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Abstract: Lower Paleozoic black shales from Estonia, Sweden, and Russia were analyzed for major
and trace elements to reconstruct the provenance, tectonic setting, and paleoweathering conditions
of these shales. The black shale is highly enriched in U, V, Mo, and Pb (except in samples from
Sweden where Pb is slightly enriched), slightly enriched in SiO2, Fe203, K20, and TiO:z and highly
depleted in CaO, Na20, and MnO, with respect to average shales. The provenance signatures (Th/Sc
versus Zr/Sc, Al20s versus TiO2, Zr versus TiO2 plots, and Zr/Sc ratio) of the Baltoscandian black
shales suggest that they were derived from rocks of intermediate to felsic composition and from
recycled sediments. The likely provenance region was the Paleoproterozoic igneous and
metamorphic basement of southern central and southern Finland, which consists predominantly of
felsic to intermediate metamorphic (acidic to intermediate gneisses, felsic volcanics, microcline
granites and migmatites) and igneous rocks (small granitic intrusions and large rapakivi granite
intrusions), and reworked older Ediacaran and Lower Cambrian sediments; however, the
proportion of clastic input from these sources is not uniform in the three regions studied. The
discrimination of the tectonic settings of source materials of the black shale using the SiO:z versus
K20/Na20 plot and a new discriminant method (APMdisc) favors a passive margin setting. The
Chemical Index of Weathering (CIW) indicates that the clastic material in the black shale of the
studied regions has experienced an intense degree of chemical weathering. Weathering indices
(Chemical Index of Alteration CIA and CIW) also show that the black shale has experienced
significant secondary potassium enrichment.

Keywords: black shale; graptolite argillite; alum shale; Dictyonema shale; provenance; tectonic
setting; paleoweathering

1. Introduction

The major and trace element composition of marine siliciclastic and mixed organic-
siliciclastic sedimentary rocks is dependent on several variables including tectonic setting,
weathering, and sediment provenance [1,2]. It is therefore possible to infer these variables
for a suit of clastic rock by studying its geochemical fingerprints. This approach has been
known for a long time. Some pioneering geochemical studies established the relationship
between the geochemical composition and tectonic setting of siliciclastic rocks [1,3,4]. In
furtherance of knowledge, the authors of [5,6] extended this relationship to include
sediment provenance and weathering. Verma and Armstrong Altrin [7] developed a new
method of tectonic setting discrimination. Numerous studies have shown the
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applicability of these geochemical proxies in constraining the provenance, tectonic setting,
and degree of weathering of sedimentary rocks [8-10]; however, care should be taken
when making interpretations because of a possible complex interplay of variables, which
can significantly affect the authigenic fractions of the chemical elements in clastic rocks
[11,12].

Cambro-Ordovician fine-grained black shales are widespread in the Baltoscandian
region (Figure 1). They extend from Norway through Denmark, Sweden, Poland,
Lithuania, Latvia, and Estonia to western Russia [13]. These metalliferous black shales are
commonly highly enriched in U, V, and Mo [14-18]. In Sweden, the U content of the black
shale (Alum shale) regularly reaches up to 300 ppm [19], and in exceptional instances, up
to 6000 ppm in some specific organic-rich intervals [20]. The maximum total thickness of
the Cambrian and Tremadocian black shale sequence is 178 m along the Danish coast,
decreasing to 20-25 m in stratigraphically less complete sequences in central Sweden
[21,22]. The thickness progressively decreases further eastward, to a maximum of 7.4 m in
Estonia and 6 m in Russia [18,23]. The U, V, and Mo contents of the black shale in Estonia
(Graptolite Argillite) reach 1200, 1600, and 1000 ppm, respectively [24]. The black shale
(Dictyonema Shale) in Russia has V and Mo concentrations up to 900 and 200 ppm,
respectively [23]. This significant metal enrichment makes the Cambro-Ordovician black
shale of Baltoscandia a potential future source of raw material for Europe.

However, the source of the metals and their distribution in the black shale is still up
for debate. Recent studies have shown that the geochemical composition of the black shale
is laterally and vertically heterogenous [18,19,23,24]. This pronounced variation could be
a consequence of several factors, including variation in primary clastic input and changing
depositional environmental conditions.

