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Abstract
Sedimentary and diagenetic features of Upper Triassic dolomites are determined and related to technical properties 
 (apparent density, water absorption, open porosity and point load strength tested by Point Load Test, PLT) for possible 
use as building aggregate. Samples are taken from three quarries in the Medvednica and Samobor Mts., in NW Croatia. 
Samples from the Ivanec Quarry are determined as the early-diagenetic dolomite (EDD), late-diagenetic dolomite (LDD) 
and “transitional” dolomite (TD). Samples from the Dolje Quarry are determined as early-diagenetic dolomite (EDD) 
and late-diagenetic dolomite (LDD). The samples from the Gradna Quarry are determined as late-diagenetic dolomites 
(LDD). According to the physical and mechanical properties, the best variety to use as a crushed stone or as an aggregate 
proved to be the late-diagenetic dolomite from the Dolje Quarry. Samples from the Dolje Quarry have the lowest values 
of open porosity and water absorption and the highest values of apparent density and PLT, due to their sedimentary-
-diagenetic features.
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1. Introduction

The aim of this paper is to describe sedimentary and 
diagenetic features of the Upper Triassic dolomites from 
the Medvednica and Samobor Mts. (NW Croatia) and to 
determine the relationship with their physical and me-
chanical properties. The case study is performed on sev-
eral samples of dolomites, taken from the following 
quarries: the Dolje Quarry near Podsused, the Ivanec 
Quarry near Zapreši  and the Gradna Quarry near Samo-
bor, all in the broad area of Zagreb, the capital of Croatia 
(see Figure 1). Physical and mechanical properties of 
the dolomites which have been analyzed and compared, 
are the following: apparent density, open porosity (HRN 
EN 1936), water absorption (HRN EN 13755) and point 
load strength by Point Load Test (ISRM, 1985).

Crushed stone is a natural raw-material, whose miner-
alogical and petrographic composition and physical-me-
chanical properties comply the technical requirements 
for civil constructions (Smith and Collis, 2001). Sedi-
mentary-diagenetic features and physical-mechanical 
properties of sedimentary rocks are closely related. Test-
ing and comparing of these properties have been high-
lighted by several authors, who state that besides many 

other properties, lamination could strongly affect the 
physical-mechanical properties of the stone varieties 
(Tomaši  et al., 1990, 1992, 1997, 2011; Tišljar et al. 
1997; Tomaši  and Ženko, 1993; Fort et al., 2002; 
Garcia Del Cura et al., 2005, Barudžija et al., 2015). 
The dolomitization affects the stone porosity and could 
increase the intergranular porosity in original carbonate 
rocks (Chilingar et al., 1979; Morse and Mackenzie, 
1990; Morse, 2005). The distinction between the early-
diagenetic and late-diagenetic dolomites in the crystal 
sizes and ordering of the crystal lattices was already re-
ported by Goldsmith and Graff (1958), and general 
classi  cation to early- and late-diagenetic dolomites, to-
gether with their counterparts (primary-sinsedimentary 
and secondary dolomites), is widely used since then 
(Zenger et al., 1980; Tucker, 1990; Purser et al., 1994; 
Scholle and Ulmer-Scholle, 2003; Flügel, 2004). Ear-
ly-diagenetic dolomites mainly have  ner crystals and a 
high-ordered crystal lattice, and late-diagenetic dolo-
mites mainly have large crystals and a low-ordered crys-
tal lattice (Kaczmarek and Sibley, 2011). Dolomites 
often include relics of the sedimentary features, i.e. lam-
ination, intraclasts, fenestrae and desiccation cracks, 
among others. These features often in  uence anisotropy, 
which signi  cantly affects the physical and mechanical 
properties of the dolomites.
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2.  Overview of geology 
in the investigated area

Stratigraphy of the Triassic deposits in the SW Med-
vednica, Samobor Mts. and in the neighbouring Žum-
berak area, is well described and de  ned by Šiki  and 
Basch (1975), Šiki  et al. (1977, 1979), Fu ek et al. 
(1995), Bukovac et al. (1995), Grgasovi  (1997, 1998), 
Avani  et al. (2000) and Herak (2006). Dolomites pre-
vail throughout the Triassic successions and they are al-
most exclusively Upper Triassic sedimentary rock. De-
tailed litostratigraphic and biostratigraphic subdivision 
of the Upper Triassic deposits of the investigated area 
was published by Grgasovi  (1998). Dolomites de-
scribed in this paper belong to the Upper Triassic (Nori-
an-Retian) and litostratigraphically represent the Main 
Dolomite Formation, as described by Grgasovi  (1998), 
similar to the same lithological type of deposits in the 
neighbouring areas in Croatia, Slovenia, Italy and Aus-
tria (described by: Guši  et al., 1965; Bosellini, 1965, 
1967; Babi , 1968; Herak, 1968; Müller-Jungbluth, 
1968, 1970; Fruth and Scherreiks 1975, 1982, 1984; 
Veli  and Soka , 1982; Jadoul, 1986; Cirilli and Tan-

noia, 1988; Bosellini and Hardie, 1988; De Zanche, 
1990; Tišljar et al., 1991; Jadoul and Gnaccolini, 
1991; Jadoul et al., 1992; Ogorelec and Rothe, 1993; 
Barattolo and Bigozzi, 1996; Satterley, 1996; Clima-
co et al., 1997).

