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INTRODUCTION

Oil shales/black shales (OS/BS) can be found all over the world. The dimensions
of OS/BS deposits are highly variable in thickness as well as in lateral extent.
OS/BS are usually organic-rich fine-grained sedimentary rocks commonly formed
in low-oxygen or anoxic/euxinic conditions. Silt- and clay-size mineral matter is
deposited together with organic matter (OM) mostly in marine settings. The
mineral composition ranges from dominating silicate minerals (quartz, feldspars,
clay minerals) to prevailing carbonate minerals (calcite, dolomite), while both
types commonly contain some amount of sulfide minerals (pyrite, sphalerite),
suggesting anoxic sedimentary conditions that allowed the preservation of OM in
these deposits. The sulfide minerals and OM are associated with abundance of
various heavy metals common in OS/BS. The assemblage of trace metals is
variable, from common transition metals Mo, V, U, Pb, Zn, Ni, Cu, Co, and Cr to
precious metals Ag, Au and platinum group elements (PGEs); however, the
enriched heavy metals’ sets vary in different OS/BS deposits. BS of Estonia,
known as graptolite argillite (GA) and its continuation to the west as alum shale,
is enriched with e.g. Mo, U, V, and Pb. OS of Jordan has high concentrations of
e.g. Zn, Cd, Ni, Cr, Mo, and V. For the genesis of different OS/BS formations as
well as for the source of metals several mechanisms have been proposed. In fact,
the high content of OM is the only common factor for these fine-grained
sedimentary rocks that were deposited in various depositional environments (e.g.
fresh water lakes, marine basins) ranging in age from Cambrian to Paleogene.

There are numerous studies conducted on various metalliferous BS/OS deposits
worldwide (Dyni, 2003, 2006) — deposits in North America (Vine & Tourtelot,
1970; Coveney et al., 1987; Quinby-Hunt et al., 1989; Wilde et al., 1989; Hatch
& Leventhal, 1992; Algeo & Maynard, 2004), Australia (Lewis et al., 2010),
Jordan (Abed & Amireh, 1983; Al-Harahsheh et al., 2005; Hamarneh et al., 2006;
Abed et al., 2009; Dill et al., 2012; Magharbeh et al., 2012; Amer et al., 2013;
Alnawafleh & Fraige, 2015; Hakimi et al., 2016), Israel (Goren, 2015), China
(Steiner et al., 2001; Jiang et al., 2007; Fu et al., 2015a, 2015b; Bai et al., 2015;
Zeng et al., 2015; Liu et al., 2015; Xu et al., 2013; Fu et al., 2012), Latvia (Kiipli,
1997), central Europe (Vaughan et al., 1989), and alum shale in Scandinavia
(Andersson et al., 1985; Sundblad & Gee, 1984; Berry et al., 1986; Leventhal,
1990, 1991; Schovsbo, 2002), focusing on the general characteristics and different
aspects of metallogenesis in those assemblages. Also, a series of investigations
have been targeted on the general geochemistry and trace element distribution of
Estonian GA (Petersell et al., 1981; Loog, 1982; Petersell et al., 1987; Pukkonen,
1989; Kallaste & Pukkonen, 1992; Pukkonen & Rammo, 1992; Loog & Petersell,
1994; Loog & Petersell, 1995; Lippmaa et al., 2009; Lippmaa et al., 2011; Voolma
et al., 2013; Hints et al., 2014; Soesoo & Hade, 2014; Hade & Soesoo 2014).



The studied Jordanian OS and Estonian BS samples contain anomalous amounts
of trace metals (e.g. V, Mo, U, Zn); however, in both cases the metal-rich OS/BS
intervals cannot be distinguished from metal-poor rocks without chemical
analyses (Fig. 1).

Fig. 1. Example of black shale of Estonia (left) and oil shale of Jordan (right) drill
core sections.

This study is focused on the comparison of variation in geochemistry of GA in
Estonia and OS of Attarat Um Ghudran (AUG) deposit in Jordan (within the
Jordan Oil Shale Energy (JOSE) concession area) with emphasis on enriched trace
metals — their distribution patterns, possible provenance and mode of occurrence
in these organic-rich sedimentary rocks. Firstly, a comparative study of organic-
rich sedimentary deposits, GA of Estonia and OS of Jordan, is presented to
determine/highlight main similarities as well as variations and distribution
patterns of major components along with enriched metals, using OS/BS from two
very different geological settings — deep-water calcareous OS versus more
proximal shallow-water settings with siliciclastic input. Some aspects (oil yield,



heat of combustion, etc.) involved in describing the organic-rich sedimentary
deposit are out of scope (or the data are too limited to compare) of this study and
are omitted. Secondly, statistical analysis method is used to spot and highlight the
changes in BS cross-section having rather homogeneous major element
composition next to heterogeneous trace metal composition. Hierarchical
clustering of samples could reveal internal structure of the formation, possibly
helping to interpret the processes behind high variation of trace metals during the
accumulation of GA.

MATERIAL AND METHODS

Oil Shale

During 2007-2013, the JOSE Company explored a concession area of about 73
km? located in the southern border zone of AUG deposit, next to Wadi Maghar
(WM). JOSE has drilled a regular grid of boreholes with a full coring of the up to
90 m thick OS seam and its lower and upper contact layers. Drill cores were halved
and samples for quality assessment were taken with a 0.5 to 2.0m interval. All
lithological layers thicker than 0.5 m were sampled separately, coarse-crushed and
sent to Estonia for analyzing. The halved drill cores were logged and
photographed in Jordan. JOSE is the owner of all rock material and geochemical
data (AUG OS) used for interpretation in this study.

Black Shale

Samples of the Tiirisalu Formation (Fm.) were taken from Pakri Peninsula
(59.37668N, 24.03648E), the 4.2-m thick BS sequence of the Uuga CIiff outcrop
was sampled with 20-cm interval.

Drill cores SP2 and SP3 on Suur-Pakri Island, NW Estonia, are located less than
a kilometer apart: SP2 (59°20'13.07"N, 23°53'54.74"E, WGS84) and SP3
(59°20'15.33"N, 23°54'33.8"E, WGS84); GA in these drill cores is 4.6 m and 4.4
m thick, respectively. A quarter of the BS in both drill cores was sampled and
analyzed by 2-cm interval. Siliciclastic beds belonging to the Kallavere Fm. and
the Varangu Fm. near the lower and upper contacts with the Tiirisalu Fm. were
also sampled. Core loss is 1.08 m for SP3 and 1.0 m for SP2.

Geochemical analysis

The samples were analyzed at the Institute of Geology at Tallinn University of
Technology. Preparation and analytical methods were similar for OS and BS
samples. Loss on ignition (LOI) was determined from 1 g of pulverized sample
material at 500°C and 920°C, for 18 BS samples also at 400°C. XRF analysis was
conducted with S4 Pioneer Spectrometer (Bruker AXS GmbH), using X-ray tube
with a rhodium anode, which operated at 3 kW. The samples were measured with



a manufacturer’s standard as MultiRes modification (pre-calibrated standardless
method). In-house standard ES-2 (“Dictyonema Shale”) was used as reference
material (Kiipli et al., 2000). Detection limits for trace elements analyzed with
XRF are 10 ppm for Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, U,
and Th; 20 ppm for Sc, V, Cr, Co, Ag, Cd, Sn, Sb, Te, Pb, and W; 50 ppm for I,
Cs, Ba, La, Ce, and Nd, and 0.1% for F.

Statistical analysis

The BS dataset for the present statistical analyses is composed of 21 data rows as
chemical analyses and 13 columns as elements (21 samples by 13 elements). Two
methods of multivariate analysis were used for data assessment: (i) principal
components analysis (PCA) and (ii) hierarchical clustering of PCA groups. Both
analyses were carried out by using software ‘R’ (package ‘FactoMineR’) and
RExcel. More detailed description, the formulas used and the mechanism of the
construction for these parameters are given by Le et al. (2008) and Husson et al.
(2010, 2011).

Outline of Attarat Um Ghudran oil shale of Jordan

Cretaceous to Paleogene sedimentary sequences of the Afro-Arabian shelf sea
contain vast volumes of OM (Sharland et al., 2001; Powell & Moh'd, 2011).
Jordan, a country devoid of oil, is extraordinarily rich in OS resources. In 1983,
Abed and Amireh (1983) summarized the early (1959-1980) publications on OS
occurrences in Jordan. Subsequent prospecting and exploration campaigns
organized by the Government (Hamarneh et al., 2006) cleared the way for
developers interested in acquiring concessions in order to initiate the resource
exploration and feasibility studies by interested companies. The Estonian-
Jordanian JOSE Company applied for the concession in southern part of the AUG
deposit, located on the Central Jordan desert plateau at altitudes 700-800 m above
sea level, about 100 km SSE of Amman and 40 km east of village Qattrana (Fig.
2).
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Fig. 2. Approximate location of the JOSE exploration area in the Late Mesozoic to Mid-
Paleogene epicontinental sea platform of Jordan subjected to formation of internal shelf
basins structured by shallow swells; solid circles — micropaleontological age studies of

drill cores or cuttings (modified from Alqudah et al., 2015).

The richest oil shale-grade deposits are of the Late Cretaceous Maastrichtian age,
in which OM is presented as kerogen (Abed & Amireh, 1983). It originates from
fossilized phytoplancton and zooplancton that flourished and deposited on the
southern continental shelf of the Tethys Ocean (Abed et al., 2009). According to
a classification by Hutton (1987) the largest Jordanian OS deposits belong to the
family of marinite OS (Hamarneh et al., 2006; DeWolfe et al., 2010).

Geologically, the territory of Jordan is located in the NW part of the Arabian Plate.
Starting in the Palacozoic, a thick sedimentary cover evolved during several
phases (Sharland et al., 2001; Powell & Moh'd, 2011). Systematic lithofacies
studies of Cretaceous to Eocene succession in central and southern Jordan (Powell
& Moh'd, 2011) revealed that (i) the area is characterized by passive continental
margin depositional sequences, which pass upward from alluvial/paralic to
carbonate shelf and pelagic ramp settings, and (ii) sedimentation during the
Santonian to Maastrichtian was characterized by a hemi-pelagic chalk-chert-
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phosphorite lithofacies association, deposited in shallow to moderate water depths
on a homoclinal ramp setting, although thicker coeval sequences were deposited
in extensional rifts.

During Early Cretaceous through Eocene, the large temporarily submerged
shallow marine clastic and carbonate platform surrounded the continental area of
the Arabian Shield in the south and was surrounded by deep marine clastic and
carbonate platform of Neo-Tethys in NW (the Mediterranean Neo-Tethys
Domain) and NE (the Eastern Neo-Tethys Domain) - see Fig. 1A in Alqudah et
al. (2015). Due to upwelling systems, the shallow marine deposits contain rich OS
and phosphate accumulations there (Abed, 2013).

