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Abstract: The work concerned the effects of the thermal treatment of diatomites from the Jawornik deposit (an
example of the diatomites of the Leszczawka Member of the Polish Outer Carpathians). Five distinct lithological
varieties were subjected to calcination at 600°C in ambient air.

The thermal impact induced the following changes to the rocks. Their overall rock porosity increased, most dis-
tinctly in the initially softer varieties, and the internal pores of the siliceous frustules themselves usually became
larger due to the initial melting of the silica phases. Most of the diatoms, quartz and feldspars cracked as a result of
their brittle fracturing under compressive strain resulting from substantial and differing size changes of growing
grains. Clay minerals were thermally transferred, changing their volume. The organic matter dispersed through-
out the diatomites was partly oxidized and removed.

At the same time, the structure of the rocks was strengthened, as confirmed by an increase in their microhard-
ness. The microhardness of soft and porous diatomite varieties increased considerably on heating, but that of the
hard and compact variety changed to a smaller degree. The increase is directly related to the content of the clay
minerals. The impact of other mineral components was not detected.

The calcination of lithologically diversified diatomites provided the mineral with raw material with deicing and
antisliding properties. The technology of its production has been determined by the authors and submitted as
a patent.

Keywords: silica, thermal modification, scanning electron microscopy, Vickers microindentation hardness, po-
rosity, apparent density, water absorption

INTRODUCTION specific surface (Gao et al. 2005), which result in
their high permeability (Murer et al. 2000). They

Diatomites have exceptional physical proper- are also characterized by a framework composed
ties, including high porosity with small diame- of grains (mainly diatoms) with very small di-
ters of rock pores and a considerably developed ameters, low thermal conductivity and low bulk
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density. These specific features determine a wide
range of the industrial applications of diatomites,
such as catalysers, filters and sorbents of various
liquids as well as of inorganic and organic chem-
ical substances. Diatomites are also used, e.g. as
structural composite fillers, diffraction gratings of
optical sensors, additives to some cement types,
raw materials for producing water-glass, glaze,
paper and medicines (Cummins 1973, Obanijesu
et al. 2004, Fustinoni et al. 2005). Advances in
the studies on diatomites continuously extend the
range of their usage. There have been attempts to
manufacture materials with a 3-D structure that
emulates the structure of diatoms (Sandhage et al.
2002, Haluska et al. 2005). Chemical transforma-
tions of diatomites are conducted to obtain nov-
el materials with unique technological properties
(Wu et al. 2005, Li et al. 2007, Xiong & Peng 2008,
Yarusova et al. 2012). The sorption properties of
diatomites can be improved, among others, mod-
ifying the rocks by their calcination in the range
600-1200°C (Goren et al. 2002, Khraisheh et al.
2005, Martinovic et al. 2006, Yilmaz & Ediz 2008,
Zhi-Yang et al. 2009, Ediz et al. 2010, Ibrahim &
Selim 2010). Considering that diatomites occur-
ring in various lithostratigraphic units which are
highly diversified in their lithologies, the proper-
ties of these mineral raw materials and the possi-
bilities of their modification should be subject to
comprehensive analysis.

Investigations of diatomites in Poland were in-
itiated by J. Kotlarczyk in the 1950s (Kotlarczyk
1955) and followed in the next decades, providing
data on petrographical characteristics and assess-
ments of essential, physical properties of these
rocks, of their concentrating and utilization (Kot-
larczyk 1966, 1988a, 1988b, Russocki 1981, Kot-
larczyk et al. 1986, Smolenska & Rembi$ 2002).
The results showed that the diatomites from the
eastern part of the Outer Polish Carpathians, de-
spite being such unique rocks, have technolog-
ical properties slightly inferior to those of their
counterparts in other parts of the world (Fuya et
al. 1995, Aruntas et al. 1998, Hassan et al. 1999,
Abrantes et al. 2007, Mohamedbakr & Burkitbaev
2009). More recent investigations of these rocks
(Figarska-Warchot et al. 2015, Stanczak et al.
2015, Tobota et al. 2015) focused on the relation
between their petrographical development and

physical and mechanical properties. The results
of previous works have pointed out that the ther-
mal treatment of diatomites from the Polish Car-
pathians is a promising method to improve some
of their properties, which should pave the way for
wider technological applications of these domes-
tic raw materials. Such a calcination treatment of
the diatomites from Jawornik in the Polish Car-
pathians was carried out within the framework
of the project presented here. Next, the authors
focused on establishing the changes to the mi-
crostructure and some physical and mechani-
cal properties, including microhardness, of the
thermally modified diatomites. The experiments
were focused on obtaining diatomites with high-
er microhardness and porosity that can be used
to produce road aggregates characterized by their
deicing and antisliding properties. A comparison
of the results obtained for several distinguished
varieties of the Jawornik diatomites formed the
basis to assess a relation between the petrograph-
ical features of these rocks and the effectiveness of
their calcination. Such investigations are a novel-
ty in the case of diatomites from the Polish Car-
pathian flysch.

