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Abstract

The results of the identification of carbonate minerals with different
magnesium content present in Triassic limestones and dolomites
using electron microprobe analysis. The following carbonate phases
were identified: low-magnesium calcite, high-magnesium calcite,
proto-dolomite, ordered dolomite, and dehuntite in samples from the
Lower Muschelkalk formations: Gogolin Unit, Dziewkowice
(Terebratula) Unit, and Karchowice Unit, and the Upper
Muschelkalk: Tarnowice Unit. They are deposits of the Polish part of
the Germanic Basin. The results allowed the calculation of the
chemical formulae of the identified carbonate phases. High-Mg
calcite has a higher Mg content than low-Mg calcite but lower than
typical for proto-dolomite. Proto-dolomite has a lower content of Mg
in comparison to the stoichiometric value for dolomite, which is
typical for ordered dolomite. The identified huntite phase, because of
reduced content of Mg, was named as de-huntite. The diagenetic
process — dehuntization — was probably responsible for the reduced
Mg content in this phase. The results of the research are the source of
new data connected with the mineral composition of Triassic
limestones and dolomites of the South-West part of Poland. The data
provides complete information on the mineral phases of carbonate
rocks of the European Germanic Basin.
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Introduction

The purpose of the study was to determine carbonates with varying Mg content using Electron Microprobe
Analysis (microprobe measurements, EPMA). EPMA has already been used in previous studies as one of the
methods used to characterize the structural-textural properties of carbonate rocks and their mineral and
geochemical composition. The detailed development of this problem has become important due to the significant
results of previous studies. Magnesium is a part form the calcium main component of: low magnesium (low-Mg)
calcite, high magnesium (high-Mg) calcite, proto-dolomite, ordered dolomite, and huntite. The advantage of
analysis in micro-areas is the detailed measurement of individual elements at points of the samples. This is very
important when measuring Ca and Mg in carbonate phases, where the variation in the content of these elements is
small. It was significant in the determination of carbonate phases with different Mg contents in Triassic limestones
and dolomites of the Polish part of the Germanic Basin.

These minerals formed the Lower Muschelkalk (Middle Triassic) limestones of Opole Silesia (Stanienda,
2005, 2006, 2011, 2013 aand b, 2014, 2016 a and b, Stanienda-Pilecki, 2017, 2018, 2019, 2021, 2023; Stanienda-
Pilecki & Jendrus, 2024) and the Upper Muschelkalk (Middle Triassic) dolomites of Upper Silesia (Stanienda-
Pilecki, 2023; Stanienda-Pilecki & Jendrus, 2024; Szulc, 1990, 2000, 2008; Szulc & Becker, 2007). These rocks
are part of the sediments of the eastern part of the epicontinental European Germanic Basin. It was an intracratonic
sea basin located in various countries of central Europe. (Szulc, 1990, 2000, 2008; Szulc & Becker, 2007). In the
Lower Muschelkalk limestones of the Opole-Silesian region, variable carbonate phases with different magnesium
contents are present in the sediments of the Gogolin, Gérazdze, Dziewkowice (Terebratula), and Karchowice units.
The names of the units are the regional names of towns. Differentiation of carbonate phases rich in Mg content
was also observed in the Upper Silesian Muschelkalk dolomites in sediments of the Tarnowice Unit (Stanienda-
Pilecki, 2023; Stanienda-Pilecki & Jendrus, 2024; Szule, 1990, 2000, 2008; Szulc & Becker, 2007). Carbonate
phases with different Mg contents — low-Mg calcite, high-Mg calcite, proto-dolomite, ordered dolomite, and
huntite — have been identified in the Lower Muschelkalk limestones of Opole Silesia. However, low-Mg calcite is
the main component of the limestone. High-Mg calcite and dolomite phases are common, and huntite sometimes
occurs. However, it can be said that high-magnesium calcite and huntite are not typical minerals for Triassic
sediments. It is known and has been confirmed in various studies that high-Mg calcite, such as aragonite, is an
unstable carbonate phase. These two phases are not preserved in older geological sediments such as the Triassic,
but are transformed into low-Mg calcite during the early stage of diagenesis (eogenetic stage) (Stanienda, 2005,
2006, 2011, 2013a and b, 2014, 2016a and b, Stanienda-Pilecki, 2017, 2018, 2019, 2021, 2023; Stanienda-Pilecki
& Jendrus, 2024). Huntite could be found in different types of rocks, including magmatic, sedimentary, and
metamorphic. However, the results of studies of sedimentary deposits show that huntite usually occurs in the
deposits of the vadose zone (Deelman, 2011).

Minerals such as calcite phases (low-Mg calcite) (CaCO3) and high-Mg calcite (CaMgCQO3), dolomite phases
— proto-dolomite ( (Caos, Mgo.4)(COs)2 ) and ordered dolomite ( (Caos, Mgos)(COs)2 ) and huntite CaMg3[COs]a
are main components of limestones and dolomites of different geological formations, including Triassic. It is very
important to determine the proper content of Ca and Mg in carbonate minerals to define the conditions of the
sedimentation environment of the analyzed rocks and diagenetic processes that influenced their final petrographic
structure. One of the best methods for differentiating the phase composition of carbonates is Electron probe
microanalysis (X-Ray microprobe analysis — EPMA) for the determination of elements in solid materials (Lane &
Dalton, 1994; McGee & Keil, 2001; Sweatman & Long, 1969; Zhang et al., 2019; Yang & Jiang, 2012; Zhao et
al., 2015; Zhang & Yang, 2016). It sometimes provides more detailed data than X-Ray Diffraction (XRD), Fourier
Transform Infrared (FTIR), or other methods used for determining the phase composition of rocks, especially
when there are mineral phases with slightly different elemental content.

Studies of carbonate minerals with different Mg contents are important for determining the environmental
conditions of carbonate formation and diagenesis in the Germanic Basin research area. It is also important for
analyzing the stability and solubility of mineral phases (Stanienda, 2005, 2006, 2011, 2013a and b, 2014, 2016a
and b, Stanienda-Pilecki, 2017, 2018, 2019, 2021, 2023; Stanienda-Pilecki & Jendrus$, 2024). The main source of
magnesium is seawater and sometimes freshwater. However, weathering land carbonate or silicate rocks could
also deliver some of Mg. Magnesium, after reaching a shelf zone in sea water, usually forms dolomite phases and
sometimes high-Mg calcite (Mackenzie & Andersson, 2013; Morse & Mackenzie, 1990; Morse et al., 2006The
stability of carbonate minerals, including magnesium ions, is affected by the different cation sizes of Ca and Mg.
The length of the ionic radius and the strength of the ionic bonds are also important. It is known that the strength
of the ionic bond between two calcium ions is greater than the strength of the ionic bond between calcium and
magnesium because the cationic size of Mg is smaller than that of Ca (Bertram et al., 1991; Boggs, 2010; Bottcher
et al., 1997; Bottcher & Dietzel, 2010). Therefore, carbonate phases rich in Mg (for instance, high-Mg calcites)
are characterised by weaker stability than "pure" calcite. This is not the case for ordered, stoichiometric dolomite
and huntite, where Mg is not a substituent but a major constituent of these minerals (Ahn et al. 1996; Atay & Celik,
2010; Dollase & Reeder, 1986; Graf & Goldsmith, 1982; Kralj et al, 2004; Nash et al., 2011; Paquette & Reeder,
1990). Due to its instability compared to low magnesium calcite, high Mg calcite can lose its Mg over time and
become low Mg calcite (Ahn et al. 1996; Althoff, 1977; Béttcher et al., 1997; Bottcher & Dietzel, 2010). Exposure
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to Mg-rich pore waters enables high magnesium calcite to acquire additional magnesium ions and transform into
dolomite (Boggs, 2010). Compared to low magnesium calcite and aragonite, calcite containing 1.9 mol% MgCOs
is stable at temperatures between 25 and 64°C. At temperatures greater than 42°C (up to 60°C), high magnesium
calcite, which has the content of MgCOs3 up to 15 mol%, is usually stable compared with low magnesium calcite
(Bertram et al., 1991). The solubility of calcite phases is also caused by the substitution of Mg. With increasing
MgCOs, the solubility increases (Morse et al., 1990). In many natural low-temperature environments (Bottcher et
al., 1997), high magnesium calcite is common, containing up to 40% MgCO3 (Zahng et al., 2010). Dolomite phases
and huntite are stable carbonate phases. Magnesium is not a substitute for calcium in these minerals (Stanienda,
2013a and b, 2016a). It builds together with Ca, in appropriate proportions, these carbonates. Analysing the
formation of dolomite is necessary to know that it depends on the following factors: Mg/Ca ratio, temperature,
CO; content, and reaction time. It was studied in different research projects (Mackenzie & Andersson, 2013; Morse
& Mackenzie, 1990; Morse et al., 2006; Tucker & Wright, 1990). Proto-dolomite is usually formed during
sediment compaction and early stages of diagenesis (eogenetic stage). This carbonate phase is poorly ordered and
non-stoichiometric, though it often forms euhedral, rhombohedral in shape crystals (Boggs, 2010; Morse &
Mackenzie, 1990; Tucker & Wright, 1990). Ordered dolomite is typical, stoichiometric in chemical composition,
dolomite (13.18% of Mg, 46.13% of MgCQOs). This carbonate phase is generally formed in magnesium-rich water
environments during advanced stages of diagenesis - the mesogenetic stage, including neomorphic processes
(Mackenzie & Andersson, 2013; Morse & Mackenzie, 1990; Morse et al., 2006; Tucker & Wright, 1990). Huntite
could be formed by the following processes: hydrothermal processes, weathering of dolomite, and transformation
of magnesium calcite in a high-temperature environment. Analyzing the sedimentary formations, this carbonate
phase can be found in the rocks of the vadose zone (Althoff, 1977; Atay & Celik, 2010; Deelman, 2011; Faust,
1953; Tucker & Wright, 1990).