Although most of the paleoenvironmental geochemical studies concentrate on
syngenetically enriched metal assemblages, the variance of the primary clastic material is
much less studied, and the influence of clastic fractions on the cumulative trace element
pool of the considered black shale remains poorly understood. The erosion and re-
deposition of the older Ediacaran and Lower Cambrian sediments, input of volcanic ash,
and reworking of material from Proterozoic metamorphic, igneous, and volcanogenic
assemblages have been suggested as major clastic sources of the Upper Cambrian—
Tremadocian sediments in the Baltic Paleobasin [25-28]. Some studies, for example
Schultz et al. [29] indicate that the input of the clastic fraction may have significantly
influenced the variability of trace element abundance in the black shales.

In this study, we present a detailed major and trace element geochemical
characterization of black shale samples from Sweden, Estonia, and Russia. The
geochemical fingerprints are applied to infer the provenance, tectonic setting, and degree
of chemical weathering of the clastic fraction of the black shale.

2. Geological Background

The Baltic Paleobasin was a long-lived epicontinental basin which existed during the
Cambrian-Silurian period on the Baltica paleocontinent and was surrounded by the
Fennoscandian and Sarmatian oldlands. The Cambrian sediments of the considered
region generally lie unconformably upon the Paleoproterozoic gneisses and plutonic
granites, representing a transgression which started in the late Neoproterozoic era [30].
The shallow and flat-bottomed Baltic Paleobasin flooded extensive areas on the low-lying
peneplained and tectonically stable continent in the Cambrian and Early Ordovician
periods, including large marginal areas of the Fennoscandian Shield [31]. This period was
characterized by a globally high sea-level, a likely occurrence of a global-scale ocean
anoxic event, and episodes of the accumulation of organic-rich sediments in all
paleocontinents [17,32]. Furthermore, 08O studies suggest that the Cambrian—
Tremadocian transition might have experienced exceptionally high global
paleotemperatures [33], although the Baltica paleocontinent was situated well southward
from the tropical paleolatitudes [30].
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In the middle Cambrian period, the isolated Baltica paleocontinent was located at
high southern latitudes and drifted northward, reaching high middle latitudes during the
Early Ordovician period. The drift was accompanied by fast anti-clockwise rotation of the
continent [30]. At the start of the Ordovician period, the Baltoscandian part of the
paleocontinent was largely covered by the Baltic Paleobasin, which faced the lapetus
Ocean in the western margin of Baltica [34].

During the late Cambrian to early Ordovician periods, black shales were widespread
in the Baltic Paleobasin (Figures 1 and 2). They were deposited in a large shallow
epicontinental sea that covered substantial parts of Baltica at maximum sea level stand
[16]. Black shale deposition in Estonia and Russia has been placed within the shallowest
areas of the epicontinental sea [16]. In Estonia, they consist of dark brown organic-rich
mudstone that was deposited in the Early Ordovician period [35,36]. They represent the
Tiirisalu Formation [15], varying in thickness from about 0.5 m in the southern and eastern
regions to a maximum of 7 m in the NW region [18]. Anthraconite concretions and
disseminated pyrite are common features of this black shale.
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Figure 1. (A) Simplified stratigraphy of black shale in the Baltic Paleobasin after [21,37]. (B) Map of
black shale areas showing sampling points after [24,38,39]. The green arrows represent possible
directions of sediment provenance, while dotted green lines represent the southern Fennoscandian
landmass between the middle Cambrian to middle Ordovician periods, constructed according to
[40], regarding the tectonophysics for those periods. Question mark represents uncertainty in black

shale distribution.

Ordovician sediments representing the entire Ordovician sequence are also common in most
of the Leningrad region. The lower Ordovician includes the Tosna and Koporye Formations.
The Koporye Formation is the lateral equivalent of the Tiirisalu Formation in Estonia. The
lower part of the Koporye Formation is composed of overlapping fine-grained sandstones
and black kerogenic mudstones, with a thickness of 2-15 cm. In some places, mudstone is
replaced by shaley bituminous clays containing graptolite remains.
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Figure 2. Representative outcrop and drill core photographs of the studied black shale. (A,B)
Outcrops in Billingen and Kinnekulle, Sweden; (C,D) outcrops in western Russia; (E,F) outcrop in
the Pakri Peninsula (NE Estonia) and drill core F344 (W Estonia), respectively.

In the territory of Sweden, the black shale Formation belongs to the Middle
Cambrian-Early Ordovician time interval [41]. This Formation is commonly called Alum
Shale because historical raw materials for the production of alum were extracted from this
shale.

