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The present study discusses lithology and diagenetic characteristics of the siliciclastic Cambrian and the enclosing Ediacaran and Ordo-
vician deposits in the northern Baltic Sedimentary Basin (BSB). The Neoproterozoic and Lower Palaeozoic sediments are despite their
age unconsolidated with primary porosity of 20–25% for both shales and sandstones. The sparse Fe-dolomite cementation of arenitic and
subarenitic sandstones and siltstones occurs mainly at lithological contacts with the massive Ediacaran and Lower Cambrian claystones
and is probably related to ions released during illitization. In contrast to weak mechanical and chemical compaction of sandstone, the clay
mineral diagenesis of Cambrian deposits is well advanced. The highly illitic (80–90%) nature of illite-smectite (I-S) suggests evolved
diagenetic grade of sediments which conflicts with shallow maximum burial and low compaction. Smectite-to-illite transformation has
resulted in formation of diagenetic Fe-rich chlorite in claystones. Some porosity reduction of sandstones is due to formation of authigenic
kaolinite at the expense of detrital mica or K-feldspar.
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INTRODUCTION

The modifications of old sedimentary rocks, which re-
mained at shallow burial conditions throughout the burial his-
tory of the basin, are still poorly understood, as besides to
chemical and physical parameters, the time factor becomes es-
sential. The Ediacaran and Cambrian deposits at the northern
margin of the East European Platform and in particular within
the Baltic Sedimentary Basin are examples of such sediments.
The Cambrian sediments are exposed along the southern coast
of the Gulf of Finland, and are increasingly buried under youn-
ger Palaeozoic, Mesozoic and Cenozoic sediments in the south
and west, reaching depths of up to 2–4 km in the southwestern
part of the Baltic Basin (Fig. 1). The Cambrian succession,
comprising alternating claystone-sandstone sequences was de-
posited in a shallow-marine shelf environment in the passive
continental margin setting. The Middle Cambrian reservoir of
the BSB contains oil fields in the deeper part of the basin, e.g. in

West Lithuania and Latvia and offshore area (Górecki et al.,
1992). The Cambrian succession is also an aquifer, which is
extensively used for drinking water supply in shallow periph-
ery of basin in Northern Estonia.

Various stratigraphical, lithological and mineralogical as-
pects of the Cambrian clastic sediments of the BSB have been
studied during the past five decades and the summary of the
present knowledge is given by Laškova (1979), Brangulis
(1985), Rozanov and £ydka (1987), Jankauskas (1994) and
Mens and Pirrus (1997a, b). However, data on the diagenetic
features of the deposits are limited and the diagenetic history of
the basin is poorly understood.

The sediments of Baltoscandia have undergone variable
burial and diagenetic history. As the result, despite of generally
similar detrital composition and facies distribution of the sedi-
ments, the diagenetic processes in the basin show contrasting
features varying both vertically and laterally. The variations are
particularly distinct in the lowermost Ordovician-Cambrian
sandstone lithologies of the northern shallowly buried part of
the basin.



The present study focuses on the lithology and diagenetic
characteristics of the Cambrian and the enclosing (Upper
Ediacaran and Lower Ordovician) clastic deposits of the north-
ern BSB, which, despite their old age (>500 Myr) remained un-
consolidated and show only slight diagenetic modification of
their mineral composition, except for clay minerals.

GEOLOGY AND STRATIGRAPHY

The succession of the oldest detrital deposits of the BSB is
composed of Neoproterozoic Ediacaran (Vendian Complex),
and Lower, Middle and, to a lesser extent, of Furongian sedi-
ments (Fig. 2). Crystalline basement of the Palaeoproterozoic
age is gradually sloping 2–4 m/km towards the south (Fig. 1).
The Neoproterozoic Ediacaran deposits are on average 60 m
thick (maximum 123 m). In Estonia these deposits are repre-
sented by light grey to reddish, mica-rich, quartz-feldspar sand-
stones and siltstones alternating with clay in the lower part of
the succession (Gdov Formation), passing up the section into

80 m thick, laminated grey claystones alternating with
light-coloured very fine-grained sand- or siltstones assigned to
the Kotlin Formation. The upper portion of the Ediacaran Com-
plex is composed of multicoloured siltstones and clays that
form the regressive part of the sedimentation cycle, represented
by Voronka Formation (Mens and Pirrus, 1997a).

