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Abstract: Diatomites belonging to a  list of raw materials used in the EU criticality assessment are essential to 
many industrial applications due to a unique combination of their physical properties, i.e. porous and permeable 
structure, high specific surface area and adsorption capacity, low density and thermal conductivity, and chemical 
inertness. The present study was undertaken to analyse the relationships between the pore network characteris-
tics, petrophysical parameters, and mineralogical variability of the Lower Miocene diatomites from the Jawornik 
deposit (Skole Unit, the Polish Outer Carpathians, SE Poland). Five varieties of the diatomites, distinguished on 
the basis of the macroscopic features, i.e., colour and fracturing effects, have been investigated by SEM, chemical 
and XRD analysis, mercury intrusion porosimetry, helium pycnometry, and the Vickers hardness tests. Signifi-
cantly differing are two varieties. The light-coloured, massive and block-forming diatomites (variety BL) consist 
mainly of poorly cemented siliceous skeletal remains of diatoms, and represent the rocks with high total porosity 
(38–43%), low bulk density (1.28–1.38 g/cm3) and low microhardness (10.7 HV0.3). The dark-gray silicified dia- 
tomites with a platy or prismatic splitting (variety PD) reveal obscured microfossils of diatoms and are the most 
compact and hard rocks (80.8 HV0.3), with poor total porosity (17–24%) and higher bulk density (1.70–1.78 g/cm3). 
The spatial distribution of the field identifiable rock varieties allows selective exploitation of the diatomites with 
the predictable petrophysical characteristics that define their future use. 

Keywords: critical raw materials, diatomite, silica, scanning electron microscopy (SEM), chemical analysis,  
porosity, Vickers microindentation hardness 

INTRODUCTION

Diatomites have been included into the group of 41 
mineral raw materials identified by the Committee 
on Critical Mineral Impacts on the US Economy as 
critical commodities. They have a significant eco-
nomic importance also for the European Union, 
revealing their usability in the developments of 
some innovation technologies (Christmann 2010, 
Radwanek-Bąk 2011). The deposits of diatomites 
in Poland occur in the Tertiary strata of the Car- 

pathians and are located in the Podkarpackie 
Voivodeship. Initial works on these diatomites 
were carried out by J. Kotlarczyk in the 1950s and 
1960s (Kotlarczyk 1955, 1966). A follow-up in next 
decades included a petrographic characterization 
and an evaluation of basic physical properties of 
these rocks (Russocki 1981, Kotlarczyk et al. 1986, 
Kotlarczyk 1988b). 

Considering their specific physical and chem-
ical properties, such as the low bulk density, high 
porosity, low thermal conductivity, high content 
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of amorphous silica, insolubility in acids and con-
siderable specific surface area, diatomites are used 
in many technologies, usually associated with the 
widely understood environmental protection. They 
are important filtration materials and sorbents in 
the water and effluent treatment processes, also 
have other numerous applications, including con-
struction, chemical, foundry and refractive mate-
rials industries, various sectors of manufacturing 
where they are fillers, pesticide carriers, polishing 
and abrasive materials, they are also used in agri-
culture (Granops 1989, Smoleńska & Rembi 2002, 
Puszkarewicz 2004, Kaleta et al. 2007, Osmanliog-
lu 2007, Janotka et al. 2014). The sorption proper-
ties of diatomites are usually regarded their major 
property, particularly in adsorption of oil-derived 
substances and chemical compounds containing 
heavy metals. 

Such a long (and definitely not complete) list of 
common applications explains why wide research 
on diatomites focused on improving their many 
technological properties. For instance the values 
of mesoporosity of diatomites may be changed to 
a various degree as a result of calcination (Marti-
novic et al. 2006, Yılmaz & Ediz 2008, Ibrahim & Se- 
lim 2010, Ediz et al. 2010, van Garderen et al. 2011) 
or a chemical treatment (Li et al. 2007, Xiong & Peng 
2008, Sungworawongpana & Pengprecha 2011, Jin et 
al. 2014). In some other applications, for example in 
the building industry or the production of abrasives 
and polishing materials, the mechanical properties 
of these rocks are an important parameter, and it is 
not only hardness but also their ability to fracturing 
and the shape of the grains of aggregates and even of 
dust particles (van Garderen et al. 2011). 

Technological advances in various branches 
of industry and growing environmental concerns 
are the reasons of developing new research direc-
tions opening wider and wider applicability of dia- 
tomites. One of such novel applications is their 
capability to adsorb from water solutions various 
salts , mainly chlorides of sodium, magnesium and 
potassium. Initial results obtained in this range by 
the authors for various types of diatomites have 
revealed that these rocks have differing frac-
tal dimensions of their pores, which must result 
from a  variable ordering of the rock pore space 
and significantly affect the process of salt precip-
itation and an amount of the salt crystals formed 
(Stańczak et al. 2015, Toboła et al. 2015).

Many years of research on various diatomite 
occurrences have shown that even within one de-
posit these rocks may differ in their mineral com-
positions, structures and textures (Kotlarczyk 
1966, Śliwowa & Russocki 1980), i.e. some of the 
features that record diversified conditions of a sed-
iment deposition and diagenesis, sometimes also 
of rock weathering. The authors have assessed the 
impact of the lithological variability of the dia- 
tomites from Jawornik on their diversification of 
the chemical composition and physico-mechani-
cal properties. They have also tried to single out 
the macroscopic features of the rocks with pre-
dictably advantageous and inferior technological 
parameters and determine the reasons controlling 
such a difference.

MATERIALS AND METHODS
Materials
Diatomites occur in the eastern part of the Polish 
Outer Carpathians in the profile of the youngest, 
Oligocene-Lower Miocene flysch strata of the 
Skole Unit. They form three separate horizons that 
crop out between the Wisłok River on the west and 
the town of Przemyśl on the east (Fig. 1). The three 
horizons differ one from another in their litholo-
gy, thickness, genesis and assemblage of diatoms 
(Kotlarczyk 1982). 

The first, Early Oligocene horizon is repre-
sented by the Diatomite of Futoma Member, oc-
curring in the lower part of the Menilite Forma-
tion (formerly the Menilite Beds) below the Kliwa 
Sandstone Member (Kotlarczyk 1982, Kotlarczyk 
& Kaczmarska 1987, Kotlarczyk & Leśniak 1990, 
Marcinowski et al. 2011). The second, Upper Oli-
gocene-to-Lower Miocene horizon of the Piątkowa 
diatomites occurs within the Niebylec Shale Mem-
ber, whose floor marks the upper border of the Kro-
sno Formation (formerly the Lower Krosno Beds) 
(Koszarki & Żytko 1961, Malata 1996). The Niebylec 
Shale Member itself belongs to the Strzyżów Forma-
tion (formerly the Upper Krosno Beds) (Kotlarczyk 
1982, Kotlarczyk & Kaczmarska 1987). The third, 
Lower Miocenian (Upper Burdigalian) horizon is 
represented by the Leszczawka Diatomite Member, 
located in the upper part of the Strzyżów Formation 
(Koszarski & Żytko 1961, Kotlarczyk 1966, 1982, 
Malata 1996). The Menilite, Krosno and Strzyżów 
formations alongside with the underlaying them 
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Globigerina Marl Formation belong to a deposition 
megasequence that reflects the last stage of a syn-
orogenic closing the sedimentary basins in the Po- 
lish part of the Flysch Carpathians, and is accompa-
nied by a volcanic activity (Malata & Poprawa 2006, 
Oszczypko 2008, Szydło et al. 2014). 