Material and Methods

The materials for laboratory analyses were collected during previously conducted projects. The limestone
samples were taken from the Lower Muschelkalk formation in the area of Opole Silesia: in Ligota Dolna Quarry
(sample LD11), in the area os Saint Anne Mountain (sample SAS), in Szymiszéw Quarry (sample S2), in Tarnow
Opolski Quarry (samples TO7 and TO62), and in Strzelce Opolskie Quarry (samples SO14 and SO17). Dolomites
of the Upper Muschelkalk formation were collected from the area of Upper Silesia in Lazardéwka Quarry (sample
LZ1) and the Piekary Slaskie (samples PSK2 and PSZ3) (Fig. 1).

Studied areas

-~
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00.4°

O Rybnik

d

Fig. 1. A simplified geological map of the study area with the location of the sampling zones (Stanienda-Pilecki, 2023).
1- more important dislocations; 2- Paleozoic; 3- Bundsandstein; 4- Muschelkalk; 5- Upper Triassic; 6- Jurassic; 7- Cretaceous;
sampling zone

A total of 10 samples were analysed: 7 limestones from the Lower Muschelkalk Formation and 3 dolomites
from the Upper Muschelkalk Formation. The following limestones were examined: one from the Gogolin Unit —
LDI11, one from the Gorazdze Unit — SAS, one from the Dziewkowice (Terebratula) unit — S2 (Stanienda-Pilecki,
2013a, 2023; Stanienda-Pilecki & Jendrus, 2024), and 4 from the Karchowice unit— TO7, TO62 (Stanienda, 2011),
SO14 (Stanienda-Pilecki, 2013a, b, 2023), SO16 and SO17 (Stanienda-Pilecki, 2013a, 2023). Dolomite samples
were taken from the Tarnowice Unit (LZ1, PSK2, PSZ3). The samples were selected based on the results of
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previous projects, which involved analyzing more than one hundred samples. The results of X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), X-ray fluorescence (XRF), and electron probe
microanalysis (EPMA) were most relevant in the selection of samples for this study.

The studies were carried out using the techniques of X-ray microprobe analysis (Electron microprobe analysis
— EPMA, with the application of a JXA-8230 X-ray microanalyser manufactured by JOEL. The measurements
were done on polished sections. The accelerating voltage was 15 kV, and the electron beam current was 20nA.
Quantitative analyses of the chemical composition were carried out using the wavelength dispersion (WDS)
method. The size of the analyzed area, resulting from the characteristics of the electron beam and the X-ray
excitation area, is of the order of 1um?. The maps of the element distribution were made using the energy dispersive
method (EDS). The standards used were: pure metals for Fe, Mn and aluminium oxide (Al,O3) as a standard for
aluminium and oxygen, calcium silicate (CaSiO3) as a standard for silicon and calcium, iron sulphide (Fe»S) as a
standard for sulphur (for sample LZ1), diamond as a standard and magnesium oxide (MgO) as a standard for
magnesium. The samples supplied were sputtered with a gold layer. They were sputtered with a carbon layer. The
WDS spectrometer measurements were carried out to perform quantitative analyses in micro-areas of the samples,
at selected points that differed in terms of chemical composition. The measurements were carried out on one micro-
area of the samples: LD11, SA5, TO7, TO62, LZ1, PSK2, and PSZ3, and in two micro-areas of samples: S2,
SO14, and SO17. In addition, an EDS method of microprobe measurement was carried out in a selected area of
sample PSZ3. The chemical elements determined were Mg, Si, Al, Ca, Ba, Sr, Fe, Mn, O, and C. The total C and
part of the oxygen formed carbonates. The remainder of the O formed aluminosilicates and quartz. In addition,

elemental content was measured in micro-areas of samples LZ1, PSK2, and PSZ3 using the EDS method.
Results

The microprobe measurements (Electron probe microanalysis) were executed in the carbonate groundmass
of the samples, at points. BSE images of selected, representative micro-areas of samples were taken. The
quantitative chemical composition of the rocks at the points was determined. This method allowed for the
determination of five carbonate phases: low magnesium calcite, high magnesium calcite, proto-dolomite, ordered
dolomite, and de-huntite. The results were presented in Tables from 1 to 14 and Figures from 2 to 9. In tables, the
calculated chemical formulas of identified minerals were presented. The names of minerals in the tables are
presented in the form of abbreviations as follows: Cal- low magnesium calcite (Low-Mg calcite), Mg-Cal- high
magnesium calcite (High-Mg calcite), P-Dol- proto-dolomite, O-Dol- ordered dolomite, and De-Hun- de-huntite,
Hun- huntite.

Gogolin limestone from the quarry of Ligota Dolna

Only one sample, LD11, was chosen from all the rock collected in Ligota Dolna Quarry. This sample
represents limestone of the Gogolin Unit. The microarea shows homogeneity in terms of chemical composition
(Table 1, Figure 2). The results of measurements indicate the presence of low magnesium calcite in this sample.
This carbonate phase is fair-grey in color. The contents of Mg are very low. It does not exceed the value of 0.8 %.
Calculated value of MgO is below 1.4 % (Table 1). Therefore, the chemical formula for calcite determined at all
measurement points was given as (Cag.99,Mgo.01)COs.