A comprehensive and representative study of nannofossils from OS sequences of
Jordan was committed and OS sequences of Maastrichtian, Paleocene, Early
Eocene and Middle Eocene age were identified (Alqudah et al., 2014a, 2014b,
2015). The data revealed that the thickest OS sequences are located in deep sub-
basins that developed in connection with synsedimentary subsidence of seabed in
active fault zones.

The AUG and WM OS deposits form a uniform, north-south striking elongated
AUG-WM basin that is located in desert area of Central Jordan (Hamarneh et al.,
2006; Alali, 2006). Based on reconstructions by Alqudah et al. (2014a, 2014b,
2015), the uniform area of AUG and WM OS deposits lies in the transition zone
between the deepest zones of the El-Lajjun Sub-basin with Maastrichtian OS (in
the west) and Azrag-Hamza Sub-basin with Maastrichtian-Eocene and locally
with over 500 m thick Eocene OS (in the east). Some 100 km to the south, the Jafr
Sub-basin with Maastrichtian-Eocene OS (locally over 250 m thick) is situated

(Fig. 2).
Mineralogical composition

In addition to small-scale dolomitic limestone layers, two large types of OS can
be distinguished in the cross-section: (i) mudstone OS that is dark brown to black,
almost massive or very finely laminated, and (ii) wackestone OS that contains
varying amount of grains (fossil shells and shell debris) and concretions (Puura et
al., 2016). According to SEM-EDS observations, grains and concretions in the OS
are dominantly calcitic or, in places, carbonate fluorapatite in composition.

In general, according to XRD studies the mineral composition of OS is limited to
calcite, carbonate fluorapatite, quartz (with additional tridymite-cristobalite in
certain intervals) and smectite with minor pyrite, sphalerite, and barite identified
so far (Puura et al., 2016). The variation through cross-section is significant: the
content of calcite varies from 8 to 88%, quartz up to 51% (cristobalite+tridymite
up to 47%), and dolomite from below the detection limits (approximately <2%)
up to 80%, apatite up to 40%, and clay minerals up to 31%. The corresponding
chemical and mineralogical composition is similar to that of the Lajjun deposit
located westward from the current study area as described by Hufnagel (1984) and
Abed et al. (2009).
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Chemical composition

Despite the dominating carbonate composition of the OS suite, the chemical
composition in AUG OS seam still varies significantly in the cross-section. Major
element composition studies indicate that SiO, and CaO range between 3 to 70
wt% and 10 to 50 wt%, respectively, and show strong inverse correlation. The
usually low MgO and P,Os contents rise randomly up to 16 wt%. Al,O3 and S
concentrations are locally up to 7 wt%. OM content in the deposit varies from very
low 4 wt% up to 38 wt%.

High <- CaO -> Low Al203 Mgo Lithological

Meters  ,w <- si02 -> High Low <- P205 -> High Low <- LOI500°C-> High cross section
805 T | TT T = 805

E —sio2 1 | | ——AI203
800 cao T | T ] - 800

[ o Z_ L o _3 ]
795 + +1+ . 1 795
L GO A A 790
785 + + |+ - 785
780 | T4 : L 780
775 + + 775
770 £ T T _= + 770
765 | ¥ 765
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755 + 1 1 755
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730 | 1|+ : 730

[ ] L FwW 1]
S [ D, s | o
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Legend: @) os: mudstone E==23 OS: wackstoneT==3F ;- (L - lizﬁqchert

Fig. 3. OS cross-section with main characteristic elements defining the layered structure
(from Puura et al., 2016).
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Significant variation occurs also in trace metal contents, ranging between 100 and
2700 ppm for Zn and V; Ni, Cr and Mo show concentrations from few tens of
ppm-s up to 600 ppm.

Cu Zn v

Meters | ow< s> High Low <- Cd -> High Low <- Mo -> High

805 == — 7T T T 805
00 | -
795 — — — — 795
0 | 0
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o | -
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765 f f f f 765
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o | »
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72 L {l ] SR Y APPSR R

Fig 4. The content of trace metals varies in a wide range, however, trace metals show
strong covariation in OS sequence.

Geochemical variation of major and trace elements significantly depends on the
layered structure of the OS unit. Apart from lithological OS types, there are
geochemical distinctions separating different OS layers, indexed from A to E3.
Unlike the rest of layers, certain OS layers show distinct enrichment/depletion in
some elements, for example kerogen- and trace metal-rich (layer E2), SiO,-rich
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(layer D), CaO-rich and SiO;-poor (layers E3 and E1), and P,Os-rich (layer A).
The dolomitic limestone interlayers show compositionally extreme values for
certain elements, high MgO and low kerogen and trace metals (layers A/B, B/C,
D/E) (Fig. 3, Fig. 4).

Results of PCA and hierarchical clustering of the OS sample collection (also used
in the following comparison with BS) provide considerable information on the
geochemical pattern — regularities in distribution of sample clusters within and
between the different OS layers. The variation of chemical composition of the OS
unit is basically expressed and visualized with six specific geochemical groups
(clusters) of samples, spatial distribution of which allows summarizing the main
changes in composition and shapes general chemical patterns of the deposit. The
study revealed that significant general trends and fluctuations in the entire OS unit
as well as differences in the chemical composition of the individual OS layers
occur namely in accordance with the layered structure and have most likely been
generated by considerable changes in sedimentation conditions. Minor variations
as well as specific geochemical stability intervals occur in internal structure of the
layers. The inconstant composition of the OS unit has resulted from different
intensity of accumulation of chemical components being almost independent from
each other: (i) CaO of calcite; (ii) SiO, of quartz (cristobalite-tridymite); (iii)
AlLOs and related elements of clay minerals; (iv) P,Os of apatite; (v) OM carrying
S and trace metals (Zn, Mo, Cr, etc.). Exceptional elevated concentrations of MgO
in the barren carbonate interlayers are likely due to diagenetic processes but
derived from specific limestones deposited without load of clay components,
apatite and OM carrying S and trace metals (Voolma et al., 2016).

Because the mineral matter had only diluting effect on OM carrying S and trace
metals the highly variable major elements composition of OS still allows the
comparison of enriched trace-metal trends with BS (GA of Estonia).

Outline of graptolite argillite of Estonia

The Tremadocian BS of the Tiirisalu Fm. make up a laterally extensive organic-
rich siliceous mudstone bed in northern Estonia, eastern part of the Baltic
Palacobasin. On a regional scale, GA belongs to the wide but patchy belt of the
Middle Cambrian to Lower Ordovician BS extending from Lake Onega district in
the east to the Caledonian front, Oslo region and Jutland Peninsula in the west
(Andersson et al., 1985; Kaljo et al., 1986; Heinsalu & Bednarczyk, 1997,
Buchardt et al., 1997).

GA in Estonia belongs to the Tiirisalu Fm., it is overlain by glauconitic sandstones
and clays of the Varangu Stage and underlain by the phosphatic quartzose
sandstone of the Kallavere Fm. (Heinsalu & Viira, 1997). According to
biostratigraphic data, the unit is diachronous (Heinsalu et al., 2003) and varies in
thickness from less than half a meter in northeastern Estonia to more than 6 m in
northwestern Estonia (Fig. 5).
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Fig. 5. A. Palacogeography of Baltica in the Early Ordovician (after Cocks & Torsvik,
2005). B. Modern distribution of the Tiirisalu Fm. and sampling localities Pakri (outcrop
and drillcores) and Saka. C. Lithostratigraphy of the Tremadocian deposits of Estonia after
Heinsalu et al. (2003). Figure from (Hints et al., 2014)

Recent findings suggest that the Tiirisalu Fm. exemplifies transgressive, but rather
shallow water reducing marine muds with spatially heterogeneous properties
(Voolma et al., 2013; Hints et al., 2014).

Mineralogical composition

GA is a fine-grained kerogen-rich siliceous deposit characterized by high content
of OM (15-20%) and pyrite (2.4-6.0%), and very low thermal maturity (Petersell,
1997). The mineral assemblage of GA is according to previous studies dominated
by K-feldspars, quartz and clay minerals (Utsal et al., 1982; Loog et al., 2001). In
the lateral as well as vertical dimension the contents of major rock-forming
minerals show slight but pronounced variation patterns (Utsal et al., 1982;
Kleesment & Kurvits, 1987; Loog et al., 2001). The average content of quartz in
GA gradually rises eastward with the corresponding clay mineral decrease. In NE
Estonia, the argillite complex is intercalated with numerous quartzose silt beds
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(Loog & Petersell, 1995). From authigenic sulfides, the occurrence of pyrite,
marcasite, sphalerite and galena has been documented. In outcrops and drill cores
secondary gypsum and jarosite commonly appear. In general, a higher degree of
sulfide mineralization within GA is associated with the occurrence of silt
interbeds. Those interbeds might also host a higher amount of other minor
authigenic compounds typical for GA — phosphates (mainly apatite as biogenic
detritus and nodules), carbonates (calcite and dolomite as cement and
concretions), barite and glauconite. Besides the highly resistant terrigenous
accessory phases (zircon, tourmaline, garnet), considerable abundance of micas in
GA beds has been documented (Utsal et al., 1982; Kleesment & Kurvits, 1987).

Chemical composition

In this study the focus is on results of a centimetre-scale study of enriched trace
metal distribution in the Tremadocian BS in two closely spaced drill core sections
from Suur-Pakri Island and Pakri outcrop, NW Estonia. The high-resolution bed-
to-bed study performed on geochemical variation from the above sampling sites
show that major elements vary relatively little across the examined GA sequences,
while several trace elements show rather high variation (Fig. 6). Analyses indicate
that the GA assemblage is siliceous, high-K, Mn-poor and with variable Fe and S
contents. The studies of vertical sequences of GA show the existence of
pronounced fine-scale trace metal variability in the GA. The examined samples
were detected to be enriched in U, V, Mo and Pb, Zn with respect to average BS,
the results obtained thus agreeing with previously published data on the
geochemistry of GA. The content of enriched elements was, however, recorded to
change greatly over the examined sequences, suggesting a notably more complex
nature of trace metal distribution in GA than previously assumed. Redox-sensitive
metals U and Mo, and to a lesser extent also V, showed loose covariance with OM
content (LOI 500°C), apparently indicating their trapping mainly via OM tied
species, and the enrichment primarily linked to OM sequestration.