The lowermost part of the Cambrian, attributed to Rovno and
Lontova stages, rests unconformably on the Ediacaran in the
eastern part of the basin and the crystalline basement in the west.
Deposits of the Rovno and Lontova stages represent respectively
two transgressive-regressive cycles of normal marine sediments
composed in the lower parts of sandstones with gravel inter-lay-
ers, grading upwards into clay, slightly coarsening in the upper-
most parts of the succession (Rozanov and £ydka, 1987). The
uppermost part of both stages are truncated and regressive sedi-
ments are only partly preserved (Mens and Pirrus, 1997a).

Similarly to the Ediacaran, the lowermost Cambrian was de-
posited in the western periphery of the Moscow Palaeobasin
(Jankauskas, 1994). Sediments of the Rovno Stage are present
only in East Latvia and East Lithuania. Lontova Clays (Lontova
Formation) and shallow-water sandstone-siltstone equivalents
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Fig. 1. Geological setting and location of studied boreholes in Estonia

Lines on inset map and cross-section show boundaries between systems



(Voosi Formation) of up to 90 m thickness are more widely dis-
tributed, reflecting the transgression in the basin.

The Dominopol Stage marks a significant rearrangement of
the sedimentation pattern that was controlled by invasion of the
new marine basin from the west in the middle Lower Cam-
brian. The Dominopol Stage sediments are distributed in the
central part of the Baltic Sea and extend to West Estonia and
north-west Latvia. They are composed of alternating
arenaceous and argillaceous sediments (S�ru, Lükati and
Tiskre formations), usually 10–20 m thick (Rozanov and

£ydka, 1987). Sediments of the Ljuboml, Vergale and Rausve
stages of the late Early Cambrian, and Kybartai, Deimena and
Paneriai stages of the Middle Cambrian mark the maximum
transgression of the Cambrian basin. In the northern BSB these
stages are composed of interbedded silty sandstones and
claystones attributed to the Soela and Irbeni formations. Middle
Cambrian deposits are represented by 10–40 m thick
well-sorted quartz-arenaceous sandstones in the eastern part of
Estonia (Paala Formation) and by silty sandstones with clayey
inter-layers in the west (Ruhnu Formation). Quartz sandstones
of Late Cambrian age, defined as Petseri, Ülgase, Tsitre and
lower portion of Kallavere formations, are only occasionally
distributed in the northern and southeastern part of the basin,
where their thickness is commonly 2–3 m. Furongian sedi-
ments are also mapped in the southwestern part of the BSB.

The Baltica continent was located in high to intermediate
southerly latitudes (50–30�) during Vendian and Cambrian
times; it was surrounded by the Tornquist Sea and the Iapetus
Ocean to the west (Torsvik et al., 1992). Weathering and ero-
sion of the Ediacaran sediments as well as the igneous and
metamorphic rocks of the craton have been considered as the
source of material for the uppermost Ediacaran and Cambrian
deposits (Pirrus, 1970; Mens, 1981; Jankauskas, 1994).

Towards south, Ediacaran and Cambrian sediments are in-
creasingly buried under younger sediments (Nikishin et al.,
1996). The subsidence of the basin was most intense during Si-
lurian and Devonian times (McCann, 1998; Poprawa et al.,
1999). In the northern part of the basin the sediments of
post-Silurian/post-Devonian age are missing and the recon-
struction of the basin history is based on the thermal maturity of
the organic matter (e.g. Hagenfeldt, 1996), apatite fission track
analysis (e.g. Zeck et al., 1988; Larson et al., 1999), tectonic
modelling (Samuelsson and Middleton, 1998) and the clay
mineral diagenetic transformations (Kirsimäe and J�rgensen,
2000). According to these reconstructions, the burial of the
northern periphery of the basin has never exceeded 2 km,
whereas reaching 2 km in the basin centre (West Lithuania) and
4–6 km close the Teisseyre-Tornquist Zone in the south-west.

MATERIAL AND METHODS

Mineral, chemical, and grain-size composition of Cambrian,
Ediacaran, and Lower Ordovician deposits was investigated in
153 samples collected from 13 boreholes representing different
lithofacies of the northern periphery of the BSB (Fig. 1).

