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Abstract. The Upper Devonian Plavinas Regional Stage in southern Estonia and northern Latvia is represented by dolostones 
containing interlayers of dolomitic marlstones and limestones. Petrographic, cathodoluminescence, electron microprobe and isotope 
techniques were used to investigate diagenetic evolution of dolostones. The rock succession has been affected by multiple dia-
genetic events. Based on petrographic and geochemical data, six dolomite textures were identified. The crystal size (5�1200 µm) 
and morphology of dolomites are variable. Commonly, dolomites are close to the stoichiometric composition, with low iron and 
manganese content. Their stable isotope composition (δ13C, δ18O) differs greatly from that of dolomite precipitated from Frasnian 
seawater. Dolomitization is more pronounced in the lower part of the studied sequence, in the Snetnaya Gora Formation and 
Lower Pskov unit where carbonates are completely dolomitized, whereas upwards in the section the dolomite content decreases. 
Voids and pores of the Lower Pskov unit are mainly open, but partly or completely occluded in the Upper Pskov unit. Void-filling 
dolomite has slightly and void-filling calcite notably depleted stable isotope signatures. Major dedolomitization and calcite-filling 
processes took place during the final uplift and emergence of the northern part of the Baltic basin, connected with the migration of 
karst-related meteoric waters into previously dolomitized horizons within carbonate rocks. 
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INTRODUCTION 
 
The uppermost part of the Devonian sequence in southern 
Estonia and northern Latvia is composed of carbonate 
rocks representing mainly the Plavinas Regional Stage 
(RS), exposed as a narrow belt extending from West 
Latvia to the southern bank of Lake Pskov (Fig. 1; Sorokin 
1978). The major part of the section is dolomitized. 
Petrographically and geochemically the dolostones of 
the Plavinas RS differ significantly from Early�Middle 
Devonian early diagenetic dolostones (Kleesment & 
Shogenova 2005; Kleesment 2007; Shogenova et al. 2007; 
Tänavsuu-Milkeviciene et al. 2009; Kleesment et al. 
2012). It is suggested (Stinkulis 1998, 2008) that main 
diagenetic alterations in Plavinas rocks took place in 
already lithified rocks, however, these have not been 
studied in detail as yet. The diagenetic history of Devonian 
platform carbonates in other regions has been investigated 
by Dix (1993), Drivet & Mountjoy (1997), Qing (1998), 
Potma et al. (2001), Fu et al. (2006), Luczaj et al. (2006), 
and Vandeginste et al. (2009). 

Numerous studies concern dolostones of different 
diagenetic evolution and ages, whereas various dolomiti-
zation models have been proposed (Read 1985; Hardie 
1987; Mazzullo 1994; Conioglio et al. 2003; Machel 
2004; Lavoie et al. 2005). To explain massive early 
diagenetic dolomitization of platform carbonates associated 
with evaporates, Fu et al. (2006) applied the hypersaline 
brine model. For dolostones, not obviously related to 
evaporates, the brackish-water mixing zone model (Hardie 
1987; Kyser et al. 2002; Azmy et al. 2009) has been 
considered appropriate. Diffusion of magnesium from 
seawater is thought to be the most important process for 
dolomitization (Potma et al. 2001; Machel 2004). The 
dolostones that formed in different diagenetic environ-
ments can be recognized by differences in their petro-
graphy, spatial distribution, and geochemical and isotopic 
signatures, which developed in varying fluid-driving 
mechanisms, temperature and chemical composition of 
the dolomitizing fluids (Machel & Mountjou 1986; Qing 
1998; Lonnee & Al-Aasm 2000; Green & Mountjoy 2005; 
Jones 2005). Dolostones may re-equilibrate many times  
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Fig. 1. (A) Location of the study area and (B) distribution of 
the rocks of the Plavinas RS with locations of the studied 
sections. The outcrop area of the Plavinas RS after Sorokin 
(1978) and Suuroja (1997). The stratigraphical scheme of the 
Middle�Upper Devonian boundary beds of Estonia and Latvia 
modified after Kleesment et al. (2012) and Mark-Kurik & 
Põldvere (2012). 

 
 

during their burial history (Warren 2000; Rifai et al. 2006; 
Machel & Buschkuehle 2008). Large, replacive dolostone 
bodies are post-depositional and formed during some 
degree of burial, which includes effects of sedimentary 
loading, tectonic compression and pressure solution 
(Coniglio et al. 2003). 

The present study is focused on dolomitization processes 
of the Plavinas RS, providing novel data on the isotopic 
composition and cathodoluminescence properties. The 
characteristics of texturally different dolomite types are 
described and their diagenetic history is interpreted. 
 

 
GEOLOGICAL  SETTING 
 
The study area lies in southeastern Estonia and northern 
Latvia, representing the northwestern part of the shallow 
epicontinental sea (Sorokin 1978). Here, after the regression 
of the Middle Devonian Baltic basin at the end of Amata 
time, a transgression of Frasnian age started from  
the Moscow Syneclise that expanded from shallow 
epicontinental sea (Nikishin et al. 1996). 

Carbonate rocks of the Plavinas Age accumulated 
during transgression in a normal salinity basin, which 
was connected to the open sea in the Moscow Syneclise. 
These carbonate rocks formed during the maximum 
transgression of sea in Early Frasnian time and are  
rich in fauna (brachiopods, pelecypods, gastropods, 
cephalaspods, corals, stromatoporoids, stromatolites, 
oncoids and fishes; Sorokin 1978; Stinkulis 1998). After 
deposition and lithification the rocks were affected by a 
variety of diagenetic processes, including dolomitization 
and recrystallization. 

The 27�32 m thick section of the Plavinas RS is 
represented by dolostones with interlayers of dolomitic 
marlstones and limestones (Sorokin 1978; Kajak 1997; 
Kleesment 2007). It lies on the siliciclastic complex of 
the Amata Formation (Fm) and is covered by gypsum-
containing carbonate rocks of the Dubniki Fm (Sorokin 
1978). The Plavinas RS is divided into the Snetnaya Gora, 
Pskov and Chudovo formations (Fms) (Fig. 1), which have 
been described by several authors (Sorokin 1978; Kajak 
1997; Stinkulis 1998; Mark-Kurik & Põldvere 2012). 

Dolostones of the Plavinas RS have often high porosity 
(Sorokin 1978). Besides porosity related to dolomitization, 
some porosity is produced by meteoric waters flowing 
through the rocks and causing karstification (Bishoff  
et al. 1994; Cunningham et al. 2009). Karst dissolution 
processes in the Plavinas carbonate rocks have been 
active since the end of the Late Devonian to the present 
day (Paukstys & Narbutas 1996; Satkunas et al. 2007). 

 
 
MATERIAL  AND  METHODS 
 
We studied in detail the Upper Devonian sequences in 
the Tsiistre (327), Hino (452) (SE Estonia) and Ape (3) 
(NE Latvia) drill cores and in Marinova quarry (SE Estonia) 
(Figs 1, 2). A total of 63 rock samples were collected. 
Thirty-two thin sections were examined under a polarizing 
microscope. Five thin sections were examined using a 
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scanning electron microscope (SEM) Zeiss EVO MA 15 
(Carl Zeiss Inc.) in the backscattered electron imaging 
(BSE) mode. Chemical composition was analysed with 
the energy dispersive X-ray spectrometer INCAx-act 
(Oxford Instruments Plc) attached to SEM, at 20 kV 
acceleration voltage and 1 nA beam current. Catho-
doluminescence (CL) effects were studied in 16 thin 
sections, with the cold cathode CL stage CL8200 Mk5 
(Cambridge Image Technology Ltd) attached to an optical 
microscope, at 20 kV acceleration voltage and 0.2 A 
beam current. 