In general, the dominance of common marine redox sensitive elements among
enriched metals in GA favors syngenetic enrichment as the major process of trace
metal sequestration. On the other hand, the remarkably high concentration of
enriched elements in GA and the variable covariance patterns imply that element
sequestration solely from seawater due to Eh gradients is likely an insufficient
model for explaining the observed large-scale trace-metal heterogeneity in GA.
The comparison with OS, with somewhat similar trace-metal assemblage, but
entirely different and extremely variable mineral matter (calcareous, siliceous, and
phosphatic) composition might give hints for new interpretations.
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Fig. 6. Vertical distribution profiles of major compounds SiO,, AL,Os, K»O, S, LOI500°C
and enriched trace metals Mo, U, V, Pb, Zn from Pakri GA sections.

DISCUSSION

Organic-rich deposits ranging from shallow estuarian to ocean-floor varieties act
as a significant sink for a number of redox-sensitive elements (e.g. Calvert &
Pedersen, 1993; Morford & Emerson, 1999). The distribution of redox-sensitive
elements in ancient organic-rich deposits have shown to be useful proxies for
interpreting the redox-structure of palacoseawater, primary productivity and
palacohydrography (e.g. Algeo & Maynard, 2004; Algeo & Lyons, 2006;
Brumsack, 2006; Algeo & Tribovillard, 2009).

Trace metal enrichment in BS is mostly explained by two alternative theories: (i)
synsedimentary sequestration of metals under oxygen-deficient conditions from
marine water, (e.g. Holland, 1979; Algeo & Maynard, 2004; Schovsbo, 2002), or
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(i1)) flushing of the sediments by metal-enriched syngenetic brines or
contemporaneous exhalation of such brines into marine basin (e.g. Coveney &
Glascock, 1989; Jiang et al., 2007; Yu et al., 2009; Petersell et al., 1987; Loog &
Petersell, 1995). However, these theories are challenged by the works that
underline the influence of source rocks and particulate precursor material on the
final character of metal enrichment in BS (e.g. Leventhal & Hosterman, 1982), or
the crucial role of diagenetic redistribution processes induced by late diagenetic
brines (e.g. Coveney et al., 1987; Peacor et al., 2000). The dominance of common
marine redox-sensitive elements among enriched metals in BS/OS favors
syngenetic enrichment as the major process of trace metal sequestration. The
redox-sensitive elements mostly occur as soluble species under the oxidizing
conditions. Under the oxygen-depleted conditions, however, the redox-sensitive
elements are typically present as insoluble species (metal-organic complexes,
sulfides, and metal oxyhydrates) and thus tend to sequester into sediments. The
whole metal trapping process is strongly linked with OM breakdown and sulfate
reduction processes, which initiate the crystallization of sulfides. In addition to
the redox-sensitive trace elements, other elements like Fe and Mn found
commonly enriched in BS, are essential recyclers in redox partitioning in marine
systems (Chester, 2000). Consequently, based on numerous comparative studies
of trace element accumulation in modern and ancient organic-rich sediments (e.g.
Nijenhuis et al., 1999; Brumsack, 2006), it has been suggested that oxygen
availability in sedimentary environment could have had sole control over the
development of enriched trace metal associations in different BS (e.g. Algeo &
Maynard, 2004).

Redox-sensitive metals tend to form mobile species under oxic conditions and
immobile species in reducing environments, therefore typically accumulating in
sediments near redox boundaries. However, several recent investigations suggest
that the reduction and sequestration of redox-sensitive metals occurs via various
speciation pathways and thus parallel assessment of the behavior of different
redox-sensitive elements might potentially give a much more detailed picture of
primary environments than single-element-based approaches (e.g. Algeo &
Maynard 2004; Tribovillard et al. 2006).

The differences in trace element composition of OS and BS might in some
instances reflect variations in source material fluxes. First of all this relates to non-
reactive elements with negligible solubility in surface environments transported
to the sedimentary basin mainly in the composition of terrigenous (volcanic)
matter such as residual heavy minerals, secondary weathering products or
volcanic ash. According to Vine & Tourtelot (1970), the detrital fraction of most
BS is characterized by the elements Al, Ti, Zr, Ga, and Sc (very low in OS) and
may also commonly include Be, B, Ba, Na, K, Mg, and Fe. Additional elements
generally considered insensitive to secondary processes include Nb, Y, Th, Ta,
Hf, and the REEs (also very low in OS) (Taylor & McLennan, 1985).
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Comparison of chemical composition and distribution patterns of
metals in oil shale and black shale

Average, maximum and minimum concentrations and standard deviation (SD) for
OS/BS datasets are presented in Table 1. Compared to OS, GA has more stable
major element composition in the studied sequences, indicated by low SD values.

Table 1. Average, maximum, and minimum concentrations of oil shale and black shale
samples. Major elements as mass% and trace elements as ppm. For reference
concentrations of average shale (AS) (Wedepohl 1971, 1991) are presented. In italics are
elements (Cu, Se, Cd, Ba, Zr) below detection limits in few samples, for average
calculation for elements below detection limit, value inserted was 10% of detection limit;
Pb and Rb average content in OS is based on only 40 samples, not representative of full

sequence
0S 410 BS 373
Mean SD Min |(Max |Mean SD Min |[Max |AS

LOIS00°C 1595| 5.65| 4.13| 38.28 20.82 | 2.24|12.67| 25.87
LOI1920°C 36.87| 7.27|10.33| 53.64 2317 2.12(17.24| 28.15

SiO: 18.48 | 12.36| 2.59| 71.70 50.28 | 1.62|46.42| 55.58| 58.89
TiO: 0.08| 0.05| 0.02| 0.29 0.75| 0.03| 0.59| 0.86 0.77
ALQOs 206 1.18| 0.38| 6.97 12.95| 0.36(11.60| 14.20| 16.70
Fe:03 0.64| 0.28| 0.21| 1.77 5.20| 0.87| 4.31| 12.28 6.86
K20 0.25] 0.13] 0.06| 0.62 770 0.22| 6.74| 8.52 3.60
MgO 1.34] 2.61| 0.22] 15.50 1.17] 0.08| 0.99| 2.07| 2.65
CaO 3419 7.96|10.79| 49.26 0.26| 0.29| 0.10| 4.45 2.20
P20s 276 2.06| 0.31] 16.58 0.15| 0.09| 0.07| 1.00 0.16
S 2.66| 096| 0.54| 6.22 2.63| 049| 1.94| 6.12 0.24
Mo 143 93 12 614 152 60 51 616 1
\4 430 301 78| 2040 1090 178 | 508 1520 130
U <10 50 115 39 22 257 4
Zn 852 | 424| 100| 2784 356 | 2007 29 | 30699 95
Ni 175 82 28 865 162 38 65 320 68
Cu 60 22| <10 131 122 18 87 309 45
Pb 4.2% 112 45 58 484

Cr 294 97 83 626 72 7 55 90 90
Zr 38 11| <10 85 137 9 95 180 160
Rb 9.5% 124 7 83 138 140
Sr 685| 158| 229 1855 70 5 47 99 300
Ba 94| 231| <50| 2409 391 24| 297 458 580
Cd 90 50| <20| 261 <20 2521 0.13
Se 40| 162 <l10| 3196 <10 131 0.6
As <10 64 60 21 42 236 10
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Mineral matter characteristics in oil shale/black shale reflected
through variation of major elements

Mineral matter composition in BS is clearly SiO,-dominated, being on average
50.28 wt% (SD 1.26), while in OS CaO is prevailing with average 34.19 wt% (SD
7.96). However, SiO; is also dominant in certain intervals in the AUG deposit
(Fig. 7; Table 1). In marine sediments as OS and BS dominated by CaO or SiO,,
CaO mainly resides in calcite and SiO; in quartz/opal when the dominating source
is biogenic. However, SiO; in large quantities may also originate from terrigenous
sources as quartz, and SiO, together with Al,O3 as feldspars, clay minerals, or
ferromagnesian minerals. Strong inverse correlation of CaO and SiO, and wide
range in concentrations suggest biogenic/marine source for these elements in OS,
while BS samples plot next to AS suggesting dominating detrital origin and very
low content or absence of carbonates (Fig. 7). The Al,Os content varies between
11.6 and 14.2 wt% and its average concentration 12.95 wt% is significantly higher
in BS compared to 2.06 wt% in OS. SiO; and Al>O; ratio and covariation usually
indicates abundance of clay minerals and quartz in sediments. BS samples plot
tightly together close to the AS, while OS samples diffuse towards higher SiO;
values, suggesting excess silica content, relative to aluminum and low clay content
(Fig. 7).

TiO, average content is ten times lower in OS (0.08 wt%) compared to BS (0.75
wt%). Titanium shows a strong correlation with aluminum in both sediments,
indicating possible detrital origin (Fig. 7). In sedimentary rocks Ti/Al is
commonly interpreted to reflect changes in terrigenous input and provenance areas
(e.g. Taylor & McLennan, 1985; Rudnick & Gao, 2010; Boyle, 1983). On Fig. 7,
OS samples plot on a single line approaching the AS, and BS samples slightly left
towards lower aluminum or higher titanium content. CaO, SiO,, Al,O3 and TiO;
content and distribution patterns suggest very low input of terrigenous minerals in
OS contrasting BS.

While in OS the high content of major elements in all samples is limited with SiO;
and CaO, in BS also K,O and Fe,Os are present in high (>5 wt%) quantities. K,O
content is significantly higher in BS (7.70 wt%) compared to OS (0.25 wt%) (Fig.
7), while good correlation with aluminum is evident for both rocks. The elevated
K>O content is a typical feature of the BS of the Tiirisalu Fm., where silt-size
particles dominate over clay fraction and which contains abundant authigenic K-
feldspar (Loog et al., 2001). The high potassium content is likely connected with
the abundance of authigenic K-feldspar in those beds, thus differentiating
Estonian GAs from the Scandinavian alum shale, where clay minerals occur as
the dominant K-rich phases (Snill, 1988).