The mineralogical composition of sediments was determined
by means of X-ray powder diffractometry in whole rock and in
the clay (<1 �m) fraction. The X-ray diffractograms were ob-
tained using a DRON 3M diffractometer with Ni-filtered CuK�
radiation. Quantitative mineral content in whole rock powders
was determined using the Rietveld technique by means of
SIROQUANT-2.5TM (Taylor, 1991) code. The oriented Sr2+ ex-
changed clay preparations were obtained by smearing of clay on
a glass slide. Conventional treatments with solvation in ethylene
glycol (EG) vapour (60�C, 48 h) and occasionally a heat treat-
ment (525�C, 2 h) were used to verify the mineral identification
and estimate their semi-quantitative proportions. Clay mineral
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Fig. 2. Stratigraphy and lithology of the Cam-

brian and Ediacaran in western and north-

ern/southeastern Estonia, northern Baltic

Sedimentary Basin (Mens and Pirrus, 1997a,

modified)



identification criteria were based on Moore and Reynolds
(1989). The air-dried (AD) and ethylene glycol EG XRD curves
of <1 �m subfractions were decomposed in the 5–14�2� region
into elementary XRD bands according to the criteria given by
Lanson (1997) with AXES code (Mändar et al., 1996). The
smectite layers content in mixed-layer illite-smectite was esti-
mated from peak position in 33–35°� region after EG solvation
according to Œrodoñ (1984) and from low-angle peak position of
illite-smectite mineral on AD patterns according to Lanson
(1997). The results from both methods agree within ±5% of
smectite layers. In order to estimate the semi-quantitative min-
eral composition, peak integral intensities of chlorite (14 �),
mixed-layered illite-smectite (10.5–14 �), illite (10–10.5 �) and
kaolinite (7 � peak after decomposition into chlorite and
kaolinite elementary peaks), were multiplied by factors of 1,
0.35, 2, 1.4 (Kalm et al., 1997), respectively. Illite content was
found as the sum of poorly crystalline and well crystalline dif-
fraction bands integral intensities. The estimated accuracy for
major clay mineral phases in clay fraction is not better than
±20% and probably much less for minor components. Selected
samples were observed under a scanning electron microscope
using Zeiss 940D SEM.

The trace and major elements of 151 rock samples were de-
termined by X-ray fluorescence spec-
troscopy in All-Russian Geological In-
stitute, St.-Petersburg (Russia), follow-
ing standard procedures. The rock
powders were analysed in Li-tetra-
borate homogenized pellets. The loss
on ignition (LOI) was estimated by
heating the pre-dried samples (1h at
105�C) for 2 h at 920�C. The grain-
size of selected sandstone and clay-
stone lithologies was determined by
using standard sedimentation and sieve
analysis. The samples were dispersed
in distilled water with sodium
hexametaphosphate with help of short
ultrasonic treatment (70 W, 2–5 min)
for partly cemented sandstones.
Petrophysical properties (effective po-
rosity, wet, dry and grain densities)
were measured on samples cut as
cubes 24 mm. Due to generally loose
and uncemented nature of rocks, only
51 samples were measured for the po-
rosity by weighing in water and air (af-
ter drying at 105�C). The water-satura-
tion was achieved by soaking under
vacuum.

RESULTS AND DISCUSSION

GRAIN-SIZE

The grain-size of Cambrian rocks
ranges from clays and very fine-
grained siltstones to fine grained

sandstone lithologies. The Lontova and Lükati formations are
dominated by clays (Fig. 3A) with fine-to-medium silt
grain-size siltstone intercalations. The succession has a bi-
modal grain-size distribution with two maxima in the clay and
medium silt fractions, which has been interpreted as modes rep-
resenting suspension load material and clay mineral flocs/ag-
gregates, respectively (Kirsimäe et al., 1999b). Sandstones are
predominantly clean quartz arenites (subarkoses) with no or lit-
tle clay admixture (<5%) (Fig. 3B, D). The sandstone
grain-size is predominantly fine-to-medium sand, but occa-
sionally beds with coarse sand to gravel-size grains are distrib-
uted in the lower part of the section. The sorting of sandstones
is moderate-to-(very) high with bimodal pattern in alternating
clayey siltstone sections; detrital quartz grains are
subrounded-to-rounded. Abundance of sandstones increases to
the west.

POROSITY

Porosity of sandy lithologies varies from 20–25% in north-
ernmost part of the basin to less than 5% and in deeply buried
sections in West Lithuania (Fig. 4). The shallow reservoirs in
the northern periphery of BSB show the most considerable
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Fig. 3. Grain-size (A) and mineralogical (B and D), composition of whole rock

and clay mineral composition of <1 �m fraction (C)



variations in porosity that is accounted for mainly by uneven
calcite and dolomite cementation (18–26% of rock), which lo-
cally leads to decrease of the porosity to less than 5%. The min-
imum values were reported from sandstones and siltstones ce-
mented by calcite and phosphate, where the pore space is re-
duced to 2%. The porosity of clay and mudstone lithologies in
the northern part of the basin is commonly in the range of
20–25(30)%.