2.1. Geology of the Dolje Quarry

The Dolje Quarry is situated within the Upper Trias-
sic dolomites, on the SW slope of Medvednica Mt. Do-
lomites were exploited in the quarry, which is now aban-
doned, for crushed stone aggregates. Beds are dipping 
towards the South and partly tectonically disturbed. 
Overall thickness of the exposed succession in in the 
quarry is approximately 200 m, of which 94 m is undis-
turbed, as reported by Fu ek et al. (1995).

Dolomite succession is represented by shallowing-
upward cycles containing: (I) dark subtidal cryptocrys-
talline-to-microcrystalline dolomicritic members, occa-
sionally with Megalodon shell molds (A member); (II) 
white intertidal laminated stromatolitic dolomite mem-
bers (B member); and (III) white fenestral stromatolitic-
to-fenestral dolomicritic members (C member), (Fu ek 

Figure 1: Geographical position of the investigated quarries: the Dolje Quarry (red), the Ivanec Quarry (blue) 
and the Gradna Quarry (black) (https://www.google.hr/maps/)
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et al., 1995). Fenestral fabric is more frequent in the up-
per parts of the B members, with characteristic vadose-
diagenetic features. Some cycles terminate with the ero-
sional surfaces and these intervals contain peritidal car-
bonate breccias. Bed thicknesses are between 0.5 and 
1.5 m, and those of shallowing-upward cycles are be-
tween 45 cm and 4.5 m (Fu ek et al., 1995).

2.2. Geology of the Ivanec Quarry

The Ivanec Quarry is situated on the NW slope of the 
Medvednica Mt. Succession is characterised by a verti-
cal alternation of white and dark beds, with thicknesses 
from 0.5 to 1.5 m. Sediment is tectonically disturbed, 
and mostly overturned. Similar to the above described 
dolomites from the Dolje Quarry, dolomites represent 
shallowing-upward cycles: dark subtidal cryptocrystal-
line-to-microcrystalline dolomicritic members (A mem-
ber), white intertidal laminated stromatolitic members 
(B member), and white fenestral stromatolitic-to-fenes-
tral dolomicritic white members (C member) (Fu ek et 
al., 1995).

2.3. Geology of the Gradna Quarry

The Gradna Quarry is located in the Samobor Mt. Do-
lomites in the Gradna Quarry are heavily tectonically 
disturbed with almost completely obliterated bedding. 
Most probably post-diagenetic processes resulted in the 
increasing  rmness of the rocks in the SW part of the 
quarry (Tomaši  and Peh, 1992).

3. Methodology

During  eldwork sampling for the later laboratory 
analysis of dolomites was done in all three quarries. In 
the laboratory, micropetrographical analysis and deter-
mination of physical-mechanical properties were done 
on the collected samples.

3.1. Micropetrographical analysis

Macroscopic determination of sedimentary features is 
made on the polished slabs perpendicular to the bedding 
(see Figure 2). Micropetrographic analysis is performed 
by petrographic microscope Leica DM LSP, equipped 
with a digital camera. All thin-sections are stained with 
Alizarin red S and K-Ferricyanide (according to the pro-
cedure proposed by Evamy and Shearman, 1962), in 
order to distinguish carbonate mineral species present 
within. Dolomites were described according to the size 
and shape of their crystals and according to the dolo-
mitic fabric, as proposed by Sibley and Gregg (1987), 
in order to compare these characteristics with the ana-
lysed physical-mechanical properties. Furthermore, 
characteristics of preserved original sedimentary fea-
tures were also observed. For the purpose of this study 
and distinct comparison of their properties, dolomites 

were conventionally named as early-diagenetic (ED) do-
lomites (B and C members of Fu ek et al., 1995, in 
Dolje and Ivanec) and late-diagenetic (LD) dolomites (A 
member of Fu ek et al., 1995 in Dolje and Ivanec). An 
additional term, “transitional” dolomite (TD), is also in-
troduced for dolomites having the structural features of 
both ED and LD dolomites.