MATERIAL

Location of the diatomites

There are three horizons formed by the diatomites
within the profile of the youngest, Oligocene -
Lower Miocene flysch strata of the Skole Unit,
that occurs in the eastern part of the Polish Outer
Carpathians (Kotlarczyk 1982). The lowest hori-
zon, named the Futoma Diatomite Member of the
Lower Oligocene age, is located within the low-
er part of the Menilite Formation (Kotlarczyk &
Lesniak 1990, Marcinowski et al. 2011). The mid-
dle one is the horizon of the Pigtkowa Diatomite
dated to the Upper Oligocene — Lower Miocene.
It occurs in the lower part of the Strzyzéw For-
mation (previously called the Upper Krosno Beds)
within the Niebylec Shale Member (Koszarski &
Zytko 1961, Malata 1996). The third, uppermost
diatomite horizon is represented by the Lower Mi-
ocene (Burdigalian) Leszczawka Diatomite Mem-
ber, located in the upper part of the Strzyzéw For-
mation (Koszarski & Zytko 1961, Kotlarczyk 1966,
1982, Malata 1996).
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Alluvial deposits
Leszczawka Diatomite Member

[ Shale complexes of the Strzyzow Formation

Sandstone-shale complexes of the Strzyzéw Formation

Thick bedded sanstone complexes of the Strzyzéw Formation

Transitional and not subdivided complexes of the Strzyzéw Formation

O The Jawornik deposit

Fig. 1. Location of the Jawornik deposit on the geological map of the Leszczawka Syncline near Jawornik Ruski after Kotlarczyk

(1966, 1988b)

The strata of these formations are part of
a depositional megasequence formed during the
last stage of the synorogenic closing of the sedi-
mentary basins in the Polish section of the Flysch
Carpathians (Malata & Poprawa 2006, Oszczyp-
ko 2008, Szydlo et al. 2014). The volcanic activi-
ty of that period, manifested by intercalations of
pyroclastic rocks, might be the source of the ma-
terial essential for the development of siliceous
sediments, including diatomites (Jucha & Kot-
larczyk 1961, Zgiet 1963, Malata & Poprawa 2006,
Oszczypko 2008, Szydlo et al. 2014).

Within the Leszczawka Member, diatomites oc-
cur in axial parts of several synclines, of which the
most representative for the horizon discussed is the
Leszczawka Syncline. In its north-western part, lo-
cated near Jawornik Ruski, the diatomite member
is separated into three lithosomes, between which
the sandstone-shale strata of the Strzyzéw Forma-
tion rest (Fig. 1). The Jawornik deposit of diatomites
from which the samples were collected occurs
within the middle lithosome that has the features
of an olistostrome (Kotlarczyk 1982, 1988a, 1988b).

Lithological characteristics of
the diatomites

The diatomites of Jawornik have colours varying
from light creamy to yellowish orange to grey and
dark grey. They are microporous and their tex-
ture is usually random. Each of the lithological
rock varieties disintegrates in a specific way dur-
ing physical weathering, and the same is observed
when breaking bigger blocks into smaller frag-
ments. This rather obvious identifying feature, al-
ready mentioned by Kotlarczyk (1966), and rock
colour have been accepted as the classification ba-
sis of the Leszczawka diatomites and permitted
five lithological varieties to be distinguished (Fi-
garska-Warchot et al. 2015):
1) light creamy diatomites with blocky disinte-
gration (variety BL);
2) dark creamy, grey or dark grey diatomites with
blocky disintegration (variety BD);
3) light creamy, dark creamy or light grey dia-
tomites with platy or prismatic disintegration
(variety PL);

Geology, Geophysics and Environment, 2019, 45 (4): 269-282



272

Figarska-Warchot B., Rembis M., Staticzak G.

4) dark grey diatomites with platy or prismatic
disintegration (variety PD);
5) yellowish orange diatomites with nodular dis-

integration (variety N).

The detailed lithological characteristics of
these rock types were given by Figarska-War-
chot et al. (2015). The major detrital component
is represented by fragmented, less often complete
frustules (Tab. 1), with sizes reaching 50-100 pm.
Their shapes in optical and scanning electron mi-
croscopes may be circular or elongated (elliptic,
rhomboidal or crescent). These diatom fossils rep-
resent both the marine and the freshwater habi-
tat assemblages which, according to Kotlarczyk
(1982), proves the allochtonous origin of their
parent sediments. The frustules are porous and
reveal a complex internal structure, expressed by
the presence of many grooves and small ribs. The
content of diatoms in the examined diatomites
with the blocky disintegration (varieties BL and
BD) is 43.4% and 61.0%, respectively; in those
with the platy or prismatic disintegration (vari-
eties PL and PD) 44.8% and 44.7%, respectively;
while in those with nodular disintegration (vari-
ety N) only 36.0% (Tab. 1). The contents of other
detrital components are much lower, as their to-
tals range from 5.3% in the PD variety to 10.1%
and 11.6% in the BL and BD varieties, respective-
ly, to 13.0% in the PL variety and 15.3% in the N
variety (Tab. 1). They are represented by angular

quartz grains, usually several dozen micrometers
large, revealing many signs of surface dissolv-
ing and less frequent single fractures. Quartz is
accompanied by elongated flakes of muscovite,
grains of sericitized feldspars (albite-rich), frag-
mented spiculae of siliceous sponges and accu-
mulations of partly weathered glauconite with
sizes reaching 110 um.