At greater depths (e.g. Latvia and Lithuania) porosity of
sandstones and siltstones systematically decreases to 10–20%
at 1–1.8 km and 2–5% at the depths of 2–2.3 km, which is ex-
plained by the intense chemical compaction and occurrence of
secondary quartz (Šliaupa et al., 2001; J�eleht et al., 2002).
The bulk porosity of claystones changes from 16–20% at the
depths of 0.6–0.8 km to 4–12% in West Lithuania (Šliaupa et
al., 2001).

WHOLE-ROCK MINERAL COMPOSITION

The whole-rock composition of the Cambrian deposits in
northern BPB (Fig. 3B, D) shows distinct age and lithology
controls. The greenish-gray claystones of the Lontova and
Lükati formations are composed of illite, illite-smectite, and, in
smaller quantities, also chlorite and kaolinite; clay minerals
compose 45–70% of the rock. The illite and mixed-layer min-
eral illite-smectite are the predominant clay minerals compris-

ing up to 45 and 25% of a rock volume. The amount of clay
minerals defined as the sum of measured clay minerals de-
creases to <20% in Tiskre Formations and in western facies
(Voosi Formation), though locally increases up to 35–50% in
clay-rich interlayers within silt- and sandstone dominated fa-
cies. The illite and illite-smectite are the most abundant clay
minerals (Fig. 3C), although in sandstones, where the clay min-
eral content is less than 10%, the kaolinite may dominate over
illite and illite-smectite (e.g. Paala Formation).

Sandstones of the Cambrian and lowermost Ordovician are
dominantly quartz arenites and subarkoses. The quartz content
in Tiskre and Paala sandstones attains >90%, with an average
of 47% for all samples studied (including claystone litho-
logies). The feldspars are almost exclusively K-feldspars
(1–34%, on average 12%), with subordinate (<5%, usually
close to 1%) amounts of albite. Content of mainly authigenic
apatite (shell detritus of phosphatic brachiopods) and pyrite
and/or hematite is on average close to 1% or less. The lithic
fragments have not been found in the sediment.

The authigenic carbonate minerals are represented mostly
by Fe-rich dolomite, which is found in most samples. Its con-
tent is in the range of 0–29% with average about 3%. Also, cal-
cite and siderite cements are occasionally reported (up to 19
and 8% of rock, respectively). Siderite is present only in Ruhnu
borehole (southwestern Estonia). Calcite is more abundant than
siderite, but its content only occasionally exceeds 1%. The
highest dolomite content (10–20%) is identified in silty sand-
stones at contacts with clays of the Lontova Formation and in
sandy-silty interlayers within the claystones and also close to
the overlying Ordovician carbonates. Petrographic observa-
tions indicate mainly poikilotopic type of the patchily or uni-
formly distributed cements. Paragenetic relationships suggest
dolomite formation during latest phases of diagenesis although
in some cases simultaneous precipitation with authigenic clay
minerals cannot be excluded.

Whole rock composition of Ediacaran deposits is similar to
Cambrian lithological equivalents. The sandstone-dominated
Gdov and particularly Voronka formations are rich in quartz
(>30%) and feldspar (in average 4–10%). The composition of
clay minerals of the Kotlin Formation is dominated by illite and
illite-smectite, whereas clay minerals of Gdov and Voronka
formations are considerably richer in kaolinite.

WHOLE ROCK CHEMICAL COMPOSITION

The chemical composition of main oxides of the whole rock
(Fig. 5) agrees with the mineral composition. The amount of
SiO2 varies from 48–98%, with the average 77%; its content
correlates closely with the quartz content. Al2O3 variations are
controlled by abundance of clay minerals, and in lesser amount,
by K-feldspar. In clayey layers the amount of Al2O3 varies be-
tween 17 and 27%, whereas layers richer in quartz tend to have
less than 5% of Al2O3. Similar distribution is obtained for K2O,
abundance of which is <1% in the quartz arenitic sandstones of
the Tiskre Formation and up to 7% in homogenous clays (aver-
age 4%). TiO2 is also more abundant in the clayey rocks (about
1%). Of Fe-oxides the Fe2O3 predominates (0.1–8.5%),
whereas FeO amounts to 0.1–6.5%. Similarly to Al2O3 and
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Fig. 4. Porosity of Cambrian terrigenous sediments

in Baltic Sedimentary Basin

Note a considerable variation in shallowly buried Estonian part of the ba-
sin; the data for Latvia and Lithuania from Šliaupa et al. (2001) and J�eleht
et al. (2002)
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K2O, the Fe-oxides are more abundant in clayey rocks.
Amounts of CaO and MgO are commonly less than 0.5% and
2.5%, respectively. CaO and MgO concentrations are consider-
ably higher in the quartz-rich inter-layers comprised by clays
(essentially in the Lontova Formation), which is related to the
occurrence of a carbonate cement, mainly dolomite.