3.2. Testing of physical and mechanical properties

The basic physical and mechanical properties (appar-
ent density, open porosity, water absorption and point 
load strength by Point Load Test – PLT) were deter-
mined on 26 samples (13 samples from the Ivanec, 9 
samples from the Dolje and 4 samples from the Gradna 
quarries), which enabled mutual correlation of values. 
Testing included different numbers of samples of each of 
the dolomites due to a large number of cracks in the sam-
ples which caused crushing during the cutting and prep-

Figure 2: Polished slabs of the dolomite samples, taken 
for the macroscopic determination of their sedimentary 

and diagenetic features (markings on the samples: 
D- Dolje Quarry, G- Gradna Quarry, IB- Ivanec Quarry)
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aration of the samples into the shape of cubes for analy-
sis. Testing was done in the Geomechanics Laboratory 
(PLT) and in the Laboratory for Analysis of Geological 
Materials, both at the Faculty of Mining, Geology and 
Petroleum Engineering, University of Zagreb.

For determination of apparent density ( b) and open 
porosity (po), samples were subjected to water absorp-
tion (Ab), according to the HRN EN 1936 standard. The 
samples were  rst weighed in a dry state (md). After-
wards, samples were gradually immersed in water. The 
weight of saturated samples (ms) and the weight of the 
samples immersed in water (mh) were measured.

Apparent density ( b in g/cm3) is expressed as the ra-
tio of the mass of the dry sample and its apparent volume 
by the Equation 1:

  (1)

Where:
b – apparent density (g/cm3);

ms – mass of the saturated sample (g);
md – mass of dry sample (g);
mh – mass of immersed sample in water (g);

rh – density of water (g/cm3).
Open porosity (po in vol. %) are all interconnected 

pores that can be  lled with water at the atmospheric 
pressure. It represents the ratio between the volume of 
the open pores and the apparent volume of the specimen, 
and it is calculated by the Equation 2:

  (2)

Where:
po – open porosity (vol. %);
ms – mass of the saturated sample (g);
md – mass of dry sample (g);
mh – mass of immersed sample in water (g).
During the testing of water absorption according to 

HRN EN 13755, the cubic samples (5 cm x 5 cm x 5 cm) 
were gradually immersed in water. The sample masses 
were measured every 24 hours until samples reached 
complete saturation, i.e. until the mass of the sample was 
of constant weight. The samples were subjected to water 
absorption during a period of 7 days. During the testing, 
the mass was measured within time intervals (30 min, 1 
h, 2 h, 3 h, 24 h, 48 h, 72 h, 96 h and 168 h). Water ab-
sorption (Ab in mass. %) at atmospheric pressure is ex-
pressed by the Equation 3:

  (3)

Where:
Ab –  water absorption at atmospheric pressure 

(mass. %);
ms – mass of the saturated sample (g);
md – mass of dry sample (g);
mh – mass of immersed sample in water (g).

Determination of the point load strength by Point 
Load Test – PLT (ISRM, 1985) was performed on cubic 
samples (5 cm x 5 cm x 5 cm). Determination of the 
point load strength is used to obtain the strength of the 
samples. Lamination in samples were oriented perpen-
dicular to the direction of load. After the breakdown of a 
sample, the validity of the test, performed on the basis of 
the appearance of fractures, was done. It should be noted 
that during the testing, two samples out of four from the 
Gradna Quarry did not break regularly and were exclud-
ed from further calculation. The PLT load strength (IS(50) 
in MPa) for samples of different shapes and dimensions 
is calculated using the Equation 4:

  (4)

Where:
Is(50) – point load strength by PLT (MPa);
F  – correction factor (-);
P  – force (N);
De  – effective diameter of the sample (m).

4. Results

In the Results section, analysis of thin-sections with 
physical-mechanical properties of the dolomites will be 
outlined.

4.1. Analysis of thin-sections

According to the macroscopic determination of the 
sedimentary and diagenetic features and micropetro-
graphical analysis of the dolomite samples taken in Dolje 
(D- samples), Ivanec (IB- samples) and Gradna (G- sam-
ples) (see Figure 2), dolomites were determined. The do-
lomites determined in Dolje are early-diagenetic (EDD) 
and late-diagenetic (LDD). In Ivanec, the determined do-
lomites are early-diagenetic (EDD), late-diagenetic 
(LDD) and “transitional” dolomites (TD), while in Grad-
na, only late-diagenetic dolomite (LDD) was determined.

4.1.1.  Dolje Quarry – early-diagenetic dolomite (EDD)

The early-diagenetic dolomites from Dolje are gray in 
colour and have a distinct stromatolitic lamination, as 
the major sedimentary-diagenetic feature observed (D-1 
and D-8 in Figure 2). Dolomite crystals are anhedral to 
subhedral and their size ranges between 0.08 mm and 
0.14 mm. These unimodal (equigranular) crystals form 
the hypidiotopic mosaic fabric between micritie laminas 
(see Figure 3a). There are no major cracks, and microc-
racks are not preferentially oriented, but diverge in all 
directions.

