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Abstract. In mainland Estonia the Muhu Formation of the Jaagarahu Stage (Silurian, Wenlock) is
represented by secondary dolomites (dolostones) originating from the normal-marine calcareous
sediments of the shoal facies belt of the palaeobasin. Five rock types, reef, breccia, microcrystalline,
low-argillaceous, and argillaceous dolomites, differing in the lithological composition, properties,
and possible fields of use, are distinguished.

The chemical composition of dolomites exhibits close to ideal molar proportions of Ca and Mg
for all above-mentioned types of dolomites. The results of the X-ray diffraction study show that
dolomites are nearly stoichiometric, with d,,, equalling 2.8850-2.8856 A

The dolomites studied represent the most completely and evenly dolomitized part of the
extensive body of pervasive Silurian dolomites.

Key words: Silurian, dolomitization, lithology, Palaeozoic dolomite, XRD analysis, mineral resources.

INTRODUCTION

The beds corresponding to the present Muhu Formation (Silurian, Wenlock)
were distinguished by Luha (1930) as the lithostratigraphic unit “Dolomitkomplex
von Muhu und Kesselaid”, subsequently included into the provisionally established
Muhu—Kurevere Stage (Luha, 1933), later to the Jaagarahu Stage (Luha, 1946).
The lithostratigraphical classification of the present Jaagarahu Stage has been
changed recurrently (e.g. Aaloe, 1970; Aaloe et al., 1958, 1976), some additional
units have been introduced (Resheniya..., 1987; Nestor, 1995), and the Muhu
dolomites by Luha (1930) have been re-established as a formation (Nestor, 1995).
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The present study of the aspects of dolomitization of the Muhu Formation
is based on comparative analysis of the chemical composition and X-ray
diffractometry of 10 samples (K1-K10) collected by A. Teedumée in 1998 from
Kurevere quarry and on the results of chemical analyses of the geological
exploration of the Anelema (Remmel, 1969) and Kurevere (Korbut, 1993a) deposits.

The generalized characterization of different rock types is based on about 200
analyses and tests of samples consisting of only one certain rock type. The analyses
and tests were selected from all performed in the course of geological prospectings
and explorations and deposited in the Estonian Geological Fund (EGF). For the
characterization of the impact of dolomitization on porosity, the material of the
Koonga deposit was used, as the chemical composition and porosity have been
analysed from the same sample in this deposit only (Remmel, 1974).

This study was carried out within the framework of the research project
0140226 “Lithological-mineralogical preconditions for the rational use of bowels
of the earth in Estonia”. It also constitutes a sequel to the series of studies
(Teedumde, 1988, 1992, 1996) on the distribution, properties, and potential
resources of the carbonate rocks of Estonia.

DISTRIBUTION AND CHARACTERISTICS OF ROCK TYPES
AND PROSPECTS OF UTILIZATION

In mainland Estonia the Muhu Formation spreads north of Parnu. It embraces
the whole section and lateral extent of the Jaagarahu Stage (Fig. 1). Southwards it
is replaced by the Riksu Formation. The rocks of the Muhu Formation originate
from sediments formed in the northeastern marginal part of the gulf-like
pericratonic sea (the “Baltic Gulf’) during the middle Wenlock regression.
Gradual shallowing, interrupted by short deepening episodes (Nestor & Einasto,
1997), resulted in a great variety of shoal carbonate deposits — reefs, skeletal-
pelletal sand and silt, calcareous-argillaceous muds. Secondary dolomitization
has destroyed skeletal remains and changed the composition of the rocks, but the
lithological variety of rocks has preserved. The regressive character of the
sequence is expressed in the upwards decreasing content of terrigenous material
— insoluble residue (Fig. 2). The thickness of the Muhu Formation is variable
(Figs. 2, 3) and everywhere incomplete due to the hiatus in late Jaagarahu time
(Nestor & Nestor, 1991) and because of post-Silurian denudation.