Fig. 2. BSE image of sample LD11 (Gogolin Limestone from Ligota Dolna Deposit), Magn. 500x., 1-22- points of chemical analysis.
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Table 1. Microprobe chemical analyses in the micro-area of sample LD11

Point number/ Type of chemical element [%omass] (Fig. 2)
Mineral 0 C

chemical formula | normalized normalized Mg Si Al Ca Ba Sr  Fe Mn Total  MgO
1 / Cal (Cag.99,Mg0.01)CO3 54.47 9.12 0.75 2.65 0.00 29.87 0.00 0.00 3.14 000 100.00 1.24
2 /Cal (Ca99,Mgo.01)CO;3 54.22 9.13 0.70 1.53 0.00 31.79 0.00 0.00 2.63 0.00 100.00 1.16
3 /Cal (Cag.o9,Mgo.01)CO3 54.30 9.16 0.66 3.67 0.00 30.30 0.00 0.00 191 0.00 100.00 1.09
4 / Cal (Cag.90,Mgo.01)CO3 54.20 9.01 0.70 222 0.00 30.94 0.00 0.00 293 000 100.00 1.16
5 / Cal (Cag.99,Mg.01)CO3 54.14 9.15 0.60 129 0.00 33.09 0.00 0.00 1.73 0.00 100.00 0.99
6 / Cal (Cag.o9,Mgo.01)CO3 54.85 9.17 0.68 272 0.00 29.79 0.00 0.00 2.79 0.00 100.00 1.12
7 / Cal (Ca99,Mgo.01)CO;3 53.39 9.02 0.68 1.80 0.00 3237 0.00 0.00 274 0.00 100.00 1.12
8 / Cal (Cag.99,Mg.01)CO3 54.40 9.05 0.73 270 0.00 30.17 0.00 0.00 295 0.00 100.00 1.21
9 / Cal (Cag.e9,Mgo.01)CO3 54.35 8.84 0.71 2.43 0.00 30.78 0.00 0.00 2.89 0.00 100.00 1.18
10/ Cal (Cag.90,Mg.01)CO3 54.15 9.01 0.75 242 0.00 30.51 0.00 0.00 3.16 0.00 100.00 1.24
11/ Cal (Cag.00,Mg0.01)CO;3 54.14 9.02 0.67 2.11 0.00 31.69 0.00 0.00 237 0.00 100.00 1.11
12/ Cal (Cag.00,Mg0.01)CO;3 54.26 8.98 0.72 2.59 0.00 30.74 0.00 0.00 3.07 0.00 100.00 1.19
13 / Cal (Cag,90,Mg.01)CO3 54.21 8.84 0.71 2.18 0.00 31.18 0.00 0.00 2.88 0.00 100.00 1.18
14/ Cal (Cag.00,Mg0.01)CO;3 53.83 9.22 0.65 2.08 0.00 31.90 0.00 0.00 232 000 100.00 1.10
15 / Cal (Cag.90,Mg.01)CO3 54.01 9.19 0.67 229 0.00 30.82 0.00 0.00 3.02 000 100.00 1.1l
16 / Cal (Cag.90,Mg.01)CO3 54.56 9.10 0.63 2.08 0.00 3095 0.00 0.00 268 000 100.00 1.04
17 / Cal (Cag.00,Mg0.01)CO;3 53.75 9.09 0.71 227 0.00 31.13 0.00 0.00 3.05 0.00 100.00 1.18
18 / Cal (Cag.90,Mg.01)CO3 54.04 9.18 0.77 1.84 0.00 31.33 0.00 0.00 2.84 0.00 100.00 1.28
19/ Cal (Cag.00,Mg0.01)CO;3 54.35 8.75 0.11 256 0.00 31.17 0.00 0.00 3.06 0.00 100.00 0.18
20/ Cal (Cag.09,Mg0.01)CO;3 51.13 9.65 0.80 2.41 0.00 33.16 0.00 0.00 2.85 0.00 100.00 1.33
21/ Cal (Cag.99,Mg.01)CO3 54.52 9.02 0.76 332 0.00 28.74 0.00 0.00 3.64 000 100.00 1.26
22/ Cal (Cag.99,Mg0.01)CO;3 54.55 8.80 0.11 242 0.00 31.26 0.00 0.00 2.86 0.00 100.00 0.18

Gorazdze limestone from the Saint Anne Mountain outcrop

Only one sample, SAS, was chosen from all the rock collected in the Saint Anne area. This sample represents
limestone of the Gorazdze Beds. The micro-area shows homogeneity in terms of chemical composition (Table 2,
Figure 2), as for the sample LD11 from the Gogolin Unit. Also, in this case, the results of measurements indicate
the presence of low magnesium calcite in this sample. This carbonate phase is fair-grey in color. The contents of
Mg are very low. It does not exceed the value of 0.26 %. Calculated value of MgO is below 0.44 % (Table 2).
Therefore, the chemical formula for calcite was determined at measurement points 1 and 2 as (Cag.99,Mgo.01)CO3,
whereas the formula measured at point 3 was CaCOs.

Fig. 3. BSE image of sample SA5 (Gorazdze Limestone Saint Anne outcrop), Magn. 2000x., 1-3- points of chemical analysis.
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Table 2. Microprobe chemical analyses in the micro-area of sample SA5

Point number/ Mineral Type of chemical element [Yomass] (Fig. 3)
chemical formula 0 . C . .
normalized normalized Mg Si Al Ca Ba Sr Fe Mn Total MgO
1/ Cal (Cag99,Mgo01)CO3 46.06 9.69 026 0.00 0.01 4384 0.0l 006 0.04 0.03 100.00 043
2/ Cal (Cap.99,Mg0.01)CO3 45.12 8.94 023 0.00 0.00 4563 0.00 0.00 0.07 0.01 100.00 0.38
3/ Cal CaCO, 46.74 8.45 0.05 0.00 0.01 4475 0.00 0.00 0.00 0.00 100.00 0.10

Dziewkowice limestone from the quarry of Szymiszow

Of all the rock samples from the Szymiszéw quarry, only one sample — S2 — was selected for analysis. This
sample represents limestone of the Dziewkowice (Terebratula) beds. Due to the heterogeneity of the sample, the
measurements were carried out in two micro-areas (Tables 3 and 4, Figures 4a and 4b) (Stanienda, 2013a and b,
Stanienda-Pilecki, 2023). Four carbonate phases were identified in the samples: low-Mg calcite, high-Mg calcite,
ordered dolomite, and de-huntite (Tables 3 to 4, Figure 4). Calcite phases are fair grey in color, and dolomite and
de-huntite are dark grey. Based on the results, chemical formulae of the identified carbonate phases were
calculated. The MgO content in huntite is below the stoichiometric value for huntite (MgO — 34.25 %, Mg —20.65
%). Some magnesium was probably removed from the crystals during the dehydration process. This carbonate
phase is therefore known as de-huntite.

Fig. 4. BSE images of the micro-areas of sample S2 (Dziewkowice Limestone from Szymiszow Deposit), a) first micro-area, Magn. 2000x., 1-
5- points of chemical analysis (Stanienda, 2013a; Stanienda-Pilecki, 2023); b) second micro-area, Magn. 2000x., 1-2- points of chemical
analysis.

Table 3. Microprobe chemical analyses in the first micro-area of sample S2 (Stanienda, 2011; Stanienda-Pilecki, 2023)

Point number/ Mineral Type of chemical element [%mass] (Fig. 3a)
chemical formula Y . C . .

normalized  normalized Mg Si Al Ca Ba Sr  Fe Mn Total  MgO
1/0-Dol [Cags5,Mgo45COs] 53.80 8.80 13.20 0.00 0.00 24.20 0.00 0.00 0.00 0.00 100.00 22.00
2/ Mg-Cal (Ca.66,Mg034)CO3 53.80 9.00 10.70 0.00 0.00 2630 0.00 0.00 0.20 0.00 100.00 17.74
3/Cal (Capo9,Mgo01)COs 50.00 8.60 030 0.00 0.00 41.00 0.00 0.10 0.00 0.00 100.00 0.50
4/Cal (Cag99,Mgo01)CO;3 46.70 11.60 020 0.00 0.00 41.50 0.00 0.00 0.00 0.00 100.00 0.33
5 / Mg-Cal (Cag.77,Mgo.23)COs 45.90 8.60 7.10 0.00 0.00 38.40 0.00 0.00 0.00 0.00 100.00 11.80

Table 4. Microprobe chemical analyses in the second micro-area of sample 52

- - -
Point number/ Mineral o . Type of chemical element [%mass] (Fig. 3b)
hemical f 1
chemical formuta normalized  normalized Mg Si Al Ca Ba Sr Fe Mn Total MgO
1/ De-Hun [Cag39,Mg0.61COs] 49.34 10.65 1595 0.00 0.03 2395 0.01 0.0l 0.06 0.00 100.00 26.45
9/ Cal CaCOs 48.25 10.95 033  0.00 0.01 40.41 0.00 0.02 0.01 0.02 100.00 0.55

Karchowice limestones from the quarry of Tarnéw Opolski

Two limestone samples —TO7 and TO62 — selected from rock samples collected at the Tarnow Opolski quarry
represent the Karchowice Beds. The results of the measurements are presented in Tables 5 and 6 and Figure 5
(Stanienda, 2011; Stanienda-Pilecki, 2023). The results of the study indicate a differentiation of the limestones in
terms of the content of magnesium-enriched mineral phases. Four carbonate phases were identified in the samples:
low-Mg calcite, high-Mg calcite, proto-dolomite, and ordered dolomite (Tables 5 to 6, Figure 5).
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L8 )
Fig. 5. BSE images of the micro-areas of samples: a) TO7 Magn. 1500x., 1-11- points of chemical analysis (Stanienda 201 1; Stanienda-Pilecki,
2023); b) TO62 (Karchowice Limestones from Tarnow Opolski Deposit (Stanienda 2011; Stanienda-Pilecki, 2023).