The groundmass of the diatomites is mainly of
the porous character and occasionally of the ba-
sic one. Its contents range from 31.0% (variety BD)
to 50.0% (PD one) (Tab. 1). It is composed of sili-
ca of different ordering (opal-A and opal-CT) and
clay minerals (illite, kaolinite and smectite) (Figar-
ska-Warchot et al. 2015). The PD variety is char-
acterized by the highest amorphous silica content
of the groundmass (up to 35%) at a considerably
lower content of clay minerals (ca. 16%). In the di-
atomites of the BL variety, the siliceous and clay
components of the groundmass occur in compara-
ble amounts (ca. 20-25%), whereas the silica con-
tent of the BD and PL varieties is low, not exceeding
10%, and completed with abundant clay minerals.
In the groundmass of most of the diatomites, low
amounts of iron oxides (1-2%) in the form of fine,
automorphic crystals scattered evenly among other
minerals usually also occur. It is only the nodular
splitting diatomite form (N variety), whose content
of iron compounds (16.5%) is considerable. Simul-
taneously, this variety contains only 9% of silica.

Table 1
Mineral composition [vol.%] of raw diatomite varieties from the Jawornik deposit based on the SEM micrographs
Other grains” Groundmass®
Dia- Diatoms®” Iron ]
tomite | (complete/ | Quartz®” . Feld- | Glauco- | Sponge C_lay oxides/ | 0830
variety | fragments) Micas spars nite | spicules Opal | miner- hydrox- sub-
als . stance
ides
BL 43.4 6.6 2.2 2.2 1.7 0.7 18.38 22.98 0.92 0.92
(44.2/55.8)
BD 61.0 54 1.5 0.5 0.3 0.3 3.93 22.70 0.87 3.49
(35.6/64.4)
PL 44.8 8.0 2.6 1.9 0.3 0.2 7.03 31.21 1.76 2.20
(27.3/72.7)
PD 447 34 1.0 0.6 0.3 0.0 32.08 15.57 0.94 1.42
(17.9/82.1)
N 36.0 6.7 34 39 1.3 0.0 7.65 23.34 13.28 4.43
(33.6/66.4)

Explanations: The values are results (1) of measurements based on the SEM micrographs and (2) of estimation made on the basis of chemical and
microscopic rock analyses. Other grains = total of micas, feldspars, glauconite, sponge spicules
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The list of the groundmass components is com-
pleted with fragments of organic substances: 1-2%
in the BL, PL and PD varieties and 4-5% in the BD
and N ones (Figarska-Warchot et al. 2015).

In SEM observations, the diatomites are char-
acterized by highly complex, mutually connected
intergranular and intragranular pores (Fig. 2A,
C, G). The intergranular pores are numerous
and of irregular shapes that results from a ran-
dom arrangement of the groundmass and frame-
work components with various habits. Pore sizes
usually do not exceed 5 pm. Only in the PD va-
riety are the intergranular pores more common,
which is due to an abundant silica that has ce-
mented framework components into compact,
randomly arranged zones (Fig. 2I). In the dia-
tomites of most varieties (except variety PD) large
cavities commonly occur within the frustules,
sometimes filled with clay minerals, organic sub-
stance or iron oxy/hydroxides, occasionally with
silica (Fig. 2G). They reach 30 um and have regu-
lar shapes (spherical, cylindrical or tubular), dis-
turbed when the diatom shells are crumbled into
smaller fragments. Also abundant are spherical,
fine pores with diameters 100-1500 nm (usually
below 400 nm), located within the frustules. Usu-
ally they are arranged regularly and this distribu-
tion is a characteristic feature of individual taxa
of diatoms (Fig. 2A, K). In some of the diatoms,
particularly in the PD variety, such pores and also
the interiors of the shells are partly or completely
filled with amorphous silica.

The chemical composition of the diatomites
is closely related to the mineral phases specified
above. Their silica contents are not too high: from
ca. 60% (variety N) to ca. 75-80% (BL, BD and
PL) and to ca. 85% SiO, (PD). The minor chemical
compounds include: alkalis (attributed mainly to
teldspars) that range from ca. 1% (PD) to above 2%
Na,O + K,O (PL), 1-5% Fe,O, (attributed to iron ox-
ide/hydroxides) (with the variety N being an excep-
tion as it contains above 17% Fe,O,) and ca. 7-10%
LOI (attributed to the presence of an organic sub-
stance and to the water expelled from the hydrat-
ed forms of silica) (Figarska-Warchot et al. 2015).

