZSN replaced and 
cemented by opal. Reflected light, PPL; photo by Š. Koníčková.

Fig. 4. Typical vermiform (“worm-shaped”) microstructures of ZSN margin: a — XPL, width 2 mm, photo by Š. Koníčková; b — width  
5,7 mm, photo by R. Kummer.

Fig. 6. Quartz aggregates, which could result from recrystallization of 
opal with simultaneous reduction of volume leading to formation of 
pores. Reflected light, PPL; photo by Š. Koníčková.



73GREEN ZONAL SILICA NODULES OF SERPENTINITE WEATHERING (BOHEMIAN MASSIF)

GEOLOGICA CARPATHICA, 2021, 72, 1, 68–81

chalcedony, and (c) inhomogeneous, opal rich outer zone with 
clearly-visible vermiform microstructure (Fig. 3).

The dark core of ZSN is homogeneous in reflected light 
even at high magnification, mostly without recognizable ver-
miform shapes, but with numerous localized porous areas with 
dimensions from 0.1 to 1.2 mm. Raman spectra of this mass of 
core (the same sample from Přeskače as on Fig. 7) correspond 
to mixture of quartz and moganite (Fig. 9b), as well as in some 
relicts of vermiform structures. In the porous coarser-grained 
areas only pure quartz was determined (Fig. 9a); both phases 
were identified by their most intense Raman bands at 463 cm−1 
(quartz) and 501 cm−1 (moganite) – Kingma & Hemley (1994). 
Quartz is also characterized by other measured Raman bands 
(125, 204–205, 261, 352 and 392–394 cm−1 (compare to the 
RRUFF database, http://rruff.info).

The pale green rim is composed of two types of SiO2 
domains: (a) pseudomorphs after phyllosilicates of lower 
 polishing hardness (with a negative relief, partly of vermiform 
shapes, with lower reflectance) with size ranging from 0.05×0.1 
to 0.5×1.8 mm; b) surrounding slightly inhomogeneous  
mass of higher polishing hardness (with a positive relief and  
a slightly higher reflectance). Vermiform pseudomorphs 
 correspond to amorphous matter (Raman-inactive opal-A,  
Fig. 10b), in some samples with significant luminescence 
under the 532 nm laser. The surrounding harder mass exhibits 
the typical spectrum of quartz and moganite (Fig. 10a).

The white outer surface of ZSN contains poorly polishable 
matter which appears as densely accumulated vermiform 

 formations in the reflected light. Its Raman spectra indicate 
different types of opal (C, CT and amorphous) – the spectrum 
on Fig. 11b is closely comparable to the reference spectra 
R060652 (opal C), R060650 (opal CT) or R070627 (Opal C) 
of the RRUFF database, the wide Raman band between 290 
and 350 cm−1, C opal band at ca 415 cm−1 and for both types of 
opal with a sharper peak at the 780 cm−1 wavelength. The opti-
cally homogeneous, reflective, well-polished younger phase, 
composed of a mixture of quartz and moganite is present in 
accessory amount only (Figs. 5, 11a).

Fig. 8. Comparison of X-ray diffraction patterns of the outer surface 
zone of ZSN oriented mount before (red line) and after (black line) 
ethylene glycol solvation; Am = amphibole; weak peaks at 17.0 and 
14.2 correspond to smectite.

Fig. 7. X-ray powder diffractograms of the three silica nodule zones (locality Přeskače). The vertical lines indicate the difference of  
the d-spacing in cristobalite (4.04 Å) and tridymite (4.10 Å) (Graetsch 1994). Qtz = quartz, O-CT/C = opal CT/C, Mog = moganite, Am = amphibole, 
Crs = position of weak superstructure reflections of cristobalite.

http://rruff.info
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Fig. 9. Raman spectra of the dark core of ZSN: a — coarse-grained porous aggregates of quartz (Q); b — homogeneous mass composed of 
quartz (Q) and moganite (M). 

Fig. 10. Raman spectra of the pale green margin of ZSN: a — homogeneous domain composed of quartz (Q) and moganite (M); b — Raman-
inactive opal of softer pseudomorphs after phyllosilicates.
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Newly formed minerals (pyrite, barite) 

The remarkable but rare late-formed accessory mineral of 
ZSN is pyrite. It forms anhedral grains to euhedral cubic crys-
tals ≤ 1 mm in size, especially in samples from the vicinity  
of Dukovany and Jiřice localities. Similar to pyrite, accessory 
barite (Fig. 12) was locally found in pores and fissures.  
It occurs in almost all studied samples, in the form of small 
(< 0.2 mm) irregular grains filling small pores or thin cracks 
together with calcite. Very rare is chlorine-rich “carbonate- 
apatite” (Koníčková 2014).