There is between 0.79 and 2.56% of organic matter in the
Cambrian clays. In addition to the Lontova Formation it has been
found in the Petseri and Paala formations (also in samples rich in
quartz), and in the Ediacaran Gdov Formation. The �13C-values
of the organic matter are about –31‰ VPDB (Bityukova et al.,
2000), which is quite characteristic for organic matter of the
Cambrian origin (Schidlowski, 1988), and typical for dispersed

organic matter of sapropelitic type of Cambrian sedimentary
rocks (Sidorenko and Sidorenko, 1975).

CLAY MINERALOGY

The clay minerals found in the studied rocks include illite,
chlorite, kaolinite and illite-smectite mixed layered minerals.
Figure 6 shows the typical XRD diffraction curves for the ori-
ented samples of clay (<1 �m) fraction of the Cambrian rocks.
The illite, with its strong 10.5 and 3.3 � peaks is aluminous and
dioctahedral. The low-angle slope of the 10 � peak shows the
presence of an ordered I-S phase. Treatment with EG caused a

Fig. 5. Harker variation diagrams for studied samples

For explanations see Figure 3



clear reduction in intensity of the 10 � peak and the highly
illitic I-S phases show weak and broad reflection in 12–13 �

region. Smectite layer percentages in illite-smectite are in the
range of 10–25%. The ordering type of I-S is on the transition
from R1 to R2 type. Chlorite in the Cambrian sediments was
found to be Fe-rich, which is indicated by d00l peak intensity
ratios on decomposed patterns. The kaolin mineral is rather
well crystallized and is recognized in unoriented preparations
as the kaolinite polytype. In addition to clay minerals the clay
fractions contain quartz, K-feldspar, albite, hematite and traces
of anatase and dolomite.

The semi-quantitative clay mineral composition of the
studied rocks is shown in Figures 3C and 7. Sediments are
composed of illite(I-S)-kaolinite-chlorite or kaolinite-
illite(I-S)-(chlorite) clay-mineral assemblages. The clay assem-
blages of Ediacaran Gdov and Kotlin Formation clay-, silt- and
sandstones are dominated by illitic minerals (illite and I-S in
average 52 and 75%, respectively) with kaolinite (in average
47 and 23%, respectively) (Fig. 7). The Ediacaran Voronka
Formation is significantly richer in kaolinite, which comprises
55% of clay fractionin in average.

The clay mineral composition of Lontova/Voosi forma-
tions, as well as of the overlying Lükati Formation of Estonia is
characterized by an illite-kaolinite-chlorite assemblage. Illite
and I-S are the most abundant clay minerals, whereas the con-
tent of kaolinite and chlorite is usually less than 30%. The aver-
age content of illitic minerals in all three formations ranges
from 84 and 86% in Lükati and Voosi formations up to 89% in
the Lontova Formation. The higher kaolinite content is in the
upper and lower parts of the section reaching maximum 26% of
the clay minerals in Lontova/Voosi formations and up to 33%
in the Lükati Formation (Fig. 3C). However, the average
kaolinite content in Lontova/Voosi and Lükati formations is 9
and 13, and 12%, respectively (Fig. 7). The highest kaolinite
value (54%) in Lontova/Voosi sediments was found in a sam-
ple of the weathering crust of the Lontovan clays in Värska

core. In comparison to the Lontova/Voosi and Lükati forma-
tions, clayey silt- and sandstones of the S�ru Formations con-
tain more kaolinite, whose average content is 24%, but it can
vary greatly. The increase in kaolinite content is characteristic
also for the remaining sediments of upper part of the Lower and
Middle Cambrian that generally are dominated by sandy
lithologies (Fig. 7). The maximum kaolinite content (65–96%)
was found in medium- to coarse-grained sandstones of the
Middle Cambrian Paala Formation. The Furongian and the
overlying Lower Ordovician sediments are dominated by illitic
clay mineral association (>80%) with small amount of chlorite
and kaolinite.