Table 5. Microprobe chemical analyses in the micro-area of sample TO7 (Stanienda 2011, Stanienda-Pilecki, 2023)

Point number/ Mineral Type of chemical element [%mass] (Fig. 5a)
chemical formula Y . C . .

normalized normalized Mg Si Al Ca Ba Sr Fe Mn Total MgO
1 /Cal (Cag99,Mg.01)CO;3 52.39 431 029  0.09 0.00 4256 0.00 0.00 0.14 0.00 100.00 0.48
2 /Cal (Capg9,Mgo01)CO3 49.45 8.72 044  0.07 0.00 41.21 0.00 0.00 0.01 0.03 100.00 0.73
3 / Mg-Cal (Cag.79,Mgo21)CO; 48.70 7.80 6.73  0.15 0.00 36.06 0.00 0.00 0.61 0.01 100.00 11.16
4 / Mg-Cal (Cag.70,Mgo30)CO3 49.51 9.14 948 0.71 0.00 30.56 0.00 0.00 0.72 0.03 100.00 15.72
5 / Mg-Cal (Cag.9,Mg031)CO;3 50.41 8.51 9.80 024 0.00 30.35 0.00 0.00 0.82 0.05 100.00 16.25
6 /Cal (Cagos,Mgo.05)CO;3 47.20 9.09 244  0.13 0.00 39.54 0.00 0.00 1.14 0.09 100.00 4.06
7 / O-Dol [Cag.s56,Mg0.44COs] 52.31 7.76 13.56  0.08 0.00 25.09 0.00 0.00 050 0.00 100.00 22.48
8 /0O-Dol [Cag.56,Mg0.44COs] 52.83 7.49 13.38 0.08 0.00 24.68 0.00 0.00 0.80 0.01 100.00 22.18
9 / 0-Dol [Cag.s6,Mg0.44CO5] 52.64 7.70 13.67 0.12 0.00 2506 0.00 0.00 0.76 0.13 100.00 22.50
10/Cal  (Cago9,Mgo01)CO3 49.67 8.43 035 0.04 0.00 41.60 0.00 0.00 0.13 0.02 100.00 0.58
11/Cal  (Cago9,Mgo01)COs3 50.01 8.80 032 0.07 0.00 41.01 0.00 0.00 0.03 0.01 100.00 0.53

Table 6. Microprobe chemical analyses in the micro-area of sample TOG62 (Stanienda 201 1; Stanienda-Pilecki, 2023)

Point number/ Mineral Type of chemical element [%mass] (Figure 5b)
chemical formula O C X MgO
normalized normalized Mg Si Al Ca Ba Sr Fe Mn Total

1/ Cal (Cao.9,Mg001)COs 51.13 821 046 0.9 0.00 39.75 0.00 0.00 0.05 001 100.00 0.77
2/ P-Dol [Cag61,Mgo.39CO3] 56.13 866 1234 011 000 2240 0.00 0.00 047 0.04 100.00 20.57
3/ 0-Dol [Cay.53,Mgp.47COs] 47.94 1031 1335 0.1 0.00 2699 0.00 000 030 004 100.00 2225
4/ PD [Cans1,Mgo3COs] 56.52 896 1223 0.17 000 2227 000 000 046 000 100.00 20.38
5/ Cal (Caos9,Mgoo1)COs 51.53 7.09 044 005 000 41.08 0.00 0.00 0.00 001 100.00 0.73
6 / Cal (Cao.90,Mgo01)CO; 43.13 9.00 020 004 000 47.44 000 0.00 000 000 100.00 033
7/ Cal (Cag.90,Mgo.01)COs 43.01 8.92 0.16 007 000 4759 0.00 0.00 002 001 100.00 027
8/ P-Dol [Cag.57,Mgo.4:CO3] 55.91 850 1261 005 0.00 2254 000 0.00 031 002 100.00 21.02
9/ P-Dol [Cay.6,Mgo.40COs] 56.49 803 1251 011 000 2231 000 000 043 002 100.00 20.85
10/ P-Dol [Cape0,Mgo40COs] | 56,66 732 1253 009 000 2302 000 000 0.12 000 100.00 20.88
11/ Cal (Cao.9,Mgo01)COs 51.69 725 021 005 000 40.66 0.00 0.00 006 001 100.00 035
12/ Cal (Cao.90,Mgo.01)COs 51.93 7.69 0.12 006 000 39.88 0.00 0.00 005 005 100.00 020
13/ Cal (Ca.90,Mgo01)COs 44.14 9.50 1.08  0.09 000 4494 000 000 0.12 000 100.00 1.80
14/ P-Dol [Cape,Mgo3sCOs] | 5631 875  11.85 0.08 000 22.69 000 000 032 001 10000 19.75
15/ P-Dol [Cao.s2,Mg033COs] 56.31 875  11.85 008 000 2269 000 000 032 001 100.00 19.75
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In BSE images, pure calcite phases appear in light grey tones, while high-Mg calcite occasionally shows a
slightly darker shade of grey compared to low-Mg calcite (Fig. 5a). The rhombohedral crystals of dolomite have
a dark grey appearance (Fig. 5b). The Mg content in high-Mg calcite varies, and proto-dolomite is characterised
by a lower MgO content than stoichiometric dolomite (MgO — 21.86%, Mg — 13.18%). In contrast, ordered
dolomite has MgO values similar to or slightly higher than the stoichiometric values typical for dolomite. Based
on the results, chemical formulae of the identified carbonate phases were calculated. They are presented in tables
(Tables 5 and 6). Within the single crystals, the same carbonate phase was observed very often — ordered dolomite
at points 7, 8, and 9 in the crystals of sample TO7 (Table 5, Fig. 5a) and at point 3 in the crystal of sample TO62.
Proto-dolomite occurred at points 2, 4, 8, 9, 10, 14, and 15 in the crystal of sample TO62 (Table 6, Fig. 5b).

Karchowice limestones from the quarry of Strzelce Opolskie

A total of two samples were selected from all the rocks collected at the Strzelce Opolskie quarry — SO14 and
SO17. These limestones represent the Karchowice Unit. Due to the diversity of these samples, the measurements
were made in two micro-areas (Tables 7, 8, 9, 10, Figs 6, 7) (Stanienda, 2013a and b).

Three carbonate phases were identified in this sample, SO14: low-Mg calcite, proto-dolomite, and ordered
dolomite (Tables 7, 8, Fig. 6). In the BSE image, the calcite phase is usually light grey in colour, and dolomite
phases are dark grey. The results were used to calculate the chemical formulae of these phases.

The results of measurements in micro-areas of sample SO17 are presented in Tables 9 and 10 and Figure 7.
Similar to sample S2 (Terebratula limestone), the MgO content in huntite is below the stoichiometric value for
huntite (MgO — 34.25 %, Mg — 20.65 %). Therefore, some magnesium has probably been removed from the
crystals during dehydration processes. Five carbonate phases were identified in sample SO17: low-Mg calcite,
high-Mg calcite, proto-dolomite, ordered dolomite, and de-huntite. As for the SO14 and SO16 samples, the
chemical formulae of the carbonate phases were also calculated for the SO17 sample. They are presented in Tables
9 and 10.