The outcrop of the Muhu dolomites (dolostones) has a rather thick (in general
more than 5 m) Quaternary cover. It is thinner only in the northern and north-
western areas where the dolomites of the lower part of the formation are exposed
in quarries and ancient coastal cliffs on isolated inliers (Fig. 1).

The Muhu Formation consists of five main lithotypes of dolomite. These are
of quite scattered spatial distribution because of the migration of the shoreline
during Jaagarahu time.
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Fig. 3. Meridional geological cross-section (line B-B” in Fig. 1). S,pd, Paadla Stage. For legend see Fig. 2.

Reef dolomite is light-grey or yellowish-grey, fine- to microcrystalline, non-
bedded, cavernous dolomite with rare mottles of fine-crystalline pyrite. Some of the
voids appear to be original cavities in the reef or openings left by the dissolution
of fossils, others are irregular solution cavities not related to organic forms. There
is no visible skeletal frame, but the texture of dolomite and relicts of tabulate and
rugose corals, crinoids and other fossils (Aaloe, 1970) confirm the reef origin of
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rocks. The dimensions of the reef mounds are variable. The biggest reef mound of
NW-SE orientation on the Kurevere deposit is 1.5 km long, 700 m wide, and up
to 11 m thick. Reefs occur sporadically in the lower part of the section (Fig. 3)
which is exposed in the northern outcrop area (Fig. 2).

The chemical composition of reef dolomite excels in high purity: CaO 28.6—
30.0%, MgO 20.8-21.9%, insoluble residue 1.1-4.6%. The content of Fe,O; is
0.2-0.5%, mainly above 0.2%. The higher values of insoluble residue are caused
by rare irregular inclusions of dolomitized marl (domerite).

Reef dolomite may be recommended for agricultural purposes — for reducing
the acidity of soil and as fertilizer, for use in metallurgy, and for glass manufacture
(except for colourless products). The compression strength of the reef dolomite is
high (1100-1300 kg/cm®), the water absorption (effective porosity) is low (1.5—
2.0%), and thus dolomite may be used for construction purposes.

Breccia dolomite occurs alongside the reef dolomite, forming the flanking
detrital apron. It is light-yellow or yellowish-grey, medium-bedded, cavernous
dolomite with thin, discontinuous, clayey partings and mottles of fine-crystalline
pyrite and rare pyritized relicts of fossils. The coarse-grained relict texture with
visible inclusions of coarse fragments of reef dolomite indicates its near-reef
wave-generated (abrasive) origin. The southwestern, offshore side of the above-
mentioned biggest reef on the Kurevere deposit is flanked by the breccia dolomite
throughout its extent (Korbut, 1993a). The thickness of breccia dolomite does not
exceed 4 m.

The chemical composition of breccia dolomite is quite similar to that of reef
dolomite, except the content of insoluble residue, which is usually less than 2.0%.
This allows of the use of breccia dolomite in the fields where pure dolomite is
needed. Due to its sporadic distribution and small thickness, the breccia dolomite
has not been tested for physical and mechanical properties, but, visually, it is a
solid rock and may be successfully used for building purposes.

Light, yellowish-grey or grey, flaggy dolomite laterally replaces the reef and
breccia dolomites, forming the upper part of the sections in the areas (e.g. Anelema,
Kurevere, Koonga; Fig. 2) where the latter types are absent. It is mainly a medium-
bedded, microcrystalline rock with small (up to 2 mm) cavities, rare spots of fine-
crystalline pyrite, and quite rare relicts of shelly fossils. Discontinuous clayey
partings or interlayers of dolomitized marl occur in the lower part of the section.
This dolomite represents an interreef rock built up of fine calcareous muds and
silts derived from reef erosion and, perhaps, also from precipitation of Ca-carbonate
directly from sea water. On the outcrop the thickness of flaggy dolomite varies
from 2 to 8 m.

The chemical composition of flaggy dolomite is quite close to that of reef
dolomite: CaO 27.5-30.0%, MgO 20.2-22.0%, insoluble components 1.6-7.5%,
among them Fe,03 0.4-0.6%. It can be used in agriculture, metallurgy, and glass
manufacture (except for colourless glass).