The bulk chemical composition of 63 rock samples was 
determined by XRF spectrometry on the Bruker S-4 spectro-
meter. Insoluble residue (IR) was measured by gravimetry; 
MgO and CaO contents were measured by titration. 

The mol% content of CaCO3, MgCO3 and FeCO3 in 
dolomite was calculated from the results of XRF and 
chemical analyses in 51 samples where X-ray diffractometry 
did not reveal the presence of other carbonate minerals. 
Twenty-one samples were subjected to X-ray diffractometry 
measurements for identification of carbonate minerals 
and d104 position of dolomite with the HZG-4 diffractometer. 

 

 
Fig. 2. Correlation of the Plavinas RS (Upper Devonian, Frasnian Stage) in the studied sections. Data from the Ape and Hino
sections are first published. Detailed description of the Tsiistre drill core is available in Põldvere (2007). The walls of Marinova
quarry described by Põldvere (2012). The drill core and quarry site elevation are in metres above sea level (m a.s.l.). 
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Various carbonate phases determined by petrography 
were sampled for C and O isotope study. A total of 52 
measurements of 38 samples were made. Carbon and 
oxygen isotope analyses were performed with the 
GasBench II preparation line connected to the Thermo 
Scientific Delta V Advantage mass spectrometer. The 
material was powdered and treated with 99% phosphoric 
acid at 70 °C for 2 h. The results are given in the usual 
δ-notation, as per mil deviation from the VPDB standard. 
Reproducibility of duplicate analyses was generally better 
than 0.1�. All laboratory analyses were performed in the 
Institute of Geology at Tallinn University of Technology. 
All rock samples and thin sections, studied for this 
paper, are deposited at the same institute (repository 
acronym GIT). 

 
 
RESULTS 
Distribution  of  rock  types,  depositional  
environments  and  stratigraphy 
 
On the basis of lithological and sedimentological 
characteristics, the section was divided into five units: 
Snetnaya Gora Fm, Lower Pskov, basal part of the Upper 
Pskov and Upper Pskov units, and Chudovo Fm (Fig. 2; 
Table 1). New analytical data obtained during the present 
study were used for detailed lithostratigraphical correlation 
of the examined sections. Compared to earlier publications 
(Kajak 1997), the boundaries of the Snetnaya Gora and 
Pskov Fms in the Tsiistre drill core and of the Pskov 
and Chudovo Fms in the Hino drill core were adjusted: 
the former was elevated by 2.1 m and the latter lowered 
by 4.4 m. 

The 2.5�9 m thick Snetnaya Gora Fm is charac-
terized by horizontal thin-bedded, usually platy dolostone 
(thickness of laminae 1�4 cm). The laminae have even 
or slightly uneven planes and different colour shades, 
with alternation of light grey, yellowish-, violetish- and 
greenish-grey interbeds (Fig. 3A). In places bedding planes 
are enriched in silty particles, and scattered quartz particles 
are present in matrix. The rock contains argillaceous 
and dolomitic clay interbeds (Fig. 2), including remarkable 
1�3 mm thick interbeds of dolomitic siltstone with a 
modest concentration of iron oxides. The rock is mainly 
unfossiliferous, with the IR content of 12�25%. There 
occur, however, rare, up to 20 cm thick interbeds of 
massive dolostone with IR < 2%. This succession records 
a transgressive�regressive cycle of sedimentation in the 
initial phase of transgression (Wendte & Uyeno 2005). 
The occurrence of detrital particles suggests the presence 
of a nearby clastic source. 

The 6�9 m thick Lower Pskov unit is composed of 
intercalating variegated thin-bedded to light grey thick-
bedded layers (Fig. 3B). Variegated levels are usually  
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Fig. 3. Photographs illustrating the lithology of the studied rocks. (A) Platy dolostone of the Snetnaya Gora Fm, Ape drill core,
16.3�16.7 m. (B) Variegated porous and thin-bedded (left) and thick-bedded compact (right) dolostone, typical of the Lower
Pskov unit, Ape drill core, 9.4�12.5 m. (C) Lenticular-vavy bedded very finely crystalline vuggy dolostone with stylolite planes
(arrow) occurring in the Upper Pskov unit, Ape drill core, 2.0�2.8 m. (D) Sucrosic dolostone, characteristic of the Upper Pskov
unit, Ape drill core, 1.2�1.5 m. (E) Moldic pores in the Upper Pskov unit; Tsiistre drill core, 46.0 m, GIT 156-305. (F) Calcite
filling in the Upper Pskov unit, Marinova quarry, GIT 443-555. 
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cavernous. Vugs of irregular shape (usually 0.1�2 cm, in 
some cases up to 5 cm in diameter) make 3�10% of the 
rock (Figs 2, 3B). Light grey dolostone layers (mainly  
20�40 cm thick; Fig. 3B) contain fine vugs. The dolostone 
in the topmost part of the unit is Ca-rich. The content of 
IR varies from 2% to 13% (Table 1). The unit was most 
probably deposited under stable conditions during relative 
highstands of sea level in shallow marine conditions. 
Porosity is obviously mainly related to dolomitization. 

The basal layer of the Upper Pskov unit in the Ape 
section consists of a 2 m thick complex of grey dolomitic 
marlstone and clayey thin-bedded dolostone. In the 
Tsiistre section this level is represented by 1 m thick 
argillaceous dolostone (IR 13%) and in the Hino section 
by 0.2 m thick dolomitic marlstone. 

The about 7 m thick Upper Pskov level follows higher 
in the section. It is represented by thin- (1�5 cm) to 
medium-bedded (5�19 cm) rocks. Often lenticular-wavy 
bedding and stylolitic planes are observed (Fig. 3C). Very 
finely to coarse-crystalline dolostones alternate, containing 
vuggy intervals which often have sucrosic texture (Fig. 3D). 
Dolostone layers contain moldic vugs (Fig. 3E). Some 
vugs are occluded with calcite or dolomite fillings (Fig. 3F). 
Obviously, here the porosity is largely caused by karst 
phenomena. Dolostone layers intercalate with limestone 
interbeds, especially in the Hino drill core and Marinova 
quarry sections. Skeletal debris of marine fauna is often 
recorded in limestone beds (Fig. 4A). However, part of 
the limestone beds are unfossiliferous, with widely varying 
crystal size and locally preserved rhombic dolomite crystals 
in Marinova quarry (Fig. 4B). These limestone beds are 
probably dedolomization product, usually accompanied 
by brecciation. The Upper Pskov level has a low content 
of IR (1.5�5%; Table 1). The Upper Pskov unit with 

interlayers of sucrosic dolostones is characteristic of shelf 
carbonates and is also present (Choquette et al. 1992; 
Maliva et al. 2011) in other shallow marine platform 
environments. 