4.1.2.  Dolje Quarry – late-diagenetic dolomite (LDD)

The late-diagenetic dolomites (LDD) from Dolje are 
bright in colour, and they contain irregularly oriented 
cracks, as the distinct features of their structure (D-9 and 
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D-13 in Figure 2). Dolomite crystal size ranges between 
0.02 mm and 0.12 mm, and this is mainly a  ne-grained 
dolomite while larger dolomite crystals appear only 
within the microcracks (see Figure 3b). Grain bounda-
ries among crystals are mainly undeterminable, while 
larger dolomite crystals within microcracks are subhe-
dral. Red colouration indicates calcitization within mi-
crocracks.

4.1.3.  Ivanec Quarry – early-diagenetic dolomite (EDD)

The early-diagenetic dolomites (EDD) from Ivanec 
have a stromatolite lamination and fenestral fabric, and 
the major features observed (IB-5 in Figure 2), are sim-
ilar to those previously described EDD dolomite from 
Dolje. Fenestrae in their lower parts have a geopetal  ll-

ing composed of dolomite silt (0.01 mm), and larger (up 
to 0.1 mm) dolomite crystals which make a mosaic in 
the upper originally empty parts of the fenestrae (see 
Figure 3c). These dolomites are often completely dark 
in colour, laminated, and have numerous randomly ori-
ented cracks and microcracks (see IB-1 and IB-3 in Fig-
ure 2). Thick cracks are  lled with clear, up to 1.2 mm 
large anhedral dolomite crystals, and subsequently with 
small calcite crystals, while microcracks are  lled only 
with calcite.

4.1.4.  Ivanec Quarry – “transitional” dolomite (TD)

The “transitional” dolomites (TD) from Ivanec are 
bright-gray in colour, laminated with rare fenestrae (IB-
10 in Figure 2). Dark parts of the sample are dolomicrite 

Figure 3: Microphotographs of the dolomites: a) D-8 early-diagenetic dolomite (EDD) from Dolje; b) D-9 late-diagenetic 
dolomite (LDD) from Dolje; c) IB-5 early-diagenetic dolomite (EDD) from Ivanec; d) IB-10 “transitional” dolomite (TD) 
from Ivanec; e) IB-12 late-diagenetic dolomite (LDD) from Ivanec; f) G-6 late-diagenetic dolomite (LDD) from Gradna.
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with organic matter (see Figure 3d). Lamination is 
clearly visible, as well as numerous microcracks which 
are mainly perpendicular to lamination. Most of the mi-
crocracks are empty, but some of them are  lled with 
dolomite or calcite crystals. Fenestrae are  lled with 
densely arranged, anhedral dolomite crystals (0.02 to 
0.12 mm). These polymodal (inequigranular) dolomite 
crystals form the porphyrotopic crystal mosaic fabric, 
with large dolomite crystals in a dolomicritic matrix.

4.1.5.  Ivanec Quarry – late-diagenetic dolomite (LDD)

The late-diagenetic dolomites (LDD) from Ivanec are 
bright-gray in colour, and they contain small, randomly-
oriented cracks (IB-12 in Figure 2). Dolomicrite pre-
vails, and cracks  lled with dolomite crystals (0.04 to 
0.12) are also present. Apart from the cracks, clusters 
with clear dolomite crystals appear within prevailing do-
lomicrite. Red colouration, visible along the edges of the 
small microcracks, indicate calcitization. Dark clusters 
rich in the organic matter, are present within as well (see 
Figure 3e).

4.1.6.  Gradna Quarry – late-diagenetic dolomite 
(LDD)

The late-diagenetic dolomites (LDD) from the Grad-
na Quarry are both bright and dark in colour (G-4, G-6, 
G-7 and G-8 in Figure 2). Dark varieties contain numer-
ous, irregularly-oriented, cracks. The size of dolomite 
crystal ranges between 0.04 and 0.2 mm (see Figure 3f). 
Densely-packed, unimodal (equigranular) anhedral do-
lomite crystals form hipidiotopic to xenotopic crystal 
mosaic fabric. Red colouration, observed in some of the 
microcracks, indicates calcitization.

4.2.  Physical and mechanical properties 
of the dolomites

The values for apparent density, open porosity, water 
absorption and PLT strength of dolomites from the Dolje 
Quarry (D- samples), Ivanec Quarry (IB- samples) and 
Gradna Quarry (G- samples) were determined. All prop-
erties were determined on the same set of 26 samples. 
According to the results (see Table 1), there is a signi  -
cant variation of physical and mechanical properties 
among the samples.