The diatomites belonging to the Leszczawka 
Diatomite Member form intercalations with the 
thickness some tens meters, which were identified 
in axial zones of the Brzuska, Leszczawka and Dyd-
nia synclines. However, the most representative of 
this horizon are the diatomites of the Leszczawka 
syncline, where they occur as a complex of around 
100–140 m thick, filling the north-eastern limb of 
this syncline, and extend over 17 km from Kuźmi-
na on the SE to Huta Poręby on the NW (Kot-
larczyk 1982, 1988a, 1988b). In the north-western 
part of the Leszczawka syncline, in the area of 
Jawornik Ruski, the member of the Leszczawka  
diatomites splits into three lithosomes separated by 
sandstone-shale strata of the Strzyżów Formation. 
In the middle lithosome, which has the features 

of the olistostrome structure (Kotlarczyk 1988b), 
is located the Jawornik deposit of diatomites (Śli-
wowa & Russocki 1980), the subject of authors’ 
interest (Fig. 1). The Leszczawka diatomites oc-
curring in Jawornik are brown and beige, massive, 
generally not laminated rocks, intercalating with 
brown diatomaceous and siliceous-argillaceous 
shales, sandstones, cherts, porcelanites and some-
times tuffites. The layers are steeply (75–90°) in-
clined to SE. Among the diatom assemblage has 
been found both marine and freshwater varieties, 
which, alongside sedimentary structures, proves 
an allochtonous origin of the sediments (redepo-
sition of the detrital material from other parts of 
the basin by mud flows and submarine slumps – 
olistostromes) (Kotlarczyk 1982, 1988b). Pyroclas-
tics are commonly associated with the siliceous 
microfossils, because they provide dissolved silica 
necessary to the development and proliferation 
of diatoms (Jucha & Kotlarczyk 1961, Żgiet 1963, 
Pedersen & Surlyk 1983, Bromowicz & Górniak 
1988, Owen & Utha-aroon 1999).

Fig. 1. Geological map of the Skole Unit in the eastern part of the Polish Outer Carpathians (after Kotlarczyk 1982): 1 – Miocen 
and Quaternary strata of the Carpathian foredeep, 2 – Krosno and Strzyżów Formation (formerly Krosno Beds), 3 – Menilite 
Formation (formerly Menilite Beds), 4 – strata older than the Menilite Formation, 5 – the Leszczawka Diatomite Member,  
6 – major thrust, 7 – faults; the Jawornik deposit – in the centre of map
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Methods 
In the course of fieldwork within the Jawornik 
deposit, a lithological profile 52.6 m long exposed 
in a prospecting trench running NE-SW was de-
scribed. The profile represents the bottom part of 
the middle lithosome of the Leszczawka Diatomite 
Member. Rock samples were collected from 20 lay-
ers, of which 14 are diatomites and six shales. 

Several samples were taken from each layer and 
their total of 133 represents different varieties of 
the diatomites and the shale intercalations. The 
samples were denoted with the numbers corre-
sponding to successive layers. Thick layers were 
sampled close to their bottoms, in the middle and 
in the top parts, and described additionally with 
the letters A, B and C, respectively. A hand speci-
men inspection focused on the variability of rock 
colours, structural and textural features, and also 
the mode of fragmentation due to weathering. 

Preliminary petrographic observations of the 
diatomaceous rocks were carried out under an 
optical microscope in the transmitted light on 23 
polished thin sections. Ten selected sections were 
further investigated in a scanning electron micro-
scope (SEM) FEI Quanta 200 FEG (low-vacuum) 
with a BSE detector coupled to an EDS analyser. 
Optical microscopy provided data on the major 
mineral components, and the structure and tex-
ture of the diatomaceous rocks. The SEM micro-
graphs were used for quantitative measurements, 
applying the point method in a square grid, with 
a distance of 10 μm among the measuring points; 
in each sample a number of the points was between 
430 and 677. X-ray diffractometric (XRD) analyses 
supported the identification of mineral phases and 
were conducted on 11 samples of diatomites, rep-
resenting the most variable rock types. An X-ray 
diffractometer DRON 3.0 was used applying the 
Debye-Sherrer powder method. The SEM and 
XRD analyses were conducted at the Laboratory 
of Phase, Structural and Textural Investigations, 
the Faculty of Geology, Geophysics and Environ-
mental Protection of the AGH UST. 

The chemical composition of the diatomites 
was established on 11 samples representing differ-
ent varieties of these rocks. The powder samples 
were analysed at the Activation Laboratories Ltd. 
ACTLABS (Canada) with the ICP-OES method. 

The apparent density and water absorption 
were determined on 133 samples of the diatomites, 

according to the EN standards (EN-13755:2008, 
EN-1936:2006), using a saturation and immersion 
technique (hydrostatic weighing) based on Archi-
medes’ Principle. 

Helium pycnometry and mercury intrusion 
porosimetry were used for pore system charac-
terization of 12 selected samples with diversified 
physical properties. The analyses were performed 
at a laboratory of the Faculty of Energy and Fuels 
of the AGH UST. True density was determined us-
ing the gas displacement method based on Boyle’s 
Law, measuring the skeletal (grain) volume under 
ambient conditions with a helium pycnometer Mi-
cromeritics AccuPyc 1330. 

The mercury porosimetry tests consist in re-
cords of the incremental volumes of mercury in-
truding into an evacuated pore space of a rock as 
the external pressure is progressively increased. 
Assuming that the pore system is composed of 
bundles of cylindrical tubes (a  capillary bundle 
model), the application of the Washburn equa-
tion (Washburn 1921) enables to evaluate the 
distribution of pore volume accessible by throats 
of a given effective diameter (Vavra et al. 1992). 
Bulk density, effective porosity and a volumetric 
distribution of pore size were measured using 
a CE Instruments Pascal 140/240/440 high pres-
sure mercury porosimeter. The pressure applied 
started at 0.114 MPa and ended at 150.21 MPa 
allows determination of pore-throat diameters 
between 13.09 µm and 0.010 µm. A value of the 
surface mercury tension of 0.480 N/m and a con-
tact mercury angle on a siliceous rock of 141.3° 
were used in the Washburn equation. The total 
effective porosity was calculated on the basis of 
the bulk density and true density. The hysteresis 
occurring between the intrusion and withdrawal 
curves was calculated for three pressure values:  
1 MPa, 10 MPa and a threshold pressure that dif-
fered from 4.114 to 8.005 MPa for each sample.

The dependence between the petrographical 
characteristics of the diatomites and their resis-
tance to the external stress exerted by a point-act-
ing pressure was tested in seven samples measur-
ing their microhardness. The analyses were carried 
out applying the Vickers method with a hardness 
tester Future-Tech FV-700 at a  laboratory of the 
Faculty of Materials Science and Ceramics of the 
AGH UST. The Vickers hardness HV expresses 
the resistance of a  rock to pressing a pyramidal 
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diamond indenter and is calculated using the load 
exerted by the indenter and the average diagonal 
of the square-shaped indentation mark (Winkler 
1997). With regard to a  relatively low hardness 
of samples, a minimum available load of 2.942 N  
(0.3 kgf) of the Vickers indenter was applied. In 
every sample 20 measurements were made along 
a  line. The results of the microhardness mea-
surements represent a  certain approximation to 
the compression strength. The latter parameter 
could not be determined due to disintegration of 
diatomite samples into irregular fragments from 
which it was not possible to cut samples of the re-
quired shape and size. Such an approach is justified 
by previous such investigations on other materials 
and carried out by other authors (Glinicki et al. 
2003): they showed a strong dependence between 
these two parameters. 

