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Fig. 6. Microscale diagenetic features of the solution-collapse breccias (view in transmitted light on the left and under cathodolumi-
nescence on the right); thin sections stained with alizarin red S + potassium ferricyanide solution. a. Void-filling dolomite 1 (VFD1). 
Dolomite cement 2 (DC2) rimming void in solution-collapse breccia (filled earlier by matrix with admixture of clays; CM); dolomite 
cement 2 grew in matrix; crossed nicols. GS section, upper Olenekian. b. Matrix with admixture of clay minerals (CM), dolomite cement 
2 (DC2) – nonluminescent to orange crystals with concentric zonation, void-filling dolomite 1 (pseudomorphs after sulphate crystals; 
VFD1). c. Matrix dolomite (MD) replacing micrite matrix; dolomite cement 2 (DC2) rimming void in solution-collapse breccia, central 
part of the void (stained red) filled with the calcite cement (CC). CT section, upper Olenekian. d. Matrix dolomite (MD); dolomite cement 
2 (DC2) – dull red to red crystals with concentric zonation; the calcite cement (CC). e. Breccia merged by saddle dolomite (SD) with 
sweeping extinction; crossed nicols. GS section, Anisian. F. Two generations of saddle dolomite; generation I with red to orange growth 
bands (overgrowing dolostone clasts) and weakly zoned generation II with indistinct dull red to nonluminescent zones. Relicts of dolos-
tone clasts (DC). g. Breccia merged by the saddle dolomite (SD); corrosive boundary between calcite cement (CC) and saddle dolomite 
(black arrows). GS section, Anisian. h. Generations I and II of saddle dolomite; corrosive boundary between calcite cement (CC) and 
saddle dolomite (white arrows). Relicts of dolostone clasts (DC). 

void-filling dolomite 2 as well as dolomite cement 2 repre-
sent the third stage of dolomitization. Their idiotopic tex-
ture indicates low saturation of the solutions with respect to 
dolomite (Sibley and Gregg, 1987). Under the CL, crystals 
of the last-mentioned dolomite types are characterized by 
zonation with a predominance of red and orange colours. It 
indicates that they were formed during burial under reduc-
ing conditions (Boggs and Krinsley, 2006). However, the 
crystal zonation does not have to be related to fluctuations 
of Eh during crystallization. The changes in the concentra-
tion of Mn2+ in crystals are also caused by other factors, 
such as changes in the Mn2+ content of the dolomitized flu-
ids or fluctuations in the rate of crystal growth; the faster the 
crystal growth, the more Mn2+ ions are incorporated (Miller, 
1988). The idiotopic texture of the dolomite crystals indi-
cates their slow growth (Sibley and Gregg, 1987). Thus, 
crystal zonation is related to the first of these factors.

Generation II of both dolomite cement 1 and void-filling 
dolomite 2 (nonluminescent) represents a fourth stage of 
breccia dolomitization, which took place in oxidizing con-
ditions. Such conditions might have been connected with 
the influx of oxygenated fluids during the repeating periods 
of sea-level lowstand. Generation III of both dolomite ce-
ments 1 and void-filling dolomite 2 represents a fifth stage 
of dolomitization (Fig. 5C, D, G, H). This generation of 
dolomites was formed in reducing condition during deeper 
burial, as indicated by uniform red or orange luminescence  
(Tables 1, 2). 

The saddle (baroque) dolomites are among others associ-
ated with calcite and are common in carbonates that are rich 
in sulphates (Radke and Mathis, 1980). Generally, saddle 
dolomites are considered to have been formed as a result of 
dolomitization in temperatures of above ca. 60–80 ºC (e.g., 
Spötl and Pitman, 1998). They might have been formed in 
different ways, including in intermediate to deep burial set-
tings (Machel, 2004). Nevertheless, they crystallized from 
solutions, characterized by high salinities (e.g., Amthor and 
Friedman, 1991). 

Among the dolomite types discussed, only generation 
II of saddle dolomite (the seventh stage of dolomitization) 
is ferruginous (pale blue colour after staining; Adams and 
MacKenzie, 1998). Dull red luminescence or nonlumines-
cence indicate Fe2+ as a quencher (Machel, 2000).

diScuSSion

Most of the breccias described were identified by Ko-
tański (1954) as intraformational and interpreted as sub-
aquatic deposits that had resulted from the erosion and 
crushing of previously cemented carbonate sediments 
because of a deepening of the wave-base. Breccias at the 
top of the upper Olenekian succession were interpreted as 
transgressive breccias (Kotański, 1954, 1956). Such an in-
terpretation resulted from the presence of clasts with pseu-
domorphs after evaporites and clasts of green mud-shales, 
supposedly derived from the older Lower Triassic rocks, 
occurring 15 and 40 m below the breccia base (Kotański, 
1954). However, dolostones with pseudomorphs after evap-
orites and layers of green mud-shales are repeated in the up-
per Olenekian succession (Kotański, 1959a; Jaglarz, 2012). 
Thus, their presence in the breccia framework does not have 
to indicate the erosion of older rocks and does not exclude 
other brecciation mechanisms.