According to the water absorption curves (by mass. %) 
related to time (in minutes), EDD samples from the 
Dolje Quarry (see Figure 4a) have a higher average val-
ue of water absorption (0.54 mass. %) than LDD sam-
ples (0.1 mass. %) from the same quarry. In the  rst 30 
minutes of the testing procedure, EDD samples from the 
Dolje Quarry absorbed on average 0.39 mass. %, which 
is 73 % of the total absorbed water, while LDD samples 
absorbed 6.5 times less water. Among the dolomites 
from the Ivanec Quarry (see Figure 4b), EDD samples 
have the highest average water absorption value (0.81 

mass. %). As expected, TD samples from the Ivanec 
Quarry show values in between EDD and LDD values. 
All samples from the Ivanec Quarry quantitatively ab-
sorbed the most water in the  rst 24 hours of the testing 
procedure. The EDD samples had absorbed around 80 % 
of the total absorbed water in the  rst 24 hours, while the 
LDD samples absorbed about 65 %. For LDD samples 
from the Gradna Quarry (see Figure 4c), a signi  cant 
increase in water absorption was observed in the  rst 30 
minutes of the testing (the average absorption in samples 
was 0.30 mass. %, which is 81 % of total water absorp-
tion value). Afterwards, the absorption of water slowly 
increased.

Table 1: Measured values of the apparent density, open 
porosity, water absorption and strength by PLT for samples 

from the Dolje (D), Ivanec (IB) and Gradna (G) quarries. 
EDD – early-diagenetic dolomite, LDD – late-diagenetic 

dolomite, TD – “transitional” dolomite

Sample 
Apparent 

density
(g/cm3)

Open 
porosity
(vol. %)

Water 
absorption
(mass. %)

PLT 
strength
(MPa)

D-1 (EDD) 2.77 1.77 0.64 2.43
D-2 (EDD) 2.81 0.92 0.33 5.47
D-6-B (EDD) 2.79 1.78 0.64 0.99
D-8 (EDD) 2.67 1.49 0.56 5.81
Average value 2.76 1.49 0.54 3.67
D-9-A (LDD) 2,82 0.42 0.15 5.78
D-9-B (LDD) 2.81 0.28 0.1 3.14
D-11 (LDD) 2.82 0.37 0.13 1.62
D-13-A (LDD) 2.84 0.23 0.08 6.19
D-14 (LDD) 2.83 0.11 0.04 6.71
Average value 2.82 0.28 0.1 4.68
IB-1-A (EDD) 2.76 2.21 0.8 2.99
IB-1-B (EDD) 2.76 2.18 0.79 3.47
IB-1-C (EDD) 2.77 2.19 0.79 3.09
IB-2 (EDD) 2.76 2.15 0.78 3.2
IB-3-A (EDD) 2.77 1.52 0.55 1.14
IB-3-B (EDD) 2.78 1.28 0.46 2.14
IB-5-A (EDD) 2.71 4.01 1.48 1.59
Average value 2.75 2.22 0.8 2.51
IB-10-C (TD) 2.79 1.67 0.6 0.98
IB-10-D (TD) 2.81 1.35 0.48 2.76
Average value 2.8 1.51 0.54 1.87
IB-11-B (LDD) 2.76 2.76 1 5.19
IB-12-C (LDD) 2.82 1.01 0.36 1.15
IB-14-B (LDD) 2.85 0.48 0.17 4.69
IB-14-C (LDD) 2.83 0.88 0.31 1.31
Average value 2.81 1.28 0.46 3.08
G-2 (LDD) 2.82 0.51 0.18 1.41
G-4-A (LDD) 2.78 0.97 0.35 -
G-5 (LDD) 2.8 0.98 0.35 -
G-6 (LDD) 2.74 0.87 0.32 3.34
Average value 2.78 0.83 0.3 2.37
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5. Discussion

The properties of the Dolje, Ivanec and Gradna quar-
ries’ dolomite samples, together with their comparison, 
are discussed in this section.

5.1. Properties of the dolomite samples

Micropetrographical characteristics and physical-me-
chanical properties were determined on the Upper Trias-
sic dolomite samples, taken from three quarries: the 
Dolje, Ivanec and Gradna quarries. Samples from the 
Dolje Quarry were micropetrographically determined as 
early-diagenetic dolomite (EDD) and late-diagenetic do-
lomite (LDD). Samples from the Ivanec Quarry were 
determined as early-diagenetic dolomite (EDD), late-
diagenetic dolomite (LDD) and “transitional” dolomite 

(TD). All samples from the Gradna Quarry were deter-
mined as late-diagenetic dolomite (LDD).