The physical and mechanical properties correspond to those of high-quality
building material. The compression strength is the highest (up to 2000 kg/cm®)
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among carbonate rocks in Estonia (Teedumie, 1983), being prevailingly above
1300 kg/cm’. The total porosity is 4-9%, water absorption less than 2%.

Grey, low-argillaceous dolomite with rare cavities, spots of fine-crystalline
pyrite, and relicts of bioclasts, mainly brachiopods (Aaloe, 1970), underlies the
above-mentioned dolomites of reef and interreef origin. This mainly micro-
crystalline dolomite occurs also in the form of discontinuous layers or lenses
deeper, inside the underlying argillaceous dolomite. Both dolomites originate
from the calcareous-argillaceous sediments of the shelf belt. Sporadic rare thin
wavy intercalations and partings of dolomitized marl are quite characteristic of
the whole sequence. In places (e.g. Sepamaa) some layers of low-argillaceous
dolomite are rich in skeletal debris.

The chemical composition of this type of dolomite is more variable: CaO
26.7-28.7%, MgO 19.6-21.0%, insoluble residue 5.3-10.2% (incl. Fe,O3 0.4—
1.1%). The highest values of insolubles are related to the intervals of
intercalations of dolomitized marl. Because of the high content of insoluble
residue, argillaceous dolomite cannot be used in the fields where high purity is
needed; it finds use only for agricultural purposes.

The total porosity of argillaceous dolomite varies between 3% and 8%, but the
water absorption (effective porosity) is quite stable (0.3-3.1%) and mostly less
than 2%. The compression strength is high (1000-1200 kg/cm®) and dolomite
may be used as building stone, concrete aggregate, and roadstone.

On the outcrop of the Muhu Formation argillaceous dolomite forms the
lower part of the formation. The contact with the overlying dolomite is not
always distinct. Lenticular bodies of argillaceous dolomite occur even higher.
Lithologically it is grey, microcrystalline, medium- to thin-bedded or seminodular
dolomite with wavy intercalations of dark-grey or brownish-grey dolomitized
marl, the frequency of which increases downwards. Cavities, pyrite mottles, and
relicts of fossils are quite rare.

The chemical composition is highly variable: CaO 21.3-27.0%, MgO 14.9—
20.1%, insoluble residue 11.0-25.3%. The content of Fe,Oz is 0.6-2.7%, on
average about 1%.

The total porosity of 7.4—10.8% is higher than that of the other types of
dolomite. The value of water absorption, however, is relatively low, 1.4-3.7%,
yet it is the highest among all dolomites under discussion. The compression
strength is also highly variable (800-1300 kg/cm?), depending on the number of
thin intercalations and partings of dolomitized marl. The instability of the quality
does not allow of the use of argillaceous dolomite for any known purposes except
for local building.

RESULTS OF ANALYTICAL STUDY
To study the aspects of dolomitization and explain the excess of MgO revealed

in 30-70% of chemical analyses made during geological explorations of deposits,
the comparative analysis of the chemical composition and X-ray diffractometry
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of 10 samples from Kurevere quarry was performed. XRD measurements were
carried out on a model HZG4 X-ray diffractometer. Dolomite stoichiometry was
determined by measuring the position of the 104 peak using Si as a standard. No
correction for the displacement of the 104 peak due to Fe-substitution was
necessary because of the low iron content which is related to visible mottles and
spots of iron compounds. The content of CaCOj; in dolomite was calculated as

follows

—2.884
mol%CaCO, = % +50.

The value 2.8840 for d,,, of ideal dolomite was calculated on the basis of the
composition of standards Es4 (Estonia) and S1 (USSR). It corresponds well to the
d,os value of nearly.ideal dolomites measured by Reeder & Sheppard (1984).