RESULTS AND DISCUSSION
Hand specimen characteristics 
of the diatomites 
The Jawornik rocks are light-weight siliceous-clay 
rocks, usually with a  structureless and colours 
from light creamy and yellowish orange to grey 
and dark grey. Our description involves mainly 
their colour and type of disintegration (Tab. 1), as 
two useful elements making the classification ba-
sis proposed earlier by Kotlarczyk (1988a). 

Among the rocks of the profile (Fig. 2) predom-
inate massive diatomites with blocky or lumpy dis-
integration, light creamy (variety BL) (Fig. 3A) or 

dark creamy, grey and grey-brown (variety BD) 
(Fig. 3B). The thickness of their layers ranges from 
2.1 m (layer No. 17) to 9.8 m (layer No. 3). The 
lighter varieties are compact, but soft or very soft, 
being easily scratched with a steel implement and 
sometimes even with a nail (layers Nos. 1, 3 and 
17), whereas darker-coloured varieties are harder 
(layers Nos. 12, 14 and 20). The diatomites of the 
variety BL are fine- to medium detrital, usually 
with the structureless, sometimes diversified by 
diffusive Liesegang rings developed close to the 
discontinuity surfaces covered by rusty-orange 
coatings of iron oxides/hydroxides. Lamination 
was observed in one layer only (No. 17), whose 
another rare feature is unusually light, almost 
white colour of the diatomites. The white laminae 
intercalate with the creamy ones, probably with 
higher silica content. A network of fractures that 
randomly intersect both laminae types are filled 
with a darker substance of a siliceous character. 
The massive diatomites usually grade upward into 
more clayey rocks, which is marked by the darker 
tint of their basic colour.

Thick layers of the blocky diatomites are in-
tercalated with the diatomite layers with platy 
or prismatic disintegration: they split into the 
plates around 5 cm thick or irregular, less or more 
sharp-edged fragments. As in the former group of 
diatomites, also these rocks are composed of two 
colour varieties, the light creamy, light brown and 
light grey one (PL) (Fig. 3C) and the dark grey one 
(PD) (Fig. 3D), both with yellow to rusty coatings 
on the fracture surfaces. 

 
Table 1
Thickness contributions of the lithological varieties to the profile of the Jawornik deposit

Lithological variety Contribution to the 
profile [%]

Diatomites with blocky or lumpy 
disintegration 

light creamy (BL) 
layers Nos. 1, 3, 17 40.3

71.5
dark creamy, grey, grey-brown (BD) 
layers Nos. 12, 14, 20 31.2

Diatomites with platy or prismatic 
disintegration 

light creamy, light brown, light grey (PL) 
layers Nos. 4, 6, 10 8.0

11.0
dark grey (PD) 
layers Nos. 8, 11, 13, 15 3.0

Diatomites with nodular 
disintegration

yellowish orange (N) 
layer No. 2 0.4

Shales (grey, dark grey, yellowish grey, rusty) (Sh) 
layers Nos. 5, 7, 9, 16, 18, 19 17.1
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The variety PL (layers Nos. 4, 6 and 10) some-
times contains more clayey or sandy components 
and forms three layers with a considerably lower 
thicknesses (0.3–2.5 m) than the diatomites of 
the varieties BL and BD. The variety PD is devel-
oped as four thin layers (0.2–0.6 m) of dark grey 
and hard, silicified diatomites, disintegrating into 
sharp-edged, irregular fragments (layers Nos. 8, 
11, 13 and 15). They accompany in the profile the 
darker varieties of the blocky diatomites (BD) and 
shales. From the degree of the profile exposition 
it is not possible to unambiguously determine the 
position of the PD diatomites to the adjacent rocks, 
but their lensoidal forms sometimes revealed allow 
suggesting that they do not occur as continuous 

horizons but rather as thin lenses among other 
diatomite varieties. The total contribution of the 
diatomites with the platy or prismatic splitting 
equals 11% of the whole profile (Tab. 1).

In the lower part of the profile, among thick 
layers of the massive diatomites occurs a thin layer 
(about 0.2 m) of diatomite with a medium hard-
ness, disintegrating into irregular nodules (variety 
N) (Fig. 3E). The rock (layer No. 2) contains an ele-
vated iron content, which is proved by its yellowish 
orange colour. The fracture surfaces are covered 
by black coatings, most probably of manganese 
oxides/hydroxides. 

Shales (Sh) were observed in two zones. The 
first of them is located above the lower, 21 m thick, 
set of diatomites (Fig. 2). The zone is composed 
of three shale layers, grey and rusty, with the 
thickness 0.3 m, 2.3 m and 2.4 m (layers Nos. 5, 7 
and 9). Above the next set of diatomites with the 
thickness about 19 m is located the other zone of 
dark grey and yellowish grey shales, developed as 
three layers 0.8 m, 0.6 m and 2.6 m thick (layers 
Nos. 16, 18 and 19) (Fig. 3F). The shales of both 
zones do not show any gradual facies transition 
in respect to the sets of the massive diatomites. 
Such a development of the profile may be a result 
of a  sudden change of sedimentary conditions 
in the basin or of the submarine slumping. The 
shales usually split into small fragments, and after 
soaking easily disintegrate in water. Only occa-
sionally few their fragments preserve their forms 
in contact with water, which suggests a local silici-
fication. In one of the layers they show an admix-
ture of a sandy material. The total thickness of the 
shales makes up about 17% of the profile exposed 
in the trench (Tab. 1).

Petrographical characteristics  
of diatomites 
SEM observations indicate that the diatom de-
bris prevail over the whole specimens in the dia- 
tomites, and the grain material is enclosed in a si-
liceous-clay groundmass of the matrix type. The 
amount of diatoms ranges from 36% to 61%, and is 
higher in the light- and dark-coloured diatomites 
with the blocky disintegration (BL and BD), which 
contain 41.2–61.0% diatoms (Tab. 2). In the PL and 
PD rock types with the platy or prismatic disin-
tegration this amount is around 45%, and in the 
nodular diatomites (N) only 36%. 

Fig. 2. Lithological profile of the Leszczawka Diatomite Mem-
ber cropping out in a prospecting trench in the Jawornik de-
posit (numbers of layers and abbreviations of varieties see the 
Table 1)
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It should be emphasised, however, that the min-
imum size of the diatom fragments identifiable in 
the SEM images is around 2.5–3 μm. Therefore, 
all the siliceous particles smaller than 2.5–3 μm 
were considered as the groundmass and real dia- 
tom contents may be higher even by several per-
cents. The content of diatoms varies even within 
the same layer (see samples 1A and 1C). In two 
other thin sections of the dark grey prismatic dia- 
tomites (PD), observations under the polarizing 
microscope have revealed about 20–30 vol.% of  
diatoms. The fossils are present even in a  thin 

section representing shales (Sh) but in a  signifi-
cantly lesser amount of several percents. 

The biggest diatom specimens reach a  size 
50–100 μm. Their shapes are elongated (eliptic, 
rhomboidal, crescent-like) and circular, typical 
of the species identified, among others, by Kot-
larczyk (1982). The diatom frustules are com-
posed of loosely bound parts: the upper (epitheca) 
and lower (hypotheca) covers; the frustules have 
a  sophisticated ornamentation, full of hollows, 
holes and small ribs that strengthen their struc-
ture (Fig. 4A).