The upper part of the Early Cambrian sand Formation is composed of glauconitic
sandstone which is overlain by gray-green siltstones and shale of Middle Cambrian age.
The rocks are separated by a thin layer of conglomerates. The Middle Cambrian facies of
black shale of the Alum Shale Formation lies higher in the section.

3. Materials and Methods

A total of ten drill cores (F298, F330, F343, F344, F369, F362, F355, K14, F366, F354)
from the drill core repository of the Geological Survey of Estonia were studied to
characterize the Estonian part of the black shale. The samples were taken at 20 cm intervals
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where possible. For some thin beds, the sampling interval was 10 cm or less, whereas
intervals greater than 20 cm were used in sections with very poor recovery. The chemical
composition of samples was analyzed by the Rigaku wavelength dispersive X-ray
fluorescence spectrometer ZSX Primus II (manufactured by Rigaku, USA), and 3 kW Rh
primary radiation was used to measure the concentrations of elements. For calculations,
the semi-quantitative SQX Analysis software (version 3.44) was used. Trace element
analysis was carried out on selected samples from six drill cores (F369, F362, F355, K14,
F366, F354) at Bureau Veritas, Canada, using the procedure with code MA250. For this
procedure, a 0.25 g split was heated in HNOs, HCIOs, and HF for fuming and then taken
for drying. The residue was thereafter dissolved in HCI. The trace element data for the
remaining four drill cores (F298, F330, F343, F344), and major and trace element data for
additional seven drill cores (F314, F326, F328, F338, F345, F347, F360) and one outcrop
(Nommeveski), were collected from the report of the Geological Survey of Estonia [42]
and from [43] (Tables 1 and 2 and supplementary Table S1). Geochemical data from two
outcrops (Pakri and Saka, [18]) were also included in this study (all analyses in the
supplementary data). The drill cores of graptolite argillite are mostly available from north-
western Estonia where the argillite is the thickest. The thickness of the studied cores
ranges from 0.3 to 6.7 m. In terms of mineralization, pyrite and glendonites are often
observed in these drill cores. In places, the black shale beds are interrupted by lenses of
sandstone. The black shale complex covers light gray sandstones of the Kallavere
Formation, which, in some places, contains abundant phosphatic brachiopod shells.

Table 1. Average major element concentrations (in wt %) of representative black shale drill cores in
Estonia and Russia, and outcrops in Sweden.

Sample Latitude Longitude SiO2 Al203 Fe203 MnO CaO MgO Na20 K20 TiO2 P205
Estonia
F298 59.297927  24.597908 48.50 12.51 4.51 0.02 0.54 1.11 0.17 6.53 0.59 0.21
F330  59.1524027 23.540536 46.74  12.21 4.32 0.02 0.47 1.01 0.22 6.52 0.58 0.12
F343 59.007919  23.356647 46.17 12.42 4.18 0.02 0.32 1.10 0.21 6.35 0.58 0.17
F344 58.9189 23.903258  43.99 11.78 4.63 0.03 2.02 2.01 0.17 6.12 0.55 0.20
Sweden
Kvantorp 59.119473  15.284068 53.77 8.67 3.72 0.01 0.40 0.58 0.12 3.25 0.34 0.07
Latorp  59.277967  15.008981  51.40 8.49 411 0.01 0.21 0.55 0.16 3.45 0.40 0.08
Kinnekule 58.538663  13.36666 53.70 10.50 4.23 0.01 0.28 1.87 0.15 3.27 0.88 0.08
Billingen 58.505331 13.739959  52.83 13.58 7.49 0.01 0.20 1.74 0.19 3.94 0.89 0.09
Russia
1 59.705477  29.043983  68.60 8.96 5.67 0.04 2.35 1.12 0.13 5.39 0.62 0.51
4 59.6525861 29.0467861  58.97 8.36 5.38 0.02 1.81 0.88 0.11 4.92 0.53 0.50
5 59.6309389 29.0434333 52.82 8.33 6.86 0.03 2.12 1.04 0.11 4.85 0.51 0.50
11 59.7363167 29.1151028  58.26 9.22 4.49 0.02 1.39 0.80 0.11 5.41 0.53 0.32
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Table 2. Average trace element concentrations (in ppm) of representative black shale drill cores in
Estonia and Russia, and outcrops in Sweden.