The main difference between the tested EDD and 
LDD samples is mostly in the sedimentary and diage-
netic features present. The LDD samples differ from the 
EDD samples in anisotropy, such as stromatolitic lami-
nation or lineation of the lamionid-fenestral fabric. Stro-
matolitic lamination is present in all determined EDD 
samples, as well as in TD, while LDD samples are not 
laminated. The EDD samples are also abundant in fenes-
tral fabric, while the LDD samples for the most part do 
not contain fenestrae. Furthermore, EDD samples are 
mainly more dolomicritic, while in the LDD samples, 
dolomicrite is less evident. Cracks and microcracks are 
developed within all the described samples, but they are 
more abundant in EDD samples, especially in Ivanec 
EDD.

The LDD samples from the Ivanec and Dolje quarries 
have lower values of open porosity and water absorption, 
and higher values of apparent density, in comparison to 
EDD samples. Accordingly, the values of point load 
strength are reduced in EDD samples, in comparison to 
the LDD (see Table 1). These properties are mainly in  u-
enced by the presence or the absence of the main sedi-
mentary and diagenetic features in these samples.

5.1.1 In  uence of the fenestral fabric

The presence of the mainly laminoid-fenestral fabric 
type within the EDD samples increased their open po-
rosity and water absorption values. The predominant 
laminoid-fenestral fabrics present in the described EDD 
samples are of LF-A subtype (according to Flügel, 2004; 
adopted from Tebbut et al., 1965), having subparallely 
distributed fenestral voids, mainly  lled with the inter-
nal sediment and/or dolosparitic mosaic cement. Some 
of the voids are empty, and therefore signi  cantly con-
tributed to the increased open porosity and water absorp-
tion values, as well as to the reduced values of the appar-
ent density and point load strength. Fenestral fabric is 
almost absent in LDD samples, and therefore has no ef-
fect on their properties. The LDD samples have higher 
values of the point load strength and apparent density, 
together with lower open porosity and water absorption 
values, when comparing with the EDD samples (see Ta-
ble 1). Fenestral fabric is also determined within “transi-
tional” (TD) dolomite from the Ivanec Quarry, and their 
values for open porosity, water absorption and apparent 
density are in between the values for EDD and LLD 
samples from the same quarry.

5.1.2. In  uence of lamination

Lamination, as the signi  cant anisotropic feature, 
also affected the strength of tested rocks, similarly as 
reported by Garcia Del Cura et al. (2012). Despite the 
fact that point load strength tests were made according to 
the standards, with the maximum pressure pointed per-
pendicularly to the lamination in EDD samples (expect-

Figure 4: Graphical presentation of water absorption values 
(by mass. %) related to time (in minutes) for dolomite 

samples taken from: 
a) Dolje Quarry; b) Ivanec Quarry; c) Gradna Quarry
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ed to be the strongest direction within the rock), their 
PLT values are still signi  cantly lower than in LDD 
samples (see Table 1). Pronounced lamination contrib-
utes to the formation of inhomogeneous and low-cohe-
sive rocks, which easily break along the laminae. The 
in  uence of the pronounced lamination in EDD samples 
on their open porosity and water absorption values can-
not be directly related, according to the results of the 
performed tests. However, cyanobacterial stromatolitic 
lamination is closely related to the development of 
the previously described laminoid-fenestral fabric. 
Therefore, we can also indirectly attribute high values of 
open porosity and water absorption and low values of 
apparent density to the presence of lamination in EDD 
samples.

5.1.3. In  uence of cracks and microcracks

All samples have stochastically distributed cracks and 
microcracks. The EDD samples from the Ivanec Quarry 
and LDD samples from the Gradna Quarry are the repre-
sentative examples for the in  uence of crack and micro-
crack development on the physical-mechanical proper-
ties of dolomites. Dolomite, and subsequently calcite, 
crystallized within the cracks, indicating their sinsedi-
mentary or early-diagenetic origin and time of  lling in 
two phases, at least: early (dolomitic) and late (calcitic). 
Microcracks, determined both in the EDD and LDD 
samples, are mainly  lled with calcite, indicating their 
late-diagenetic origin. The  lling of the cracks occurred 
mainly due to calcitization in meteoric diagenetic envi-
ronments. Numerous microcracks decreased the strength 
values and increased the water absorption values of do-
lomites, despite the fact that in most of the samples, mi-
crocracks were subsequently  lled with dolomite and/or 
calcite crystals. The maximum PLT strength values were 
found in the LDD samples, dominantly in  uenced by the 
lack of cracks and microcracks, which also affects lower 
water absorption and open porosity values and higher 
values of apparent density. The formation of the abun-
dant cracks in the Gradna Quarry is mainly caused by 
tectonics (faulting). The lowest values of PLT strength 
are found in the Gradna Quarry samples (LDD) and in 
the TD samples from the Ivanec Quarry, due to the pres-
ence of cracks and microcracks.