Fig. 3. Lithological varieties of diatomaceous rocks of the Leszczawka Diatomite Member distinguished in the Jawornik deposit: 
blocky diatomites: A) light creamy – BL; B) dark creamy – BD; prismatic and platy diatomites: C) light creamy – PL; D) dark 
creamy – PD; E) diatomite disintegrating into irregular nodules – N; F) shales – Sh

A B

DC

E F
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The elongated fragments of diatoms show in 
some thin sections a linear arrangement, alternat-
ing with micas, the siliceous-clay substance of the 
groundmass and iron-rich substance, imposing an 
effect of lamination. Such a structure is weakly ex-
pressed in the BL and BD varieties and sometimes 
disappears within a single layer or even in a sin-
gle thin section. In some thin sections of the PL  
diatomite variety with platy disintegration, the 
lamination is slightly better developed, being stron-
ger in the PD variety and, obviously, very distinct 
in the shales (Sh).

Detrital grains, which make a significantly mi-
nor fraction of the diatomite components are ran-
domly distributed. Quartz is the most common of 
them and occurs in the range 1.4–8.6 vol.% (Tab. 2).  
Its grains are usually some tens of micrometers 
large and reach the size 120 μm. They are angular 
and usually have signs of dissolving of their sur-
faces; few of them are fractured (Fig. 4B). The next 
of the granular components are light-coloured mi-
cas that make up usually around 2 vol.%. Feldspars 
occur occasionally, their surfaces are commonly 
altered by partial weathering. In X-ray investiga-
tions the reflections of albite have been identified 
(Fig. 5). Fragmented spiculae of siliceous sponges 
and glauconite occur in traces, the latter occurs as 
aggregates of considerable sizes that reach 110 μm. 
The total of granular components is in the range 
5.3–15.3 vol.%. Their lowest contents have been 
found in the silicified variety of dark-coloured, 
prismatically disintegrating diatomite (PD) No. 8 

and the light-coloured, laminated diatomite (BL) 
No. 17. Both samples have a similar, high ratio of 
the number of diatom debris to the total of these 
debris and well preserved, whole specimens of  
diatoms (Tab. 2).

Groundmass is a  significant component of 
the diatomites; its content ranges between 30 and 
50 vol.%. Adapting the nomenclature of detrital 
rocks, it can be described as of a porous and in 
places even a basal type. The major components of 
the groundmass are silica and clay minerals. The 
XRD analyses indicated that it is silica of a various 
degree of ordering (Fig. 5). The lowest ordering is 
represented by opal-A occurring in all the sam-
ples and identified based on a diffused reflection 
with a dhkl value around 4Å. In diatomites, which 
are multicomponental rocks, the presence of this 
reflection points to a  significant amount of this 
mineral phase (Pawloski 1985). Opal-A  precipi-
tates from solutions highly saturated with silica 
(Williams & Crerar 1985). According to Avramen-
ko (2015), it is a common component of diatom 
frustules. In the Jawornik diatomites opal-A forms 
irregular, almost isotropic accumulations, ran-
domly distributed within the groundmass. High-
er-ordered variety of silica (opal-CT) occurs in 
some samples only, the most distinctly in sample 8  
(PD), which represents the diatomite subjected 
to advanced silicification. Opal-CT, a  phase of 
weak solubility, originates due to recrystallization 
of amorphous silica (Jones & Segnit 1971, 1972, 
Flörke et al. 1991, Elzea et al. 1994, Graetsch 1994). 

Table 2
Mineral composition (vol.%) of the Jawornik diatomites based on the SEM micrographs

Diatomite 
variety

Sample 
No. Diatoms Quartz Micas Feldspars Glauconite Sponge 

spicules
Ground-

mass

Percentage of full diatoms 
in the sum of full diatoms 
and their fragments [%]

BL 17 59.3 1.4 2.8 1.6 0.8 0.4 33.8 17.3

BL 1C 48.2 5.2 2.8 0.7 1.1 0.0 42.1 36.6

BL 1A 43.4 6.6 2.2 2.2 1.7 0.7 43.3 44.2

BD 20 55.2 8.6 2.5 1.0 3.2 0.0 29.6 45.7

BD 14A 61.0 5.4 1.5 0.5 0.3 0.3 31.0 35.6

BD 12A 41.2 6.8 2.6 1.6 0.8 0.0 47.1 37.5

PL 10 44.8 8.0 2.6 1.9 0.3 0.2 42.2 27.3

PD 8 44.7 3.4 1.0 0.6 0.3 0.0 50.0 17.9

N 2 36.0 6.7 3.4 3.9 1.3 0.0 48.7 33.6



319

Geology, Geophysics and Environment, 2015, 41 (4): 311–331

Diatomaceous rocks of the Jawornik deposit (the Polish Outer Carpathians): petrophysical and petrographical evaluation  

Fig. 4. Backscatter scanning electron microscope micrographs of diatomaceous rocks showing: A) variations of diatom frustules 
and their debris (sample 12, variety BD); B) partially dissolved detrital quartz grain with fractures (sample 12, variety BD); 
C) habit of pore-filling clay minerals (sample 14, variety BD); D) porous nanostructure of diatoms (sample 12, variety BD);  
E) amorphous silica fills some pores of a diatom frustule, but other are partially dissolved (sample 1, variety BL); F) closing of 
fine pores within a diatom frustule by amorphous silica (sample 8, variety PD)

A B
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In X-ray patterns weak diagnostic reflections 
correspond to illite, kaolinite and the minerals of 
the smectite group, the minerals which were also 
mentioned by Kotlarczyk (1988b). Of the clay min-
erals mentioned, forms with morphologies typical 
of illite and smectites were observed only in the 
SEM images (Fig. 4C). Investigations of similar 
sediments (Wey & Siffert 1961, Siever & Wood-
ford 1973, Maynard 1975, Sigg & Stumm 1981, 
Williams & Crerar 1985) indicate that clay min-
erals present within a diatomitic mud can adsorb 
silica up to the amounts corresponding to their ad-
sorption capacity. Smectites, and also part of the 
opaline silica, called by Sohling et al. (2009) and 
Emmerich et al. (2010) the amorphous silica or the 
silica gel, may be products of hydrolytic processes 
developing within pyroclastic deposits associated 
with the volcanic activity during closing stages 
of sedimentary basins (Malata & Poprawa 2006, 
Oszczypko 2008, Szydło et al. 2014). The same or-
igin of these mineral components was postulated 
by Wieser (1969) in his paper on clinoptilolite from 
the Eocenian shales of the Futoma area. 

Besides silica and clay minerals, the common 
minor components of the groundmass are the or-
ganic substance and iron oxides/hydroxides. The 

lack of X-ray reflections that could be ascribed to 
the iron-bearing phases must result from their 
contents below the detection limit of the method 
and/or their being amorphous compounds. 

The diatomites contain many pores with vari-
ous sizes and shapes. Their presence indicates that 
the diagenetic processes within the siliceous-clay 
mud were of minor intensity. Intergranular pores 
have irregular shapes as their walls are formed by 
randomly spaced diatom frustules, flakes of clay 
minerals and micas, corroded quartz and feld-
spar grains, and irregular accumulations of other 
mineral components (Fig. 4A, B, C). The pores are 
mostly interconnected and form a system of open-
ings accessible to a transport of solutions and gases.