Jurewicz (2005) suggested a hydro-tectonic genesis for 
the breccias, but did not exclude the possibility that some of 
them represent sedimentary breccias, modified during later 
tectonic processes. Primary and diagenetic features of the 
solution-collapse breccias studied exclude a hydro-tectonic 
origin, although tectonic breccias are common in the entire 
upper Olenekian–Middle Triassic succession. The breccias 
discussed were only modified by the tectonic processes 
mentioned, which resulted in the development of fractures 
filled with the calcite spar. In places, the development of 
the system of fractures led to the rebrecciation of the solu-
tion-collapse breccias and clasts of them were incorporated 
to the tectonic breccias (Fig. 4F). In addition, the stylolites 
in the breccias of tectonic origin are fitted to the clasts or 
only cut the clasts. This indicates that such breccias were 
formed during or after chemical compaction. Fracturing and 
re-brecciation could be linked with hydro-tectonic phenom-
ena, resulting from changes in pore fluid pressure, which 
led to hydraulic fracturing and pressure dissolution during 
overthrusting movements (Jurewicz, 2003, 2005; Jurewicz 
and Słaby, 2004).

Juxtaposition of structural and textural features of the 
breccias studied with the features of solution-collapse brec-
cias, known from other research, clearly indicates that the 
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table 2

Stages and environments of dolomitization of the solution-collapse breccias in the upper Olenekian–Ladinian succession 
of the High-Tatric Unit in the Tatra Mts. Individual stages are represented by generations of the different types of dolomite. 

The individual stages or their groups represent the particular diagenetic environments of dolomitization

dolomitization  
stages of the breccias effect of particular dolomitization stages diagenetic  

environment

stage 1 generation I  
of matrix dolomite near-surface

stage 2
generation I  

of void-filling 
dolomite 1

shallow burialstage 3 generation II  
of matrix dolomite 

generation I  
of dolomite  
cement 1

generation I  
of void-filling 

dolomite 2
dolomite cement 2

stage 4
generation II  
of void-filling 

dolomite 1

generation II  
of dolomite  
cement 1

generation II  
of void-filling 

dolomite 2

stage 5
generation III  
of dolomite  
cement 1

generation III  
of void-filling 

dolomite 2

intermediate  
to deep burialstage 6

generation I  
of void-filling 

dolomite 3

generation I 
of saddle dolomite

stage 7
generation II  
of void-filling 

dolomite 3

generation II  
of saddle dolomite

rocks studied are of solution-collapse origin (see Middle-
ton, 1961; Simpson, 1988; Swennen et al., 1990; Friedman, 
1997; Pomoni-Papaioannou and Karakitsios, 2002; Eliassen 
and Talbot, 2005). 

The reconstruction of relative time and conditions of brec-
cia formation requires determination of the sequence of pre- 
and post-formation processes. Solution-collapse breccias 
might be formed during different stages of sediment diagen-
esis, usually as a result of multi-stage processes (e.g., Pomo-
ni-Papaioannou and Karakitsios, 2002). Solution-collapse 
breccias could form on the relatively early stage of diagene-
sis, during the repeated emersion of peritidal deposits (e.g., 
Vogel et al., 1990; Friedman, 1997; Karakitsios and Pomo-
ni-Papaioannou, 1998), during post-sedimentary emersion 
of formations containing evaporites (e.g., Swennen et al., 
1990; Pomoni-Papaioannou and Carotsieris, 1993; Scholle 
et al., 1993; Eliassen and Talbot, 2005) or during post-oro-
genic uplift of a rock complex and the intense leaching of 
evaporites by ground-water (telogenetic alteration; e.g., Po-
moni-Papaioannou and Karakitsios, 2002). 

Undoubtedly, the formation of breccias discussed was 
preceded by the formation of the host dolostones, which 
were probably interbedded with sulphates before their dis-

solution. Pseudomorphs after evaporites, sparse ichnofossils 
and body fossils together with geochemical data indicate the 
predominance of hypersaline conditions in the sedimentary 
basin during late Olenekian–Middle Triassic time (Jaglarz 
and Szulc, 2003; Jaglarz and Uchman, 2010). The host dolo-
stones were formed in the supra- and intertidal zone during 
early diagenetic dolomitization of lime muds under the in-
fluence of hypersaline waters. Such an origin of the host 
dolostones is evidenced by the preservation of sedimentary 
structures, the fine-grained fraction (except for redeposited 
deposits), the relatively high concentration of siliciclastics, 
pseudomorphs after sulphates, the lack of benthic fauna 
(except in storm deposits) and teepee structures as well as 
the pattern of changes of δ13C values (Jaglarz, 2012). The 
relation of solution-collapse breccias with hypersaline, shal-
low-marine sediments is a common phenomenon (Vogel  
et al., 1990; Friedman, 1997).