Sample Latitude Longitude Ba Cu Mo Ni Pb Sc St Th U )\ Zn Zr
Estonia
F298 59.29793 2459791 361.30 102.05 8242 93.33 9737 11.66 68.30 12.63 58.56 647.83 65.35 111.03
F330 59.1524  23.54054 367.65 88.39 194.35 114.36 12131 11.16 74.06 12.14 9645 100335 6574 114.93
F343 59.00792  23.35665 370.00 112.28 183.95 173.35 143.93 11.47 76.85 12.68 124.32 1209.75 198.60 110.92
F344 589189  23.90326 325.65 99.40 193.80 146.78 11347 1121 7837 12.65 118.90 999.39 88.65 106.39
Sweden
Kvantorp 59.11947  15.28407 316.33 45.08 146.00 4291 3722 6.69 6059 6.25 80.22 390.22 3942 85.73
Latorp 59.27797  15.00898 322.33 64.44 163.74 4434 3188 7.33 5156 7.66 12131 44178 6624 91.78
Kinnekule 58.53866 13.36666 600.80 2554 17620 2438 28.76 8.85 9791 725 60.77 84120 51.17 118.84
Billingen 58.50533 13.73996 634.15 95.05 209.04 73.35 42.82 12.39 56.96 10.89 97.00 695.69 90.17 153.69
Russia
1 59.70548  29.04398 396.67 8128 81.65 7799 10430 6.16 90.31 10.18 104.83 472.06 3246 177.67
4 59.65259  29.04679 328.33 90.93 17230 133.54 104.11 8.32 63.84 11.40 17342 59344 951.03 166.56
5 59.63094  29.04343 330.17 83.40 175,55 151.92 7778 9.09 61.08 11.26 17413 681.00 1518.19 158.00
11 59.73632 29.1151  365.67 82.57 157.30 13555 99.87 9.15 5142 11.05 240.27 761.83 463.43 138.33

Major and trace element data from outcrops in eight districts in southern Sweden
and 34 drill cores from western Russia [44] were also collected and utilized for this study
to represent the Swedish and Russian parts of the black shale regions (Tables 1 and 2 and
Supplementary Materials). In most outcrops of Sweden, the Upper Cambrian interval of
the black shale was sampled layer by layer from the bottom upward. Only in Billingen
section, was the Middle Cambrian interval sampled in addition to the Upper Cambrian
interval. Great care was taken to ensure that only fresh, unweathered samples were
collected for laboratory studies. The intervals containing carbonate nodules were not
selected.

The trace element contents of the samples were studied using the Inductively
Coupled Plasma-Mass Spectrometry. Prior to analysis, the samples were crushed to a
grain size of 74 pm. Nitric, hydrochloric, and hydrofluoric acids of high purity,
additionally purified by distillation, as well as deionized water, were used to decompose
the samples and dissolve the salts. The analysis of the prepared solutions was carried out
on Agilent 7700 and ELAN-6100 DRC devices at the Russian Geological Research Institute
(VSEGEI), St. Petersburg. Major element concentration was studied using the Rigaku
Miniflex II X-ray fluorescence spectrometer.

4. Results
4.1. Major Elements

Major element data for this study are presented in Table 1 and in supplementary
data. The most abundant major elements in the black shale are S5iO2, Al20s, Fe203, and K20,
in decreasing order of abundance. Samples from Russia had the highest concentration of
SiO2 ranging from 37 to 84 wt%, with an average value of 58 wt%. It also shows the
corresponding lowest AlOs content, indicating that Al2Os is associated with the finer
fractions.

In Estonia, the SiO2 content ranges from 12 to 72 wt%, with the average being 47 wt%.
Only three samples had values less than 35 wt%. The SiO: contents in samples from
Sweden are lower than in those from Russia, but slightly higher than in samples from
Estonia. The average SiOzconcentration in samples from Sweden is 52 wt%.

When compared with Post Archean Australian Shale, PAAS [45], the black shale is
slightly enriched in SiOz, Fe20s, K20, and TiOz, and highly depleted in CaO, Na:0, and
MnO in all studied sites (Figure 3). The positive correlation between K20 and TiO: with
Al0Os (0.76 and 0.83, respectively) indicates that the distribution of these elements in the
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black shale is likely controlled by the primary input of fine-grained clastic material to the
organic-rich sediment. A negative correlation exists between Al:Os and CaO, possibly
suggesting that the majority of CaO occurs in the calcite phase, whereas Al2Osis related
to the clay fraction.
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Figure 3. Major and trace element concentrations normalized against Post Archean Australian Shale
[45]. The lines represent average elemental concentrations of drill cores from Estonia and Russia,
and outcrops from Sweden.