Some lateral trends are identified in clay mineral composi-
tion. The kaolinite content is higher in western and southwest-
ern sections in all three major stratigraphic units studied. The
clay-rich silt- and sandstones and clays of East and Central Es-
tonia are dominantly illitic, whereas the quartzose siltstones
and sandstones, which are more frequent in Western Estonia,
are more rich in kaolinite. The similar tendency is recognized
up the section. The ratio of illitic minerals to kaolinite within
particular formation varies greatly depending on a lithological
composition as illustrated by the well Metsküla (Fig. 8), where
the upper and central parts of the Lontova section are rich in
clay and illitic, whereas the lower part dominated by siltstones
and sandstones contains relatively more kaolinite.
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Fig. 6. Representative XRD patterns of the oriented clay fraction

(<1 �m) of Cambrian rocks

A — Soela Formation, sample R-06, Ruhnu core; B — Lükati Forma-
tion, sample Vh-03, Vthma borehole; C — Lontova Formation, sam-
ple F270-09, F270 (Vaemla) borehole; Chl — chlorite, I-S —
illite-smectite, Ill — illite, K — kaolinite, Q — quartz

Fig. 7. Average clay mineral composition in <1 �m fraction

of the sections studied

Vgd — Gdov Fm., Vkt — Kotlin Fm., Vvr — Voronka Fm., �ln
— Lontova Fm., ��vs — Voosi Fm., ��sr — Stru Fm., ��lk —
Lükati Fm., ��ts — Tiskre Fm., ��vk — Vaki Fm., ��sl — Soela
Fm., ��ir — Irbeni Fm., �2pl — Paala Fm., �3ps — Petseri Fm.,
�3-O1pk(kl) — Kallavere Fm. (see Fig. 2 for stratigraphy)



Similarly to Estonian sections, Lontova clayey layers of
East Lithuania are dominated by illite (60%) with the second
major mineral kaolinite, content of which decreases up the sec-
tion (Cyziene et al., 2005). Smectite content in illite-smectite
does not exceed 10%. In this part of the basin, illite dominates
both in clayey and sandy lithologies with some admixture of
kaolinite and chlorite.

DIAGENETIC TRANSFORMATION
OF THE SEDIMENTS

COMPACTION AND CARBONATE CEMENTATION

The extent of a compaction in the BSB depends on the
burial history of the sediments. The average porosity of
well-sorted sandstones and siltstones in the northern part of the
BSB, where the estimated maximum burial depth is on the or-

der of 1–1.5 km (Kirsimäe and J�rgensen, 2000), is commonly
in the range of 18–25%. The porosity decreases with the burial
depth to 3–8% in southwestern part of the basin (SW Lithua-
nia) at present burial depth of >2 km, which is mainly attributed
to chemical compaction (e.g. Kilda and Friis, 2002). The poros-
ity of an average (standard) sandstone at the depths of
1.5–2.5 km is reduced by mechanical compaction to about 25%
(Einsele, 1992). The mechanical compaction dominates in
Cambrian and enclosing clastic deposits of the northern periph-
ery of the basin. Sediments are very loosely cemented and only
scarce secondary carbonate cementation with rare occurrences
of quartz cementation (Kaisa Mens, 2004, pers. comm.) occurs.
The carbonate cementation is most abundant in the fine-grained
sandstone and siltstone lithologies and it is spatially related to
the lithological contacts with the mud(clay)stones and/or over-
lying Ordovician carbonates. Cements are usually represented
by Fe-rich dolomite, in a few cases also by siderite and calcite.
Interestingly, the dolomite cementation is typical only in rocks
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Fig. 8. Whole-rock and clay fraction mineralogy in Metsküla borehole



with a quartz/clay mineral ratio of about 2 to 3. Dolomite con-
tent is lower both in more clay-rich samples (claystones) and in
quartz-rich samples (clean sandstones) (Fig. 3D).