In the SEM images, vast voids are observed in-
side the diatom frustules (Fig. 4A, C) and the total of 
such pores is between 5.6 and 10.9%. Besides, there 
are also fine voids that represent an element of the 
pore biosystem of diatoms themselves (Fig. 4D).  
The smallest, still observable pores of the frustules 
have the sizes around 0.1 μm, which is greater than 
the size of the smallest pores occurring within the 
biostructure of the diatoms (Losic et al. 2007). 
The presence of such a well developed system of 
the fine, biostructural pores whose volume is dif-
ficult to measure in microscopic investigations is 
a reason that the content of the pores calculated 
from these observations does not correspond to 
a real porosity of diatomites. In some diatoms the 
pores are partly filled with amorphous silica. The 
shapes of such pores are not so spherical as those 
of the hollow pores, moreover their diversified  
sizes within a single shell indicate that prior to ce-
mentation the diatoms were subject to dissolution 
(Fig. 4E). Dissolving microfossils with a distinct 
ornamentation, composed of amorphous silica 
(opal-A), was described by Hurd (1973), Kastner 
et al. (1977) and Iler (1979). The phenomenon is 
usually followed by local reprecipitation of rel-
atively weaker soluble silica variety denoted as 
opal-A’ (Hein & Scholl 1978). The process can 
be almost instantaneous which is proved by the 
precipitation of opal-A’ in siliceous muds already 
in the early postdepositional stage of diagenesis 
(Williams et al. 1985). 

Chemical analysis 
Eleven selected samples subject to chemical analyses 
represent all the distinguished diatomite varieties. 

Fig. 5. X-ray diffraction patterns of diatomaceous rocks il-
lustrating detection of quartz (Q), opal-A (O-A), opal-CT 
(O-CT), illite (It), smectite or mixed-layered illite-smectite (S), 
kaolinite (K), and albite (Ab)
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They contain 72.88–84.79 wt.% SiO2 except for the 
diatomite with nodular disintegration (sample 2) 
that contains only 61.23 wt.% SiO2 (Tab. 3). 

The content of Al2O3 changes in the range 
6.45–11.51% and, generally, does not depend on 
the diatomite variety as it is with the SiO2 con-
tent. The elevated contents of alumina in samples  
No. 10 (variety PL) and No. 20 (variety BD) can 
be explained by higher amounts of clay minerals, 
which have been identified using the XRD meth-
od as kaolinite, illite and smectites. Aluminium 
is also an element contained in feldspars, musco-
vite and glauconite, the minerals present in minor 
amounts and in all the samples.

Elevated losses on ignition (LOI) are in samples 
numbered 14A, 14C and 2. The first two represent 
the rock varieties with darker, colour and both 
their features (LOI and colour) depend probably 
upon the presence of a higher amount of the or-
ganic substance. In turn, sample 2 is yellowish or-
ange and duly contains significantly higher iron 
content, equal to 17.24% Fe2O3. Despite such a high 
content of this component, no iron-bearing phases 
have been detected with XRD, which indicates 
their amorphous nature (Derkowski et al. 2015).

Chemical composition of the groundmass 
Using the results of the rock chemical analyses 
and the microscopic quantification of the detrital 

rock components, an attempt was made to esti-
mate quantitatively also the distinguishable com-
ponents of the groundmass. They could be only 
generally identified both under an optical and in 
scanning microscope, whereas the XRD analy-
ses provide a combined qualitative result on all 
crystalline rock components but their contents 
can be only assessed in a relative manner. The re-
sults of authors’ calculations are tentative (Tab. 4),  
because a  number of preliminary assumptions 
had to be made. According to the results of mi-
croscopic observations and the XRD analyses, it 
was assumed that the groundmass is composed of 
amorphous silica (containing 10% micellar water 
in case of the samples with opal-A and 5% for the 
samples with opal-CT), clay minerals (illite, ka-
olinite and smectites in variable ratios) and iron 
oxides/hydroxides (recalculated into hematite) 
and organic substance (calculated as the differ-
ence between LOI and the amount of micellar wa-
ter in amorphous silica). It was also assumed that 
light-coloured micas have a chemical composition 
of muscovite, the feldspars are represented by al-
bite, and the frustules of diatoms and the spiculae 
of sponges are composed of amorphous silica. The 
averaged chemical compositions of glauconite and 
clay minerals were accepted following the data of 
Borkowska & Smulikowski (1973) and Bolewski  
& Manecki (1993).

Table 3
Chemical composition (wt.%) of selected samples of diatomaceous rocks from the Jawornik deposit

Diatomite
variety 

Sample 
No. SiO2 Al2O3 Fe2O3(T) MnO MgO CaO Na2O K2O TiO2 P2O5 LOI

BL 17 83.86 6.45 1.43 0.006 0.55 0.26 0.20 1.05 0.284 0.02 6.82

BL 1C 76.46 9.28 2.69 0.011 0.70 0.27 0.32 1.39 0.393 0.03 7.09

BL 1B 79.15 8.90 2.34 0.007 0.66 0.26 0.28 1.35 0.375 0.03 7.17

BL 1A 77.17 8.73 2.21 0.009 0.64 0.2 0.3 1.31 0.369 0.02 6.98

BD 20 72.88 11.29 2.31 0.008 0.69 0.31 0.47 1.74 0.503 0.04 8.20

BD 14C 75.18 7.82 5.00 0.011 0.59 0.28 0.26 1.20 0.318 0.05 9.58

BD 14A 77.00 8.04 1.84 0.010 0.56 0.23 0.29 1.25 0.337 0.02 10.26

BD 12B 78.74 8.48 2.96 0.007 0.62 0.32 0.28 1.28 0.347 0.02 7.66

PL 10 74.47 11.51 3.04 0.013 0.84 0.37 0.44 1.79 0.499 0.04 7.76

PD 8 84.79 5.13 1.18 0.008 0.45 0.27 0.18 0.89 0.223 0.04 7.81

N 2 61.23 8.14 17.24 1.183 0.61 0.20 0.29 1.17 0.334 0.23 9.74

Notes: LOI – loss on ignition.
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The results (Tab. 4) indicate that in the dia- 
tomites of the variety BL the siliceous and clay 
components of the groundmass occur in compa-
rable amounts from a dozen or so to about thir-
ty percent. In samples 14A and 20 of the variety 
BD, the contents of the opal groundmass are mi-
nor, around several percents. As the microscopic 
quantification gives a significantly higher content 
of diatoms in these two rocks, it can be accepted 
that the dissolution of their diatoms was not so in-
tensive than that in the layer represented by sam-
ple 12B, where the dissolution followed by silica 
reprecipitation have resulted in the opal content 
of the groundmass in the range 22–27%. The opal 
content of the groundmass of the variety PL is low 
but a content of clay minerals is high, whereas the 
variety N at comparably low opal content has an 
unusually high amount of iron oxides/hydroxides 
equal to 16–17%. As in the remaining samples this 
amount does not exceed 2%, the role of the iron 
oxides/hydroxides compounds in imposing the co-
lour on the diatomites is close to nil. Thus, a more 
important role may be ascribed to the organic sub-
stance, whose amounts from a fraction of a percent 
to about 5% distinctly correlate with the colour of 
diatomites. For instance, the light-coloured blocky 
diatomites BL contain from traces to around 1% 
of organic substance, while the darker-coloured  
diatomites BD with the same blocky disintegration 

about 3–5% of organic substance. An exception 
makes sample 8, which at a low content of the or-
ganic substance is dark-coloured. In contrast, de-
spite its highly similar chemical composition, sam-
ple 17 (BL) is strongly light-coloured. Both these 
varieties are characterized by the highest contents 
of SiO2, around 84%, the lowest, 5–6% contents of 
Al2O3 and the lowest contents of the remaining ox-
ides, also the lowest value of LOI. The estimated 
compositions of their groundmass are also similar 
considering clay minerals, iron oxides/hydroxides 
and the organic substance. The two samples dif-
fer in their contents of diatoms (Tab. 2) and the 
calculated content of opal in their groundmass: 
the latter reaches 35% in sample 8, while in sam-
ple 17 is around 20%. These features correspond 
with the lowest content of the detrital quartz and 
the highest, X-ray estimated content of amorphous 
silica. This silica occurs as a component of both 
the numerous, strongly fragmented diatoms and 
cement. There are two possible reasons differenc-
ing the colours as well as the disintegration forms 
of these two rock varieties: (1) the type, amount 
and distribution of the components built of silica 
(diatom frustules, groundmass, detrital quartz, 
sponge spiculae), and (2) the pore structure devel-
opment. The light-coloured diatomites of the layer 
17 are composed first of all of finely fragmented 
diatoms loosely dispersed in the siliceous-clay 