Chemical composition

Whole-rock chemistry

The whole-rock (WR) composition of zonal ZSN was stu-
died with in terms of major and trace element components 
(Table 1). The WR analyses correspond to a strongly silicified 
residuum dominated by silica (≥ 94 wt. % SiO2) and reflects 
the fact that apart from common quartz and minor moganite, it 
is composed of fibrous chalcedony in core (and margin), abun-
dant opal in outer surface zone, and a very low but variable 
amount of Mg–Fe–Al phyllosilicates. 

The chemical composition of individual zones is variable. 
From core to outer surface zone, there is an increase of Al2O3 
(0.10 → 0.31 wt. %), MgO (0.20 → 0.69 wt. %), Ni (21.8 → 
130.8 ppm), Co (3.7 → 7.9 wt. %), Cr2O3 (0.008 →0.018  
wt. %), Rb (<0.1 → 1.7 ppm), Sr (2.6 → 4.7 ppm) and LOI 
(1.2 → 3.4 wt. %) and decrease of SiO2 (96.56→ 94.25 wt. %), 
Fe2O3 (1.66 → 0.57 wt. %), Cu (10.6 → 5.2 ppm), Pb (5.1 → 
1.0 ppm) and Au (1.2 → 0.5 ppb), which corresponds to  
the increase of amount of clay minerals (smectites), even-
tually amphiboles. Highly variable is Ba (9–112 ppm), U 
(0.1–1.6 ppm), Zr (0.9–13.2 ppm), while contents of CaO and 
Zn (8–15 ppm) in individual zones vary irregularly. The core 

also contains slightly elevated Mo, Na and W, whereas Be, Cs, 
Ga, Hf, Sn, Th, Y, S, and REE are near or below the detection 
limit. Homogeneous dark green ZSN (locality Hrubšice) con-
tains 924 ppm Ni and 12.1 ppm Co (Koníčková et al. 2015, 
and this paper).

LA-ICP-MS

The dark core of ZSN is characterized by low variability  
of SiO2 (98.8–99.6 wt. %) with increased contents of Na  
(303–446 ppm), K (188–328 ppm), Fe (1173–3511 ppm) and 
average B (40–71 ppm). Highly variable SiO2 content (89.3–
99.6 wt. %, but often > 99 wt. %) is typical in margin zone, 
similarly to Fe (401–1178 ppm). Contents of other elements 
are medium compared to cores and outer surface zones. Outer 
surface zones are slightly poorer in SiO2 (98.5–98.7 wt. %) 
and feature the highest contents of Fe (2367–3909 ppm), Ni 
(139–205 ppm), Cr (332–647 ppm), Ca (420–776 ppm) and Sr 
(3.24–4.51 ppm), on the contrary B content is below the detec-
tion limit (Table 2).

Both Na and K decrease from the core to the outer surface 
zone while Al, Ca, Mg, Ti, Ni and especially Cr increase. 
There is a significant positive correlation between Ni, Mg, and 
Al, and negative one between Si and Al. Occasionally, high 
contents of Ba (114 and 269 ppm) and in one case also P  
(28.9 ppm) were found, all in samples with high SiO2  

(> 99.5 wt. %); submicroscopic inclusions with low SiO2 
(71.9– 90.1 wt.%) rich in Al, Ni, Ca, Sr, Na and Ba were 
detected locally. Other elements vary in a wide range whereas 
S and P are usually below the limit of determination.

The distinct variability of elements within SiO2 grains in  
the individual zones of ZSN suggests the existence of mineral 
inclusions a few µm in size rather than presence of these  
elements in the SiO2 crystal structure.

Discussion

The main issues that need to be addressed when discussing 
the origin of the west-Moravian ZSN (zonal green silica nodu-
les = “plasma” in gemology) include: (i) mineralogy, shape, 
zonal texture and presence of vermiform relic microstructures, 
(ii) regionally very limited occurrence of ZSN and (iii) genesis 
of zonal silica-rich nodules, which contain clay-sized colou-
ring component (including younger accessory pyrite and 
barite).