5.1.4. In  uence of the crystal size

The majority of the analysed samples have a broad 
range of dolomite crystal sizes, except for the EDD sam-
ples from the Ivanec Quarry, which have equigranular 
(unimodal) dolomite crystals. Accordingly, these sam-
ples have high water absorption (average value 0.81 
mass. %) and open porosity (average value 2.22 vol. %) 
values. The EDD samples with small-sized crystals do 
not have high strength values as expected, due to the 
negative effect of lamination and fenestral fabric on the 
strength. The LDD samples from the Dolje Quarry are 
predominantly  ne-grained, but their crystal sizes range 

between 0.02 and 0.12 mm, while the larger crystals  ll 
the microcracks. This resulted in decreased open poros-
ity and water absorption values, and increased values of 
strength by PLT (see Table 1). Moreover, small crystals 
 ll the space between the large ones, contributing also to 

the water absorption decrease and porosity reduction.

5.1.5. In  uence of the diagenetic processes

Diagenetic processes of dolomitization, cementation, 
recrystallization and calcitization, which are determined 
in the dolomites from the three quarries, have a signi  -
cant in  uence on their physical and mechanical proper-
ties, similarly as other authors reported for carbonate 
rocks (Tomaši  et al., 1992, 1997; Garcia Del Cura et 
al., 2005; Kaczmarek and Sibley, 2014; Barudžija et 
al., 2015; Pavi i  et al., 2017). Dolomitization increased 
the open porosity in all samples, thus enhancing their 
water absorption capability. The development of cracks 
and microcracks already in the early-diagenetic stage, 
enhanced these properties. Additional cracks originated 
later, mainly due to tectonics, especially in the Gradna 
Quarry. Cementation of all these cracks and microc-
racks, mainly in the late-diagenetic stage, reduced the 
above mentioned properties. Some of the LDD samples 
are actually produced by recrystallization (i.e. Gradna 
Quarry LDD samples). Moreover, it seems that this sec-
ondary diagenetic process of recrystallization produced 
dolomites, for which exclusively we can be sure of their 
late-diagenetic origin (as suggested Grgasovi  (1998) 
for the Upper Triassic dolomites in the wide area of 
Žumberak). Calcitization developed in the late-diagenet-
ic stage, mainly in and along the microcracks and addi-
tionally contributed to the decrease of the PLT strength 
values, especially in the Gradna Quarry samples.

5.2.  Comparison of the properties for dolomites 
from the Dolje, Ivanec and Gradna quarries

The dolomite properties from all three of the investi-
gated quarries were compared. Dolomites with high val-
ues for apparent density and strength by PLT, and with 
the low values for water absorption and open porosity, 
were considered to be of the best quality as an aggregate 
for construction applications.

Given that only one sample (see IB-5 (EDD) in Table 
1) has the value of water absorption that exceeds 1 mass. 
%. All other samples are predominantly categorized as 
rocks with low water absorption (according to the cate-
gories quoted by Crnkovi  and Šari , 2003). On the 
graphical presentation of water absorption related to 
time (see Figure 4), all samples from the Dolje, Ivanec 
and Gradna quarries showed signi  cant water absorp-
tion within the  rst 30 minutes of the testing procedure. 
The reason is that during this time interval, water  lls 
the pores and microcracks that are mutually connected. 
Stromatolitic lamination and the laminoid fenestral fab-
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ric in EDD samples enhance this property. In the later 
stage of the testing procedure, water  lls the rest of the 
pores and microcracks, and in that period, the mass of 
the sample also increases, but not as much as in the  rst 
30 minutes. The EDD samples absorbed much more wa-
ter than the LDD samples, and TD samples are in be-
tween the EDD and LDD values.

The water absorption values were graphically com-
pared with the strength values obtained by PLT (see Fig-
ure 5). Given the wide range of values, it was not pos-
sible to correlate the point load strength values with wa-
ter absorption values. As well as with the open porosity 
evaluation, LDD dolomites from the Dolje Quarry 
proved to be of the best quality as an aggregate for con-
struction applications, given that for the smallest water 
absorption, they have the highest values of PLT strength.

According to everything mentioned above, LDD do-
lomites from the Dolje Quarry have the best properties 
and thus the highest quality for construction applica-
tions. Due to their high apparent density values (average 
value is 2.82 g/cm3), low open porosity (average value 
0.28 %) and water absorption values (average value is 
0.1 mass. %) (see Table 1), they can be used in humid 
areas and in low-temperature areas as well, as they 
would most likely prove to be the most durable to the 
effect of freezing and crystallization of salts. Likewise, 
due to their high PLT strength (average value 4.69 MPa), 
which is comparable to the compressive strength (Bie-
niawski, 1975; Kahraman, 2001; Zhang, 2005), they 
are suitable for use in places that require stone resistant 
to mechanical wear.