The X-ray results showed the CaCO3/MgCO; molar ratio close to 1 (Table 1).
This was proved by the results of chemical analyses. Of the chemical analyses
made, 50% (samples K1, K2, K3, K4, and K6) showed the excess, and another
50% (samples K5, K7, K8, K9, and K10) revealed the deficiency of MgO. Both
values were small (Table 1) and did not exceed the precision of the method.

The d,,, values of studied dolomites (Table 1) cluster at the lower margin of

the characteristic interval of normal dolomites (2.885-2.890 A) distinguished by

Table 1. Results of the X-ray diffractometry and chemical analyses of the dolomites of the
Kurevere deposit

X-ray diffractometry Titration analysis
o o A CaCOy, | Caleie | Ca0, | MgO, ol S e L bt
% of MgO,
% *
Es4 2.8863 50.77 -) 2935 2047 n.d. n.d. n.d.
S1 2.8856 50.53 =) 29.60  20.80 n.d. n.d. n.d.
K1 2.8851 50.4 (+) 29.81 21.90 1.32 +0.44 Reef
K2 2.8850 50.3 - 2948 21.74 1.98 +0.52 Yellow flaggy
K3 2.8853 50.4 ) 2948 2125 2.18 +0.03 Grey flaggy
K4 2.8854 50.5 ) 29.59 2141 1.44 +0.11 Yellow flaggy
KS 2.8852 50.4 (+) 2948  21.09 1.92 -0.13 Breccia
K6 2.8856 50.5 -) 29.26 2141 2.58 +0.35 Yellow flaggy
K7 2.8856 50.5 =) 3003  21.17 1.34 -0.45 Grey flaggy
K8 2.8854 50.5 +) 29.70;  1.21.25 1.98 -0.13 Grey flaggy
K9 2.8851 50.4 =) 30.03  21.49 1.16 -0.13 Reef
K10 2.8856 50.5 =) 30.03 2141 1.10 -0.21 Reef

* calculated as MgO — 0.72 x CaO. n.d., not determined.
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Kallaste & Kiipli (1995). According to the previous studies of Palaeozoic
dolomites, the d,,, value of secondary dolomites of large bodies is higher than
2.886 A (Vingisaar & Utsal, 1978; Kallaste & Kiipli, 1995), and the dolomites
with a lower value of d,,, are considered to be of primary origin or resultant of
dolomitization in restricted zones near tectonic disturbances (Vingisaar & Utsal,
1978; Kiipli, 1983a). In this respect the studied dolomites of the Muhu Formation
represent the most completely dolomitized part of the extensive body of Silurian
dolomites that cross-cuts facies stretching from the eastern Saaremaa Island
through entire Estonia.

There is no relationship between dolomite stoichiometry and rock type
(Table 1). The molar ratio of CaO/MgO does not depend on the content of
insoluble residue (Fig. 4). It is very close to the theoretic value of 1.39 of mineral
dolomite in the whole range of the Muhu Formation in mainland Estonia.

The dolomitization has rearranged, that is, levelled the total porosity. In the
case of limestones of the Vasalemma Formation (Ordovician), which are
comparable to the precursor carbonate of studied dolomites, there exists nearly
linear correlation between the porosity and insoluble residue (Teedumie, 1988).
In the case of the Muhu dolomites, the porosity has increased, but the correlation
with the content of the insoluble residue (Fig. 5) is less distinct. The total porosity
of the purest rocks has increased by 4-5%, that of the argillaceous dolomite by
1-2%, and the dominating value of the total porosity is between 6% and 9%.
The low porosity is quite characteristic of massive replacement reservoirs of
Palaeozoic dolomite (Purser et al., 1994).
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Fig. 4. Correlation of the CaO/MgO ratio and the insoluble residue content of the dolomites of the
Anelema and Kurevere deposits. Chemical analyses of the exploration reports (Remmel, 1969;
Korbut, 1993a).
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Chemical analyses of the exploration report (Korbut, 1989).