METHODS

From each of the five distinguished lithological
varieties of the diatomites, three irregular lumps

with the mass 20-60 g each were taken. Ther-
mal treatment was applied to change the struc-
tural properties of the diatomites, mainly to in-
crease their porosity and water absorbability, with
a simultaneous improvement of their mechanical
strength. Therefore, the samples were calcined in
a laboratory furnace at 600°C in the ambient air.
The literature results indicated that such a calci-
nation temperature slightly exceeds the temper-
ature of the structural transition from  and a
quartz (573°C), simultaneously being considera-
bly lower than the temperatures of significant al-
terations of other minerals. During such a calci-
nation, the surface-bound water and an organic
substance should be removed, whereas clay min-
erals dehydroxylated and partly decomposed (Yil-
maz & Ediz 2008, Zhi-Yang et al. 2009, Ediz et
al. 2010, Posi et al. 2014, Zheng et al. 2018). Melt-
ing of clay minerals in pores was also reported to
start at 600°C (Zhi-Yang et al. 2009). These pro-
cesses should strengthen the framework of the
diatomites without lowering their porosity and
specific surface (Sun et al. 2013). The furnace tem-
perature was increased at the rate 20°C/min. in
the range 20-150°C and then at 4°C/min. until the
assumed 600°C was reached, and this calcination
temperature was kept for the next 24 h. Finally,
the samples were cooled for 48 h to reach room
temperature.

The effects of calcination in the Jawornik di-
atomite varieties were analysed in thin sections
under a scanning electron microscope and the
mineral composition was identified with X-ray
diffraction (XRD) on powder samples, while their
physical properties and microhardness were de-
termined prior and after the thermal treatment of
irregular rock pieces.

Microscope observations were carried out in
the laboratories of AGH UST to analyse the chang-
es of shapes and sizes of mineral grains using FEI
Quanta 200 FEG (low-vacuum) and FEI Company
NOVA NANO SEM SEM microscopes, equipped
with back scattered electron (BSE) detectors and
EDS peripherals. XRD analyses helped to identi-
fy the mineral phases present in raw and calcined
samples of diatomites of different varieties. An
X-ray diffractometer DRON 3.0 was used apply-
ing the Debye-Sherrer powder method.

The essential rock properties, i.e., the water ab-
sorption and apparent density, were determined
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following the European standards EN-13755:2008
and EN-1936:2006. Subsequently, the mercury po-
rosimetric tests were carried out in an AGH UST
laboratory using a PASCAL 140/240/440 ver. 1.01
mercury porosimeter made by CE Instruments.
They were based on the volume of mercury pres-
sure-injected into the pore space of the rocks. At
the pressures ranging between 0.10 and 150 MPa,
mercury could penetrate cylindrical capillaries
with the smallest diameters ca. 0.01 um. The fol-
lowing structural parameters of the pore spaces of
the diatomites were determined: the distribution
of pore diameters, including macropores with the
diameters d > 100 nm and d > 50 nm, the average
pore-throat diameter, the specific pore surface area
and the total rock porosity (Klobes et al. 2006).

The resistance of the diatomites to the stress
exerted by point-acting outer pressure was giv-
en as their microhardness (HV). The measure-
ments were conducted using a Testlab HVKD-
1000IS hardness tester with a pyramidal diamond
indenter (the Vickers method). The hardness
was expressed as a quotient of the indenter load
(0.3 kgf = 2,942 N) and the side surface of the py-
ramidal indentation, calculating the latter from
the length of the diagonals of indentation marks
(Winkler 1997). For each sample, 20-30 meas-
urements were carried out spaced at a distance of
1 mm along 1 or 2 lines to obtain the randomness
of the HV, , data. These measurements were used
for calculating the arithmetical mean and stand-
ard deviation values.

RESULTS OF CALCINATION

Mineral composition and structural
properties

The XRD analyses and the SEM observations of
the calcined diatomites indicate that the temper-
ature of 600°C caused changes of various intensi-
ty and character in the rock structure, depending
on the initial mineral composition and structural
features of the specified rock varieties.

The amount of amorphous silica increased with
heating, as proven by the elevated backgrounds on
the X-ray patterns in the range 15-40° 20, while
the intensities of quartz reflections distinctly de-
creased (Fig. 3). These changes are expressed
mainly in the BL, PL and N varieties, and the
weakest in the PD and BD varieties.
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Fig. 3. Comparison of X-ray diffraction patterns of three di-
atomite varieties obtained for raw (black lines) and calcined
(red lines) samples. Explanations: Q - quartz, O-A - opal-A,
O-CT - opal-CT, It - illite, S - smectite or mixed-layered il-
lite-smectite, K — kaolinite, Ab - albite, M - micas, H - hematite

In the X-ray patterns of all the diatomite types
the reflections of kaolinite and smectites either dis-
appeared or considerably decreased their intensi-
ties, while the reflections of illite were stronger. It is
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best pronounced in the BL, PL and N varieties and
weaker in the BD and PD ones (Fig. 3). A change
of the intensities of the overlapping reflections of
illite and albite also indicate a decrease of the latter.