The Chudovo Fm occurs only in the topmost part of 
the Hino section and is represented by intercalation of 
Ca-rich dolostones and limestones (Fig. 2). Limestone is 
very finely crystalline (0.01�0.02 mm), with cloudy matrix 
under a microscope, fine-nodular (0.1�0.2 mm, rarely up 
to 1 mm) and rich in fossil remains up to 3 mm in size. 
Besides, limestone contains rounded areas (0.2�1 mm) 
filled with transparent irregularly shaped calcite crystals 
(0.08�0.2 mm) and is penetrated by wavy, often branching 
fractures (cross section 0.04�0.8 mm) filled with irregularly 
shaped medium- to coarsely crystalline (0.2�0.4 mm) 
calcite crystals showing the same CL colour and intensity 
as their host limestone. Some crystals are slightly zoned. 
The content of insoluble residue is 1�15% in dolostones 
and < 5% in limestones (see Table 1). 

 
Dolomite  petrography  and  distribution 
 
The lower units (Snetnaya Gora and Lower Pskov) of 
the examined sections are completely dolomitized, while 
the upper units contain Ca-rich dolostone and limestone 
interlayers (Table 1, Figs 2, 5A). Petrographic information 
on different types of dolomite was obtained by using 
light, CL and SEM microscopy. Dolomite textures were 
classified after Sibley & Gregg (1987). Six types of 
dolomites (described below) were distinguished, based 
on crystal size and texture, crystal boundary shape, CL 
properties and association with dolostone matrix (Fig. 6). 
The dolomites are commonly stoichiometric, with low 
iron and manganese contents (Fig. 5A�C). 

 

 
Fig. 4. Thin section photomicrographs of (A) Plavinas limestone and (B) limestone precipitated during dedolomitization. The
limestone is rich in fossil remains, while in matrix of unfossiliferous vuggy (V in part B) dedolomite some remnant dolomite
zoned rhombs are preserved. A, Hino drill core, 49.4 m, GIT 441-640; B, Marinova quarry 4, GIT 443-562. 
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Fig. 5. Chemical composition in (A) mol% CaCO3 to mol% 
MgCO3, (B) mol% MgCO3 to mol% FeCO3, and (C) mol% 
MgCO3 to %MnO. 

 

 
Type 1. Very finely to finely crystalline dolomite in 
laminated silty dolostone 
 
Crystals (30�60 µm in diameter) in slightly cloudy rock 
are subhedral and usually unzoned. Irregularly patchy 
(0.5�2 mm) matrix is slightly pigmented by Fe-hydroxide. 
Pigmentation is commonly concentrated along bedding 

planes (Figs 3A, 6A). Cloudy, very finely crystalline 
(10�15 µm) dolomite interlayers (1.6�4 mm) alternate 
with semitransparent finely crystalline (20�60 µm) dolomite 
laminae (0.8�1.2 mm). Semitransparent layers contain 
rare medium-crystalline zoned euhedral dolomite crystals. 
Silty quartz grains (50�70 µm) form about 1% or less  
of the rock. Quartz grains are clear, usually rounded. 
Rare fine irregular-shaped vugs (0.1�0.2 mm) are found. 
Type 1 dolomite is present only in the Snetnaya Gora Fm 
where it is a dominant feature (Table 2). 
 
Type 2. Very finely crystalline dolomite 
 
Very finely (5�10 µm) crystalline dolomite occurs in a 
lenticular-wavy bedded interval in the lower part of the 
Upper Pskov unit of the Ape section. The rock with 
homogeneous distribution of crystals and dull CL is 
unfossiliferous, penetrated by abundant irregular-shaped 
fine vugs (0.2�0.6 mm, in some cases up to 2 mm), often 
oriented along bedding planes. Vugs are rimmed or filled 
with calcite crystals, occasionally surrounded by Fe-
hydroxide pigmentation (Figs 6B, 7A). Scattered pigmented 
patches are found in rock matrix. Cathodoluminescence 
studies indicate that part of the vug-filling calcite crystals 
at the pore walls are enriched in Mn (Fig. 7B). Energy 
dispersive spectrometry (EDS) revealed siderite crystals 
among calcite in vug fillings (Fig. 7C). 
 
Type 3. Concentric zoned dolomite crystals floating in 
finely crystalline limestone 
 
Medium- (60�100 µm) to coarsely (60�1200 µm) crystalline 
euhedral to subhedral dolomite crystals are embedded in 
very finely crystalline (about 10 µm) limestone matrix 
rich in fossil remains. The outlines of dolomite crystals are 
mainly planar, but some dolomite crystals have slightly 
serrated outlines (Figs 6C, 8, 9). Most of the dolomite 
crystals have a cloudy core (200�600 µm) surrounded 
by a clear white rim (20 µm) with planar sides well seen 
under a light microscope. In some crystals 2�4 additional 
white zones (< 10 µm) are visible in the core. In the CL 
image the white rim is hardly seen (Fig. 8A, B). The white 
rim is coated by a cloudy dark rim (100�150 µm), mainly 
with unclear outer surfaces. This dark rim often contains 
2�3 tiny, sometimes hardly recognizable light zones. 
The outer part of the crystal is represented by a clear 
transparent rim (20�40 µm; Figs 6C, 8A), sometimes with 
a tiny fragmentary dark zone in the outer part visible in 
CL (Fig. 8B). In total up to 20 zones were counted in a 
single crystal. Irregular-shaped voids often occur inside 
zoned crystals, mostly in the core, but also within the 
outer zones (Fig. 8C). In some places wavy extinction 
of dolomite crystals is recorded. Type 3 dolomite is  
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Fig. 6. Thin section photomicrographs in cross-polarized light illustrating different types of dolomite crystals present in the
studied rocks. (A) Type 1 dolomite, Snetnaya Gora Fm, Ape drill core, 16.6 m, GIT 442-602. (B) Type 2 dolomite, Upper Pskov
unit, Ape drill core, 3.8 m, GIT 442-500. (C) Type 3 dolomite, Upper Pskov unit, Hino drill core, 45.8 m, GIT 441-637. (D) Type 4
dolomite, Upper Pskov unit, Ape drill core, 1.4 m, GIT 442-585. (E) Type 5 dolomite, Lower Pskov unit, Tsiistre drill core, 52.9 m,
GIT 550-4. (F) Type 6 dolomite, Lower Pskov unit, Hino drill core, 53.0 m, GIT 441-644. 
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non-stochiometric (Ca dominating over Mg) and is found 
in the Upper Pskov unit of the Hino section (Table 2). 
Similar to the Upper Devonian of Estonia, this type is 
also present in incompletely dolomitized levels in other 
regions and stratigraphical levels (Dix 1993; Kallaste & 
Kiipli 1995). 

To quantify the chemical characteristics of the 
concentric zoned dolomite crystals, two crystals (samples 
Hino 45.8 and 49.0 m) were subjected to electron micro-
probe analysis using EDS linescan across a rhomboedra, 
which gave a profile of relative concentrations of elements 
in dolomite (Fig. 9). In addition, EDS point analyses were 
made on different zones of the crystal in order to reveal 
the fully quantitative composition of dolomite. Five zones 
of crystal growth can be distinguished in the geochemical 
profiles presented in Fig. 9. The calcium-rich nucleation 
site (zone 1) is surrounded by microcrystalline calcite and 
dolomite grains (zone 2) with highly variable contents of 
Ca and Mg (Fig. 9) and random occurrence of Si and K. 