Fig. 6. BSE images of the micro-areas of samples SO14 (Stanienda, 2013a) (Karchowice Limestone from Strzelce Opolskie Deposit): a) micro-
area of SO14 sample, Magn. 2000x., 1-8- points of chemical analysis; b) micro-area of SO16 sample, Magn. 2000x., 1-7- points of chemical
analysis.

Table 7. Microprobe chemical analyses in the first micro-area of sample SO14 (Stanienda, 2013a)

. Point nuvmber / o c Type of chemical element [%mass] (Fig. 6a)

Mineral chemical formula normalized normalized Mg Si Al Ca Ba Sr Fe Mn Total MgO
1 / De-Hun [Cag49,Mg0.51COs] 48.37 11.54 14.04 0.00 0.03 25.19 0.00 0.02 0.81 0.00 100.00 23.30
2/ De-Hun [Cag49,Mg(.5:1COs] 47.32 12.90 14.01 0.00 0.02 2478 0.00 0.00 097 0.00 100.00 23.23
3/ 0O-Dol [Cag.56,Mg0.44CO3] 49.03 11.53 1342 0.00 0.02 2487 0.00 0.00 1.09 0.04 100.00 22.25
4 / De-Hun [Cag.47,Mg0.53CO5] 46.65 12.19 1472 0.00 0.03 2499 0.08 0.00 134 0.00 100.00 24.41
5/ De-Hun [Cag4,,Mg.5sCOs] 45.60 12.35 1592 0.01 0.02 2478 0.00 0.02 1.27 0.03 100.00 26.40
6/ Cal (Cag99,Mg0.01)CO;3 42.81 14.97 0.17 0.00 0.02 41.88 0.00 0.00 0.11 0.02 100.00 0.28
7/ Cal (Cag99,Mg0.01)CO;3 44.71 12.49 0.16 0.00 0.00 4253 0.00 0.00 0.11 0.00 100.00 0.27
8 / Cal CaCO; 43.18 12.44 0.10 0.00 0.00 44.02 0.01 0.00 0.24 0.01 100.00 0.17
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Table 8. Microprobe chemical analyses in the second micro-area of sample SO14

Point number/ Mineral

Type of chemical element [%mass] (Fig. 6b)

chemical formula 0 . C . X

normalized normalized Mg Si Al Ca Ba Sr Fe Mn Total MgO
1/ De-Hun [ Cag.49,Mgo5COs ] 52.72 9.09 1436 0.05 0.06 2249 0.00 0.00 1.19 0.04 100.00 23.81
2/ De-Hun [ Cag47,Mg.53COs ] 50.12 11.01 14.58 0.04 0.07 22.84 0.02 0.00 1.31 0.01 100.00 24.18
3/ De-Hun [ Caga6,Mgo.54COs ] 48.42 12.73 1493 0.00 0.02 23.01 0.00 0.01 0.83 0.05 100.00 24.80
4/ De-Hun [ Cag.43,Mgo5COs ] 48.74 12.63 1441 0.00 0.02 2299 0.03 0.00 1.14 0.04 100.00 24.90
5 / P-Dol [Cag.61,Mg039COs] 52.67 11.42 12.17 0.11 0.16 2220 0.00 0.06 1.18 0.03 100.00 20.20
6/ Cal (Cag.99,Mgo.01)CO;3 47.87 10.98 022 0.13 0.07 40.57 0.00 0.00 0.14 0.02 100.00 0.36
7/ Cal (Cag.99,Mgo.01)CO;3 48.85 9.35 0.10 0.00 0.00 41.56 0.00 0.00 0.09 0.05 100.00 0.17

Table 9. Microprobe chemical analyses in the first micro-area of sample SO17

Fig. 7. BSE images of the micro-areas of sample SO17 (Karchowice Limestone from Strzelce Opolskie Deposit): a) first micro-area, Magn.
2000x., 1-5- points of chemical analysis; b) second micro-area, Magn. 2000x., 1-5- points of chemical analysis (Stanienda, 2013a).

Point number/ Mineral chemical

Type of chemical element [%mass] (Fig. 7a)

formula o . C . .
normalized normalized Mg Si Al Ca Ba Sr Fe Mn Total MgO
1/De-Hun [ Cag43,Mgo57COs ] 50.12 9.26 15.68 0.00 0.03 2471 0.01 0.03 0.16 0.00 100.00 26.00
2/ De-Hun t [ Cag47,Mgo.53COs3 ] 52.13 8.68 14.61 0.00 0.06 24.16 0.01 0.04 0.28 0.03 100.00 24.22
3/ Cal (Cag99,Mgo.01)CO 49.07 8.33 0.27 0.00 0.01 4228 0.00 0.00 0.03 0.01 100.00 0.45
4/ Cal (Cag.99,Mgo01)CO; 49.37 8.69 021 0.00 0.02 41.67 0.00 0.00 0.03 0.01 100.00 0.35
Table 10. Microprobe chemical analyses in the second micro-area of sample SO17 (Stanienda, 2013a)
Point number/ Mineral chemical Type of chemical element [%mass] (Fig. 7b)
formula o . ¢ . .
normalized normalized Mg Si Al Ca Ba Sr Fe Mn Total MgO
1/0-Dol [Cay.s6,Mg044COs] 52.42 9.59 1323 0.00 0.05 2440 0.00 0.01 025 0.05 100.00 22.00
2/ De-Hun [ Cag6,Mgo.54COs ] 52.52 8.04 1481 0.00 0.16 23.48 0.00 0.01 0.97 0.01 100.00 24.56
3/ Mg-Cal (Cag.70,Mg0.30)CO3 55.38 10.17 871 0.00 0.02 24.19 0.04 0.00 147 0.02 100.00 14.44
4/ Cal (Cag.99,Mg0.01)COs3 45.86 9.15 0.13 0.00 0.00 4476 0.00 0.03 0.05 0.02 100.00 022
5 / P-Dol [Ca.6,Mgo33COs] 53.78 10.61 1191 0.00 0.01 22.86 0.00 0.00 0.82 0.01 100.00 19.75

Tarnowice dolomite from the quarry of Lazarowka
Only one rock sample, LZ1, was selected for examination from all the samples taken from the Lazaréwka

quarry near Bytom (Table 11, Fig.8). This sample is representative of the dolomite of the Tarnowice Bed.

Two carbonate phases were identified in sample LZ1: high-Mg calcite and proto-dolomite (Table 11, Figure 8). A

variable Mg content was observed in the high-Mg calcite. The proto-dolomite, as in the limestone samples, is

characterised by a lower MgO content than the stoichiometric one for dolomite (MgO — 21.86%, Mg — 13.18%).

Moreover, pyrite was probably determined (Table 11 — point 1, Figure 8).
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Fig. 8. BSE image of sample LZ1 (Tarnowice Dolomite from Lazaréwka Quarry), Magn. 2500x., 1-6- points of chemical analysis

.

Table 11. Microprobe chemical analyses in the micro-area of sample LZ1

Point number/ Mineral

Type of chemical element [%mass] (Fig. 8)

chemical formula Y . C . .

normalized normalized Mg Si Al Ca Ba Sr Fe Mn S Total MgO
1/ Pyrite FeS, 52.10 10.58 1.20 0.74 0.05 147 0.00 0.00 2544 1.05 7.37 100.00 1.99
2 / Mg-Cal (Cag.61,Mg039)CO; 54.19 1093 10.37 0.00 0.07 20.96 0.00 0.00 2.87 0.60 0.01 100.00 17.19
3/ Mg-Cal (Cag.72,Mg023)CO; 55.99 12.07 747 0.01 0.06 2129 0.00 0.00 2.65 046 0.00 100.00 12.39
4 / Mg-Cal (Cag.60,Mg40)CO;3 53.47 11.90 10.41 0.05 0.05 21.96 0.00 0.00 1.89 0.25 0.02 100.00 17.26
5/ P-Dol [ Cags3,Mg42COs ] 53.49 11.20 11.39 0.05 0.08 20.92 0.00 0.00 2.25 0.61 0.01 100.00 18.89
6/ P-Dol [ Cag.ss,Mg4COs ] 53.44 11.29 11.71 0.01 0.11 20.69 0.00 0.00 2.17 0.56 0.02 100.00 19.42

In addition, elemental content was measured in a micro-area of sample LZ1 using the EDS method.
Mesasurements were executed at three points, as well as in a 48x36pum area: C, O, Mg, Si, Al, Ca, Ba, Sr, Fe and
Mn (Table 12, Fig. 9). Similar to micro-areas of some earlier studied samples, this micro-area is also dominated
by a carbonate phases — ordered dolomite and the carbonate phase with an elevated magnesium content,
characteristic of huntite. Due to the reduced Mg content relative to the stoichiometric one for huntite (Mg —
20.65%, MgO — 34.25%), this phase is called de-huntite.