Carbonate cementation of siliciclastic rocks may com-
mence at very early stages of diagenesis influenced by marine
or mixed marine-meteoric waters, or anoxic pore-waters in
which the dissolved sulphate ions were removed by bacterial
reduction (Baker and Kastner, 1981). The marine water envi-
ronment, related to compaction fluid flow, was established for
carbonate cement precipitation from stable carbon isotope
studies in the southern periphery of the BSB (Schleicher,
1994). At the later stages of diagenesis the carbonate precipita-
tion could have occurred in pore-waters where pH was buf-
fered by alumosilicate equilibrium or by organic acids and the
excess CO2 derived from thermal oxidation of organic matter
was eliminated by simultaneous carbonate precipitation (Smith
and Ehrenberg, 1989). However, in northern part of the basin
the dispersed organic material in Cambrian sediments is in an
immature state (Talyzina, 1998) and we suggest that dolomite
cementation results from ions released during the illitization.
This process has enhanced the secondary dolomite precipita-
tion preferentially close to the claystone-silt/sandstone inter-
faces, although also the early diagenetic marine-fresh water
mixing and/or sulphate reduction could have contributed to a
formation of carbonate minerals at earlier stages of diagenesis.

The carbonate cementation and also the growth of second-
ary quartz is more important in the southern and southwestern
part of the basin, where the present burial depths of the Cam-
brian sediments considerably exceeds 1000 m (Kilda and Friis,
2001; Shogenova et al., 2001). Widespread secondary
quartzose cementation in southwestern Latvia and West Lithu-
ania is attributed to local silica sourcing induced by quartz dis-
solution and precipitation under deep burial conditions
(Laškova, 1994; Vosylius, 1997). The occurrence of quartz ce-
ment is associated with decrease in carbonate cement content in
Cambrian sandstones.

FORMATION OF KAOLINITE

Kaolinite content in the clay fraction of Cambrian sediments
varies from traces up to 80–90% of clay minerals volume. In ho-
mogenous claystones-shales the kaolinite is probably of clastic
origin, whereas in permeable sandstones and coarse-grained
mudstones the kaolinite can be mostly authigenic (Bj�rlykke,
1998). The latter is suggested by a higher proportion of the
kaolinite in the clay fraction of the northern BSB in sand- and
siltstone dominated bodies of both Early-Middle Cambrian, and
Ediacaran age. High crystallinity and well-defined sharp-edge
hexagonal morphology of crystallites and, specifically, the ver-
miform occurrence of kaolinite aggregates, suggests its
authigenic origin (Fig. 9). The same features are reported from
the Lower and Middle Cambrian section of Latvian (Brangulis,
1985). The authigenic kaolinite may form at the expense of detri-
tal mica and/or K-feldspar (Bj�rlykke and Brendstal, 1986) at
the very early diagenesis stage at temperatures as low as
25–50�C (Osborne et al., 1994) and mostly at depths shallower
than 100 m (Bj�rkum et al., 1990). In this case, the
kaolinitization is preferential in permeable sandstones, where the
process is controlled by H+ supply and the K+/H+ activity ratio,

whereas relatively high water fluxes are required for the sedi-
ment pore-water to remain in the stability field of the kaolinite
(Bj�rlykke, 1998). Considering the present state of knowledge, it
is difficult to estimate the time for kaolinite formation. Recon-
structions of the palaeohydrogeological conditions in the BSB
(Mokrik, 1997) show at least three major episodes of meteoric
fresh-water infiltration, which could account for kaolinitization:
late Middle Cambrian and Late Cambrian, Early Devonian and
Permian-Cenozoic. The last was the period of the most promi-
nent uplift and erosion.

SMECTITE-TO-ILLITE TRANSFORMATION
AND DIAGENETIC CHLORITES

The Cambrian clays of the northern part of the BSB are typ-
ically soft (non-unlithified) sediments. The well-preserved
pale-transparent acritarch palynomorphs show negligible ther-
mal alteration (Talyzina, 1998) indicating the maximum
palaeotemperatures less than 50�C in the northern part of the
basin. Low palaeotemperatures and present burial depths
within first hundred metres are in conflict with the high illitic
layers content in illite-smectite amounting about 80–90%,
which suggests high diagenetic grade of sediments.

Progressive smectite-to-illite reaction has been widely used
in diagenesis studies as a geothermometer showing the
diagenetic grade of the sediments (e.g. Pollastro, 1993). The
illitization onset temperature is commonly estimated in the
range 60–110�C at burial depths over 2–3 km (Hoffman and
Hower, 1979), which does not agree with either estimated
palaeotemperatures nor burial depths in northern BSB. How-
ever, in Central and Eastern Latvia the illite-smectite of
Lontova clays contains ~90% of illitic layers, and ~95% of
illitic layers in southwestern Lithuania (Kirsimäe, unpubl.
data). This is consistent with the increasing burial depth up to
>2000 m and high thermal maturity of organic material (R0