The central part of the crystal is surrounded by a growth 
band (zone 3) with straight faces, which are commonly 
parallel to external crystal faces. This band, ranging from 
a couple of to several micrometres in thickness, consists 
of pure dolomite without impurities and is recognizable 
under a light microscope as a white zone (Figs 6C, 8A). 
Zone 4 resembles zone 2, containing scattered patches of 
calcite and dolomite material. In comparison with zone 2, 
the content of Mg is somewhat higher and supplement 
of the detrital component (Si, K) is lower. The outer 
surface of zone 4 is unclear. The cortex of the dolomite 
crystal (zone 5) is represented by a clear pure dolomite 
band with rare fine calcite patches. The content of Fe, 
Mn, Sr, Cl and Na is almost uniformly low within the 
dolomite crystal and does not show any clear trend. 
Energy dispersive spectrometry point analyses (Fig. 9) 
show that dolomite particles in zone 2 are highly calcitic, 
while these of zones 3 and 5 have quite similar Ca/Mg 
ratios representing moderately calcitic dolomite. 

 

Table 2. Characteristics of dolomite types 
 

Dolomite type Crystal size, 
µm 

Crystal habitus Zonation Distribution Suggested 
environment 

Type 1      
Finely 

crystalline, 
with silty 
interbeds 

30�60 Subhedral Unzoned Snetnaya Gora Marine-meteoric in 
the periphery of 
the sedimentary 
basin 

Type 2      
Very finely 

crystalline 
  5�10 Subhedral Unzoned Upper Pskov (Ape) Shallow-marine 

subtidal and 
supratidal 

Type 3      
Isolated 

rhombs 
floating in 
limestone 
matrix 

60�1200 Euhedral to subhedral, 
planar; in places with 
serrated outlines 

Concentric 
zoned 

Upper Pskov (Hino) Marine-meteoric 

Type 4      
Sucrosic 400�800 Euhedral to subhedral, 

planar 
Zoned Upper Pskov Shallow-burial 

dolomitization 

Type 5      
Fine- to 

medium-
crystalline 

50�150 Subhedral to euhedral, 
planar 

Zoned Lower Pskov, in 
places Snetnaya 
Gora 

Subtidal to 
supratidal 

Type 6      
Inequigranular 200�1200 Subhedral to euhedral, 

planar; in places 
anhedral, with serrated 
or rounded outlines 

Zoned Lower and Upper 
Pskov, in some 
places Chudovo 

Shallow-burial 
dolomitization 
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Fig. 7. Calcite-filled vug in very finely crystalline dolostone  
in light microscope (A), cathodoluminescence (CL) (B) and 
scanning electron microscopy (SEM) (C). In CL some calcite 
crystals show Mn content (clear orange CL colour in the colour 
image; white crystals in the black-and-white image). Energy 
dispersive spectrometry revealed tiny siderite crystals in the 
rimming parts of the calcite filling (white particles in grey matrix 
in SEM). Ape drill core, 3.8 m, GIT 442-590. 
 
 
 

Type 4. Sucrosic dolomite 
 
This type is represented by coarsely crystalline (400�
800 µm) dolomite with planar euhedral to subhedral zoned 
crystals. The non-luminescent cloudy crystal core is 
surrounded by a dull luminescent clear rim (10�100 µm). 
Dolomite crystals have often internal discontinuities and 
corroded core surfaces (Figs 6D, 10A). According to 
EDS, the Ca2+/ Mg2+ ratio of the cloudy core and clear 
rim are similar. The cloudy core contains Si, pointing to 
the occurrence of inclusions. Deformed, wavy extinction 
of dolomite crystals is frequent. The rock is strongly 
vuggy (Fig. 3D). Intercrystalline porosity (20�25%) is 
high (Fig. 6D), including vugs with irregular outlines 
(0.4�2 mm, in some cases up to 4 mm; Figs 3D, 6D, 10). 
The pore surfaces are rimmed with tiny dolomite crystals 
exhibiting bright red CL colour (Fig. 10B, C). In places 
wavy sutured planes penetrate the rock (Fig. 10A). In CL, 
the sutured planes have bright red colour like the crystals 
rimming pore surfaces (Fig. 10B). Illite has precipitated 
in intercrystalline spaces (Fig. 10D). Type 4 dolomite has 
been recorded in the topmost part of the Upper Pskov 
unit of the Ape, Tsiistre and Marinova sections. 
 
Type 5. Finely to medium-crystalline dolomite 
 
Fine to medium-sized euhedral to subhedral planar crystals 
(50�150 µm) are usually zoned. Non-luminescent cloudy 
crystal cores of variable size and shape have clear outer 
boundaries surrounded by clear moderately luminescent 
rims (20�50 µm). The core shape varies from a perfect 
rhombohedra to nearly round core and often matches the 
outline of the crystal (Figs 6E, 11A, B). The rock is often 
penetrated by fractures and fine irregularly angular and 
rounded vugs (0.1�0.2 mm, in some cases up to 0.6 mm; 
Figs 6E, 11A). In places vugs are surrounded by a 
yellowish-cloudy rim (Fig. 6E). Type 5 dolomite occurs 
in the Lower Pskov unit, but also as interlayers in the 
Snetnaya Gora Fm (Table 2). 
 
Type 6. Inequigranular dolomite 
 
Inequigranular dolomite contains zoned dolomite grains, 
typically 200�1200 µm in size. The grains are planar, 
subhedral and euhedral, often also anhedral with serrated 
or rounded outlines (Figs 6F, 12A). Dolomite crystals 
have a semitransparent or cloudy core surrounded by an 
indistinctly terminated Fe-rich level (0.04�0.08 mm), 
rimmed by a clear outer cortex (10�20 µm). The core 
may be zoned as well (Fig. 12A, B). A total of five zones 
have been counted. In places rare irregular-shaped angular 
vugs (0.2�1 mm) are found. Many crystals are deformed 
owing to wavy extinction. Cathodoluminescence analysis 
reveals a dark red band in the centre of the mainly dull  
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red crystal. The vugs are surrounded by a dark red  
rim (Fig. 12B). Some rusty pigmentation is observed 
between the grains. Dolomite in the matrix rock is non-
stoichiometric. 
 
Void-filling  dolomite  and  calcite 
 
The studied carbonate rocks contain numerous vugs and 
fractures (Fig. 3). Voids in the Lower Pskov section are 
mainly open. In the upper part of the sequence (Upper 
Pskov, Chudovo) vugs and fractures are partly or completely 
filled with dolomite, some of them with calcite (Figs 2, 3, 7). 
Vug-filling dolomite is composed of coarse transparent 
euhedral crystals with planar faces (up to 1.5 mm in 
size; Fig. 13). According to EDS analysis, the Ca/Mg ratio 
of void-filling dolomite crystals shows no difference from 
that of matrix dolomite crystals. 

The crystal size of void-filling calcite varies widely. 
In some cases large voids are filled with clear coarse-
grained (up to 5 mm) calcite crystals with perfect crystal 
faces (Fig. 3F). Fine vugs are rimmed or occluded with 
clear subhedral and anhedral, often elongated, medium-
crystalline (100�150 µm) calcite (Fig. 7). 
 