Fig.9. Composite image of the micro-area of sample LZ1 with the quan
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quantitative analysis of the total area (48 x 36 um, point 4) was also performed.

Table 12. Microprobe chemical analyses of EDS measurements in_the micro-area of sample PSZ3

titative EDS analysis sites marked. 1-3- points of chemical analysis. A

- o -
Point number/ Mineral chemical Type of chemical element [%mass] (Fig. 9b)
formula O, C. .
normalized normalized Mg Si Al Ca Ba Sr Fe Mn Total MgO
1/ P-Dol [Cayss5,Mg0.45CO;5] 54.96 871 12.11 0.10 0.14 20.88 0.00 0.00 2.56 0.54 100.00 20.08
2/ P-Dol [Caygs5,Mgo4sCOs] 54.96 871 12.11 0.10 0.14 20.88 0.00 0.00 2.56 0.54 100.00 20.08
3/ O-Dol [Cagas,Mg)s,COs] 50.96 6.70 1381 026 0.11 2541 0.00 0.00 2.29 0.45 100.00 22.90
4/ Total Area
52.46 859 11.86 046 0.14 23.09 0.00 0.00 291 049 100.00 19.66
P-Dol [Caygs5,Mgo.44COs]
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Tarnowice Dolomites from Piekary Slaskie

In total, two samples were selected from all the rocks collected in the area of Piekary Slaskie — PSK2 (Table
13, Fig. 10a) and PSZ3 (Table 13, Fig. 10b). These limestones represent the Tarnowice beds.. Three carbonate
phases were identified in sample PSK2: high-Mg, calcite, proto-dolomite, and ordered dolomite (Table 13, Fig.
10a). Moreover, kaolinite was determined in this sample (Table 13, Fig. 10a). Two carbonate phases were
identified in sample PSZ3 using the WDS method — high-Mg calcite and proto-dolomite (Table 13, Fig. 10b).
Moreover, in sample PSZ3, kaolinite was determined. A variable Mg content was observed in high-Mg calcite in
both samples. The proto-dolomite, similar to sample LZ1, is characterised by a lower MgO content than the
stoichiometric one for dolomite (MgO — 21.86%, Mg — 13.18%).

In addition, elemental content was measured in micro-areas of samples PSK2 and PSZ3 using the EDS
method. Measurements were executed at three points, as well as in a 48x36pum area: C, O, Mg, Si, Al, Ca, Ba, Sr,
Fe, and Mn (Table 15, Fig. 11). When measured using the EDS method, high-magnesium calcite was found in the
micro-areas of samples PSK2 and PSZ3.

: A S - i g »
Fig. 10. BSE images of the micro-areas of samples PSK2 and PSZ3 (Tarnowice Dolomites from Piekary Slgskie City): a) micro-area of

sample PSK2, Magn. 2500x., 1-6- points of chemical analysis,; b) micro-area of sample PSZ3, Magn. 2500x., 1-6- points of chemical
analysis.

Table 13. Microprobe chemical analyses in the second micro-area of sample PSK2

Point number/ Mineral chemical Type of chemical element [%mass] (Fig. 10a)
formula O, C. .

normalized  normalized Mg Si Al Ca Ba Sr Fe Mn Total MgO
1 /Kaolinite ? AL(Si,05)(OH), 51.35 1030 1.07 17.62 1390 2.83 0.0 0.00 2.89 0.04 100.00 1.77
2/ P-Dol [Cags:,Mgp42COs] 55.73 1190 1126 0.0 0.04 2097 0.00 0.00 0.00 0.00 100.00 18.67
3/ Mg-Cal (Cao0,Mg0.36)CO3 56.03 1204 952 001 002 2234 000 000 004 0.00 100.00 15.78
4/ Mg-Cal (Cao.2,Mgo35)COs 56.00 11.62 998 002 003 2233 000 0.00 002 0.00 100.00 16.55
5/ Mg-Cal (Cag71,Mgo20)CO3 56.49 1255 771 094 006 22.18 0.00 0.00 0.04 0.03 100.00 12.78
6 / Mg-Cal (Cag73,Mg27)CO;3 54.31 1073 7.11 7.67 027 19.08 0.00 0.00 0.73 0.10 100.00 11.79

Table 14. Microprobe chemical analyses in the micro-area of sample PSZ3

Point number/ Mineral chemical Type of chemical element [%mass] (Fig. 10b)
formula 0 . ¢ . .

normalized normalized Mg Si Al Ca Ba Sr Fe Mn  Total MgO
1/ Mg-Cal (Cag.63,Mg037)CO; 55.61 11.27 9.75 2.10 048 20.50 0.00 0.00 0.23 0.06 100.00 16.17
2 / Mg-Cal (Cayg.64,Mg036)CO3 51.10 11.35 943  6.68 043 20.59 0.00 0.00 0.38 0.04 100.00 15.64
3/ P-Dol [Caq.s57,Mgp.43CO:s] 54.04 11.53 11.44 045 0.15 2192 0.00 0.00 0.40 0.04 100.00 18.97
4/ O-Dol [Cag5:Mgp.49COs] 52.37 9.99 1298 1.84 0.16 22.47 0.00 0.00 0.14 0.03 100.00 21.52
5/ Mg-Cal (Cag.69,Mgo31)CO; 53.75 11.55 823 3.07 035 2279 0.00 0.00 021 0.06 100.00 13.65
6/ O-Dol [Cag.s4,Mgo.46COs] 54.45 11.04 1225 022 0.11 21.88 0.00 0.00 0.03 0.02 100.00 20.31
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Fig.11. Composite images of samples PSK2 (a) and PSZ3 (b) with quantitative analysis spots marked, 48x36um area.

Table 15. Microprobe chemical analyses of EDS measurements in the micro-area of sample PSZ3

- S -
Point number/ Mineral chemical Type of chemical element [%mass] (Fig. 9b)
formula O, C. .
normalized normalized Mg Si Al Ca Ba Sr Fe Mn Total MgO
PSK2 sample
. 11. . . 2 22.4 . . 2 . 100. 14.74
Me-Cal (Cao 6, Mgo1)COs 55.96 38 889 0.75 0.25 8 0.00 0.00 0.29 0.00 100.00 7
PSZ3 sample
56.35 1192 7.67 1.65 096 21.04 0.00 0.00 039 0.03 100.00 12.721
Mg-Cal (Cap70,Mg030)COs3

The results of the study indicate a differentiation of the limestones of Lower Muschelkalk formations —
Gogolin, Gorazdze, Dziewkowice, and Karchowice Units. Gogolin and Goérazdze rocks are built of low
magnesium calcite. In the samples of the Dziewkowice and Karchowice Units, the content of magnesium-enriched
mineral phases is notable. Five carbonate phases were identified in the samples: low-Mg calcite, high-Mg calcite,
proto-dolomite, ordered dolomite, and de-huntite (Tables 1 to 10, Figs 2 to 7). The calcite phases are light grey. In
some cases, high-magnesium calcite is darker in colour than low-magnesium calcite (Fig.5a). The dolomite phases
and de-huntite are dark grey. Some of the dolomite crystals are rhombohedral (Figs 4b, 6a, 7).