Table 4
Calculated composition of the diatomite groundmass (estimations made on the basis of chemical and microscopic rock analyses 
and the assumptions described in the text above)

Diatomite 
variety 

Sample 
No. 

Calculated content of groundmass components 
[%]

Total of 
calculated 

groundmass 
components 

[%]
opal-A/opal-CT clay

minerals 
iron oxides/
hydroxides

organic 
substance

BL 17 19–21 15–20 ~1 traces 37–40

BL 1C 12–17 23–32 ~2 ~1 43–48

BL 1A 18–22 21–29 ~1 ~1 45–50

BD 20 0–4 28–39 ~1 3–4 36–41

BD 14A 2–7 22–30 ~1 ~4 33–37

BD 12B 22–27 21–29 ~2 ~5 55–59

PL 10 5–11 30–41 ~2 2–3 45–51

PD 8 33–35 14–19 ~1 ~1.5 51–54

N 2 8–11 17–24 16–17 5–6 50–54
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groundmass; it is thus this groundmass that dissi-
pates the stress that leads to rock disintegration. In 
the diatomite variety represented by sample 8, its 
fragmented diatoms were strongly joined with sil-
ica cement; additionally, rock silicification formed 
rigid, silica-rich zones separated by parallel zones 
of clay-rich accumulations, whose presence results 
in the disintegration of the rock into elongated, 
sharp-edged fragments. 

Apparent density and water absorption 
The values of the bulk density range between  
1.20 g/cm3 and 1.66 g/cm3, and the water absorp-
tion between 13.22% and 35.34% (Tab. 5). The two  
parameters show the obvious and commonly de-
scribed in the literature mutual, strong and reversely 
proportional dependence. The extreme values cor-
respond to the diatomite varieties PD and BL (sam-
ples 8 and 17, respectively). Low water absorption of 

sample 8 results, without any doubts as the process 
is visible in scanning microscopy, from the rock 
silicification that closed the intergranular pore 
space and fine pores within the diatoms (Fig. 4F). 

The diatomites of the variety BL have the high-
est average water absorption 30.85–35.34% and the 
lowest apparent density 1.20–1.26 g/cm3. These 
values and the rock features described earlier are 
characteristic of the diatomites sensu stricto, dis-
tinguished by Kotlarczyk (1966). Darker-coloured 
diatomites of the variety BD have lower water ab-
sorption 21.74–26.45% and higher apparent den-
sity 1.31–1.49 g/cm3. Similar values of both rock 
parameters have the light-coloured diatomites PL 
with platy or prismatic disintegration and the nod-
ular diatomites N. The dark-coloured diatomites 
PD have the lowest average water absorption, be-
tween 13.22% and 19.09%, at the average apparent 
densities between 1.53 g/cm3 and 1.66 g/cm3. 

 
Table 5
Extreme and average values of the water absorption and apparent density

Diatomite
variety

Sample 
No.

Water absorption [%] Apparent density [g/cm3]

minimum maximum average minimum maximum average

BL 17 33.54 36.16 35.34 1.18 1.22 1.20

BL 3 31.34 32.71 32.17 1.23 1.25 1.24

BL 1C 29.94 32.21 31.33 1.25 1.27 1.26

BL 1B 28.92 33.30 30.85 1.22 1.30 1.26

BL 1A 30.11 32.84 31.06 1.23 1.28 1.26

BD 20 20.61 22.66 21.74 1.45 1.52 1.49

BD 14C 22.71 23.81 23.30 1.35 1.38 1.36

BD 14B 25.80 26.93 26.44 1.30 1.32 1.31

BD 14A 18.42 24.90 22.74 1.34 1.52 1.40

BD 12C 23.26 26.20 24.64 1.34 1.37 1.35

BD 12B 24.01 28.52 26.45 1.29 1.35 1.31

BD 12A 24.84 27.94 25.93 1.31 1.35 1.33

PL 10 17.10 24.72 21.29 1.43 1.72 1.55

PL 6 26.39 30.83 29.40 1.27 1.34 1.29

PL 4 27.62 29.45 28.64 1.25 1.42 1.34

PD 15 14.26 23.30 18.88 1.41 1.71 1.55

PD 13 18.12 19.85 18.98 1.51 1.56 1.54

PD 11 18.54 19.53 19.09 1.52 1.55 1.53

PD 8 12.74 14.37 13.22 1.62 1.69 1.66

N 2 28.92 31.07 29.81 1.36 1.41 1.38
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A comparison of these results with the petro-
graphical characteristics of the diatomites confirms 
earlier observations of Kotlarczyk et al. (1986) that 
the lighter-coloured are rock varieties, the higher 
are their water absorption. In the light-coloured 
diatomites (varieties BL and PL) and also the va-
riety BD there is a strong dependence between the 
water absorption and the silica content (R = 0.81; 
R – coefficient of determination), the latter being 
associated with diatoms. The presence of diatom 
fossils is the major factor improving the sorption 
properties of the diatomites. The lower water ab-
sorption of the variety PD results from closing 
many pores or limiting their size because of strong 
silicification of this diatomite. 

Mercury porosimetry tests 
The lowest bulk densities have the diatomites of the 
variety BL disintegrating into blocks or lumps, 
while the highest the rocks with the platy and 
prismatic disintegrations (varieties PL and PD)  

(Tab. 6). The values of bulk density established using 
mercury porosimetry strongly correlate (R = 0.94; 
R – coefficient of determination) with the values of 
apparent density established according to the EN 
standards (EN-13755:2008, EN-1936:2006) (Fig. 6), 
and are usually higher by 0.10 g/cm3. Also total 
porosity obtained from the porosimetry and the 
pycnometry correlates well (R = 0.93) with water 
absorption (Fig. 7): the values of total porosity are 
higher by 3.9–12.4% than those of water absorp-
tion. The difference for the diatomites BD is two 
times higher than in the case of the rock of the 
variety BL, because the pore system of the former 
rocks is less accessible for water. The resulting 
conclusion is that the diatomites BD must pos-
sess many narrow, capillary pore throats, through 
which water at the atmospheric pressure cannot 
penetrate the pores of the bottle-like shapes be-
cause of the surface tension. This conclusion is also 
supported by a stronger hysteresis effect, marked 
particularly at high pressures.

 
Table 6
Parameters derived from mercury porosimetry and helium pycnometry

Dia- 
tomite
variety

Sample 
No.