Composition  of  mineral  dolomite 
 
Dolostones of the studied sequence contain mostly 
dolomite of nearly ideal stoichiometric composition 

(50.0�52.5 mol% CaCO3; Fig. 5). Dolomite in rocks 
containing calcite or occurring not far from limestone 
interbeds is often Ca-rich, with 54�59 mol% CaCO3. 
This regularity is evident from XRF and chemical data 
and confirmed also by XRD data. The d104 measure-
ments revealed two clusters at 2.877�2.889 Å (close 
to the stoichiometric composition) and 2.901�2.903 Å 
(Ca-rich non-stoichiometric composition). Dolostones of 
the shallow-marine transgressive phase of the Snetnaya 
Gora Fm exhibit the highest FeCO3 and MnO (probably 
partly bonded to the silicate component of the rock) 
concentrations among all formations (Fig. 5B, C). Dolomite 
in stratigraphically lower levels is closer to the 
stoichiometric composition (Fig. 5A), while interbeds 
of Ca-rich non-stoichiometric dolomites occur mainly  
in the upper part of the section (Upper Pskov and 
Chudovo Fms). Dolostones of the Chudovo Fm are 
extremely enriched in CaCO3 (up to 59 mol%; Fig. 5A). 
The presence of calcian dolomites indicates the formation 
of dolomite from solutions with a relatively low Mg/Ca 
ratio and they are considered to have a near-surface origin 
(Török 2000). Planar rhombs of type 3 dolomite scattered 
in limestone matrix (Fig. 6C) are non-stoichiometric (CaCO3 
mol% > 56). Inequigranular dolomite of type 6 is also 
non-stoichiometric and Ca-rich. However, dolomite is 
considered to become closer to stoichiometric composition 
during progressive recrystallization and characteristics 
of type 6 dolomite point to recrystallization processes.  

 

 
Fig. 8. Concentric zoned dolomite rhomb (type 3) floating in fossil-rich limestone matrix in light microscope (A), cathodoluminescence (CL) (B)
and scanning electron microscopy (SEM) in the backscattered electron imaging mode (C). In CL crystals are surrounded by dark
outer cortex. The SEM micrograph shows abundant tiny vugs (black) in the centre the crystal. Some of the vugs are oriented along
zoned planes inside the crystal. (A) and (B) Hino drill core, 45.8 m, GIT 441-637; (C) Hino drill core, 49.0 m, GIT 441-639. 
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Fig. 9. Extremely variable concentrations of Ca and Mg along 
the transect line across the concentric zoned dolomite rhomb 
of type 3 analysed with the electron microprobe. The determined 
zones correspond to the zonation discussed in the text. The 
places of point analyses are marked with crosses. Hino drill 
core, 45.8 m, GIT 441-637. 

 
 

In this case it is possible that the enrichment with Ca is 
connected with circulation of karst-related fluids during 
the late stage of diagenesis. 

 
Stable  oxygen  and  carbon  isotopes 
 
Stable oxygen and carbon isotope (δ18O, δ13C) results are 
summarized in Tables 3 and 4, crossplots are presented in 
Fig. 14. The δ13C values of the dolostones/dolomites 
range from � 4.48� to + 0.99� and δ18O values from  
� 7.54� to � 3.42�. In limestones δ13C ranges from  
� 2.05� to � 1.6� and δ18O from � 11.65� to � 4.86�. 
All these values are lower than typical of dolomites  
and calcites deposited directly from Frasnian seawater 

(Amthor et al. 1993), suggesting that Plavinas carbonate 
rocks were strongly modified by diagenesis (Fig. 14A). 

The Upper Devonian sequence exhibits a positive 
excursion of δ13C values and a negative trend of δ18O 
values from the Snetnaya Gora Fm upwards (Fig. 14A, 
Table 3). These excursions represent one of the most 
prominent lowermost Frasnian excursions � the Falsiovalis 
Event (Buggisch & Joachimski 2006; van Geldern et al. 
2006). On the other hand, the positive excursion of δ13C 
values from the Snetnaya Gora Fm upwards may also be 
influenced by a transgression event (Buggisch & Mann 
2004). Finely crystalline dolomite of the transgressive 
phase (type 1) is depleted in 13C (� 4.48� to � 1.94�), 
suggesting dolomite formed from mixed meteoric/marine 
fluid (Cioppa et al. 2003). Values of δ18O vary slightly 
(from � 4.35� to � 3.98�), pointing to stable temperature 
conditions during the formation of dolomite (Lumsden 
& Caudle 2001). Four of the six samples analysed from 
type 2 dolomites show similar values of δ13C and δ18O, 
fluctuating in a narrow range. Two samples (Ape 2.8 
and 13.2 m) are different, being depleted in 13C and 18O 
(Fig. 14B, Table 3). These samples differ from the others 
also by the abundance of open pores rimmed with 
authigenic dolomite crystals and most probably were 
overprinted by later diagenetic events. 

The δ18O values of rock with isolated dolomite rhombs 
floating in limestone matrix (type 3) are somewhat more 
negative in comparison with dolomite types 1 and 2, 
however, the value of δ13C is similar to types 2 and 3 
(Fig. 14B, Table 3). The depletion of 18O values is 
connected with Ca-rich composition of the rock (Lavoie 
et al. 2005). 

For sucrosic dolomites (type 4) 13 measurements of 
stable isotopes were made (Table 3). Most samples show 
δ13C values from + 0.99� to + 0.46� and δ18O values 
from � 5.52� to � 4.17�. All samples that are depleted 
in 13C (up to � 1.63�) contain dolomite- or calcite-filled 
voids. Some samples with calcite-filled voids show 
extremely varying δ18O values (from 7.52� to � 3.42�; 
Fig. 14B, C, Table 3). 

The δ13C and δ18O values of types 4 and 5 dolomites 
partly overlap. The values of δ18O range from � 4.92� 
to � 4.01�, but unlike type 4, most of the δ13C values of 
type 5 are negative, pointing to the formation of mixing 
meteoric/marine water conditions. 

Low δ13C values, accompanied by variable δ18O 
signatures in two analysed limestone interbeds (Marinova 3 
and 4), indicate dedolomitization origin of these rocks. 
The δ13C and δ18O signatures of limestone are more 
negative (� 1.65� to � 2.05�, and � 4.86� to � 11.65�, 
respectively; Fig. 14B, Table 3). Relatively wide spacing 
of δ18O values may be related to late recrystallization. 

Stable isotope values of void-filling dolomite differ 
slightly from signatures of the host dolostones. The values 
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Fig. 10. Sucrosic dolomite in light microscope (A), cathodoluminescence (CL) (B) and scanning electron microscopy (SEM) in
the backscattered electron imaging (BSE) mode (C). In light microscope and CL views a low-amplitude stylolite is observable
(arrow). The vug (V) is lined with tiny crystals exhibiting in CL brightly luminescent colour similar to the stylolite plane, Ape
drill core, 1.4 m, GIT 442-585. (D) Illite filling in the intercrystalline pore space of sucrosic dolomite, SEM in the BSE mode,
Tsiistre drill core, 47.2 m. GIT 441-419. 

 
 

 
 

Fig. 11. Paired thin section photomicrographs of type 5 dolomite in light microscope (A) and cathodoluminescence (B). The rock-
penetrating fracture is without any rimming features. Tsiistre drill core, 55.5 m, GIT 550-5. 
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of δ13C and δ18O range from � 1.0� to + 0.91� and 
from � 5.55� to � 4.62�, respectively, partly coinciding 
with dolomite types 2�5 (Fig. 14B, C). Coeval large 
differences in isotopic composition exist between void-
filling calcite and host rock, indicating the formation of 
calcite at later stages of diagenesis. Calcite fillings generally 
yield the lowest δ18O and δ13C values (Fig. 14C, Table 4). 
Low δ18O values of authigenic components have been 
attributed to precipitation from fluids containing significant 
amounts of isotopically light fresh water, which is typical 
of karst-related fluids (Török 2000; Nader et al. 2008). 
 