In case of the N variety, the major reflections
of hematite were stronger, while several additional
weak ones appeared after calcination.

The changes described above are represented
in the triangular diagram, distinguishing the to-
tal of amorphous silica that forms frustules and
the diatomite background (50-80%), the detrital
quartz (3-9%), and the total of clay minerals plus
feldspar grains. The diagram also shows the ap-
proximate directions and intensities of the chang-
es of the mineral transformations recorded on
heating the diatomites at 600°C (Fig. 4).

Signs of the initial melting of thin frustules
were expressed as an increase of the diameters of
their larger pores (Fig. 2D, H) or a decrease of the
finer ones - filled with melting products, mostly
with amorphous silica (Fig. 2B, N). The processes
of melting caused the pore borders to be irregu-
lar and fray-like, while the pore shapes often be-
came elongated (Fig. 2D, L). These pore features
differ sharply from those of the pores prior to cal-
cination: the initial pores were spherical and their
borders smooth (Fig. 2G, K). The enlargement of
the frustule pores resulted in lowering the thick-
ness of the walls that separate the pores from one
another (Fig. 2D, H, L). Extensive melting of the
PL variety made it more spongy (Fig. 2H). The ef-
fects of calcination in the PD variety differed from
those described earlier, because the PD diatomites
are highly coherent. The pores in their frustules,
already filled with silica prior to calcination (Fig.
2I), were not enlarged, but the ornamentation of
the diatoms became even more obscured (Fig. 2J).
In the rocks of the N variety, calcination resulted
in the weak melting of the diatoms and therefore
only a few pores were enlarged (Fig. 2L).

The thinning of the pore walls favoured their
cracking and, as a result, the fractures joined
neighbouring pores (Fig. 2H, L). In the case of
thicker frustule fragments, the pores had not been
enlarged during calcination, but heating resulted
in the formation of single fractures that extend
through the whole diatom shell (i.e. continue on
the other side of the pore) and divide frustules
into small fragments (Fig. 2B, N).

50%

Many of the grains of quartz and feldspars were
fractured and also disintegrated. This process be-
gan on the grain surfaces and was observed as
fine cavities of irregular shapes in quartz and tri-
angular in feldspars. In the grains exposed to el-
evated strain induced by their thermal enlarging,
the splintering was accompanied by cracking. The
fractures are irregular in quartz and mutually in-
tersect (Fig. 2B, F), whereas in feldspars their linear
arrangement follows the oblique cleavage typical of
these minerals (Fig. 2P). Such phenomena occurred
less often prior to calcination (Fig. 2A, C, E, O).

It was also observed that the groundmass struc-
ture of the diatomites was partially sealed, perhaps
because the smallest pores among clay flakes were
filled with the products of decomposing clay min-
erals (their flakes are weakly visible in the samples
after calcination) (Fig. 2B, H) and/or with silica
generated by melting of fine detrital diatom grains.

The grains of iron oxides/hydroxides, unusu-
ally common in diatomite of the N variety, dis-
tinctly changed their habits. Their idiomorphic
outlines, sometimes even rectangular or rhom-
bohedral (Fig. 2M), became oval or irregular and
their sizes slightly decreased (Fig. 2N).
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Arrows indicate approximate directions
and intensity of the changes.

Fig. 4. Contents of main diatomite components in raw samples
with approximate directions and intensities of their changes
after calcination
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The SEM observations are insufficient to un-
ambiguously identify the effects of the oxidation
of the organic matter, whose amounts reach 5% in
the raw diatomites. As the organic matter burns
well below 600°C, it can be assumed that this pro-
cess formed part of the fine pores of the calcined
diatomites.

Physical properties

The determination of physical rock properties cor-
roborates a known, highly correlated (R* = 0.87)
relation between water absorbability and appar-
ent density. Of the raw, not calcined diatomite
samples, the highest values of water absorbabili-
ty, close to 30%, are to be found in the BL and N
varieties, medium ones, ca. 20%, in the BD and

Table 2

PL varieties, and the lowest ones, ca. 12%, in the
PD variety (Tab. 2). The apparent density values
ranged from 1.28 g/cm’ to 1.77 g/cm’. In all the
varieties, calcination increased water absorbabil-
ity and decreased density. The highest increase
of the first parameter is noted in the samples of
the BD - 7.65% and N varieties — 5.22%, whereas
in the light-coloured diatomites with the blocky
disintegration of the variety BL the growth was
only 0.9%.

More precise determinations using mercury
pressure porosimetry prove that uncalcined di-
atomites with blocky disintegration (variety BL)
and nodular disintegration (variety N) have the
lowest apparent densities and, at the same time,
the highest total porosities (ca. 38-40%) (Tab. 3).