The Upper Muschelkalk dolomites are also differentiated by the presence of carbonate phases with varying
magnesium contents. Similar to the samples from the Tarnéw Opolski deposit and Strzelce Opolskie, the proto-
dolomite from the Lazaréwka quarry and the town of Piekary Slaskie is characterised by a lower MgO content
than the stoichiometric one for dolomite. In contrast, the ordered dolomite has MgO values similar to or slightly
higher than the stoichiometric values typical of dolomite (MgO — 21.86%, Mg — 13.18%). The results have been
used to calculate chemical formulae for high-Mg calcite, proto-dolomite, and ordered dolomite phases. They are
given in Tables 11 to 15.

Huntite phase identified in limestone samples from the Szymiszow and Strzelce Opolskie quarries and
dolomite of Piekary Slaskie is characterised by a significantly lower MgO content, ranging from 23.23% (Mg —
14.01%) to 26.40% (Mg — 15.92%), than the stoichiometric value for huntite (MgO — 34.25%, Mg — 20.65%). It
is likely that some magnesium was removed from the crystals of these limestones during the dehydration process.
Therefore, this carbonate phase has been named de-huntite. Its chemical formula is calculated and given in Tables
4,7,8,9,and 10.

Discussion

The aim of the study was to identify carbonate phases with different magnesium contents using electron
microprobe analysis (X-ray spectral microanalysis, microprobe measurements). Magnesium is one of the
components of five identified carbonate phases: low-Mg calcite, high-Mg calcite, proto-dolomite, ordered
dolomite, and huntite phase. These carbonate phases occur in Triassic limestones of Lower Muschelkalk of Opole
Silesia and Triassic dolomites of Upper Muschelkalk of Upper Silesia. X-ray microprobe analysis enables the
elemental composition of selected areas of the sample to be measured. This enables the precise measurement of
the elemental content at a given point. Precise magnesium measurements allow the carbonate phase at a given
point to be determined. This is why this method was chosen to determine the type of carbonate phase with different
Mg contents in the analysed limestones.

Occurrence of calcite phases with magnesium in Muschelkalk limestone

The analyses carried out showed that five carbonate phases were identified in samples from all the formations
studied in the Lower Muschelkalk area of Opole Silesia, Poland (the Polish part of the Germanic Basin): low-Mg
calcite, high-Mg calcite, proto-dolomite, ordered dolomite, and de-huntite. In the Tarnowice Formation of the
Upper Silesia area (the eastern part of the Polish zone of the Germanic Basin, also known as the Upper
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Muschelkalk), three carbonate phases with different magnesium (Mg) content were identified: high-Mg calcite,
proto-dolomite, and ordered dolomite. A total of 10 samples were examined: LD11 represents the Gogolin Unit;
SAS5 represents the Gorazdze Unit; S2 represents the Dziewkowice (Terebratula) Unit; and TO7, TO62, SO14, and
SO17 represent the Karchowice Unit. LZ1, PSK2, and PSZ3 represent the Tarnowice Unit. In BSE images, low-
and high-magnesium calcites are typically found mixed within limestone rock. These mineral phases are typically
light grey in color. Occasionally, the high-magnesium calcite is darker than the low-magnesium calcite (Fig. 5a).
In BSE images, dolomite and huntite phases are usually dark grey in colour. Larger, sparry, low-magnesium calcite
grains often vary in size and shape (Figs 5, 6, 7). These minerals typically form either aggregates or fill veins.

Microprobe measurements indicate that the magnesium content of the low-Mg calcite phase is less than 3%.
The Mg content of the high-Mg calcite phase ranges from 6.69% to 10.70%. The MgCOs content in low-Mg calcite
is less than 12.16%, whereas in high-Mg calcite it ranges from 23.29% to 37.25%. Proto-dolomite is characterised
by a magnesium (Mg) content ranging from 11.12% to 12.61%, whereas ordered dolomite has an Mg content
ranging from 13.02% to 13.67%. The MgCOs3 content ranges from 38.72% to 43.91% in proto-dolomite, and from
45.34% to 47.60% in ordered dolomite. Thus, in ordered dolomite, the MgCQOj3 value is close to the stoichiometric
value for this carbonate phase. Similar values are observed for the measured Mg content within the same dolomite
crystal (Tables 5, 6, Fig. 5). This indicates that the crystal contains an ordered dolomite or proto-dolomite phase.
This is particularly important in the case of proto-dolomite, which is characterised by a lower than typical
stoichiometric magnesium (Mg) content. If the Mg content of the same dolomite crystal were different, then it
could be considered a dolomite pseudomorph. These differences can only be reliably identified through X-ray
microprobe analysis. Huntite phase (named as de-huntite) was present in small amounts in all the samples
examined. In BSE images, de-huntite is usually dark grey in color, similar to dolomite. The Mg content of de-
huntite ranges from 14.01% to 16.18%. The MgCOs content of the identified de-huntite ranges from 48.78% to
55.44%, which is lower than the stoichiometric value of the huntite phase (69.30—72.28%). The reduction of Mg
observed in de-huntite must be the result of diagenetic processes, such as dehuntitisation or calcitisation
(Stanienda, 2013a, 2016a).

Structures of the crystal cell and chemical formulae of carbonate phases with magnesium

The research results presented in this article and results of previous projects (Stanienda, 2005, 2006, 2011,
2013a and b, 2014, 2016a and b, Stanienda-Pilecki, 2017, 2018, 2019, 2021, 2023; Stanienda-Pilecki & Jendrus,
2024) and also data from references allow us to determine the chemical formulas of investigated carbonate phases
with magnesium. The chemical formula of the low-Mg magnesium calcite of the Lower Muschelkalk limestones
can usually be shown as follows: (Cag.95,Mgo.05)CO3 or (Cag.99,Mgo.01)CO;3. No major differences in Mg content
were observed in the low-Mg calcite of the limestones of the studied formations. Greater differences in Mg content
were observed in high-Mg calcite (high magnesium calcite / high magnesio-calcite) (Stanienda, 2011, 2013a,
2016a). The chemical formula of the high-Mg calcite of the Gogolin limestones is as follows: CagoMgo.1COs3,
whereas in the high-Mg calcite of the Gorazdze limestones, the relationship is (Cao.92-0.90,Mg0.08-0.10)CO3
(Stanienda, 2013a). The chemical formula of the high-Mg calcite of the Terebratula (Dziewkowice) limestones is
as follows: (Cao.77-0.66,Mg023-034)COs3, and that of the Karchowice limestones is as follows: (Cao.79-0.60,Mgo.21-
0.31)COs. The chemical formula of the high-Mg calcite of the Tarnowice dolomites is as follows: (Cag 73-0.60,Mgo.27-
0.40)CO:3.

The results and literature data indicate that in a single crystal cell of high-Mg calcite, made up of 14 ions,
three of the ions could be Mg ions and 11 Ca ions (Stanienda, 2011, 2013a, 2016a). F. Zhang et al. (Zhang et al.
2010) found that the values of the cell parameters ao (A) and co (A) decrease with increasing MgCOj3 content in
high-Mg cells. The analysis of the data obtained by F. Zhang et al. (Zhang et al. 2010) shows that it is possible to
determine cell parameters on the basis of MgCOs3 content. When the MgCOj; content is 22.7%, the cell parameters
of high-Mg calcite have the following general values: a= 4.91 A, c= 16.65 A, and when the MgCO3 content is
36.71%, the cell parameters have the following general values: a= 4.88 A, c= 1645 A (Zhang et al. 2010).
Substitution of magnesium in high-Mg calcite crystals makes the structure of the crystal cell different from that of
the low-Mg calcite crystal. This is associated with a difference in the size of the ionic radius of Ca and the ionic
radius of Mg (Table 16, Fig. 12) (Titiloye et al., 1998; Tsipursky & Buseck, 1993). Magnesium-rich carbonate
minerals are characterised by a chemical formula typical of the stoichiometric value of the carbonate phase and
belonging to the appropriate space group. They are as follows: low-Mg calcite — (Cay.00-0.95,Mgo-0.05)CO3, space
group — scalenohedral- R3¢, high-Mg calcite — (Ca.92-0.74,Mg0.08-026)CO3, space group — rhombohedral — R§£,
proto-dolomite — [Cao 60-0.62,Mgo.40-0.33CO3], space group R3c, ordered dolomite — Cag 5,Mgo sCO3, space group R3,
huntite — [Cao.25,Mgo.75CO;], space group R32 and magnesite — MgCO3, space group R3c) (Bottcher et al., 1997 a
and b). According to Althoff (1977) and Paquette and Reeder (1990), the symmetry of the high magnesium calcite
crystal is rhombohedral with space group R3c, similar to that typical of proto-dolomite (Table 15).
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Table 16. Structures of the crystal cell and chemical formulas of carbonate phases with magnesium