>0.7, Zdanavi�i�te, 1997) in the centre of the basin. The ques-
tion on driving mechanisms of illitization of Cambrian clays in
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Fig. 9. SEM image of vermiform kaolinite aggregates in clayey

sandstone, Lower Cambrian, Lontova Formation



shallowly buried and unlithified claystones in the northern pe-
riphery of the basin is up to present unclear. Gorokhov et al.
(1994) proposed a multistage illite evolution owing to retro-
grade diagenesis of the sediments. Kirsimäe et al. (1999a) and
Kirsimäe and J�rgensen (2000) suggested a low-temperature
slow-rate illitization, whereas Chaudhuri et al. (1999) and
more recently Clauer et al. (2003) associate smectite-to-illite
transformation of Cambrian clay of the northern BSB with in-
trusion of high temperature and/or alkaline K-rich hydrother-
mal brines at some stage of the basin evolution. K-Ar and
Rb-Sr isotope analyses of illite-smectite fractions of Cambrian
clays and Ordovician–Silurian K-bentonites from BSB and
Pomerania, Northern Poland, show large scatter of diagenetic
ages from Late Silurian to Permian (Chaudhuri et al., 1999;
Kirsimäe and J�rgensen, 2000; Œrodoñ and Clauer, 2001),
which does not point to any specific period of transformation.
Large scatter of isotope ages of Cambrian clays points in our
opinion to a geologically prolonged conversion of smectite to
illite-smectite at relatively low diagenetic temperatures or alter-
natively to multiple diagenetic events, which have not been
recognized yet. Irrespective of the smectite-to-illite transforma-
tion mechanism the illitization of clayey Ediacaran and Cam-
brian sediments has probably played an important role in car-
bonate cementation by releasing Ca, Mg and Fe to adjacent
coarser grained sediments, where they have precipitated as car-
bonate cements (e.g. Wintsch and Kvale, 1994).

Also, the Fe-rich chlorite, which is present in Cambrian
clays, is probably related to the smectite-to-illite transformation
and it could have been formed as a reaction by product using
iron and magnesium released during the illitization. Chlorite
content is the highest in homogenous clayey sequences and it
appears in two forms: Fe-rich chlorite and traces of Mg-chlorite
(Kirsimäe et al. 1999b). Fe-rich chlorite is typically a
diagenetic chlorite (Curtis et al., 1985), whereas Mg-chlorite is
characteristic for metamorphic environments (Laird, 1988).
Chlorite precipitates usually within the precursor smectite or
I-S by forming mixed layered chlorite-smectite type mineral
(Ahn and Peacor, 1985). The formation of chlorite during
illitization is accompanied also by precipitation of secondary
microcrystalline quartz, which is characteristic of Cambrian
clays in Latvia (Apinite, 1971) and Estonia (Kirsimäe et al.,
1999b). In Cambrian sequences of the southwestern part of the
basin specific type of Fe-chlorite-chamosite- is found (Pirrus,

1973, 1986; Laškova, 1979). Chamosite occurs in massive
pelitic (clayey) siltstone and is believed to have been formed
diagenetically at the expense of kaolinite by intense inflow of
iron in the basin (Pirrus, 1973). However, chamosite could
have been formed also by the transformation of sedimentary or
very early diagenetic berthierine. Berthierine, which may have
formed in Cambrian shallow-marine siliciclastic facies together
with smectitic glauconite, starts to transform into chamosite at
temperatures of ~70�C (Jahren and Aagaard, 1989).

CONCLUSIONS

The siliciclastic Cambrian and enclosing terrigenous
Ediacaran and Ordovician sediments in northern BSB are prac-
tically unconsolidated and/or weakly cemented. The porosity
of Cambrian sediments in the northern part of the basin is about
20–25%. High porosity of the sediment suggests dominating
mechanical compaction with only subordinate chemical com-
paction. The sparse carbonate cement is composed of Fe-rich
dolomite and rarely of siderite and calcite. The dolomite ce-
mentation of arenitic and subarenitic sand-/siltstones is spa-
tially related to the fine-grained sandstones and siltstones at
contacts with the mud(clay)stone lithologies. This suggests that
the dolomite cementation has resulted from ion-release during
mudstone illitization. Well-advanced smectite-to-illite trans-
formation of Cambrian mudstones has also caused formation of
Fe-rich chlorite in homogenous clayey sequences. The sand-
stone sequences became considerably enriched in authigenic
kaolinite, which formed at the expense of detrital mica or
K-feldspar, already during the early diagenetic stages.
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