Bulk 
density 
[g/cm3]

Total  
porosity(1) 

[%]

Average 
pore-
throat 

diameter 
[nm]

Thresh-
old pore-

throat 
diameter 

[nm]

Total 
specific 
surface 

area 
[m2/g]

Hyste- 
resis  

at
1 MPa 

[%]

Hyste- 
resis

at
10 MPa 

[%]

Content of 
the ~50 nm 
macropores 
at 30 MPa 

[%]

Line inclina-
tion angle

above
100 MPa (2)

[°]

BL 17 1.28 42.98 181.5 172.5 16.1 54.5 35.2 68.1 4.9

BL 3 1.36 38.12 130.2 89.1 14.5 68.8 74.0 60.6 1.9

BL 1C 1.38 40.06 181.5 136.1 12.2 78.9 42.5 70.3 1.7

BL 1A 1.34 41.57 181.6 110.4 13.5 72.7 52.2 65.6 1.6

BD 14B 1.39 37.41 130.2 92.2 15.1 79.0 77.0 53.6 2.7

BD 12C 1.45 36.54 117.2 100.9 14.7 77.7 77.9 46.4 2.3

BD 12B 1.35 38.79 145.7 100.9 15.6 73.5 73.7 53.1 1.9

BD 20 1.55 33.65 130.5 94.3 13.2 76.6 78.4 48.1 2.6

PL 10 1.82 26.59 117.5 1724.7 5.0 66.7 29.4 75.7 2.1

PD 11 1.70 24.08 49.3 37.2 15.1 86.8 91.7 6.4 6.2

PD 8(3) 1.78 17.13 13.0 n.a. 3.0 n.a. n.a. 15.7 46.0

N 2 1.36 42.19 181.5 163.8 14.8 76.4 44.4 65.9 2.5

Notes: (1) – total porosity calculated using the results of mercury porosimetry and helium pycnometry.
  (2) – the line approximating the final section of the intrusion curve above 100 MPa. 
  (3) – sample damaged at a pressure of around 100 MPa. 
       n.a. – not analysed due to the sample damage.
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The dark- and light coloured (BD and BL) dia- 
tomites also differ in their pore size distributions. 
Although the shapes of their intrusion curves are 
similar, the curves of the variety BD have their 
inflection points shifted towards higher pres-
sures (it corresponds to lower pore-throat sizes). 
Thus, a significant role of the pores begins only 
from the diameters around 100 nm, whereas in the 
variety BL the threshold of pore-throat diameter 
reaches even 170 nm (sample 17, Tab. 6). There-
fore, the light-coloured diatomites with blocky 

disintegration must have a  higher (by 60–70%) 
content of larger pores (>50 nm), termed as mac-
ropores (Rouquerol et al. 1994), which are easily 
accessible for the infilling medium and facilitate 
its relatively free evacuation at decreasing pres-
sure. It is corroborated by the hysteresis values at 
10 MPa ranging for the diatomites BL from 35% to 
74% while for the blocky diatomites BD from 74% 
to 78.5%. The presence of the pore-throats with 
smaller diameters in the variety BD than those in 
the variety BL results also from a higher inclination 

Fig. 6. Relation between apparent density and bulk density of diatomites measured by hydrostatic weighing and porosimetry 
methods, respectively
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angle of the line approximating the position of the 
final section of the intrusion curve, i.e., at the pres-
sures above 100 MPa (Fig. 8A). It proves the pres-
ence of pores with the diameters less than 10 nm,  
which could be filled with mercury if higher pres-
sures (above 150 MPa) were applied. 

An example of such a  situation is sample 17 
of the blocky, light-coloured diatomites BL. At 
a high threshold pore-throat diameter of around 
170 nm, this rock also contains very small pores, 
below 10 nm, which is proved by a final section of 
the approximating line, for which the inclination 
is around 5°. In addition, the distribution of pore 
sizes is bimodal with the mode values at 270 nm 
and the other close to 10 nm. The sorption prop-
erties of these diatomites are exceptionally advan-
tageous, resulting from their highest total porosity 
and a high content of macropores, simultaneously 
at a relatively high content of very small pores; the 

real pore space of these diatomites approximates 
best the model of cyllindrical capillaries (weak 
hysteresis effect) (Fig. 8A). 

A bimodal pore size distribution characterizes 
also sample No. 10 (variety PL). The pore system 
of this diatomite is composed of particularly nu-
merous pores with the diameters around 1160 nm 
and 100 nm (Fig. 8B). The larger pores represent 
probably the intergranular ones and the hollows 
within the frustules of diatoms. The content  
of macropores is close to 76% and is the highest 
of all the diatomite varieties; the average throat-
pore diameter is 117.5 nm. Beneficial filtration 
properties are attributed to a very high threshold 
diameter of about 1725 nm and the lowest value 
of the hysteresis effect at the pressure 10 MPa. 
As the disadvantageous property is low porosity, 
and it is one of the lowest measured, equal only 
to 26.59%.

Fig. 8. Cumulative (A) and relative (B) pore volume distributions of diatomaceous rocks from the Jawornik deposit 

A

B
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The minimum porosities possess the diatomites 
of the variety PD, particularly the highly silicified 
sample from the layer No. 8. (17.13%; Tab. 6), in 
which the content of macropores is only 15.7%. 
The intrusion curve of this sample indicated an 
increasing filling rate of the pores with mercury, 
which at the pressure close to 100 MPa resulted in 
damaging the internal structure of the sample and 
in formation of test-induced fractures. Therefore, 
the withdrawal curve was already of no meaning. 
From the course of the test one conclusion about 
the rock may be drawn: probably even its smallest 
pores (<16 nm) are filled with silica. 

The nodular diatomite variety (N), represent-
ed by sample 2, has similar values of the total po-
rosity, average pore diameter and other pore-re-
lated parameters as the light-coloured blocky 
diatomites BL.

The total specific surface area of most of the 
samples ranges between 12 m2/g and 16 m2/g and 
does not show any relation to the diatomite vari-
ety. The exception make the rocks with platy and 
prismatic disintegrations. The light-coloured dia- 
tomite PL (sample 10) has a specific surface area of 
only a 5.0 m2/g, which is caused by its high content 
of macropores. Still lower value of this parameter 
is a feature of sample 8, which represents the silici-
fied diatomite and has low total porosity and does 
not possess the pores of smallest sizes.

Microindentation hardness test
The Vickers hardness of the Jawornik diatomites 
ranges between 9.2 HV0.3 and 23.2 HV0.3 except for 
the silicified diatomite of the variety PD (sample 8),  
whose hardness is several times higher, equal to 
80.8 HV0.3 (Tab. 7). Such a difference results from 
a high content of the siliceous groundmass that 
strongly binds granular components, i.e., dia-
toms and mineral grains. In hand specimens it is 
marked by a  characteristic disintegration of the 
rock into sharp-edged fragments. 

There is a  dependence between the total po-
rosity of diatomites and their microhardness. The 
high porous diatomaceous rocks representing the 
varieties BL and N characterize the lowest micro-
hardness. Whereas the poorly porous varieties of 
BD and PD possess higher hardness, however an 
exception is the variety PL. The lowest hardness 
9.2 HV0.3 of the PL diatomite (sample 10) is a result 
of its highest content of macropores and highest 

average diameter of pores at a relatively low total 
porosity. These parameters are accompanied by 
large contents of granular components. Such fea-
tures combined together cause a  fast damage of 
the sample framework when an indenter is driv-
en into the sample during the microhardness test.  
In addition, this diatomite must contain a signif-
icant amount of clay minerals as inferred from its 
highest Al2O3 content; clay minerals are an obvi-
ous reason of lowering the rock hardness. Soften-
ing of some samples from the layers 10 and 20 was 
a result of their saturating with water.