Fe,O3 average content (0.64 wt%) is significantly lower in OS compared to BS
(5.20 wt%). In OS samples good correlation between Fe,O3 and Al,Os is evident,
while in BS no covariance with aluminum occurs (Fig. 7). The average content of
MgO is rather similar in both rocks, however, higher concentrations occur in
several layers of dolomitic limestone present in the OS sequence (Fig. 7).
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close to BS samples; Al203-Si02 — OS samples show excess SiO, content relative to
mostly <5 wt% AlOj; content; BS samples with rather uniform Al,Os, SiO, content plot
tightly together on line from origin through AS; TiO2-ALO3 — both OS and BS samples
show strong correlation, however in OS concentrations are clearly lower relative to BS
close to AS; K20-ALOs — good correlation for OS samples is evident, while the content
relative to AS is lower, while BS has noticeably higher potassium content; Fe:03-Al:O3
— in OS samples good correlation exists, while in BS scattering towards higher Fe,O;
content occurs in some samples; MgO-ALOs — BS and majority of OS samples plot close
to a line from origin through AS, dolomitic limestone samples in OS sequence scatter from
this trend;

Summarizing the major elements trends of OS and BS relative to AS shows that:
(BS) excluding elevated potassium and in some samples iron, the concentrations
are rather monotonous and similar to average shale values plotting on or close to
line from AS extrapolated to zero, suggesting dominantly terrigenous origin for
mineral matter; (OS) samples have clearly elevated calcium and lower silica
content showing strong inverse correlation, relative to the aluminum content, and
compared with AS, the biogenic source for mineral matter seems to be
dominating. Additionally, strong correlation of titanium, potassium, iron and
magnesium (with exception of dolomite samples) with aluminum, but clearly
lower concentrations relative to AS suggest very low terrigenous input.

Enriched metals in oil shale/black shale and organic matter

Under oxic seawater conditions many trace elements are transported to the
seafloor as oxides, hydroxides or adsorbates on other particulates. These elements
may have marine hydrogenous source — scavenged from seawater, or biogenic
source. The distribution of Cd, Cu, Cr, Ni, Se, V, and Zn in the water column,
relative to PO4*, NO5, and Si(OH)s, limiting nutrients of phytoplankton, indicate
that organic detritus is the major carrier of many minor elements from seawater to
the sea floor. These nutrients are extracted from seawater in the photic zone during
photosynthesis and returned to the ocean at depth by way of bacterial respiration.
The amount of OM (and trace metals) that reaches seafloor is variable and largely
dependent of the depth and primary productivity as well as redox conditions —
sulfate-reducing (euxinic), denitrification (anoxic) or oxic (Piper & Isaacs, 1995).
Distinguishing the detrital (terrigenous), marine hydrogenous and biogenic
fractions as carriers of minor elements indicates the possible source of trace metals
and fixation/enrichment mechanism in sediment.

Organic-rich OS and BS are characterized by a high content of redox-sensitive
metals U, Mo, V and some chalcophile elements Ni, Cu, Zn and also Pb in BS
(Table 1). Figs. 8-11 presents redox-sensitive elements, OM and sulfide forming
elements content and trends in OS/BS samples.
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Fig. 8. Cross plots of 410 OS and 373 BS samples. LOI400°C-LOI1500°C — in 18 black
shale samples confirm that mass loss at 500C is mainly reflecting organic matter content;
LOI920°C-LOI500°C — in OS samples calcite and organic matter content varies in great
range having no correlation however, while BS samples display strong correlation
between organic matter and pyrite (LOI920°C reflecting mainly mass loss of pyrite
decomposition); S-LOI500°C — very strong correlation suggest dominantly organic nature
for sulfur in OS samples, while in BS no covariation exist; S-Fe203 — in OS samples no
correlation occur, while BS samples display good correlation;

The LOI500°C variations, which could in most part be interpreted in terms of OM
abundance in organic-rich deposits, are, however, dependent on other additional
processes such as decomposition of sulfides and carbonates and dehydration of
clays. However, the decomposition of sulfides and carbonates should occur at
higher temperatures and is reflected by LOI920°C. The compositional data show
rather low carbonate content and uniform clay mineral abundance in the BS. In
OS the carbonate content varies in large range and lacks the correlation with OM,
while in BS LOI920°C, reflecting the decomposition of pyrite, values are
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approximately 10% higher and in good correlation with LOI500°C reflecting OM.
To rule out the possibility that finely dispersed pyrite decomposition contributed
to mass loss at 500°C, LOI400°C was determined for 18 samples. Almost equal
LOI400°C values determined in 18 samples suggest that mass loss at 500°C is
mainly related to OM content (Fig. 8). OM content reflected by LOIS00°C varies
considerably in both rock types (Fig. 8).

Sulfur average content (2.6 wt%) is similar for both deposits. In OS sulfur is
dominantly organic (Al-Harahsheh et al., 2005), while in BS strong correlation
with Fe,Os suggests large quantity of pyrite and that sulfur is residing mainly in
pyrite (in Pyrite (FeS,) Fe,Os3/S = 2.5) (Fig. 8). The scattering trend and excess S
propose lower abundance of sulfide minerals in OS, likely hosting minor fraction
of trace metals. Indeed, abundant pyrite beds are present in black shale detectable
by naked eye (Fig. 1), while SEM observations of OS confirmed presence of finely
dispersed pyrite and (Cd-rich) sphalerite. Also Fe,O3; strong correlation with
Al O3 (Fig. 7) might indicate its detrital source in OS.

However, while BS has high Fe content clearly related to pyrite, OS and BS both
have very low Mn contents, elements which in marine sediments through Mn-Fe
cycling play important role regarding trace metals. As manganese is mobile in
reducing sedimentary environments, its main role is the transfer of trace elements
from the water column to the sediments. It is known that Mn oxides trap trace
metals from diffusing to overlying waters (Tribovillard et al., 2006). Moreover,
iron displays a pattern of redox cycling similar to that of Mn. However, there is a
significant difference - Fe is systematically involved in iron-sulfide precipitation
within reducing sediments and waters. The main trace elements which are
influenced by Mn-Fe cycling are 2" - cation elements as Ni, Cu, Zn, Co, Pb, and
also V, Mo, and Cr. The trace metals can be adsorbed onto Fe—Mn-oxyhydroxides,
by this way they are transported from the water column to the sediment. The
elements can later be released upon reductive dissolution of the oxyhydroxides at
or below the water—sediment interface. By this mechanism, a selection of trace
metals is then available for new reactions, for instance, the capture in solid
solutions by authigenic sulfides, such as pyrite in reducing environments
(Tribovillard et al., 2006).

Trace metals are also delivered into marine sediment in association with OM. In
oxic marine waters several trace metals behave as micronutrients, such as Ni, Cu,
Zn, and Cd. These metals may be present as trace-metal soluble cations or as
complexes with humic/fulvic acids. However, Cd is usually present only as Cd**
in the water column or sediment, and is associated with OM. Upon OM decay, the
trace metals may be released from organometallic complexes to pore waters and
under reducing conditions may be incorporated as a solid solution phase into
pyrite, or form independent sulfide phase (Tribovillard et al., 2006), for example
Cd-rich sphalerite in OS and abundant pyrite in BS.
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Fig. 9. Cross plots of 410 OS and 373 BS samples. Ni-LOI5S00°C — in OS the content
varies in great range and good correlation is evident, while in BS no clear trend is
observed; however, the samples do overlap; Cu-LOI500°C — in OS the concentrations
vary in great range and show strong correlation, while BS samples plot tightly together
with no clear trend; Mo-LOI500°C — OS and BS samples overlap, also in both rock
samples loose covariation is evident; V-LOI500°C — OS and BS samples are partly
overlapping showing also loose correlation with OM, in OS the concentrations are lower
and more scattered.

Comparing OS and BS, Ni and Cu display similar trends and vary in wide range,
in OS the average content of Cu is lower (OS=60; BS=122), while Ni content is
alike (OS=175; BS=162). Mo content similarly varies in great range (12-616
ppm), while V content is approximately two times higher in BS (OS= 430;
BS=1090). In OS Zn and Cd also show high concentrations and strong covariation
with OM, while in BS Cd content in most samples is <20ppm (except samples
with very high Zn content) and in majority of samples Zn content remains below
50 ppm. In addition to Cd, also Se is significantly enriched in OS compared with
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BS. The low crustal abundance of Cd and Se and their high concentration in OS
suggest marine source, controlled by bioaccumulation and low dilution by
terrigenous material. The accumulation of minor elements within the marine
fraction of sediment may reflect the level of primary productivity in the photic
zone, assuming a stoichiometry for the biogenic fraction of minor elements
preserved in the sediment. The suite of minor elements that show an enrichment
in excess of that due solely to the rain rate of organic matter onto the sea floor
defines the redox conditions of bottom water under which the sediment
accumulates (Piper & Isaacs, 1995). According to Tribovillard et al. (2006)
interpretation of the trace element-TOC covariation patterns, the Ni and Cu
enrichment under anoxic conditions indicates deposition mainly in the form of
organometallic complexes. Elements like U and V have a limited diffusion into
the sediments and precipitation as authigenic phases at redox boundary. Under
euxinic conditions insoluble metal sulfides and oxyhydroxides will precipitate in
quantity directly from the water column or at the sediment—water interface
resulting in strong U and V enrichments. It is known that U and V usually reside
mainly in authigenic mineral phases rather than organic phases (Algeo and
Maynard, 2004). This is in contrast to elements such as Ni, Cu and Mo that are
concentrated in organic phases.

Internal recycling is particularly relevant for nutrient-type trace metals (Zn, Cd,
Cu, Ni), which alike the macronutrients nitrate, phosphate, and silicic acid
undergo multiple cycles of assimilation into biogenic particulate material within
surface waters and release or remineralization at depth. In this manner an element
can undergo many internal cycles within the ocean prior to ultimate burial in
sediments (Bruland & Lohan, 2003); as a result, the final assemblage as well as
content of these elements in sediment may vary.

On Cu-Ni graph (Fig. 11) OS samples display fairly good correlation and plot on
a line overlapping the line extrapolated from origin through average concentration
of seawater (SW). BS samples scatter randomly, relative to OS towards higher Cu
content positioning them on AS trend line. Comparing Cu-Ni and Cu-Zn as well
as Ni-Zn (not plotted) trends suggest excess Zn relative to copper and nickel, while
Zn-Cd ratio corresponds to SW (Fig. 11). All these trace metals display good
correlation with LOIS00°C. For OS these trends refer to dominantly biogenic
source and high primary productivity. Due to varying amount of OM deposition,
and high bottom water oxygen consumption, anoxic to euxinic conditions
developed at seafloor and lower water column. Different and also varying
conditions for BS and OS formations during the accumulation is most evident
from the trends of trace-metals and abundance of pyrite. In case of BS nearly all
Fe is pyritized (Fig. 8 Fe>Os3-S plot) probably indicating more effective recycling
and the presence of free H>S", while in OS low input of reactive Fe is indicated by
good correlation between F,0O3 and Al,O3 (unreactive is incorporated into silicates
— clay minerals, Fig. 7). In OS dominantly pyrite together with abundant
cadmium-rich sphalerite is present (based on SEM observation sphalerite even
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seems to be dominating). Highly scattered occurrence in OS mud groundmass is
interpreted to indicate syngenetic origin for pyrite and sphalerite. The lower Cu
and Ni content relative to Zn (and Cd) suggest that remineralization and fixation
to the final sediment occurred under anoxic (no free H,S") conditions and was
more effective for the latter trace metals and Cu and Ni may have been partly
released/escaped.