222



The content of insoluble residue positively correlates with the content of SiO,
(Fig. 6), proving the suggestion of Jiirgenson (1988, pp. 93-94) that the silt fraction
of quartz was dominating in the composition of terrigenous material brought into
the northern and northeastern parts of the “Baltic Gulf” during the Jaagarahu Age.

The content of Fe-compounds is low in all types of dolomites (Fig. 6). A weak
trend towards its growth is observable from the content of insoluble residue
above 10%.

DISCUSSION ON ASPECTS OF DOLOMITIZATION

The nearly stoichiometric character of the dolomites of the Muhu Formation
suggests their formation in the most favourable conditions for complete
dolomitization. What could they have been?

In Estonia the Ordovician—Silurian rocks under the Devonian cover are
dolomitized as deep as 40-50 m, and the zone of dolomitization extends along the
strike as far as 40 km northwards of the boundary of the present distribution of
the Devonian (Kiipli, 1983b). The source of magnesium has supposedly been the
Devonian sediments (Jiirgenson, 1970), the hypersaline lagoonal waters of the
Devonian basin (Vishnyakov, 1956), or mixed fresh ground water and marine
water of the Devonian basin (Kiipli, 1983b).

The influence of the Silurian sea water on the formation of the Muhu dolomites
cannot be excluded (Kiipli, 1984). These, primarily calcareous shoal deposits of
the Jaagarahu Age were bathed by sea water during and after deposition, being
meanwhile, during the sedimentation break at the end of the age, also exposed to
erosion. The palaeokarst cavities devoid of small idiomorphous crystals, which
are met in some drill cores (around Uulu) on the corroded surface of the Silurian—
Devonian boundary, suggest that the dolomitization process might have almost
ended even before the early Devonian subareal period.

As normal or modified (mixed meteoric-marine) sea water is supposed to
be an important dolomitizing agent supplying enough Mg®* for massive
dolomitization in near-surface settings (e.g. Kruger & Simo, 1994), special long-
term hydrodynamic conditions are required. At low temperatures the time may be
the key factor, so that sea water will become a major dolomitizing fluid only
where stable circulation systems can drive it through carbonate platforms for
many, up to millions of years (Hardie, 1987). The slow sedimentation rate could
allow enough time for magnesium to diffuse into pore waters. It is supposed that
in some cases the high alkalinity produced by organic matter decomposition
through sulphate reducing bacteria, combined with the availability of magnesium,
could have led to dolomite supersaturation in pore waters and to the replacement
of the precursor calcium carbonate (Bernasconi, 1994).

The cyclicity of the evolution of the Baltic Basin (Nestor & Einasto, 1997)
suggests that sea water and mixed sea water as a major dolomitizing medium were
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pumped through Silurian sediments and rocks during rises and falls in relative sea
level both in the Silurian and Devonian. The climate was favouring massive
dolomitization, whereas in the Silurian (Nestor & Einasto, 1997) as well as in the
Devonian (Kurshs, 1992, pp. 152-155) the Baltic Basin was definitely situated in
tropical latitudes. As shallow-marine tropical carbonates are predominantly
composed of aragonite and calcite with high Mg concentrations (Tucker &
Wright, 1990, pp. 365-396), in early diagenetic dolomitization some Mg might
have been derived from components of biogenic origin (e.g. skeletons). It is
possible that once the conditions of initial growth had been satisfied, the
subsequent growth of the dolomite lattice required less strict conditions and
dolomitization might proceed under varying hydrochemical conditions and rates
(Sibley et al., 1994), in all probability due to connate (relic) sea water and other
subsurface waters even in the post-Devonian.

The formation of well-ordered, close to ideal dolomites of the Muhu
Formation, originating from the shallow-water calcareous sediments, results from
the balanced system of all factors concerned — sedimentation, burial, climate,
eustatic fluctuations and so on, which existed during a sufficiently long time span
(millions of years), providing a suitable environment for dolomitization. In all
likelihood, the dolomitization of the Muhu Formation began in the Silurian, soon
after the deposition and ended in the early post-Devonian. A more exact timing of
the dolomitization process is not possible by any methods known so far.