4.2. Trace Elements

The average trace element values of samples from four drill cores from Estonia,
Russia and outcrops from Sweden are given in Table 2. The complete data set is given in
the supplementary material. Post Archean Australian Shale normalized data show that
the samples are highly enriched in U, V, and Mo (Figure 3). Pb is also highly enriched in
samples from Estonia and Russia but slightly enriched in Swedish samples. Black shale
samples show a 10-fold enrichment in Zn in samples from Russia, a 3-fold Zn enrichment
in Estonian samples, and a depletion in samples from Sweden, relative to average shales
(Figure 3). The Mo concentration varies widely, being 2-562 ppm in Russia, 6-1844 ppm
in Estonia, and 2-411 ppm in Sweden. The average Mo concentrations are 189, 175 and
142 ppm for samples from Estonia, Sweden, and Russia, respectively. The content of U is
the lowest in the Swedish samples, with an average value of 82 ppm, but twice as high in
samples from Russia, with an average value of 169 ppm. In Estonia, the average U
concentration is 105 ppm. Few samples show unusually low concentrations of U, V, and
Mo, likely due to the presence of sand lenses in some sections of the black shale bed.

5. Discussion
5.1. Provenance

Due to the relatively immobile behavior of certain trace elements under surface
weathering conditions, they can be transferred from parent rock to sediment without a
significant gain or loss in concentration during processes leading to deposition [46].
Nevertheless, the fractionation and recycling of clastic material may affect provenance
interpretations, which were made using immobile elements [46,47]. Nevertheless,
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immobile elements are extensively used for the characterization of the provenance of
sedimentary rocks. Some trace elements such as La and Th are mostly concentrated in
felsic rocks, whereas Sc, Cr and Ni are found more frequently in basic rocks [48]; therefore,
their ratios can provide information about the possible sediment sources for deposited
sediments. The Th/Sc versus Zr/Sc plot (Figure 4A) was used to infer the provenance of
the black shale in Sweden, Estonia, and Russia [46]. The samples from the Sweden plot in
the felsic field suggest that felsic rock may be the dominating source of the sediments.
Samples from Estonia and Russia plot also contain felsic rock, but they exhibit a trend in
the direction of Zr addition. This may indicate that the provenance of samples from
Estonia and Russia is composed of a mix of felsic rocks and recycled sediments. This
interpretation is corroborated by the relatively higher ratios of Zr/Sc and K2O/Na20 in
Russian and Estonian samples (respective average values 23 and 13 for Zr/Sc and 48 and
77 for K2O/Na20).
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Figure 4. Provenance discrimination diagrams: (A) Th/Sc versus Zr/Sc [46]; (B) TiO:2 versus Al20s;
(C) TiO2 versus Zr [2].

Cambrian-Ordovician reconstructions by [38,49-52] show that continental
landmasses existed in the north and north-west of the black shale area. Thus, the likely
provenance region for the studied black shales was the Paleoproterozoic igneous and
metamorphic basement of southern Central and Southern Finland. Those rocks consist
predominantly of felsic to intermediate metamorphic (acidic to intermediate gneisses,
felsic volcanics, microcline granites and migmatites) and igneous rocks (small granitic
intrusions and large rapakivi granite intrusions). A good representation of these rocks and
the rock variation is the Central Finland Granitoid Complex with a north-south and west—
east expanse of more than 200 km. Some mafic igneous intrusions and metamorphic rocks of
intermediate to basic composition (mafic metavolcanics, metasediments—gneisses) are
also found in this area ([53], and references therein).

The AlL:Os versus TiO:z ratios have been widely applied in provenance studies. The
ratios 3-8, 8-21 and 21-70 are interpreted as suggesting mafic, intermediate, and felsic
sources, respectively [2]. The ratios for the studied samples are in the range of 9-39, with
average values of 17, 18, and 15 for samples from Sweden, Estonia, and Russia,
respectively (Figure 4B). These data suggest that the studied black shales are derived from
a mix of rocks of felsic and intermediate composition.