Carbonate phase

No name Chemical formula Cell parameters Space group
1 (LFoig_%i)calcne (Ca 00095,Mg0.005)COs 4989 A, c= 170602 A g 1o ohedral- K3
Gogolin Unit- CagoMgjCOs
Gorazdze Unit- (Cao_gz_o‘go,Mgo‘og.o_10)CO3
High-Mg calcite . . .
2 (Figg. 111%) Dziewkowice Unit- (Cao77.066Mg023030C0s ) 4 941 & .= 16,854 A _
Karchowice Unit- (Cao‘79_0‘59,Mg0_21.0_3 1)CO3 Rhombohedral- R3¢
Tarnowice Unit- (Cag 73.0.60,Mg0.27.040)CO3
Proto-dolomite Karchowice Unit- [ Cao.62-0.60,Mg0.38-0.49CO3 ]
3 (Flg 1 IC) Tarnowice Unit- [ Cao_sg.sj,Mgo_42.45C03 ] Rhombohedral-
a,=4.842 A, c.=1595A proto-dolomite- R3¢
Ordered dolomite Dziewkowive Unit- [ Cao,ss,Mg()AsCO} ] Rhombohedral-
(Fig. 11d) Karchowice Unit- [ Cag.s6.0.53,Mg0.44.047COs ] ordered dolomite- R3
Tarnowice Unit- [ Cag5,Mgo43COs ]
Huntite CaMg;[COs]s [ Capas,Mgo75CO; ]
(Fig. 11e(A))
4 a,=9.5027 A, c,=7.8212 A Trapezohedral- R32

De-huntite
(Fig. 11e(B))

Dziewkowive UIlit- [ Caojg,Mg()_g]CO}]
Karchowice Unit- [ Ca0,4942,Mg0,51,53C03]
Tarnowice Unit- [ Cagas-37,Mgo.55.63CO3]
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Fig. 12. Crystal structures of the carbonate phases: a) low-Mg calcite, b) high-Mg calcite, ¢) proto-dolomite, d) ordered dolomite, e) (4)
stoichiometric huntite, (B) de-huntite (Stanienda-Pilecki, 2023).
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The results of the research showed that the Triassic carbonate rocks of the Polish part of the Germanic Basin
(Opole Silesia) contain a mineral that could be treated as modified huntite — magnesium and calcium carbonate
with the chemical formula CaMg3;[COs]4 (Stanienda, 2013a and b, 2016a; Stanienda-Pilecki, 2023). Due to the
reduced Mg content, this carbonate phase was named de-huntite (Table 16, Fig. 12e(B)). The Mg content of the
huntite phase can be shown by the following chemical formula: Cag.25,Mgo.75CO3. According to the results of the
study, the huntite of the lower Muschelkalk limestones of the Polish part of the Germanic Basin has a lower value
of MgCOs3 (50.20% to 57.98%) than is typical for this carbonate phase, which varies from 69.30% to 72.28% of
MgCOs. The chemical formula of de-huntite, calculated based on the research results, can be proved as follows:
[Cag.49-0.37,Mg0.51-0.63CO3]. The reduction of Mg in this mineral can be an effect of diagenetic processes —
dehuntization (calcitisation?) (Stanienda, 2013a and b, 2016a; Stanienda-Pilecki, 2023).

Environments of carbonate phases with magnesium formation

The results of the X-ray microprobe analysis also provide information on the formation of the limestones and
the diagenetic processes that influenced the final mineral composition of these rocks. When considering the
potential for carbonate formation, it is reasonable to conclude that both low-Mg and high-Mg calcite (the carbonate
phase characterised by a higher Mg content than low-Mg calcite, but lower than dolomite) formed in the
epicontinental Germanic Basin through direct crystallisation from seawater, alongside aragonite and dolomite
phases (Stanienda, 2011, 2013a and b, 2016a; Stanienda-Pilecki, 2023). Dolomite phases were probably formed
in the mixing zone of phreatic and salty seawater during the constructive diagenesis process in the early stages of
dolomitisation. In this environment, two phases of dolomite could have formed: proto-dolomite and ordered
dolomite. Furthermore, the presence of water with a high concentration of dissolved minerals in this zone caused
the unstable carbonate phase of high-Mg calcite, originally formed in a seabed environment, to undergo fixation
(Stanienda, 2011, 2013a and b, 2016a; Stanienda-Pilecki, 2023). Huntite is a specific carbonate phase that contains
more magnesium than dolomite. This mineral can be found in igneous, sedimentary, and metamorphic rocks from
various geological periods. It is typically formed through hydrothermal processes, the weathering of dolomite, or
the transformation of magnesium calcite at high temperatures. It is found in the sediments of the vadose zone in
sedimentary rocks (Deelman, 2011; Stanienda, 2011, 2013a and b, 2016a; Stanienda-Pilecki, 2023). De-huntite
was identified in the studied samples and probably formed in areas of the Germanic Basin where diagenetic
processes occurred alongside the addition of water from the vadose zone. This could explain this mineral's reduced
magnesium content.

Conclusions

These results are important because they provide new data on the mineral composition of Triassic sediments
in the study area. Previous studies have examined the general mineralogical composition of Muschelkalk rocks,
as well as the sedimentation and diagenetic processes that influenced their final composition. However, these
studies only marginally addressed the identification of carbonate phases differentiated by magnesium content.
Only a few research methods enable the identification of these carbonate phases. The most important of these are
X-ray diffraction and X-ray microprobe analysis.

According to the results, it can be said that:

1. X-ray microprobe analysis is one of the best methods for identifying mineral phases because of the
point-by-point nature of the measurements.

2. The results of the measurements confirmed the presence of five carbonate phases with different
magnesium contents in the rocks studied: a low-Mg calcite, a high-Mg calcite, a proto-dolomite, an
ordered dolomite, and a de-huntite.

3. The chemical formulae of the carbonate phase have been calculated. They are as follows:
low-Mg calcite — (Ca],00.0,95,Mgo.0,05)C03, high-Mg calcite — (Cao‘92.0,60,Mg0,og.0‘40)CO3, proto-
dolomite — [Cao.62-0.55,Mg038-045CO3], ordered dolomite — [Cao.s55.0,52,Mg0.45-4sCO3] and de-huntite —
[Cao.49-37,Mgo51-63COs].

4. Proto-dolomite is characterised by a lower Mg content than the typical stoichiometric value for
dolomite, and ordered dolomite has a Mg content similar to the stoichiometric one.

5. According to the results, the de-huntite of the studied carbonate rocks has a lower value of MgCO3
than the typical stoichiometric value of the huntite phase. Therefore, the huntite phase was renamed
'de-huntite'.

The reduction of Mg in the de-huntite can be an effect of diagenetic processes — dehuntization.

The results of the research extend the data connected with the mineral phases forming the Triassic

carbonate rocks of the Polish part of the Germanic Basin.

8. It was possible to explain the coexistence of carbonate phases with different magnesium contents and
the conditions in the sea basin that allowed the preservation in Triassic limestones of some carbonate
phases, such as high-Mg calcite, characteristic of younger sediments.

2o
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In summary, the obtained data can be compared with information on the mineral composition of Triassic
carbonate rocks found in other European countries and in other parts of the world. Additionally, the environmental
conditions of sedimentation and the diagenetic processes undergone by Triassic carbonate rocks in different parts
of the world can be compared. These processes have influenced the final form of the structural and textural features
and the mineral composition of these rocks.
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