The present state of knowledge confirms that in early stages the normal
marine, and in later stages the mixed meteoric-marine water served as the main
agents of dolomitization.

CONCLUSIONS

In mainland Estonia, the dolomites of the Muhu Formation originating from
the shallow-water calcareous sediments represent the most completely dolomitized
rocks of the extensive body of Silurian dolomites in Estonia that cross-cuts facies
and depositional sequences.

The dolomitization is uniform throughout the Muhu Formation. The CaO/MgO
molar ratio and the crystal lattice of the Muhu dolomites are close to those of ideal
dolomite, irrespective of the content of insoluble residue or the texture of rocks.

Most likely the process of dolomitization was long-lasting — from the Silurian
to the post-Devonian, enabling total replacement of the precursor calcite. The low
average value of porosity (6-9%) is consistent with that of Palaeozoic massive
replacement dolomites.

The reef, breccia, and especially flaggy interreef dolomites are the purest and
hardest dolomites in Estonia and may find use in agriculture, glass manufacture,
and building, while the low-argillaceous dolomite is suitable for agricultural and
building purposes.
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MUHU KIHISTU (SILUR) DOLOMIIDID EESTI MANDRIOSAS:
DOLOMIIDISTUMISE ASPEKTID, OMADUSED JA KASUTAMISE
PERSPEKTIIVID

Aada TEEDUMAE, Tarmo KIIPLI ja Toivo KALLASTE

On uuritud Muhu kihistu viie litoloogiliselt erineva dolomiiditiiiibi ainelist
koostist, kivimilisi omadusi ja nende seoseid dolomiidistumisega. Kdigis kivimi-
tiitipides on mineraal dolomiit nii koostise (CaO/MgO ca 1,39) kui ka kristallvore
aatomtasandite vahekauguse viirtuse (djos 2,8850-2,8856 A) poolest ligilihe-
dane ideaaldolomiidile. Ideaalildhedust on seni tdheldatud vaid primaarsete ja
tektooniliste 16hedega seonduvate dolomiitide puhul. Muhu kihistu dolomiidid on
Siluri 14biloikes koige tédiuslikumalt dolomiidistunud. Nende omadusi on késit-
letud rakenduslikust seisukohast ja antud sellekohane hinnang.

JTOJOMHUTBI MYXYCKOW CBUTBHI (CWIYP) HA MATEPUKOBOU
YACTHA DCTOHHH: ACIHEKTHI JOJIOMHUTH3AIINUA, CBOHCTBA
N NEPCIEKTHBBI HCIIOJIb30BAHUS

Aana TOBIYMAD, Tapmo KUHIUIU u Toitso KAJIJIACTE

W3ydeHpl CBOMCTBA NATH JIMUTOJOTMYECKM Ppa3HbIX THUIIOB JOJIOMHTOB, Cla-
raloIIMX MyXYCKYIO CBHUTY, H UX CBS3aHHOCTb C JOJIOMUTH3alMel. BelecTBeHHbIN
coctaB (CaO/MgO okono 1,39) u BenMYMHA MEXIIOCKOCTHOIO PACCTOSIHHUS
(dios 2,8850-2,8856 A) Bcex U3yYEHHbIX TUIOB [JOJIOMHTOB ONM3KH K
uaeaibHbIM. PaHee cxomHble 3HAYEHUS OBUTM YCTAHOBJEHBI Y MEPBHYHBIX
JIOJIOMHTOB H JIOJIOMUTOB BOJIM3M TEKTOHHYECKHX TPELIMH. BTOpHUYHBIE JOJOMHTEI
MyXYCKOM CBHTBI 00JIaJal0T CAMOW COBEPIIEHHOW CTPYKTYPOW CpEedy HOJIOMHTOB
BCETO CHJIYPHHCKOro pa3pe3a. OLeHEeHbl IepCHeKTUBbI UCIIOIB30BaHUS JOJIOMUTOB
B KauecTBe KapOOHATHOTO CHIPHS.
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