Mineralogy and microstructure 

The core of ZSN is composed only of pure silica (grained 
quartz >> moganite), with randomly disseminated submicro-
scopic Mg–Fe alumosilicates (smectites) and sporadic chlorite 
flakes. Maximum of microcrystalline quartz occurs in this 
zone. In some samples, porous coarser crystalline quartz areas 
with adsorbed H2O (< 3–5 wt. %) were determined (Koníčková 
2014). 

Fig. 12. Barite aggregate filling small cavity in the margin zone of 
ZSN. BSE image (photo by P. Gadas).
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Margins have a typical vermiform microstructure characte-
ristic of nodules, which were partially pseudomorphosed by 
opal-C/CT and amorphous opal or quartzine. Matrix is formed 
by moganite-grained quartz mosaic. Vermiform microstruc-
ture is particularly typical only for zonal green ZSN (locally of 
“gemmy” quality) whereas it is not known from other com-
mon “silica matters” of weathered ultrabasics. The “worms” 
are considered to represent pseudomorphs after original chlo-
rites, especially because of their unique structure, and mainly 
because the size of the vermiform aggregates reached rarely 

up to several centimetres. The size of individual “worms” is in 
most cases smaller (in the order of dozens of µm), which could 
indicate origin by replacement of clay minerals (smectites). 
Generally, vermiform aggregates are a typical and well-known 
structure of some chlorites and especially clay minerals, such 
as kaolinite, but also glauconite, known from the environment 
of hydrothermal alterations, terrestrial and submarine wea-
thering, marine sedimentation, laterites and soils (Černý 1968; 
Tapper & Fanning 1968; Kantorowicz 1984; Wilkinson et al. 
2006; Kameda et al. 2010). Gradual destruction of vermiform 

Sample P1 P2+P3 NV1a NV1b NV2 H1
  core margin+rim core margin rim unzoned (dark)
wt. % SiO2  96.18  94.25  96.56  96.23  94.78  95.59
wt. % P2O5  0.02  0.02  0.02  0.02  0.02  0.02
wt. % TiO2 <0.01  0.01 <0.01  0.01 <0.01  0.01
wt. % Al2O3  0.10  0.26  0.16  0.22  0.31  0.49
wt. % Fe2O3  1.50  1.22  1.66  0.74  0.57  1.29
wt. % Cr2O3  0.008  0.035  0.013  0.013  0.018  0.010
wt. % MnO  0.01 <0.01  0.02 <0.01 <0.01  0.01
wt. % MgO  0.20  0.72  0.22  0.41  0.69  0.81
wt. % CaO  0.31  0.20  0.10  0.07  0.12  0.08
wt. % Na2O  0.04  0.02  0.04  0.03  0.03  0.02
wt. % K2O  0.02  0.03  0.02  0.02  0.03  0.02
ppm Ba 112 48 30 9 44 14
wt. % LOI  1.6  3.2  1.2  2.2  3.4  1.5
wt. % Sum  100.02  100.00  100.01  100.00  100.00  100.02
ppm Be 1 <1 3 <1 <1 <1
ppm Co  4.6  6.2  3.7  3.9  7.9  12.1
ppm Cs <0.1  0.3 <0.1 <0.1  0.3 <0.1
ppm Ga <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
ppm Hf <0.1 <0.1 <0.1  0.1 <0.1 <0.1
ppm Nb  0.9  1.0  0.7  0.8  0.7  1.1
ppm Rb  0.3  1.1 <0.1  0.2  1.7 <0.1
ppm Sn <1 1 <1 <1 <1 <1
ppm Sr  7.5  5.7  2.6  3.7  4.7  2.9
ppm Th <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
ppm U  0.9  0.2  0.1  0.2  0.3  1.6
ppm V <8 11 <8 <8 <8 9
ppm W  1.2  1.1  0.9  0.6  0.6 <0.5
ppm Zr  5.8  1.3  4.2  13.2  1.6  0.9
ppm Y  0.1 <0.1 <0.1 <0.1  0.1 <0.1
ppm La  0.7  0.7  0.3  0.5  0.5  1.2
ppm Ce  0.2  0.9  0.1 <0.1 <0.1 <0.1
ppm Pr <0.02  0.07 <0.02 <0.02 <0.02 <0.02
ppm Nd <0.3  0.4 <0.3 <0.3 <0.3 <0.3
ppm Mo  3.1  2.1  3.5  1.4  1.4  2.1
ppm Cu 5.2 7.3 10.6 5.7 5.5 6
ppm Pb 5.1 1 2.9 3.8 2.1 7
ppm Zn 15 9 8 12 10 25
ppm Ni 21.8 130.8 29.2 46.6 86 914.2
ppm As 0.6 1.2 1.3
ppb Au 0.9 16.3 1.2 0.5 0.5 0.7
% TOT/C  0.09  0.07  0.03  0.03  0.04  0.03
% TOT/S <0.02 <0.02 <0.02 <0.02 <0.02 <0.02