A separate problem is determining the timing of dia-
genetic processes, which occurred after the dissolution of 
evaporites and subsequent sediment collapse. Undoubtedly, 
sulphate cementation of the breccias as well as matrix dolo-
mitization and the formation of the dolomite cements post-
date the collapse processes. The evaporites were removed 
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before the infilling of pores by dolomite spar. This is con-
firmed by the lack of evaporite inclusions in the dolomite 
crystals, which fill the voids resulting from sulphate dis-
solution (Scholle et al., 1993). Furthermore, both stylolite 
formation and hydro-tectonic processes postdate dolomiti-
zation of the solution-collapse breccias because stylolites as 
well calcite veins transect clasts, matrix and cement. 

As shown above, the formation of the dolomites post-
dating the brecciation was a multi-stage process. However, 
the lack of late diagenetic dolomites in the rocks younger 
than Middle Triassic indicates that this process had finished 
before the Late Triassic (Jaglarz, 2012). However, Veizer 
(1970) indicating that dolomitization processes could have 
taken place even later, but the red beds of the Upper Triassic 
and the detrital sediments of the Lower Jurassic hampered 
the upward migration of dolomitized fluids. If so, processes 
of dolomitization should have been finished before the Mid-
dle Jurassic, since the Middle Jurassic carbonates, covering 
directly Middle Triassic (e.g., in the Giewont Nappe), do not 
show any sign of dolomitization. The formation of the do-
lomite cements was preceded by dolomitization of breccia 
matrix. Probably, such process occurred under the influence 
of solutions supersaturated with respect to dolomite and/or 
in temperatures exceeding 50 ºC (Sibley and Gregg, 1987). 
Both sets of conditions are met in a sabkha environment, 
where such temperatures are reached at just over a dozen 
centimetres below the sediment surface (Gregg and Sibley, 
1984). Thus, considering the sedimentary environment of 
the deposits hosting the breccias studied, it can be assumed 
that dolomitization of the breccia matrix started under 
near-surface conditions. It seems that the earliest process 
that took place after the formation of the solution-collapse 
breccias was their cementation by sulphate minerals, what 
is a common phenomenon (Friedman, 1997). Their precip-
itation took place near the surface from solutions, saturated 
with respect to sulphates.

If it is proved that the breccias formed at a relatively early 
stage of diagenesis, the question remains as to what condi-
tions could have occurred. Hot and arid to semi-arid climat-
ic conditions, which prevailed during the upper Olenekian 
and Middle Triassic, were conducive to the formation rath-
er than the solution of evaporites. However, episodes of a 
more humid climate during deposition of the succession 
are documented by the intercalations of terrigenous sed-
iments and the levels of surface karst (Jaglarz and Szulc, 
2003; Jaglarz and Hryniewicz, 2014). In spite of the lack 
of any direct evidence for the dissolution of evaporites by 
fresh water (e.g., meteoric cements), one can assume that 
the solution-collapse breccias were formed during recurrent 
episodes of sediment emersion, as a result of karstification, 
due to the percolation of fresh waters. The effect of this is 
the reddish (comprising oxidized iron compounds) matrix 
of the breccias. Near-surface diagenesis under fresh-water 
conditions is further evidenced by dedolomites containing 
calcite pseudomorphs after sulphates (Myophoria Beds; 
Jaglarz and Rychliński, 2010) and by the remains of oomol-
dic porosity (in the Middle Triassic dolomitized calcaren-
ites; Jaglarz, 2012).

concluSionS

The upper Olenekian–Ladinian carbonate succession of 
the Tatra Mts comprises dolostone breccias of solution-col-
lapse origin.

The breccias originated during episodes of cyclic sedi-
ment emersion as a result of gradual sediment collapse after 
the dissolution of intercalated evaporites. Karst phenomena 
were related to short periods of pluvialisation.

The processes that preceded breccia formation included 
the precipitation of evaporites as well as the early-diagenet-
ic dolomitization of lime muds. 

The diagenetic processes, which postdated breccia for-
mation, in the order of their occurrence, were: cementation 
of the breccia by sulphates, dolomitization of the breccia 
matrix, the dissolution of sulphate cements, precipitation of 
the dolomite cements and the void-filling dolomites (i.e., in 
moulds after dissolved sulphate crystals), and finally chem-
ical compaction. 

Fracturing of the breccias (or even their rebrecciation) 
was a result of later tectonic processes.
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