Water absorption and apparent density of the Jawornik diatomites

Water absorption by mass [%] Apparent density [g/cm’]
Diatomite | average | averase
variety minimum - maximum minimum - maximum
raw calcined raw calcined
BL 31.01 31.91 1.28 1.25
30.61-31.42 31.66-32.16 1.27-1.29 1.24-1.26
BD 20.17 27.82 1.47 1.36
18.42-21.91 24.44-31.21 1.42-1.52 1.27-1.46
PL 22.97 2591 1.47 1.39
22.61-23.32 23.91-27.90 1.46-1.47 1.35-1.43
PD 12.67 15.01 1.77 1.62
12.53-12.74 14.97-15.07 1.69-1.94 1.61-1.62
N 29;26 34;48 l.ill 1.5)4
Table 3
Mercury porosimetry data of the Jawornik diatomites (results for raw samles / calcined samples)
) ) ' Average pore- Total specific Content of the Content of the
Diatomite Total porosity* . macropores macropores
variety [%] throat diameter surfacze area (diameter >50 nm) | (diameter >100 nm)
[nm] [m*/g] (%] (%]
BL 37.99/42.15 181.6/650.0 13.5/10.3 87.30/91.62 65.63/81.92
BD 33.34/37.86 130.2/100.0 15.1/15.3 78.86/84.48 53.63/55.27
PL 25.92/36.49 117.4/116.0 5.0/13.7 86.84/84.88 75.69/46.42
PD** 2.57/8.79 13.0/26.0 3.0/8.1 25.80/17.60 15.72/4.20
N 40.10/43.88 181.4/760.0 14.8/14.0 83.61/87.00 65.94/72.20

* total porosity calculated using the results of mercury porosimetry,

** raw sample damaged at a pressure of around 100 MPa.
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The average pore-throat diameter is ca. 180 nm,
and the contributions of all macropores (i.e. those
with diameters above 50 nm) are 87.30% and
83.61%, respectively. Similar contributions of the
macropores occur in the PL and BD varieties, but
both their total porosities and the average pore-
throat diameters are lower than those of the BL and
N varieties. The PD variety has its pores with an av-
erage diameter of only 13 nm, while the contribu-
tion of macropores (d > 50 nm) is low and amounts
to 25.80%. Such pores could hardly be penetrat-
ed by mercury, thus the total rock porosity is low
(2.57% - Tab. 3).

The distribution of pore sizes in the raw samples
of the BL, BD and N varieties is relatively similar.
The most abundant are the pores with the diameters
100-250 nm, while the contributions of the pores
>400 nm are negligible (Fig. 5). The largest pores
reach diameters of 10,000-12,000 nm. The calcina-
tion of these three rock varieties increased the rela-
tive contribution of the larger pores, i.e. those with
the diameters to 800 nm in the diatomites with the
blocky disintegration (BL and BD) and to 1000 nm
in the variety with the nodular disintegration (N).

The pore space of the raw diatomites of the PL
variety is characterized by a high differentiation
of pore sizes in the diameter range 10-4000 nm,
with the contribution of the pores with diameters
>700 nm being slightly higher than those of the
finer pores (Fig. 5). The calcination of this varie-
ty increased the relative contribution of the pores
with diameters 50-200 nm significantly, whereas
the relative contribution of the mesopores in the
range 10-50 nm remained at the same level, while
the macropores with the diameters 200-2000 nm
disappeared. However, the content of the largest
macropores with diameters 2000-10,000 nm is
significant.

The pore distribution in the PD variety stands
in contrast to that of the PL variety. The finest pores
with the diameters 10-12 nm dominate in the raw
diatomites of this type: they can be classified as in-
termediate between micro- and mesopores (Fig. 5).
The contribution of the pores <200 nm is signifi-
cant, while the diameters of the largest pores reach
3000 nm. Calcination clearly lowered the contribu-
tion of the finest pores and significantly increased
the contribution of the pores with the diameters
20-100 nm. The pores with the diameters 1000
4000 nm and 6000-12,000 nm occur occasionally.
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Fig. 5. Pore volume distributions in raw (blue bars) and cal-
cined (red bars) Jawornik diatomites
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Microindentation hardness

The raw diatomite samples are characterized
by relatively low microhardness, not exceeding
25 MPa, except the PD variety, whose microhard-
ness exceeds 92 MPa (Tab. 4). Particularly low are
the microhardness values of the light-coloured
BL and PL diatomite varieties and of the diatomi-
tes with the nodular disintegration (variety N).

Calcination increased microhardness in all of the
diatomites, mostly in the varieties PL (the relative
increase by 109.4%) and BD (the relative increase
by 40.4%). The microhardness values of the soft
diatomites BL and N increased by a mere 2-3 MPa,
which makes ca. 23-25% of this parameter in
the samples prior to calcination. The structure
of the most compact variety, PD, was strength-
ened and its microhardness has reached 100 MPa.