Table 1: WR analyses of different zones of ZSN: P1 — core, locality Přeskače; P2 + P2 — pale green margin and narrow non-separable outer 
surface zone (rim), locality Přeskače; NV1a — core, locality Nová Ves; NV1b — margin, locality Nová Ves; NV2 — rim (outer surface zone), 
locality Nová Ves; H1 — dark green, unzoned, locality Hrubšice; b.d.: Cd, Sb, Bi, Ag, Hg, Tl, Se, Sm, Gd, Eu, Tb, Dy, Ho, Er, Tm, Yb, Lu; 
total Fe as Fe2O3.
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microstructures in cores is caused by silica recrystallization  
to quartz and, on the contrary, in margins and outer surface 
zones (rim) the replacement of “worms” and cementing by  
the opal- C/CT and youngest amorphous opal-A (this study, 
Koníčková 2014; Koníčková et al. 2015).

Accessory minerals (pyrite, barite, chlorine-rich carbonate- 
apatite) in cores and margins of ZSN are newly formed and  
not a relic mineral of serpentinite. It is therefore not only  
a proof of at least locally higher activity of S in fluids, but also 
of the reducing conditions during ZSN formation. Conditions 
for the formation of sulphides (pyrite) in the residues are  
limited to the mixing of descending meteoric waters with alka-
line groundwater in the reduction zone of the weathering of 
serpentinites (Helvaci et al. 2017). Barite is a typical acces-
sory mineral in marginal zones and cracks in ZSN. Barium 
could have a source in decomposed K-feldspar from felsic 
rock admixture in serpentinite and/or from the overlying 
marine Middle Miocene clays overlying ZSN-bearing resi-
dues in which barite is typical; dozens of localities of barite 
concretions from Miocene clays of the Carpathian Foredeep 
are known (e.g. Burkart 1953; Brzobohatý 1982).

Regional distribution

The ZSN studied, especially its zonal dark-green variety, 
occurs only in a very limited region of western Moravia along 
the eastern margin of the Gföhl Unit. It has not yet been found 
in numerous serpentinite localities outside this geographically 
restricted area elongated in the direction SW–NE between 
Bojanovice and Oslavany and sporadically in Waldviertel at 
Austria (Wanzenau). Mátl (1972) noted that the weathering- 
produced hydrosilicate Ni-ores in western Moravia, where  
the ZSN correspond distinctly to the western boundary of  
the Middle Miocene sediments of the Carpathian Foredeep.

Origin of zonal silica nodules (ZSN)

The origin of ZSN is related to the evolution of the paleo- 
weathering lateritic crusts of serpentinites. Detailed research 
on the mineralogy and geochemistry of these lateritic residual 
products has shown a rather complicated genesis in detail. 
Different patterns of the processes in diverse localities, 
affected by drainage, whole rock chemistry, removal of  soluble 
elements, as well as wet-dry climatic changes are generally 
known (Freyssinet et al. 2005; Golightly 2010). 