The interpretation of the Zr versus TiO: plot [2] also agrees with a felsic to
intermediate provenance for the black shale (Figure 4C). In this plot, samples from
Sweden and Estonia fall almost entirely in the intermediate rock field (except for six
samples in the felsic rock field). Samples from Russia, however, plot in both intermediate
and felsic provenance fields.

According to Bhatia and Crook [1], the concentration of SiO: increases with a
decrease in TiO2, MnO, CaO, MgO, AL:Os, and Na20 due to an increase in quartz content
as a response to a change in provenance from mafic to felsic rock. There is also a significant
increase in the enrichment of elements with highly charged cations (Th, U, Nb, Zr) from
mafic to felsic provenance. Among the studied samples, black shales from Russia have the
highest average SiO: content of 58.4 wt%, and correspondingly the lowest average
contents (in wt%) of TiOz2 (0.53), MgO (0.95), AL2Os (8.17), and Naz0 (0.10). The samples
from Russia show also a significantly higher enrichment of Zr and U. Estonian samples
have the lowest SiO:2 content of 47 wt% and the highest content of AlzOs (12 wt%). The
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compositional variations in the studied samples may be related to the provenance of the
clastic fraction of the black shale, with samples from Russia receiving the most felsic
detrital input.

Bhatia and Crook [1] also noted a decrease in V and Sc concentrations from mafic to
felsic rock. The V and Sc average concentrations of the studied samples are 972 and 10.48
ppm for Estonia, 578 and 9.72 for Sweden and 666 and 7.8 for Russia. This generally agrees
with a more felsic source contribution in Russian samples compared with those from
Estonia and Sweden. The studied major and trace element contents and ratios display the
heterogeneity of rock types in Southern and south-central Finland well. More felsic
provenance for Russian samples may be attributed to the vicinity of a large rapakivi
granite intrusion (Vyborg pluton) in south-eastern Finland, which is a major sediment
transport source for the black shale area in Russia.

5.2. Tectonic Setting

The chemistry of sedimentary rocks could be used as a fingerprint for inferring the
tectonic setting of derived sedimentary material. One of the most widely used tectonic
setting discrimination methods is the approach by Roser and Korsch [3]. It is based on the
premise that the SiO2 content and K2O/Na20O ratio significantly differ from one tectonic
setting to another. The log(K20/Naz0) versus SiO: plot for tectonic discrimination has
been used by numerous authors [6,54,55].

The studied black shale samples generally suggest a passive margin tectonic setting
(Figure 5A). All samples from the Russian plot are in the passive margin field, suggesting
that the tectonic setting during deposition was entirely a passive margin. Samples from
Estonia closely follow this trend, with only about 6 out of 362 samples plotting in the
active continental margin. Samples from Sweden cluster around the boundary between
the passive margin and the active continental margin, with fewer samples plotting in the
active continental margin field. This pattern also suggests sediments are generally derived
from a passive margin for the Swedish Alum shale.

‘ A‘ @ Estonia
@® Sweden
® Russia

Oceanic Island Arc

20 40 60 80
Si0,, wt%
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Figure 5. Tectonic setting discrimination plot for the studied black shales: (A) K2O/Na20 versus SiO2
[3]; (B) major element-based active and passive margin setting discrimination model [7]. The black
vertical line in figure (B) represents the boundary between active margin (right) and passive margin
(left) fields. For steps to calculate DF(a —rym, see [7].

A new method of discriminating tectonic settings proposed by Verma and
Armstrong-Altrin [7] is also employed in this study to infer the tectonic setting of the
Baltoscandian black shales (Figure 5B). This method uses either major element (SiO: to
P205) data only, or a combination of major and trace elements (Cr, Nb, Ni, V, Y and Zr)
with the application of the computer software “APMdisc”. It has been demonstrated that
this approach may have great success in accurately discriminating active and passive
margin tectonic settings [7,56,57]. In this paper, major element data of the black shale samples
were used to infer the tectonic settings of the studied sites. The samples plot in the passive
margin field of this discriminant (with over 99% confidence rate for all samples),
suggesting a passive margin setting for the Baltoscandian black shales (Figure 5B). This
interpretation agrees well with an earlier interpretation based on the Roser and Korsch [3]
discriminant model and with general knowledge of Baltoscandian geotectonic settings
during the Lower Paleozoic era [30].