Table 4
Vickers microhardness values of the Jawornik diatomites
. . HV,, Standard HV,, Standard | Relative increase
Dlat(?mlte [MPa] Range deviation [MPa] Range deviation | of microhardness
variety o
Raw samples Calcined samples (%]
BL 8.4 4.3-12.6 2.0 10.3 5.7-17.1 2.5 +22.7
BD 23.2 15.7-26.6 3.3 32.6 26.6-40.9 4.0 +40.4
PL 9.2 7.6-11.5 1.1 19.2 16.2-21.6 1.7 +109.4
PD 92.2 76.3-122.4 12.5 99.9 81.9-127.6 12.3 +8.4
N 10.5 6.2-14.1 2.1 13.1 9.3-18.1 2.1 +25.1
DISCUSSION larger quartz grains, but it is possible that melting

Calcination of the Jawornik diatomites at 600°C
initiated a range of processes. The most impor-
tant were: transformations of various silica forms,
phase and physical changes of other minerals,
and also oxidation of the organic matter. They
ran concurrently and induced physical and me-
chanical changes to the diatomites tested. The in-
tensity of these changes depended on the initial
rock composition and the structure of diatomite
varieties.

An incipient melting of siliceous mineral
components was one of the major processes ob-
served in the SEM analyses and confirmed in the
XRD investigations. The relative increase of the
amorphous silica content (high XRD background)
was accompanied by a respective decrease in
the quartz content (quartz XRD reflections were
weaker) (Fig. 3). Incipient melting can also be
traced in SEM images: larger pores of the diatom
fossils increased their diameters (Fig. 2D), while
smaller pores became finer after being filled with
the melted silica (Fig. 2B, J). It may be assumed
that the finest fragments of the diatoms, as well as
part of the silica in the rock background, melted at
600°C. There are no undiscutable melting signs of

might have affected their finest fractions.

Clay minerals were dehydrated and dehy-
droxylated on heating to 600°C, and especially
the latter process might have remained unfinished
depending on the composition of the clay min-
erals (Stoch 1974). The presence of some miner-
al phases may have caused the transformation of
the clay minerals into amorphous phases (Zhi-
Yang et al. 2009), providing an additional source
of alkalis (most of the alkalis were derived from
feldspars). In ceramics, the alkalis lower the melt-
ing temperatures of the ceramic charge, therefore
the presence of Na,O and K,O could have also in-
itiated the melting of the Jawornik diatomites al-
ready below 600°C.

Another effect of calcination was caused by
the shrinking and expanding of mineral grains.
Clay mineral flakes most probably shrank dur-
ing dehydration below 200°C, but when temper-
ature increased the linear sizes of the clay flakes
also increased, and around 600°C they shrank
again due to dehydroxylation. Dehydration at
low temperatures must have also reduced the vol-
ume of other mineral components consisting of
opal, mainly diatoms. The polymorphic transfor-
mation of quartz { into quartz a, also associated
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with enlarging the size of quartz grains, took
place at 573°C (Stoch 1974). Other grain compo-
nents, for instance feldspars, probably enlarged
their sizes, too.

Fracturing of quartz and feldspar grains ob-
served in SEM images (Fig. 2B, F, P) was generated
by the process of the linear expansion of minerals
characterized by a high specific heat, when their
porous, mother rocks with a low thermal con-
ductivity are heated. According to Germanovich
(1997) and Deeny et al. (2009), such conditions
form local compression centers within the hot,
outer parts of minerals. As a result, the expand-
ing minerals and some of their fragments splinter
off (Rauenzahn & Tester 1989). Quartz is particu-
larly prone to such thermal processes. According
to Robertson (1988), the coeflicient of thermal ex-
pansion of quartz is relatively high between 20°C
and 400°C, being 4.98-10°-K', while that of albite
(2.24-107°-K™") is almost two times lower.

Thermal expansion also favoured the cracking
of the frustule walls between expanding pores
(Fig. 2B, H, L), as well as initiating the formation
of large cavities among mineral components or
extending the size of existing hollows (Fig. 2J).

A certain increase in the porosity of the cal-
cined diatomites may also be attributed to the
presence of dispersed organic matter, whose
amounts range between ca. 1.0% and 3.5%. The
carbonized organic matter simply disappears dur-
ing heating in the air as CO, (the effect of oxida-
tion) and cannot be detected in SEM images. The
process was accompanied by the change of colours
of the diatomites from grey in the raw samples, to
light creamy with a pink tint after calcination. The
pink colour indicates the admixture of oxidized
iron-containing mineral components in the dia-
tomites, and was corroborated by hematite reflec-
tions identified in the X-ray patterns of the N dia-
tomite variety.

The processes described above mark the com-
plex picture of structural and mineral changes of
the Jawornik diatomites. Due to them, these rocks
also changed in terms of some of their technolog-
ical properties.