 
DISCUSSION 
 
The investigated Plavinas carbonate deposits were affected 
by multistage long-lasting dolomitization events. The 

measured stable isotope values differ essentially from 
those predicted for dolomites and calcites that deposited 
directly from Frasnian seawater, suggesting that rocks were 
modified by diagenesis (Fig. 14). Multistage dolomiti-
zation history is supported by the presence of limestone 
interlayers in sequences of the Upper Pskov unit and 
Chudovo Fm. If dolostones were formed during a single 
episode of pervasive alteration, the entire section would 
consist of dolostone. Vug- and fracture-filling dolomite 
precipitated from solutions that migrated through the 
Plavinas rock. Multiple episodes of dolomitization created 
different generations of dolomite crystals (Fig. 6). Passing 
through various diagenetic phases, early diagenetic features 
are obliterated (Warren 2000). Therefore, the dating of 
dolomitization events and the paragenetic sequence of 
diagenetic processes is complicated and we are able to 
propose only some preliminary interpretations of the  

 

 
 

Fig. 12. Paired thin section photomicrographs of type 6 dolomite with vugs (V) in crossed polars (A) and cathodoluminescence (B).
Hino drill core, 52.0 m, GIT 441-643. 

 
 

 
Fig. 13. Void-filling dolomite crystals in the Upper Pskov unit in scanning electron microscopy (backscattered electron imaging
mode). Tsiistre drill core, 47.2 m, GIT 441-419. 
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Table 3. Carbon and oxygen isotope data of the studied rocks 
 

Unit Section Depth, 
m 

Rock 
type 

δ18O, � δ13C, �

Tsiistre 45.6 4 � 5.14 0.97 
Tsiistre 46.8 4 � 4.99 0.93 
Tsiistre 47.2 4 � 4.78 0.94 
Tsiistre 48.3 4 � 4.77 0.99 
Tsiistre 49.6 4 � 4.93 � 0.9 
 49.6a 4 � 4.52 � 0.48 
Tsiistre 50.5 4 � 4.17 � 0.25 
Ape 0.7 4 � 5.02 0.52 
Ape 1.4 4 � 5.38 0.48 
Ape 2.2 2 � 4.23 0.48 
Ape 2.5 2 � 4.17 0.51 
Ape 2.8 2 � 5.31 0.06 
Ape 3.4 2 � 4.27 0.42 
Ape 3.8 2 � 4.54 0.69 
Marinova 5  4 � 5.52 0.46 
Marinova 4  Limestone � 4.86 � 1.65 
Marinova 3  Limestone � 11.65 � 2.05 
Marinova 2  4 � 6.38 � 0.52 
Marinova 1A  4 � 7.54 � 1.01 
Marinova 1  4 � 3.42 � 1.63 
Hino 47.5 3 � 5.7 0.5 
Hino 49.0 3 � 5.48 0.18 
 49.0a 3 � 5.74 0.22 
Hino 51.0 3 � 5.93 0.15 

U
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 51.0a 3 � 5.28 0.54 

Tsiistre 52.9 5 � 4.83 � 0.38 
Tsiistre 55.5 5 � 4.78 � 0.03 
Ape 8.2 5 � 4.82 � 0.68 
Ape 8.9 5 � 4.01 � 0.57 
Ape 9.2 5 � 4.55 � 0.39 
Ape 10.6 5 � 4.35 � 0.17 
Ape 11.7 5 � 4.43 � 0.12 
Ape 13.2 2 � 5.15 � 0.19 
Ape 14.0 5 � 4.17 � 0.43 

Lo
w
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Ape 14.8 5 � 4.42 � 1.2 

Ape 15.6 1 � 4.06 � 2.03 
 15.6a 1 � 3.98 � 1.94 
Ape 16.6 1 � 3.48 � 2.44 
Tsiistre 57.6 1 � 4.35 � 4.48 Sn

et
na

ya
 

G
or

a 

Tsiistre 59.4 1 � 3.48 � 1.45 
 

 
diagenetic setting of the distinguished dolomite types and 
authigenic precipitations (Fig. 15). 

Altogether, six types of dolomite, dedolomite pre-
cipitation, and void-filling dolomite and calcite were 
recognized. Type 1 dolomite occurs in thin laminated rock 
containing silty interbeds with an increased Fe content 
(Figs 3A, 6A). This dolostone deposited in the initial phase 
of transgression (Wendte & Uyeno 2005), as shown  
by considerable depletion of δ13C signatures (Fig. 14), 
indicating precipitation in the conditions of mixing marine 

and meteoric waters (Immenhauser et al. 2003; Kirmaci 
2008; Kozlowski & Munnecke 2010). Type 1 dolomite 
was obviously formed in shallow-marine periphery of 
marine basins during early diagenesis. Due to low porosity 
and high density of the rock, the dolomite crystals mainly 
preserved the initial characteristics and were little affected 
by later diagenetic events. 

The relatively good preservation of fabric, fine crystal 
size and dull cathodoluminescence response of type 2 
dolomite of the Upper Pskov unit suggest rapid replace-
ment of marine lime mud by dolostone during an early 
stage of diagenesis in shallow marine subtidal and supratidal 
environments. The lamination of the rock (Figs 3C, 6B) 
is similar to precipitation of platform interior environ-
ments separated from open sea (Flügel 2004). Due to 
high porosity later diagenetic fluids have overprinted the 
initial deposit. Some voids are rimmed with Mn-rich 
tiny crystals (Figs 7, 10) that have precipitated from later 
diagenetic fluids. Later, obviously after uplift of the 
territory, part of the voids became rimmed or occluded 
with authigenic calcite crystals due to the action of 
circulating mixed marine/freshwater karst-related fluids. 
In some places pigmentation with iron oxides appeared 
(Figs 6B, 7). The freshwater-enriched fluids affected also 
the whole rock composition, causing lower δ18O and δ13C 
values (Fig. 14B). 

The formation of non-stoichiometric scattered con-
centric zoned dolomite rhombs of type 3 in limestone 
matrix (Figs 6C, 8, 9) represents the initial phase of 
dolomitization (Török 2000; Fig. 15). Growth of individual 
dolomite crystals requires nucleation sites and constant 
supply of the dolomitizing fluid. It is possible that the 
nuclei were more widely spaced during the first phase 
of dolomitization, which resulted in only partial dolomiti-
zation of limestone (Jones 2005). The centre of the 
dolomite crystal around the nucleation site contains 
microcrystalline dolomite and calcite grains (Fig. 9), 
representing relict material derived from locally replaced 
carbonate mud during the initial phase of crystal formation, 
while the clear rim forms by continuing growth during 
diagenesis (Daniel & Haggerty 1988; Amthor & Friedman 
1991; Machel 2004; Rameil 2008). The formation of 
concentric zoned dolomite crystals is believed to associate 
with dolomitizing fluids of temporally variable composition 
at the site of dolomite crystals growth (Kyser et al. 2002; 
Jones 2005; Carmichael et al. 2008). Such dolomite 
crystals have been interpreted as being of shallow burial 
mixing-zone origin (Dix 1993). Voids inside the zoned 
crystals are produced by dissolution of calcium-rich particles 
(Jones 2005; Fig. 8C). Cores of dolomite crystals may 
have dissolved during late diagenesis (Kyser et al. 2002; 
Kirmaci & Akdag 2005). Dark cortices observed in 
cathodoluminescence (Fig. 8B) suggest redistribution of  