Strong covariation of nutrient-type trace metals as well as good correlation with
OM and proportions corresponding to average SW (Fig. 11), suggest marine
source and deposition in the form of organometallic complexes under anoxic
conditions for OS, while more complex and varying settings apply for BS.

Some trace metals (U, Cr, Zn, Pb) display very different characteristics in OS and
BS (Fig. 10), which may be related to dissimilar source for these metals or
accumulation environment, also later diagenetic processes may have modified the
content of some metals.

Besides hydrogenous, the sources of trace metals may be non-hydrogenous — e.g.
detrital or hydrothermal. Trace metals dominantly controlled by the detrital flux
display good correlation with Ti and Al which are commonly overwhelmingly of
detrital origin and are usually immobile during diagenesis. This is often the case
for Cr and rarely for U, Mo and V (Tribovillard et al., 2006). In OS Cr content
(average 294 ppm) varies in great range and shows strong positive correlation with
OM (Fig. 10) suggesting non-detrital origin, while in BS the average content 72
ppm is similar to AS and shows small fluctuations similar to Al,Os, indicating
detrital provenance. Also Cr and Zr are considered to be immobile elements and
reflect detrital fraction in sedimentary rocks (e.g. Vine & Tourtelot, 1970). On Cr
vs Zr plot (Fig. 11) OS and BS follow two separate trends. BS samples plot tightly
together on AS trend line, suggesting traditional interpretation as indicators of
terrigenous input for these elements. OS samples form parallel trend with SW
slightly offset towards Zr. The small discrepancy may be due to minor detrital
fraction contribution in OS, however considering the six-fold difference in Cr
content and parallel trend with SW strongly suggest marine source at least for
chromium.

Hydrothermal fluxes also represent potentially important source of trace metals,
including Ba, Sr, Pb, Zn and Mn, commonly hosted in minerals such as barite,
celestite, galena, blende and rhodocrosite (Tribovillard et al., 2006). In OS Pb
content is below 20 ppm in all samples (average 4.2 ppm based on limited data —
40 samples), while in BS (average 122 ppm) up to 484 ppm concentrations are
detected. While in OS highly variable Zn content is strongly correlated with OM
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Fig. 10. Cross plots of 410 OS and 373 BS samples. U-LOIS00°C — in OS U content
shows no correlation with OM and is unevenly distributed in cross-section, the content
varies from <10ppm to 50ppm, while in BS several times higher concentrations range
between 22-257 ppm and show loose correlation with OM; Cr-LOI500°C — in OS strong
covariance is evident, while in BS chromium content is evenly around 70 ppm; Zn-
LOI500°C (log. scale!) —in OS samples good correlation between Zn and OM is evident,
while in BS besides monotonous approximately 40 ppm zinc content in majority of
samples extremely high up to 30000 ppm concentrations occur; Pb-S —in BS samples lead
shows rather scattered trend and content varies in wide range (in OS lead content is
<20ppm, not plotted).

in BS beside monotonous approximately 40 ppm content, extremely enriched
intervals occur with concentrations up to 30699 ppm (Fig. 10). Recent studies in
Caledonian Nappe complexes, (e.g Grimmer & Greiling, 2012), suggest the
existence of subduction zone related volcanic arc complexes within the lapetus
Ocean near the western border of the Baltica palaeocontinent in the Late Cambrian
and Tremadoc. The associated volcanic activity in these areas could supply
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overlying waters with extra trace metal budgets and modify regional marine trace
metal signals, enhancing the trace metal content of marine water.
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Fig. 11. Cross plots of 410 OS and 373 BS samples. Cr-Zr — BS samples plot on AS line
suggesting detrital provenance, while in OS high Cr and low Zr contents suggest very low
terrigenous input for these samples and marine source for Cr; Ni-Cu — while BS samples
show rather scattering trend mostly plotting on AS line, OS samples display good
correlation and plot on SW line; Zn-Cu — in BS besides extremely enriched samples, Zn
content is lower than both AS and SW relative to Cu, while opposite trend applies for OS
samples. However, Cd-Zn ratio corresponds well to average SW; AS-average shale; SW-
sea water (elements concentrations from (Bruland & Lohan, 2003))

Trace element accumulations in sedimentary environments can be hosted by
various phases, such as in metal sulfides, in solid solution in pyrite, insoluble
oxides and oxyhydroxides, phosphate, sulfate, organometallic complexes and
trace metals can also be adsorbed onto organic or mineral surfaces. Consequently,
the behavior of certain trace element is highly variable during diagenesis, mainly
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depending on the pH and Eh conditions of the burial environment. In the absence
of post-depositional replenishment of oxidizing agents, sulfides are stable and the
elements engaged with Fe - sulfides typically do not move during later diagenesis.
This immobility is generally the case with Mo, V, Cd, Ni, Co, Cu, Zn and Pb. In
contrast, in case of post-depositional oxygen replenishment, the influence is great
when the penetration depth into the sediments is large and, in cases, may lead to
uranium remobilization in regions where authigenic uranium has accumulated
(Tribovillard et al., 2006). In case of oil shale where significant enrichments in V,
Cr, Cd and Mo are observed, with U being enriched only at a lesser degree, it may
indicate that small quantities of dissolved oxygen may have caused the solubility
and loss of U from the sediments that had previously experienced reducing
conditions. In OS samples the absence of U (<10ppm) is noticeable relative to
other redox-sensitive elements.

Trace elements variation reflecting changes in accumulation
environment of black shale

BS cross section from Pakri Peninsula represented by 21 samples, with sampling
interval of 20 cm, characterized by selected 13 elements, was studied applying
statistical analysis methods. Variables as chemical elements were selected to
reflect different processes. Zr, Cr, Al/Ti represent detrital input and changes in
sedimentary sequence. Organic matter (OM reflected by LOI5S00°C) together with
nutrient-type elements Zn, Ni, Cu, (also Cr) mirror the changes in primary
productivity and is important transporter of trace metals from water column to the
sediment either via biochemical processes or scavenging (adsorption) onto sinking
particulate particles. Redox-sensitive elements V, Mo, U, Cr, as well as Fe and S
might reflect changes in bottom water conditions during accumulation. Pb and
possibly Zn might indicate hydrothermal input.

Linking geochemical patterns of a sediment succession with a number of known
and unknown geological factors requires a complex multi-step multivariate
analysis. As a first step, the statistical analysis is applied in order to define the
variations and highlight changes in selected major and trace element compositions
that may be linked to certain fluctuations in the course of accumulation of the
primary BS sediment and other contemporary and later processes. One of the well-
known statistical tools is principal components analysis (PCA), which is the
general name for a technique that uses sophisticated underlying mathematical
principles to transform a number of possibly correlated variables into a smaller
number of variables called principal components. In general terms, PCA uses a
vector space transform to reduce the dimensionality of large datasets (like
geochemical analyses). Using mathematical projection, the original dataset which
may have involved many variables, can often be interpreted in just a few variables
(the principal components). The examination of the reduced dimension dataset
will allow the user to spot trends, patterns and outliers in the data, far more easily
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than would have been possible without performing the PCA. Two methods of
multivariate analysis were used for data assessment: (i) PCA and (ii) hierarchical
clustering of PCA groups.
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Fig. 12. Principal components and hierarchical cluster analysis graphical representation.
On variables factor map on a plane induced by PC1 and PC2 variables (chemical elements)
relationship is demonstrated. On factor map relationship between samples and PCs is
presented. Hierarchical clustering tree demonstrates relationship between different
samples and clusters. Hierarchical clustering on the factor map depicts relationship
between different samples/clusters and PCs.

First two principal components (PC) account for 40.85% and 19.96% of data
variability, respectively. In order to visualize interrelationships between PC and
chemical elements, the planes constructed by pairs of principal components PC1
to PC2 are presented (Fig. 12 Variables factor map). The distance between the
chemical component projected onto a plane and the correlation circle with radius
one demonstrates the correlation of the variable and principal components. The
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distance from an axis shows the quality of how well the element is projected onto
a corresponding plane. The proximity of variables on the plane means also strong
association between individual elements. Plot of samples on the plane PC1-PC2
demonstrates association between samples and principal components (Fig. 12
Factor map). Hierarchical clustering tree demonstrates the interrelation of
individual samples and clusters as well as association with PCs on hierarchical
clustering on the factor map (Fig. 12).

PC1 — The first PC describes 41% of the data variance. It is strongly correlated
with many variables and describes samples of cluster 3 (C3) (Fig. 12), with the
highest correlation with OM (LOI500°C), and also Al/Ti, U, V, Mo, and Ni.
Strong correlation between these elements suggests that they vary together. Strong
negative correlation is with Zr and Cr indicating covariation of these elements,
differentiating samples of cluster 1 (C1). This component can be interpreted as a
measure of trace-element carrying OM versus detrital (Zr, Cr) silicate mineral
matter content.

PC2 — The second PC accounts for 20% of data variability and is strongly
correlated with Pb, Cu, S and Fe, all elements incorporated into sulfides (Fig. 12).
This component describes samples of cluster 2 (C2) (Fig. 12).

PC3 — The third PC accounts for 11% of data variability and is most strongly
correlated with Zn opposed by Cu (not plotted).

Based on the biostratigraphic framework and a recent time scale calibration
(Cooper& Sadler, 2012), the primary muds of the Tiirisalu Fm. should have been
deposited within a maximum time frame of ~ 5 My (Hints et al., 2014). Whereas
the long-term accumulation rates apparently stayed very low during sedimentation
of the primary organic-rich muds of the Tiirisalu Fm., the sedimentary fabrics in
the BS suggest dynamic deposition, frequent reworking of sea bottom and changes
in deposition rates (Hints et al., 2014). The studies of modern organic-rich muds
have revealed usefulness of high-resolution sampling within a limited geographic
range (e.g. Algeo & Lyons, 2006), allowing more reliable distinction between
possible driving factors behind the synsedimentary trace metal sequestration and
more consistent environmental interpretations.

As recorded from the chemical composition of the BS sequence, during the
deposition of approximately 4.2 m of BS in a considerable time period, stable and
variable conditions of accumulation alternated. The borders of these variations
become visible by the help of hierarchical clustering of samples using PCA. The
hierarchical clustering separates three distinct groups of samples. The principal
components describing different clusters and the relation of elements to clusters
on planes constructed by components is visualized on Fig. 12.