Dolomites from the Dolje and Ivanec quarries are 
similar on a macro- and microscale, while Gradna dolo-
mites differ. Unlike Dolje and Ivanec dolomites, Gradna 
dolomites have a typical late-diagenetic (recrystallized) 
structure, which affects the higher values of open poros-
ity and water absorption, compared to LDD dolomites 
from the Dolje quarry. This is the consequence of the 

faulting tectonics, which affected Gradna dolomites and 
enabled the development of late-diagenetic processes.

6. Conclusion

Structure, sedimentary and diagenetic features and 
physical-mechanical properties have been determined 
and compared on the Upper Triassic dolomite samples 
taken from three quarries: Dolje, Ivanec and Gradna. 
The early-diagenetic dolomite (EDD) and late-diagenet-
ic dolomite (LDD), are described. Additionally, the 
“transitional” dolomite (TD), having features of both 
main dolomites (EDD and LDD), is de  ned.

Prominent stromatolitic lamination and laminoid 
fenestral fabric in EDD samples, as the major anisotropy 
element, contributed to their low PLT strength values. 
These sedimentary and diagenetic features also contrib-
uted to increased water absorption and open porosity 
values. Besides that, cracks and microcracks, developed 
both in the early- and late-diagenetic stages, equally in-
 uenced the mentioned properties. The EDD samples 

are mainly small-sized and equigranular, which addi-
tionally contributed to their increased open porosity and 
water absorption values. Anisotropy is not evident in 
LDD samples, and therefore has no effect on their phys-
ical-mechanical properties. Apart from that, LDD dolo-
mites from the Dolje and Ivanec quarries have less de-
veloped cracks and microcracks than LDD dolomites 
from the Gradna quarry, which resulted in unfavourable 
properties for Gradna samples. The de  ned “transition-
al” dolomite (TD) has values of open porosity, water ab-
sorption and apparent density between the values of 
EDD and LDD, which additionally supports the hypoth-
esis that physical-mechanical properties were signi  -
cantly in  uenced by sedimentary features.

Diagenetic processes have a signi  cant in  uence on 
the physical and mechanical properties in all dolomite 
samples. Dolomitization increased the open porosity, 
thus enhancing their water absorption capability. Ce-
mentation of cracks and microcracks by dolomite and/or 
calcite, occurring mainly in the late-diagenetic stage, re-
duced these properties. According to the gained results, 
LDD samples from the Dolje Quarry have the highest 
apparent density and point load strength values, and the 
lowest water absorption and open porosity values as 
well. Therefore, the best for utilisation as crushed stone 
or aggregate, among all the tested dolomites, is LDD 
from the Dolje Quarry.
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EDD – early-diagenetic dolomite; TD – “transitional” 
dolomite; LDD – late-diagenetic dolomite.
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SAŽETAK

Povezanost  zi ko-mehani kih svojstava dolomita 
sa sedimentnim i dijagenetskim zna ajkama – gornjotrijaski dolomiti 
Medvednice i Samoborskoga gorja, SZ Hrvatska

U radu su opisane sedimentno-dijagenetske zna ajke nekoliko gornjotrijaskih dolomita i povezane su s njihovim  zi ko-
mehani kim svojstvima (prostorna masa, upijanje vode, otvorena poroznost i indeks vrsto e mjeren optere enjem u 
to ki, PLT). Uzorci su uzeti iz triju kamenoloma: Ivanec i Dolje na Medvednici te Gradna u Samoborskome gorju. Uzor-
ci iz kamenoloma Ivanec determinirani su kao kasnodijagenetski, ranodijagenetski i „prijelazni” dolomiti. Uzorci iz 
 kamenoloma Dolje determinirani su kao ranodijagenetski i kasnodijagenetski, a uzorci iz kamenoloma Gradna kao 
 kasnodijagenetski dolomiti. Najkvalitetnijim uzorcima za primjenu kao tehni ko-gra evni kamen odnosno agregat 
 pokazali su se kasnodijagenetski dolomiti iz kamenoloma Dolje. Zbog svojih sedimentno-dijagenetskih zna ajki uzorci 
iz Dolja imaju najniže vrijednosti otvorene poroznosti i upijanja vode te ujedno visoke vrijednosti prostorne mase i 
PLT-a.

Klju ne rije i: 
dolomit,  zi ko-mehani ka svojstva, dijageneza, agregati, trijas, Hrvatska
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