Estonian Journal of Earth Sciences, 2013, 62, 3, 139�159 

 154

 

 

Table 4. Carbon and oxygen isotope data of void-filling carbonate and host rock 
 

Unit Section Depth, m Matrix Dolomite type Void filling δ18O, � δ13C, � 

Tsiistre 48.3 Dolostone 4  � 4.77 0.99 
Tsiistre 48.3   Dolomite � 4.85 0.91 
Tsiistre 49.6 Dolostone 4  � 4.93 � 0.9 
Tsiistre 49.6   Dolomite � 4.64 � 0.74 
Tsiistre 50.5 Dolostone 4  � 4.17 � 0.25 
Tsiistre 50.5   Dolomite � 5.07 � 1.00 
Ape 1.4 Dolostone 4  � 5.38 0.48 
Ape 1.4   Dolomite � 5.39 0.42 
Ape 2.8 Dolostone 2  � 5.31 0.06 
Ape 2.8   Dolomite � 5.55 � 0.11 
Marinova 5  Dolostone 4  � 5.52 0.46 
Marinova 5    Dolomite � 5.28 � 0.15 
Marinova 2  Dolostone 4  � 6.38 � 0.52 
Marinova 2    Dolomite � 5.26 � 0.91 
Marinova 1A  Dolostone 4  � 7.54 � 1.01 
Marinova 1A    Calcite � 11.97 � 1.93 
Marinova 1  Dolostone 4  � 3.42 � 1.63 
Marinova 1    Calcite � 6.46 � 5.20 
Marinova 4  Limestone   � 4.86 � 1.65 
Marinova 4    Calcite � 7.9 � 2.22 
Marinova 3  Limestone   � 11.65 � 2.05 
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Marinova 3    Calcite � 12.25 � 1.96 

 

 
 
 
 
 
 

 
Fig. 14. δ13C versus δ18O crossplots of stratigraphic
units (A), dolomite types (B) and fracture fills and
adjacent carbonate host rocks (C). The connecting
lines indicate matrix-filling pairs. The postulated
isotopic composition range for Frasnian seawater
dolomite according Amthor et al. (1993) and Green
& Mountjoy (2005).
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Fig. 15. Suggested paragenetic sequence of the Plavinas rocks 
in the study area. 

 
 
material by circulation of pore fluids after the grain 
boundary configuration was attained (Yardley & Lloyd 
1989). Curtailing the dolomitizing fluid would, possibly, 
stop the dolomitization process (Jones 2005). Hereby the 
matrix is remained as fossil-rich unaltered micritic lime-
stone (Figs 6C, 8A). Concentric zoned dolomite crystals 
occur in the Upper Pskov unit, in the uppermost part of 
an upwards shallowing lagoonal/peritidal incompletely 
dolomitized sequence (Fig. 2, Table 2). 

Sucrosic dolomites, typical of the Upper Pskov unit 
(Figs 3D, 6D, 10, Table 2), are distinguished as type 4 
dolomites, which have a complicated diagenetic history. 
According to Choquette et al. (1992), such dolomites are 
formed during shallow burial dolomitization in peritidal 
to subtidal conditions. Judging from planar crystal faces 
(Figs 6D, 10A), dolomite precipitation occurred at low 
temperatures (< 50 °C; Lumsden & Caudle 2001; Jones 
2005). After the first phase of dolomitization the formed 
voids were saturated with marine-like pore waters, which 
circulated along conduits and through dissolution and 
precipitation might have formed transparent outer rims 
chemically similar to cores. However, the features of 
corrosion of the dolomite crystal core point to a possibility 
that some time interval remained between the formation 
of the inner crystal and growth of cortices (Figs 6D, 10A; 
Amthor & Friedman 1992; Choquette & Hiatt 2008). In 
the following phase of diagenesis, the influx of Mn-rich 
fluids caused precipitation of tiny crystals on the walls 
of voids, revealed by bright red cathodoluminescence 
light. Besides voids the stylolites served as conduits for 
these fluids (Fig. 10B). This process was preceded by 
the occlusion of the voids. Void-filling dolomite crystals 
are chemically similar to matrix dolomite, but exhibit a 

coarser crystal size and transparency (Fig. 13). According 
to stable isotope signatures, dolomite fills lay in the same 
field with sucrosic dolomites and their signatures only 
slightly differ from each other (Fig. 14C, Table 4). How-
ever, dolomite fillings and also dolostones containing 
fillings and fractures show δ13C values depleted up to  
� 1� compared to host sucrosic dolomites (Fig. 14B). 
Obviously, fluids that formed during the late stage  
of diagenesis altered the matrix of sucrosic dolomite  
and obliterated its previous characteristics. The same 
phenomenon is known also from other studies (Swart  
et al. 2005). Most probably, yellowish-brown authigenic 
fillings between zoned crystals, which according to  
EDS study contain Al, Si, K and Fe pointing to illite 
composition, are also products of late diagenesis 
(Figs 10D, 15; Kleesment 2007). The changes in clay 
minerals may provide the source of manganese in burial 
conditions (Tucker & Wright 1990). Some of the voids 
are filled with calcite (Fig. 7, Table 4). The calcite-filling 
event clearly postdates the above-described episodes 
(Figs 14C, 15). 

Fine- to medium-crystalline compact dolostone (Fig. 3B) 
containing type 5 dolomite (Figs 6E, 11A) occurs commonly 
in the Lower Pskov unit (Table 2). Type 5 dolomite is 
interpreted to be formed during early diagenesis in sub-
tidal to peritidal settings by rapid dolomitization of lime 
mud postdating early submarine cementation (Amthor 
& Friedman 1992; Özkan & Elmas 2009). Open voids 
without younger fills (Fig. 11A) point to the absence of 
the influence of later fluids. Negative values of δ13C indicate 
mixing marine and freshwater conditions (Immenhauser 
et al. 2003). Obviously, dolomitization took place at the 
final stage of the transgression. 

Slightly porous compact Ca-rich dolostone containing 
inequigranular non-stoichiometric dolomite of type 6 
(Figs 6F, 12) occurs as rare interbeds in the boundary 
beds of the Lower and Upper Pskov units and in the 
Hino section of the Upper Pskov unit. Its character suggests 
a long-lasting dolomitization event (Özkan & Elmas 2009). 
In all likelihood, the dolomite crystals grew slowly, 
thereby preserving textural details, and eventually joined 
along compromise boundaries (Fig. 6F). It is possible that 
type 6 dolomite is partly recrystallized from type 2 and 
type 5 dolomites. Recrystallization could be affected by 
calcite-rich waters, causing an increase in the Ca/Mg ratio 
(Bates et al. 2008). The inferred slow crystal growth 
requires a long residence time of the rocks to be in contact 
with the dolomitizing solutions in stable hydrologic 
conditions (Amthor & Friedman 1992). The Fe-rich level 
in dolomite crystals (Figs 6F, 12A) was most probably 
formed by precipitation of Fe-oxides after leaching out 
of Ca-rich particles (Nader et al. 2007), possibly during 
late diagenesis in the deep subsurface (Mountjoy et al. 
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1999). However, the non-stoichiometric composition of 
such crystals remains unclear. 