Hierarchical clustering resulted with three groups of samples, whereas clusters 1
and 2 (C1 and C2) are more closely related than cluster 3 (C3) (Fig. 12). The
position of individual samples from different clusters in the BS cross-section
reveals three-stage internal structure of the sequence: its lower part includes 7
samples belonging to C3, the middle part by 8 samples belonging to C2 and one
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sample of C1, capped with 5 samples of C1 (Fig. 13). Such distribution indicates
that at least two major changes occurred during the deposition of BS affecting the
final chemical composition.

On the following BS cross-sections (Figs. 13-15) the background of graph is
color-coded representing the BS sequence and the positions of individual samples
according to a cluster they belong to. For interpretation of processes behind
clusters different elements used in PCA are plotted.

Starting from the base, samples belonging to C3 form 1.4 m thick unit with similar
characteristics of the sedimentary fabric almost uniformly characterized as finely
laminated, while for the middle (C2) and upper (C1) part, BS fabrics of massive
to moderately laminated, normal grading as well as microbial lamination are
described (Fig. 13).

The lower third of the formation is most organic-rich gradually decreasing
towards the upper part: average LOIS00°C in C3 is 22.3, in C2 and C1 is 19.6 and
16.4 wt%, respectively (Fig. 13). The decrease in OM means that mineral matter
is gradually rising towards the upper part; however, Ti/Al ratio commonly
interpreted to reflect changes in terrigenous input and provenance areas (e.g.
Boyle, 1983), shows invariable (except a small peak at PTV-17) pattern in cross-
section suggesting common source during the course of BS accumulation.
However, increased clastic material input is supported by Zr (reflects zircon) and
Si0,/Al,O; (higher ratio reflects quartz) increasing trend towards the upper part
(Fig. 14). Small decrease in Al/Ti in C1 may indicate higher input of heavy
minerals, also Fe;O; content is enriched relative to S (Fig. 15) in these samples
compared to the rest of the sequence, indicating increase in Fe residing in silicates.
Variations in characteristic sedimentary fabrics, changing proportions of OM and
mineral matter, and mineral matter invariable source suggest that major changes
at C3-C2 and C2-C1 boundary are most likely affected by primary productivity,
preservation of OM and changing redox conditions. However, the increase in MM
towards the upper part of the deposit may also indicate higher sedimentation rates
diluting the organic component.

Redox-sensitive elements (V, U, Mo) display rather different patterns when
comparing the clusters. In C3 in the lower part of formation, V displays rather
unvarying pattern, whereas U and Mo content varies in great range, while starting
from PTV-8 (from base at 1.4 m), in samples of C1 and C2 all these elements
display good correlation (Fig. 14). Similarly to OM, the highest content of these
elements occurs in C3.
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The high content of OM and redox-sensitive elements indicate overall bottom
water and sediment oxygen depletion. High variation in concentrations of redox-
sensitive elements as well as sharp peaks of pyrite (Fe, S,) and other sulfide
forming elements (Pb), suggest periods with more reducing or even sulfidic
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bottom waters (Fig. 15). Samples of C2 are characterized by higher content of Pb,
Cu, Fe and S. Changing conditions are also suggested by deviations in redox-
sensitive elements (V, U, Mo) covariation patterns. Also, for example Cr displays
similar pattern with Zr in C3, while in C2 (starting from sample PTV-10) and C1
rather different behavior, excess Cr relative to Zr is evident (Fig. 14).
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Fig. 14. Distribution of redox-sensitive elements Mo, V, and U in black shale sequence,
the covariation pattern changes at C3-C2 border. Zr, Cr, SiO»/Al,Os display rather
homogeneous pattern, however slightly increasing towards the upper part. At the base of
C2 Cr deviates, showing higher content relative to Zr and SiO,/Al,Os and opposite trend
in PTV-17. Note that for some elements the content is divided or multiplied with different
coefficient for better visualization.

Nutrient-type trace metals Cu, Ni and Zn (Fig. 15) present rather different
patterns. Zn, otherwise monotonously low, shows the highest concentrations
together with Ni in organic-rich C3 samples. Zn and Ni peaks in the middle of C3
could indicate higher primary productivity that led to Zn depletion in surface
waters, which in turn suggests semi-restricted rather shallow marine conditions
preventing renewal of Zn reservoir. However, diagenetic enrichment cannot be
excluded either as elevated concentration is limited with very narrow interval. Cu
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content is rather monotonous, around 100 ppm, through the cross-section, being
however slightly higher in C2 samples. Relative to Cu, Ni is following more
closely the distribution of S and Fe.
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Fig. 15. Sulfide-forming and/or nutrient-type trace elements S, Fe, Pb, Cu, Ni, Zn
distribution in black shale sequence. S and Fe display good covariation suggesting most
of Fe residing in pyrite. In upper part of sequence (C2-C1 border) Fe deviates showing
excess content relative to S. High Pb content marks the C3-C2 border; note also the Ni
covariation with Fe and S in cluster C2. Zn enrichment is limited with narrow interval in
the middle of the organic-rich cluster C3. (S, Fe in wt%; Pb, Cu, Ni, Zn in ppm).

The general positive covariance of U, V and Mo with OM in the studied samples
from the Pakri outcrop confirms that the sequestration process of metals from
seawater was in general controlled by metal reduction triggered by oxygen
depleted seawater or anoxia below the sediment water interface and closely
coupled with OM degradation, whereas organic-metal complexation could have
acted as a major pathway for metal enrichment. Highest content of OM and
nutrient-type trace metals Ni, especially Zn suggest higher productivity at the
beginning of organic-rich mud accumulation. Intense decomposition of OM may
have caused sulfidic bottom water conditions marked by C3-C2 border and
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characterized by (i) changed behavior of redox-sensitive elements U, V, Mo and
also currently not fully understandable Cr deviation relative to Zr; (ii) intense
sulfide formation marked by Pb peak (galena), Ni covariation with Fe and S
(pyrite); (iii) and also decreasing OM content; The top unit of the formation is
characterized by decreasing OM content and increasing terrigenous input marked
by Zr, SiO; peak at C2-C1 border (sample PTV17) as well as Fe deviation from
S, suggesting increase of Fe content residing in siliciclastic minerals compared to
otherwise dominantly pyritic Fe in the rest of deposit.

CONCLUSIONS

The major element composition of BS is rather monotonous, siliceous, high-K,
Mn-poor and with variable Fe and S contents, while in OS sequence six different
types can be distinguished, mostly defined by one dominating mineral or mixture
of minerals (dolomite, calcite, apatite, quartz and tridymite-cristobalite, clay
minerals) abundance. However, statistical analysis results on the OS dataset
showed that OM carrying trace-metals is independent of major element
composition, e.g. intervals of calcareous or siliceous as well as mixture of these
OS intervals had similar amount of OM and trace-metals. Mineral matter only
affected (diluted) the amount of OM present and had no effect on the assemblage
of trace-metals or any trace-metal individually.

Several trace elements considered comparatively in this study are present in high
concentrations, of which Zn and Cr display higher average values in OS, while Cu
and V are more concentrated in BS. The average content of Ni and Mo is rather
similar. BS is considerably enriched in U compared to OS, the content of U being
<10 ppm in several intervals of the OS sequence. The biggest difference occurs in
Pb content, that is absent in OS, but substantial in BS; the opposite behavior
applies for Cd and Se.

Comparing the geochemical data of high resolution sample sets from ca 70-m
thick OS (sampling interval 0.5-2.0 m) and 4.5-m thick BS (sampling interval 2
cm) deposits shows that:
1. Major element chemical composition shows strong terrigenous input for
BS compared to OS dominantly biogenic mineral matter.
2. The enriched trace metal assemblage of OS may be explained by single
hydrogenous source — redox-sensitive elements and micronutrients; in
BS a mixed source for the elements considered is proposed. For Cr detrital
provenance is suggested, while Pb and Zn may be influenced by
additional hydrothermal source.
3. The dominance of common marine redox-sensitive elements (Mo, V, Cr)
and micronutrients (Zn, Cu, Ni, Cd) among enriched metals in OS as well
as their strong covariance with OM content favors syngenetic enrichment
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and trapping mainly via OM tied species as the major process of trace
metal sequestration;
Statistical analysis of BS samples from the Pakri outcrop highlighted two major
changes in the deposit controlled by two main factors:
1. Organic matter and mineral matter inverse correlation, towards the upper
part mineral matter content gradually increasing over organic matter.
2. Changes in bottom water redox conditions from anoxic to more reducing,
possibly euxinic, during the deposition of the middle part of the deposit.
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ABSTRACT

Geochemistry of organic-rich metalliferous oil shale/black shale of Jordan and
Estonia

The organic-rich metalliferous fine-grained oil shale and black shale deposits with
highly variable thickness as well as lateral extent, are found all over the world.
These formations are commonly enriched with a number of heavy metals,
commonly associated with the abundance of sulfide minerals and organic matter.
In this study, the chemical composition of 410 oil shale samples of Jordan and 373
black shale samples of Estonia, is analyzed comparatively to determine
similarities as well as main differences in elements concentrations and trace-metal
assemblages allowing to interpret possible source and genesis of these formations.
Mineralogical composition of the OS sequence (average thickness of 70 m) is
highly variable: the content of calcite varies from 8 to 88%, quartz up to 51%
(cristobalite+tridymite up to 47%), and dolomite from below the detection limit
(approximately <2%) up to 80%, apatite up to 40% and clay minerals up to 31%,
opposed to the 4.5 m thick BS cross-sections, siliceous and rather homogeneous
mineral assemblage, dominated by quartz, K-feldspars, clay minerals and with
abundant pyrite. The statistical analysis results on oil shale dataset show that
organic matter carrying trace metals is independent of major element composition,
e.g. intervals of dominantly calcareous or siliceous oil shales, as well as mixture
of these oil shale intervals had similar/proportional amount of organic matter and
trace metals. Mineral matter only affected (diluted) the amount of organic matter
present and had no effect on the assemblage of trace metals or any trace metal
individually. Both rock formations contain organic matter and are enriched with
several trace metals. The enriched metals assemblage is partly overlapping (e.g.
Mo, V, Ni, Cu), as well as contrasting, e.g. high Pb in black shale or Cd in oil
shale. The comparative study of oil shale and black shale major elements content
suggest strong terrigenous input for black shale compared to oil shales dominantly
biogenic mineral matter. The dominance of common marine redox-sensitive
elements (Mo, V, £U) and abundant pyrite incorporating/hosting also chalcophile
elements Cu, Ni suggest formation under low oxygen (anoxic/euxinic)
environment. However, U uneven distribution, absence (<10ppm) in some OS
intervals and low concentration relative to other trace metals suggest that small
quantities of dissolved oxygen may have caused the solubilization and loss of U.
While in oil shale the correlation trends of organic matter with enriched element
assemblage Zn, Cd, Ni, Cu, Mo, V, and Cr indicate single hydrogenous source,
for black shale incoherent distribution of Zn (and Pb) may indicate influence of
hydrothermal source. Additionally, chromium content near the average shale
concentration and different trends highlight the detrital fraction influence in black
shales. The dominance of common marine redox-sensitive elements (Mo, V, Cr)
and micronutrients, (Zn, Cu, Ni, Cd) among the enriched metals in oil shale
favours syngenetic enrichment as the major process of trace metal sequestration,
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while observed complex distribution of trace elements in black shale was likely
controlled by the interplay of different primary metal supply-sequestration
factors/processes, such as synsedimentary redox-driven sequestration of redox-
sensitive elements, the clastic and possible hydrothermal input. Statistical analysis
of geochemical data of the 4.2-m thick BS formation enabled distinguishing three
groups of samples. The results and distribution of samples in the black shale
sequence suggest at least two major changes in accumulation conditions: (i) at
approximately 1.4 m from the base redox-sensitive elements (U, V, Mo) and
sulfide-forming elements (Pb, Ni, Cu) altered covariance patterns suggest
increased reducing conditions, possibly from anoxic to euxinic, and (ii) although
organic- and mineral matter inverse correlation is evident through the entire
formation, at 3.2 m towards the upper part mineral matter content more sharply
increases over organic matter. Slight change in mineral matter composition is
indicated by different covariance patterns of Zr, Cr, Al/Ti, Si/Al, Fe;Os and S.
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KOKKUVOTE