The highest degree of amorphization was re-
vealed in the calcined PL, N and BL varieties
(Fig. 4). These raw diatomites contained relatively
low amounts of amorphous silica (Am: 53-64%)

and were considerably rich in clay minerals, mi-
cas and feldspars (A+Cm: 30-39%). The content of
clay minerals themselves was the highest in the PL
variety (above 31%), the rock in which the increase
of porosity was also the highest (by 10.6%) with
a simultaneous decrease of the nanopores larger
than 500 nm. The porous system of the PL varie-
ty also developed on heating as its specific surface
area is higher by 8,7 m*/g (174%), while the content
of smaller pores in the range 50-170 nm increased
(Fig. 5). Such results depend not only on the high
content of clay minerals, but also on a strong frag-
mentation of the diatoms: the fine diatom rem-
nants could have been melted easier than the large
ones. Cementation of the rock groundmass by
amorphous substances led to the highest relative
increase in microhardness of all the samples, by as
much as 109.4%, while a simultaneous lowering of
the content of clay minerals improved porosity, an
important structural rock parameter.

The process of melting silica mainly caused
the increase of pore diameters in diatom frustules
in the BL and N varieties, which differed from
the types described above in terms of their con-
siderably higher content of undamaged diatoms.
Moreover, numerous cracks of diatoms and oth-
er grains led to the increase in the volume of the
largest pores (Fig. 5). It was confirmed by substan-
tial increase of average pore-throat diameters (to
over 400 nm) and a lowering of the total specific
surface area (Tab. 3). On the other hand, the filling
of some pores with the products of melting and
iron oxydation (hematite) observed in SEM imag-
es, as well as the expected disappearance of fine
accumulations of organic matter, did not change
the relative content of finest pores. The cementa-
tion of groundmass components, similar to the PL
variety, triggered a considerable relative increase
in microhardness (over 20%).

The BD and PD varieties in the raw state
contained high amounts of amorphous silica
(Am: 68% and 79%, respectively), which was ac-
companied by low contents of clay minerals and
feldspars (A+Cm: 26% and 18%, respectively).
On the one hand, calcination brought about mi-
nor changes in the ratio between the contents of
amorphous silica and quartz, and opal-CT on the
other. The finer pores prevailing in the rock were
either widened (BD variety), or filled and blocked
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(PD variety). Fracturing on heating was higher in
the BD variety than in the PD, and the latter one
was more homogenous considering both its min-
eral composition and structure. Therefore, the
mechanical resistance of these rocks, expressed as
microhardness, increased distinctly by ca 40% in
the BD variety and only by 3.4% in the coherent
PD one (Tab. 4).

CONCLUSIONS

The effectiveness of the calcination of Jawornik
diatomites at 600°C is differentiated, mainly be-
cause of the various mineral composition of the
five rock varieties distinguished, and, to a leseer
extent, of their varying structures and textures.
Obtaining an increase of the overall rock porosi-
ty was the major aim of the experiments. This can
be achieved by increasing the internal pores of the
frustules due to their incipient melting, thermal
fracturing of the frustule walls and of the grains
of other diatomite components (feldspars, quartz).
The porosities also grow due to the lowering of the
volumes of clay minerals and opal, which dehy-
drate and dehydroxylate on heating, and, to a less-
er degree, to oxidating organic matter. The distri-
bution of the pores also changed after calcination
within the whole range of diameters.

In the rock varieties with the highest initial
porosities, i.e. BL (diatomites with blocky disin-
tegration) and N (diatomites with nodular dis-
integration), calcination imparted the most in-
tensive development of macropores, expressed by
both the increase of their contents and a consider-
able increase of their pore-throat diameters. These
phenomena were accompanied by the lowering of
specific surface values. In the variety with low in-
itial porosity, and also in which diatomite fossils
were considerably fragmented (PL), the processes
of mineral transformations resulted in the higher
development of pores with diameters of 70-130 nm
and a relative lowering of the macropore content.
Such a distribution of pore sizes is advantageous to
the increase of porosity and specific surface area.

The phenomena of tranforming and deform-
ing mineral components exposed to heating at
600°C also increased the microhardness of the
diatomites of all varieties. This change depends
significantly on the rock content of clay minerals

(r = 0.85), which dehydrate and dehydroxylate
during calcination. Therefore, microhardness in-
creased mostly in the rock variety PL, which is the
richest in clay minerals. Other mineral compo-
nents have no impact on microhardness after cal-
cination. With regard to the diatomite structure,
calcination increased rock microhardness most in
the soft and porous rocks, while only to a limited
extent in the hard and compact varieties. There-
fore, the microhardness differences distinct in the
raw diatomites were partly reduced after heating.

The process of the calcination of diatomites
differing in their technological properties has re-
sulted in obtaining mineral material with a po-
rosity exceeding 36% and microhardness HV,
in the wide range 13.1-99.9 MPa. The processed
diatomites revealing such properties may be used
in the production of deiceing and antisliding road
aggregates. The technology of their manufacture
has been covered by patent protection (the patent
application No. P-429759) and attempts at its in-
dustrial implementation have been initiated. Oth-
er industrial applications of Jawornik diatomites
may include only selected rock varieties whose
calcination will provide mineral raw materials
with porosity and microhardness values which
differ in narrow ranges.
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