5.3. Paleoweathering

The degree of weathering has been inferred using the Chemical Index of Alteration,
CIA, given as CIA =[ALOs/(Al20s + CaO* + Na20 + K20)] x 100 [58]. All values in the above
equation are in molar proportions, whereas CaO* represents the amount of CaO
incorporated into the silicate fraction of the rock.

The CIA values of the studied black shales range from 53 to 80 (Figure 6). Samples
from Sweden have the highest CIA values of 61-80, whereas samples from Estonia and
Russia are similar, in the range of 54-64 and 53-63, respectively.

The significant difference between the CIA values of samples from Sweden and those
from Estonia and Russia could be related to factors such as variation in the dominant
lithology of terrigenous provenance areas, an increase in compositional maturity during
sediment transport [15,59], and/or addition of cations by marine reverse weathering
reactions [60], or by late diagenetic basinal brines [61].
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Figure 6. Ternary diagram for the estimation of the degree of chemical weathering of the black
shales, based on molecular proportions of Al203, CaO, Na20, and K20 [61]. Vertical scale represents
the Chemical Index of Alteration.

On the geochemical ternary plot (Figure 6), the samples show a trend along the
AlLOs-K20 compositional line, which represents an advanced stage of weathering.
Samples from Russia and Estonia cluster just above the K-feldspar region, whereas
samples from Sweden cluster around illite.

The scattered nature of the points (points not falling on a pre-defined weathering
trend) indicates that secondary processes may have resulted in the redistribution of
potassium in the silicate fraction [46]. It is therefore difficult to estimate concrete
weathering profiles; however, based on the provenance interpretation in [62], the most
likely profile would be somewhere near intermediate to felsic rock composition (indicated
by an arrow in Figure 6). If this is the case, the studied black shale samples, especially
those from Russia and Estonia, have experienced significant potassium enrichment
resulting in lower CIA values as defined by Fedo et al. [63].

It is a common practice to evaluate the degree of weathering using the Chemical
Index of Weathering (CIW) [64] method, where potassium alteration is believed to affect
weathering interpretations from the CIA method [65-67]. The CIW is calculated as
follows:

CIW =[A1205/(ALz0s + CaO + Na20)] x 100 (in molecular proportions).

The average CIW values of samples from Estonia, Sweden, and Russia are similar, at
97, 96, and 95, respectively, thus indicating an intense degree of weathering of the source
material.

This is a strong indication that secondary K-enrichment has overprinted the CIA
values of the primary mineral matter. A high degree of weathering is expected in the
Baltoscandian black shales, because temperatures were high during the Tremadocian
stage when the black shale formed [33]. Nevertheless, the source and timing of possible
secondary K-enrichment remain elusive. Some previous studies have suggested a
significant input of volcanic ash to the regional sedimentary budget of the paleobasin [68—
70] which could account for potassium enrichment in the considered black shale [69].
Indeed, similar potassium enrichment, together with the widespread formation of
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authigenic low sanidine and illitic illite-smectite, is also known as being from the Lower
Paleozoic bentonites of Estonia. Mass balance calculations suggest that a considerable
amount of potassium was added during the alteration of primary ash to bentonite
assemblages. The major source of extra potassium could have been late diagenetic K-rich
fluids driven by the development of the Scandinavian Caledonides [71]; however, it is also
important to add that large areas of felsic high potassium granitoids and granitic gneisses
occur in Southern and Central Finland. The physical and chemical erosional products of
that material may well be contributing to potassium enrichment in the studied black
shales.

6. Conclusions

The Lower Paleozoic black shales of Estonia, Sweden and Russia are highly enriched
in a variety of trace elements (U, V, Mo, and Pb (except in Swedish samples)), slightly
enriched in SiOz, Fex0s, K20, and TiO2, and highly depleted in CaO, Na:0, and MnO,
relative to average shales (PAAS).

Major and trace element ratios and discriminant plots suggest that the initial material
of the black shale was generally derived from intermediate to felsic rocks and recycled
sediments.

Tectonic setting discriminant plots suggest a passive margin setting for the studied
Lower Paleozoic black shales.

The CIW values suggest intense degree of chemical weathering of the clastic material
of the black shale. The CIA values may not accurately reflect the degree of weathering of
the Baltoscandian shales as the shale may have experienced significant secondary
potassium enrichment during diagenesis.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/min12050602/s1, Table S1: Major (wt %) and trace (ppm)
element concentrations of studied black shale drill cores in Estonia and Russia, and outcrops in
Sweden.
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