Orgaanika- ja metalliderikaste pdlevkivide/mustade kiltade geokeemiast
Jordaanias ja Eestis

Orgaanika- ja metalliderikkaid pdlevkivi- ning musta kilda lasundeid, mis
varieeruvad oma mdotmetelt nii paksuses kui ka pindalaliselt suurtes piirides,
leidub kogu maailmas. Sellistele lasunditele on tihtipeale iseloomulik korge
raskmetallide sisaldus, mida valdavalt seostatakse sulfiidsete mineraalide ja
orgaanika (korge) sisaldusega. Doktoritds on analiiiisitud vordlevalt 410
Jordaania polevkivi ja 373 Eesti musta kilda (graptoliitargilliit) proovi keemilist
koostist, et tuvastada geokeemilisi sarnasusi, aga ka kontrastseid erinevusi
peamiselt raskmetallide kontsentratsioonide ja koosluste varieeruvuses
eesmaérgiga interpreteerida nende voimalikku péritolu ja geneesi.

Vordluses kasutatud Jordaania keskmiselt 70 m paksust pdlevkivilasundit
iseloomustab vdga muutlik mineraloogiline koostis: kaltsiidi sisaldus varieerub
8% ja 88% vahel, kvartsi on kuni 51% (ja SiO; erimit kristoballiit-tridiimiiti kuni
47%), dolomiiti 80%, apatiiti 40% ja savimineraale kuni 31%. Seevastu 4,5 m
paksune musta kilda kiht on homogeensem ja valdavalt silikaatne, peamisteks
mineraalideks on kvarts, K-pdevakivi ja savimineraalid, lisaks esineb palju piiriiti.
Jordaania pdlevkivi keemilise koostise andmestiku statistilise analiiiisi tulemused
nditasid, et mineraalosa koostise suurest varieeruvusest ei sdltunud orgaanikaga
seostatud raskmetallide kooslus, kiill aga mojutas selle osakaal metallide tildist
sisaldust erineva mineraalse koostisega intervallides. Seega, kahe lasundi
pohielementide suur erinevus ei sega antud t66 fookuses olevate jilgelementide
koosluse ja esinemise seaduspirasuste vordlust.

Pohielementide (Ca, Si, Al, Ti, Mg, Fe, S) sisalduse ja trendide vordlus niitab, et
polevkivi mineraalosa on valdavalt biogeenset péritolu, samas kui musta kilda
pohielementide kooslus viitab terrigeensele péritolule. Polevkivi ja musta kilda
raskmetallide kooslus on osaliselt kattuv, nditeks Mo, V, Ni, Cu osas. Seevastu
Pb, mis on rikastunud mustas kildas, puudub pdlevkivis, samas kui vastupidine
trend iseloomustab Cd ja Se. Rikastunud metallide hulgas on valdavad muutuva
oksiidatsiooniastmega elemendid (redox sensitive elements) (Mo, V, £U), samuti
sulfiididega seotud kalkofiilsed elemendid (Zn, Cd, Cu, Ni). Loetletud elementide
ja orgaanilise aine suur sisaldus viitavad settimisele hapnikuvaeses redutseerivas
(anoxic) keskkonnas. Uraani ebaiihtlane jaotus polevkivi 14bildikes ja madal
kontsentratsioon (<10 ppm) vorreldes teiste raskmetallidega monedes
intervallides voib viidata perioodilisele hapniku juurdepdisule pdlevkivi
settimiskeskkonda ja U mobiliseerimisele.

Kui pdlevkivis rikastunud raskmetallide (Zn, Cd, Ni, Cu, Mo, V, Cr) tugev
korrelatsioon omavahel ja ka orgaanilise ainega viitab péarinemisele iihest allikast,
milleks on merevesi, siis mustas kildas voib Zn (ja Pb) seostamatu jaotus olla
tingitud hiidrotermaalsetest mdjutustest. Samuti Cr madalam ja keskmisele
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savikilda koostisele vastav sisaldus ning polevkivist erinev jaotustrend viitab veel
kord terrigeense fraktsiooni allikale mustas kildas.

Redokstundlike elementide (Mo, V, Cr) ja mikrotoitainete (Zn, Cu, Ni, Cd)
domineerimine podlevkivi rikastunud metallide koosluses toetab siingeneetilist
metallide fikseerimist settesse. Seevastu komplekssemad/mitmekiilgsemad
metallide jaotustrendid mustas kildas viitavad mitme erineva allika ja settesse
fikseerimise protsessi koosmdjule nagu niiteks silingeneetiline redutseerivast
keskkonnast tingitud muutuva oksiidatsiooniastmega elementide viljasettimine,
terrigeense materjali sissekanne ja voimalik hiidrotermaalne allikas.
Settekeskkonna muutustele ja mitme erineva protsessi koosmdjule viitab ka musta
kilda 4,2 m paksuse lasundi keemilise andmestiku statistiline analiiiis, mille
tulemusel eristus kolm gruppi proove. Erinevatesse gruppidesse kuuluvate
proovide jaotus lébildikes viitab vdhemalt kahele suuremale muutusele
settekeskkonnas: (i) lasundi alumisest otsast umbes 1,4 m korgusel redokstundlike
elementite (U, V, Mo) kovariatsiooni muutus ja kalkofiilsete elementide (Pb, Cu,
Ni) suurenenud sisaldus viitab vaba vesiniksulfiidi (H,S") tekkimisele
settekeskkonnas; (ii) umbes 3,2 m korgusel mineraalosa osakaal suureneb
jarsumalt, seejuures Zr, Cr, Al/Ti, Si/Al, Fe;Os ja S jaotuse muutused viitavad ka
mineraalosa koostise muutusele.
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GEOCHEMICAL HETEROGENEITY OF ESTONIAN
GRAPTOLITE ARGILLITE

MARGUS VOOLMA", ALVAR SOESOO, SIGRID HADE,
RUTT HINTS, TOIVO KALLASTE

Institute of Geology, Tallinn University of Technology, Ehitajate tee 5, 19086
Tallinn, Estonia

Abstract. This paper describes vertical fine-scale geochemical heterogeneity
of Estonian graptolite argillite (GA). GA samples from Pakri and Saka out-
crop sections were collected at 20 cm intervals for chemical analysis of
major and trace elements, including rare earth elements. The study indicates
GA enrichment in U, V, Mo and Pb with respect to the average black shales
and thus confirms the formerly reported data on GA geochemistry in general.
However, the content of enriched elements and other trace metals was
recorded to vary greatly across the sequences suggesting that trace metal
distribution in GA is notably more heterogeneous than previously assumed.
The origin of the observed complex distribution of trace elements was likely
controlled by the interplay of different primary metal supply-sequestration
factors/processes, such as synsedimentary redox-driven sequestration of
redox sensitive elements, the provenance of clastic input, the post-
sedimentary redistribution, etc.

Keywords: graptolite argillite, black shale, geochemistry, trace metals, REE,
Estonia.

1. Introduction

The Estonian graptolite argillite (GA), Tremadoc in age, is distributed in
northern Estonia and on Vormsi and Hiiumaa islands. It belongs to the Tiiri-
salu Formation and is overlain by glauconitic sandstones and clays of the
Varangu Stage and underlain by the phosphatic quartzose sandstone of the
Kallavere Formation [1]. The GA is an argillaceous rock enriched with
organic matter [2] and is characterized by high concentrations of a number
of trace elements, including U, V and Mo. The thickness of GA reaches
7.4m in NW Estonia and decreases towards the east and south. On a
regional scale, GA belongs to the wide but patchy belt of Middle Cambrian
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to Lower Ordovician black shales extending from Lake Onega district in the
east to the Caledonian front, Oslo region and Jutland Peninsula in the west
[3-6].

There are numerous studies conducted on various metalliferous black
shale/oil shale deposits worldwide — black shale deposits in North America
[7-12], China [13, 14], central Europe [15], and alum shale in Scandinavia
[3, 16-20] — focusing on the general characteristics and different aspects of
metallogenesis in those assemblages. Also, a series of investigations have
been targeted on the general geochemistry and trace element distribution of
Estonian GA [21-30].

The metalliferous nature of GA was well known already in the first half
of the last century. A more systematic picture of GA outside its outcrop area
near the Baltic Klint, however, was gathered thanks to the extensive
geological mapping of basement, drilling and geochemical investigations,
which started in the 1950s and were conducted by the Geological Survey of
Estonia. The vast amount of detailed information on the GA lithology and
geochemistry was collected during the prospecting of Estonian phosphorite
resources, e.g. [23, 31, 32]. The previous investigations have allowed
depicting general trends of trace element enrichment and lateral distributions
within GA, demonstrating at the same time high trace metal heterogeneity of
those deposits [26, 28, 29]. Still, relatively little is known about the source of
metals and the mechanism that caused metal enrichment in many black shale
deposits worldwide, including GA. Although several investigations have
been conducted during the past decades [25-30], the origin of metals is still
unclear, as why their content is so heterogeneous laterally and also vertically
through the GA complex.