The formation of silicified zones near the surface of ultra-
basics and the subsequent formation of residual rocks at most 
localities happened in subaeric conditions. The complete late-
rite profile comprises generally (from top to bottom): lateritic 
duricrust, plasmic (clay) zone, ferruginous saprolite, saprolite, 
saprock and bedrock (Samama 1986; Butt & Cluzel 2013).  
In the case of the plasmic zone, there is no nomenclatoric rela-
tion to the studied plasma and the mineralogical (gemological) 
term “plasma” is not consistent with the term plasma in pedo-
logy (Eggleton 2001). The ZNS studied are not known (pub-
lished) from these profiles (e.g. Pohl 1990; Jerdysek & Halas Ta
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1990; Venturelli et al. 1997; Som & Joshi 2002; Lacinska & 
Styles 2013; Ulrich et al. 2014). Strong laterite-type weathe-
ring produces a saprolite with a substantial amount of dis-
solved SiO2 in the upper part of the profile, which then 
penetrates to the base of the weathering crust (Butt & Cluzel 
2013). They (especially quartz) form under the most suitable 
conditions close to neutral, for example, in the meteoric (low 
pH) and underground (high pH) water mixing zone. Strongly 
saturable solutions may give rise to moganite and amorphous 
SiO2, which subsequently converts to opal-C/CT. The lower 
saturation level of the solution is suitable for the crystal-
lization of quartz. With a gradual arrangement of the silica 
structure and H2O escape, relatively slow transformations  
are progressing in order of amorphous opal-A → opal-CT → 
chalcedony → quartz. The chalcedony occurs in the incom-
pletely filled pores of the clay residues, quartz only in opened 
pores. Chalcedony also often intimately intergrows with moga-
nite and quartz (Lacinska & Styles 2013; Ulrich et al. 2014). 
Another type of alteration of ultramafics takes place under 
submarine conditions with typical carbonate-rich, silica- poor 
residues (e.g. Milliken & Morgan 1996; Silantyev et al. 2012).

In western Moravia, the residual rocks were the subject of 
several studies focused on similar products of laterite-like 
weathering, in connection with exploration for hydrosilicate 
Ni-ores (Kudělásek & Mátl 1971; Kudělásek et al. 1972; Mátl 
1972). These original geological studies showed that weathe-
ring of lateritic type happened in the humid climate of the 
Tertiary but laterites with typical laterite profile which free 
alu minum hydroxide minerals are not developed. Silica masses 
were briefly mentioned from the lower parts of these profiles. 
The relationship between SiO2 and MgO also influences  
the genesis of west Moravian ZSN. A substantial proportion of 
Mg from olivine and/or serpentines, eventually also Ca from 
clinopyroxenes and amphiboles, must have been removed 
during its weathering, because their silica-rich products secon-
dary mineral assemblage is devoid of magnesite, dolomite, 
and sepiolite (Kudělásek & Mátl 1971; Kudělásek et al. 1972; 
Mátl 1972). Apart from various SiO2 minerals, the saprolite 
horizon of laterite-type palaeo-weathering of serpentinites in 
west Moravia is composed predominantly of clay Fe–Mg alu-
mosilicates (smectites) and chlorites. According to the relic 
minerals found in the ZSN, altered serpentinite is characteri-
zed by total decomposition of orthopyroxenes where Al was 
released while the clinopyroxenes and amphiboles remain 
preserved. However, unaltered ultrabasic rocks in ZSN locali-
ties are poor in Al (< 1.5 wt. %) and could not serve as a source 
of Al. The origin of laterite residues preceded either chloriti-
zation of ultrabasics, chlorite veins or, more likely, presence  
of the felsic rocks near endocontacts and inside serpentinite. 
The influence of felsic host rocks (and their intercalations with 
ultrabasics) is documented by the presence of both accessory 
zircon and almandine among heavy minerals of saprolite, and 
preferential location of ZSN near the borders of serpentinite 
bodies (Mátl 1972; Mrázek & Rejl 1991, 2010).

Three stages of silicification and repeated silica redistri-
bution are typical of ZSN genesis: (a) silicification of altered 

Al-enriched serpentinite/pure chlorite veins including their 
residuum which largely produced pale green/dark green silica 
fragments; (b) transformations of original silica to quartz,  
origin of zonal core-outer surface zone texture and destruction 
of vermiform microstructure, and (c) surface alteration up to 
hydrous opal or younger opal replacement and cementing of 
outer surface zone of already rounded ZSN.

Based on the position of various types of silica nodules in 
laterite-type sections of some west-Moravian localities it is 
possible to discuss its origin (profiles in Fig. 13).