There is no direct dependence between the 
silica (SiO2) content and the hardness of the dia- 
tomites, since the value of the latter parameter is 
modified by additional factors, i.e., the form of sil-
ica development, the rock porosity and the content 
of clay minerals.

CONCLUSIONS
The petrographic analyses, in which the authors 
combines the results of microscope investigations 
and chemical analyses indicate that despite diver-
sified ratios of diatoms to clay minerals to granular 
components, the rocks from Jawornik mostly be-
long in the classification of Owen & Utha-aroon 
(1999) to the group of the clayey diatomites, while 
two of the varieties distinguished, i.e. PL and N, 
are located between the clayey diatomites and dia- 
tomaceous clays. 

The best sorption properties possess massive, 
light-coloured diatomites BL that disintegrate 
into blocks, which are characterized by the lowest 

 
Table 7
Results of the Vickers test

Diatomite 
variety

Sample
No.

HV0.3

[gf/μm2] Range Standard 
deviation

BL 17 10.7 8.5–13.9 1.62

BD 20 15.8 11.7–20.7 2.69

BD 14A 23.2 15.7–26.6 3.32

BD 12B 13.6 12.1–15.7 0.80

PL 10 9.2 7.6–11.5 1.10

PD 8 80.8 44.4–130.0 9.65

N 2 10.5 6.2–14.1 2.05
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values of apparent density (1.20–1.26 g/cm3) and 
the highest total porosity (38–43%). The pore 
structure of these rocks being dominated by mac-
ropores (60–71%) is the closest to that arrived at in 
the model of cylindrical capillaries with a high de-
gree of complication, the conclusion also corrobo-
rated by high values of their fractal sizes (Stańczak 
et al. 2015). 

Slightly worse are the sorption properties of 
dark-coloured diatomites also disintegrating into 
blocks (BD): apparent density 1.31–1.49 g/cm3, to-
tal porosity 33–39%, distinctly lower content of 
macropores 46–54%. The diatomites of both these 
varieties are rich in silica, mostly developed as 
opal-A and present in the diatom frustules. Less 
silica occurs in the groundmass also as opal-A, as 
a chemical component of clay minerals, represent-
ing a product of hydrolysis of pyroclastic deposits, 
and finally as detrital quartz. In the diatomites BL 
and BD, the compaction of their sediments is rather 
weakly expressed. There are only occasional signs 
of diagenetic dissolving of diatoms, reprecipitation 
of the silica formed, and then recrystallization of 
this silica resulting with the formation of opal CT 
in the diatomite pores and intergranular spaces. 
Despite the prevalent content of SiO2 in relation to 
other chemical components, these diatomites are 
rather soft. Their microhardness is only 10.7 HV0.3, 
and at the presence of better ordered silica in the 
groundmass the rock microhardness increases to 
even 23.2 HV0.3. The diatomites BL and BD form 
layers of a considerable thickness ranging from 2 
to almost 10 m and in the trench sampled make up 
together 71.5% of its thickness and are a charac-
teristic and easily distinguishable rock within the 
Jawornik deposit. 

The light-coloured diatomite variety with a platy 
or prismatic disintegration (PL) forms three layers 
with diversified thickness from 0.3 m to 2.5 m, 
whose contribution to the total thickness of the 
profile is only 8.0%. These rocks have the apparent 
density close to those of the variety BD but distinct-
ly lower total porosity, around 26%. Their pore sys-
tem is composed of the pores of diversified, mostly 
large sizes, which is proved by the highest content 
of macropores (75.7%) of all the diatomites. Due to 
the high amount of clay minerals, the presence of 
amorphous silica in the groundmass and high po-
rosity, the rocks of the variety PL have the lowest of 
all the diatomites hardness equal to 9.2 HV0.3.

The dark-coloured diatomite variety with a pla- 
ty or prismatic disintegration (PD) makes up only 
3.0% of the profile and occurs as 0.2–0.6 m thick 
layers, one of them being strongly silicified. In 
relation to the rocks characterized above, these 
diatomites possess the highest apparent density 
(1.53–1.66 g/cm3) and the lowest total porosity  
(17–24%). Their pore space is composed of the 
pores with the diameters in a narrow range and 
with the lowest content of macropores (6.4%)  
of all the diatomites. The finest pores with a size of 
fifteen or so nanometers in the rocks with stron-
ger silicification (their SiO2 content is around  
85 wt.% and an amount of detrital minerals small) 
are filled with silica. Such properties result from 
diagenesis stronger in these diatomites than in the 
remaining varieties. The diatom fossils are strong-
ly fragmented and show signs of dissolution. As 
the diatom content of these rocks is the lowest and 
equals only 44.7 vol.%, it may be a result of dis-
solution of the finest frustules. The released silica 
reprecipitated probably as opal-A’ and sealed the 
small pores within the frustule structure, and also 
filled, fully or in part, the pores among detrital 
grains. The intergranular silica also recrystallized 
later but into opal-CT identified with the X-ray 
method. The presence of the silica with a higher 
ordering is also indicated by the highest micro-
hardness of this diatomite equal to 80.8 HV0.3, 
although such hardness is also due to the low po-
rosity of the rock and a small amount of clay min-
erals. An additional source of silica, derived from 
a  hydrolised pyroclastic material, may be sug-
gested for this diatomite. Its layer is immediately 
underlain and overlain by shales containing high 
amounts of smectites. Such strata, but containing 
also clinoptilolite, were identified within the Skole 
Unit (Wieser 1969, Rajchel 1990) and interpreted 
(Wieser 1969) as the deposits with admixtures of 
volcanic glass. A volcanic activity in this region 
was also proved by horizons of dacitic tuffites with 
the thickness reaching 2.5 m, described in the Up-
per Krosno Beds by Szymakowska (1959). 

Diatomites with the nodular disintegration 
(variety N) occur in one layer only, but well vis-
ible in the quarry due to its strikingly different 
yellowish orange colour. The colour obviously 
results from iron compounds, calculated here as 
17.24% Fe2O3, which is extremly higher than in 
other diatomite varieties. Iron must be bound in  
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amorphous oxides/hydroxides that fill micropores 
among the microfossils, detrital components and 
the groundmass of the rock. The presence of he-
matite but in the Krosno sandstones and its origin 
explained as a transformation of iron hydroxides 
at the contact with meteoric waters (Such 2007).

The presence within the Jawornik deposits the 
clayey diatomites that represent most of the rocks 
studied results in a considerable variability of the 
physical and mechanical properties of these rocks 
and of their chemical composition. Extraction of 
rocks without a proper selection of mining sites 
results in obtaining the raw material with averaged 
properties that depend on the contribution of the 
diatomite variety prevailing in a given part of de-
posit. With respect to the dominant amount of the 
rock varieties BL and BD, the excavated diatomite 
material has the advantageous bulk density equal 
to 1.3 g/cm3 (weighted average for the pit profile) 
and total porosity equal to 36.9%. Its hardness 
is not high and equals 13.3 HV0.3, whereas the 
chemical composition is the dominated by SiO2  
(77.4 wt.%) and accompanied by 8.7 wt.% Al2O3 
and 2.5 wt.% Fe2O3. The diatomite raw material 
with high sorption properties may only be ob-
tained applying a selective extraction of the mas-
sive diatomite layers distinguishable due to their 
blocky disintegration; particularly desirable would 
be their light creamy variety BL. 
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