After pervasive lithification and dolomitization of 
subtidal and supratidal facies deposits the studied rocks 
were subjected to subaerial erosion during uplift and 
emergence of the basin at the end of the Frasnian Age. 
Surface and shallow subsurface karstification processes, 
which have repeatedly been reported (Paukstys & 
Narbutas 1996; Satkunas et al. 2007), developed in the 
rocks of Pskov and Chudovo ages during the Late Frasnian 
up to the present. 

Deep-discharge of meteoric fluids during the periods 
of karstification in the overlying strata is the source of 
undersaturated fluids causing dolomite dissolution and 
necessary porosity and conduits for pore water circulation, 
as well as freshwater invasion into the sequence (Bishoff 
et al. 1994; Cunningham et al. 2009). Dissolution of 
precursor dolomite may also provide a source of Ca2+ 
for late diagenetic calcite fillings and dedolomitization 
processes. Dolomite calcitization (dedolomitization) has 
been associated with sulphate dissolution (Fu et al. 
2006; Nader et al. 2008; Rameil 2008). Late diagenetic 
calcite precipitation and dedolomitization in Devonian 
rocks of southeastern Estonia have obviously been related 
to influx of gypsum-bearing vadose fluids. Dissolution 
of gypsum led to overcharge of fluids with Ca2+ ions, 
resulting in the dissolution of dolomite and precipitation 
of calcite along the flow path of percolating fluids. East- 
and southwards of the investigated area gypsum-bearing 
deposits are distributed in the overlying Upper Devonian 
Dubnik section (Sorokin 1978; Kajak 1997), which may 
be the origin of these fluids. Circulation of the fluids has 
proceeded horizontally along layers affecting the Upper 
Pskov level in the studied sequence. 

Some voids are occluded with calcite fillings (Fig. 7); 
in some interlayers calcitization of dolomite has taken 
place (Fig. 4B). The originally pervasively dolomitized 
rocks show calcitization through dissolution/precipitation. 
During dedolomitization, Mg, Al, K, Fe and Na were 
released from the precursor dolomite into the solution. 
The precipitating calcite does not incorporate these 
elements (Nader et al. 2008) and, therefore, the content 
of insoluble residue is abnormally low (< 0.7%). 

With regard to stable isotope values, dedolomite and 
calcite fillings differ essentially between samples, from 
each other and from the matrix rock. Large differences 
exist between adjacent host rock and fracture fillings 
(Fig. 14C, Table 4), whose isotope values correspond to 
karst-related precipitations (Török 2000; Nader et al. 
2008). According to the great variability in stable isotope 
values, it is possible that the fillings originate from 
different stages of karstification processes. It has been 
suggested that dedolomitization and remagnetization 
proceeded simultaneously and often were coeval with 

orogenetic processes (Nick & Elmore 1990; Zegers et 
al. 2003). In the northern part of the Baltic basin two 
remagnetization events accompanying karst features have 
been distinguished: the Late Devonian�Carboniferous  
and Late Jurassic�Early Cretaceous episodes (Katinas & 
Nawrocki 2004; Plado et al. 2008). The most negative 
values of δ18O (below � 11�; Fig. 14C, Table 4) might 
reflect higher temperatures and/or fluids associated with 
later Hercynian orogenetic compression events (Wright 
et al. 2004) and suggest penecontemporaneous formation 
of dedolomitic rock in Marinova quarry (sample 3) with 
its void-filling calcite and calcite fill of sample 1A 
(Fig. 14C, Table 4). The dedolomitic rock of Marinova 
sample 4 with its void-filling calcite and calcite fill of 
dolomite sample 1 belong to some other event. Dedolomiti-
zation and calcite-filling processes took place during late 
diagenesis (Fig. 15). 
 
 
CONCLUSIONS 
 
Based on petrographic, mineralogical and geochemical 
data of the Frasnian sequence of southern Estonia and 
northern Latvia, the following conclusions were made. 
1. Carbonate rocks of the Plavinas RS were affected  

by multistage diagenetic events. Great differences in 
stable isotope signatures of the dolostones/dolomites 
and dolomites precipitated from Frasnian seawater 
point to extensive postdepositional alterations. Later 
processes have largely overprinted the earlier formed 
rocks. On the basis of crystal characteristics, six 
different dolomite textures were identified. 

2. According to δ18O and δ13C values, low Mn and Fe 
contents, dull luminescent colour of crystals and 
dominant planar character of crystal boundaries, the 
dolomites were mainly formed at relatively low 
temperatures (< 50 °C). 

3. Dolomitization is more pronounced in the lower part 
of the studied sequence. Carbonates of the Snetnaya 
Gora Fm and the Lower Pskov unit are completely 
dolomitized, whereas those of the Upper Pskov unit 
and Chudovo Fm are partially dolomitized and contain 
interbeds of calcareous dolomites and limestones. 
Decrease in the dolomite content in the upper part  
of the section suggests the upward percolation of 
dolomitizing fluids. 

4. Stable isotope results indicate that during the trans-
gressive phase of deposition (Snetnaya Gora Fm and 
Lower Pskov unit), dolomitizing fluids were repre-
sented by a mixture of meteoric and sea water. 

5. Highly porous rocks with void-filling authigenic 
phases of dolomite or calcite are depleted in δ18O 
and δ13C values. Void-filling processes have also 
affected the rock matrix. 
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6. Late diagenetic karst-related processes have greatly 
affected the rocks of the Plavinas RS. A major 
dedolomitization and calcite-filling phase occurred 
as a result of migration of karst-related meteoric 
waters into previously dolomitized horizons within 
the Frasnian carbonate rocks during the final uplift 
and emergence of the northern part of the Baltic 
basin. 
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Ülem-Devoni Plavinase lademe läbilõige Balti basseini põhjaosas on esindatud domeriidi ja lubjakivi vahekihte sisal-
davate dolokividega. Dolokivide uuringud polarisatsiooni-, katoodluminestsentsi- ja eletronmikroskoobis ning kivimite 
süsiniku ja hapniku isotoopide suhted viitavad kivimite keerukale diageneetilisele evolutsioonile. Petrograafiliste ja 
geokeemiliste andmete alusel eraldati kuus erinevat dolomiidi tüüpi. Valdavalt on tegemist stöhhiomeetrilise koosseisu 
ja väikese raua- ning mangaanisisaldusega dolomiitidega. Isotoopkoostise alusel erinevad dolomiidid selgelt Frasne 
mereveest settinud dolomiitidest. Dolomitisatsioon on tugevam uuritava läbilõike alumises osas. Snetnaja Gora ja Pskovi 
kihistu karbonaadid on täielikult dolomitiseerunud, läbilõike ülemises osas on see protsess olnud mittetäielik. Pskovi 
kihistu alumises osas on dolokivi poorid valdavalt avatud, läbilõike ülemises osas on aga tühemikud diageneesi käigus 
osaliselt või täielikult täitunud hilisemate kristallidega. Täidiseks olevate dolomiidikristallide isotoopkoostis erineb 
emakivimi omast mõnevõrra, kaltsiitse täidise puhul on aga isotoopkoosseisu erinevus märkimisväärne. Settimisjärgselt 
on kivimid olnud pikka aega subaeraalses keskkonnas, mille vältel on need allunud karstistumisprotsesside mõjule. 