In the bottom of profiles (bedrock), massive silica forms 
veins filling tectonically fractured serpentinites (Fig. 13, zone 1), 
see bluish-green ovals in cross-sections for specification). 
They have the character of white to grey to pale green coloured 
nodules that consist of microcrystalline quartz matrix with 
irregular aggregates of chlorite. The dark green type was never 
found here. Fragments of such homogeneous pale green  
nodules up to 30 cm in size were gradually disintegrated  
(< 5–10 cm), partly rounded and are found in the whole range 
of the saprolite zone together with fragments of altered (chlo-
ritized) and silicified serpentinite, chiefly in the base (saprock 
zone). Only in localities where the saprolite zone is highly 
reduced due to removal of the clay-sized fraction by erosion, 
rounded dark green zonal nodules are common; however, 
chlorite–quartz–chalcedony fragments also appear (Fig. 13, 
zone 2). It is very likely that the ZSN zonality originated at  
a later stage during redistribution of SiO2 in the above- 
mentioned “pale nodule” particles. Original chlorites were 
almost completely destroyed and Fe–Mg smectites dominate 
as a colou ring component in ZSN cores (Fig. 13, zone 3). 
Direct replacement of clay (smectite) fraction by SiO2 cannot 
be excluded, but oval-shaped ZSN have never been found 
inside upper clay-dominated parts of the saprolite zone  
(Fig. 13 – Bojanovice profile). Younger opal replaces the mar-
ginal zone of previously rounded silica fragments in the SiO2-
saturated environment. 

The original weathering of serpentinite and ZNS origin in 
SW Moravia undoubtedly took place under terrestrial subaeric 
conditions, which explains their mineral associations and 
chemical compositions such as high SiO2/MgO ratio, low Ca 
and Sr contents.

However, an open question remains, of whether the final 
transformations of ZSN zonality are not results of interaction 
with fluids of marine origin from sediments overlying serpen-
tinite residua. The close relationship with the marine sedimen-
tation could be suggested by the presence of barite and rare 
chlorine-rich “carbonate-apatite” (Koníčková 2014). How-
ever, this hypothesis needs more evidence, for example, by 
study of stable O and S isotopes or fluid inclusion studies.

Conclusions

The studied zonal silica nodules (ZSN), partly described  
as a “plasma” in gemology papers, are a characteristic com-
ponent of strong Tertiary (pre-Middle Miocene in age) 
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paleo-weathering of serpentinites and only occur in a very 
limited, NE–SW-oriented area of Western Moravia, Czech 
Republic, and sporadically in Waldviertel, Austria (both areas 
within the Bohemian Massif). Mineralogical studies showed 
that this silica variety consists predominantly of micro- and 
cryptocrystalline SiO2 polymorphs with varying amounts of 
H2O (quartz >> chalcedony >> moganite > CT/T-, and amor-
phous opal-A) together to finely dispersed green pigments 
largely of submicroscopic size (grain size in μm). 

A typical feature of the ZSN studied is the concentric zonal 
texture: (i) microcrystalline quartz–moganite dark green “core”, 
which is a product of complete silicification of original late-
rite-like residues with admixture of Fe–Mg-phyllosilicates 
(smectites); (ii) pale green margin shows typical opal-CT/T 
and vermiform microstructure in quartz matrix (± moganite, 
quartzine, chalcedony, with admixture of α-tridymite). This 
vermiform microstructure, very typical only for these ZSN, 
has a relic character due to the “maturation” (recrystallization) 
of the original gel-like SiO2 substance; (iii) distinctly separate 
rim (outer surface zone) is enriched by opal.

Typical ZSN were originally products of multistage pre- 
Miocene paleo-weathering of serpentinites (including asso-
ciated felsic rocks) in subaerial conditions. Silicification of 
laterite-like serpentinite residues including ZSN in the lower 
part of the saprolite zone took place under partial redistribu-
tion of Si–Al–Mg–Ca elements and locally at limited sulphur 
activity in reduced conditions in the deepest part of the profile 
in a pyrite stability field. Zonal silica nodules originate in  
the contact between strongly weathered chlorite- to clay-rich 
altered serpentinites (saprolite zone) and chloritized serpen-
tinite (bedrock) in the zone of mixing of underground and 
descending meteoric waters. The best developed concentric 
zonality has rounded silica nodules from residues in which  

the clay-size fraction was almost removed. Typical Mg- and 
CO2-poor conditions (lack of magnesite and sepiolite) are also 
characteristic for ZSN origin. 

The regionally evident spatial relationship between ZSN 
and extension of the denudation relics of marine Neogene 
(Eggenburgian to Lower Badenian, Carpathian Foredeep) as 
well as restrictions of ZNS to a small area of western Moravia 
and adjacent Austria could indicate genetic connection.  
The specific zonal structure of nodules, high maturity of silica 
and accessory pyrite, eventually barite can support the opinion 
of the interaction of laterite-like residues with marine water.
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