Based on previous geochemical investigations [26] three geochemical
zones have been distinguished in Estonian GA: Western, Central and Eastern
zones (Fig. 1). The zones differ mainly in concentration of metals which are
characteristic of GA — Mo, V, U. However, based on the present study it will
be shown that the distribution of metals in GA has a more complex pattern.
This paper describes the vertical bed-to-bed variation of metals, with
emphasis on two vertical cross-sections, and discusses some possible critical
factors that may stand behind the trace metal enrichment and heterogeneity
in those complexes. Samples for the study were collected from Pakerort cliff
on Pakri Peninsula, NW Estonia and Saka cliff, NE Estonia (Fig. 1), selected
to represent GA complex in different geochemical zones. According to
biostratigraphic studies GA in those localities does not represent strictly
coeval sedimentation: GA from Western Estonia is assigned to the Pakerort
Stage, whereas GA within the Eastern Zone belongs to the younger Varangu
Stage [33, 34].
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Fig. 1. Map of the location of GA and sampled outcrop sections.

2. Material and methods

Two outcrops, Pakri and Saka, were sampled at 20 cm intervals for geo-
chemical analysis. Twenty-one fresh GA samples from Pakri and nine
samples from Saka were collected from the outcrop sections of 4.2 m and
1.8 m, respectively. The weight of samples was approximately 2 kg. The
samples were cleaned, dried, crushed and homogenized for chemical
analysis. The sample powders were analyzed for major and trace element
composition, including rare earth elements, in order to determine the geo-
chemical changes across the section and general rock composition. Geo-
chemical analysis was performed using X-ray fluorescence (XRF) and ICP-
MS analysis.

XRF analysis was conducted at the Institute of Geology, Tallinn
University of Technology (TUT), with an S4 Pioneer Spectrometer (Bruker
AXS GmbH, Germany), using an X-ray tube with a rhodium anode, which
operated with a power of 3 kW. The samples were measured with a manu-
facturer’s standard as MultiRes modification (pre-calibrated standardless
method). The in-house standard ES-2 (“Dictyonema Shale”) was used as
reference material [34]. Loss on ignition (LOI) was determined from 1 g of
sample material at 500 °C and 920 °C. ICP-MS analysis was conducted at
the Institute of Geology, TUT. Rare earth elements of Pakri samples were
determined from solutions which were prepared following the nitric, hydro-
fluoric, hydrochloric and boric acids digestion of a 0.250 g pulverized
sample in an Anton Paar MW3000 microwave oven. A set of samples from
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Pakri and Saka were additionally re-analyzed for trace elements, including
rare earths, at ACMELABS in Canada.

Mineralogical analysis of selected whole rock powdered samples was
conducted using an X-ray diffractometry apparatus (HZG4 diffractometer) at
the Institute of Geology, TUT. XRD analysis was performed using a
Fe-filtered Co radiation (35 kV and 25 mA) and scintillation detector. The
range from 5-45°20 was scanned with a step of 0.04°20®. For selected
samples complementary scanning electron microscope (SEM) analysis was
used. SEM examination of uncoated rough and flat unpolished GA samples
was carried out at the Institute of Geology, TUT, with a Zeiss EVO MA15
scanning electron microscope.

3. Mineralogy of graptolite argillite

GA is a fine-grained kerogen-rich siliceous deposit characterized by high
content of organic matter (15-20%) and pyrite (2.4-6.0%) [2], and very low
thermal maturity. The mineral assemblage of GA is according to previous
studies dominated by K-feldspars, quartz and clay minerals [35, 36]. In the
lateral as well as vertical dimension the contents of major rock-forming
minerals show slight but pronounced variation patterns [35, 37, 36]. The
average content of quartz in GA gradually rises eastward with the corres-
ponding clay mineral decrease. In NE Estonia, the argillite complex is inter-
calated with numerous quartzose silt beds [30]. From authigenic sulfides, the
occurrence of pyrite, marcasite, sphalerite and galena has been documented.
In outcrops and drill cores secondary gypsum and jarosite commonly appear.
In general, a higher degree of sulfide mineralization within GA is associated
with the occurrence of silt interbeds. Those interbeds might also host a
higher amount of other minor authigenic compounds typical for GA —
phosphates (mainly apatite as biogenic detritus and nodules), carbonates
(calcite and dolomite as cement and concretions), barite and glauconite.
Besides the highly resistant terrigenic accessory phases, considerable
abundance of micas in GA beds has been documented [35, 37].

Detailed mineralogical study is beyond the scope of the present paper.
However, in order to record general mineralogical outline, XRD analysis of
selected GA samples from the Pakri outcrop was performed. The study
confirmed the presence of K-feldspar (sanidine), illite (illite-smectite,
micas), quartz, pyrite, marcasite, apatite, calcite, dolomite, galena and
chlorite. The analysis with SEM revealed high micrometer-scale morpho-
logical heterogeneity in the examined samples. The dominance of finely
disseminated microcrystalline euhedral K-feldspar and quartz in argillite
suggests that these minerals in GA are commonly authigenic in origin. The
multistage development of syngenetic-diagenetic mineral assemblages and
importance of redistribution processes in GA are suggested by the
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occurrence of a high variety of pyrite crystal forms within the argillite matrix
as well as in sulfide enriched interbeds.

4. Results and discussion on the geochemistry of the Estonian
graptolite argillite

Detailed vertical geochemical heterogeneity in the GA has not been
studied previously. There is little understanding of the scale of heterogeneity
and distribution pattern of elements. Moreover, detailed lateral geochemical
changes across the GA unit are unknown. As an example of elemental
distribution, V, Mo and Pb within the Estonian GA unit are displayed in
Figure 2. The initial data were selected from the database of the Geological

V concentration, ppm

0 25 28 50
Kilometers

; ,’ Russia
] High: 1083 | /
VA

/

\
Low : 482 \ <
)
Kilometers

Estonia

Mo concentration, ppm g
0 125 25 'S lln o J)
3 P

° Borehole

-4 Russia
7 Wo,pom -
eI /
IS0 0D, - | ] High:751 | [ ‘»
N ot \
;e |
7F . N\

Pb concentration, ppm

o 125 25 50
Kilometers

° Borehole ' ?

Pb, ppm

- e : / Russia
High:940 |/ PN

~N {
N
Low: 77 INAY

Fig. 2. V, Mo and Pb concentrations in Estonian GA as modeled using calculated
average drill core analyses (data: Geological Survey of Estonia, 2008). Element con-
centration surfaces were modeled by the kriging method using spherical distances
(ESRI ArcGIS). For distribution model of V data from 297 drill cores were selected,
for Mo 325 and for Pb 345 drill cores were used.
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Survey of Estonia. These elemental concentration data represent the
calculated average concentration in the GA in the drill core. The central and
western parts of the Eastern Zone show the highest concentrations for V and
Mo (Figs. 2, 1). Generally, it can be concluded that the concentration of most
of the metals is relatively low in the Central Zone (Figs. 2, 1). Pb shows the
highest concentrations on Hiiumaa Island. It must be emphasized that the
available data is relatively unevenly distributed, especially the southern
margin of the GA bed. Therefore, geochemical generalizations of this kind
are informative but must be taken with precaution. More drilling material
and studies of the vertical geochemical change of elements in GA are needed
to define spatial geochemical patterns.

4.1. Major elements

The bed-to-bed study performed on geochemical variation from Saka
and Pakri sections show that major elements vary relatively little across
the examined GA sequences (Table 1). Analyses indicate that the GA
assemblage is siliceous, high-K, Mn-poor and with variable Fe and S
contents.

The SiO, abundance in examined GA sections varies from 45.74 to
55.11 wt% and shows a general increase towards the upper part of the GA
complex. The observed distribution pattern agrees with previously described
lithological changes — general increase of the silt/clay ratio from bottom to
top of the beds in Estonian GA sequences [37, 36]. Besides, there is an
inverse correlation between LOI 500 °C (reflecting organic matter content in
GA) and SiO,. The Al,Os content varies between 10.9 and 14.49 wt% and its
average concentration is somewhat higher in GA from the Pakri locality.
Titanium behavior shows a strong correlation with aluminum suggesting a
possible detrital origin. The distinct feature of the Estonian GA is its
elevated potassium content, in Pakri and Saka GA sequences K,O ranges
from 6.59 to 8.44 wt%. The high potassium content is likely connected with
the abundance of authigenic K-feldspar in those beds, thus differentiating
Estonian GAs from the Scandinavian alum shale, where clay minerals occur
as the dominant K-rich phases [38]. Pronounced potassium enrichment is
also evident when the detected chemical composition of GA is compared
with the compositions of widely used standard shale compilations such as
PAAS (Post Archaean Australian Shale) [39], and NASC (North American
Shale Composite) [40] (Fig. 3). On the other hand, a number of major
element compounds, such as MnO, Na,O, CaO, MgO, appear to be con-
siderably depleted with respect to the “standard shale” composition. The
content of all those elements in the studied GA sequences is consistently
well below 1.5 wt%.

The invariably low manganese content of Cambrian-Tremadoc black
shales of the Baltoscandian region was interpreted by Wilde et al. [10] as an
indicator of persistently euxinic environment during accumulation of the
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Fig. 3. Major and trace elements of GA samples normalized to NASC (North
American Shale Composite) after [40].

black shale complexes. Typically for the organic-rich deposits formed under
oxygen deficient environment, the Estonian GA suggests efficient sequestra-
tion of sulfur and iron. The content of these elements is, however, highly
variable in different samples investigated. The content of Fe,O; in the
examined samples varied between 3.79 and 6.08 wt%. The sulfur con-
centration changed from 1.34 to 4 wt%. The strong correlation between the
abundances of sulfur and iron in the Pakri GA sequence indicates that most
of the sulfur is incorporated into iron sulfides rather than into organic matter.
In the Saka section the correlation between the behaviors of sulfur and iron
is less apparent, partly probably due to formation of secondary sulfates and
phosphates. P,Os and CaO, whose abundance in GA is generally low, are
mainly included in apatite, as suggested by the covariance of those elements
in the GA samples. Nevertheless, the detailed variance patterns of phosphorus
in Saka and Pakri sequences reveal that on the background of generally
monotonous phosphorus content some GA intervals (e.g. Saka2, Saka9,
Pakril7) present anomalously high concentrations of P,Os. Elevated
phosphorus values might be due to the higher level of mixing with phosphatic
detritus, suggested by the considerable abundance of phosphatic bioclastic
fragments in these GA levels or due to the formation of diagenetic apatite.

If the two GA sequences under study are compared on the basis of major
element composition, differences appear to be moderate — the Pakri samples
have a slightly higher content of K,O, Al,Os, TiO, and MgO and a lower
content of CaO and P,0Os. In general, the relatively homogeneous major
element distribution gives limited clues for predicting the highly inhomo-
geneous trace element enrichment patterns and for unraveling the processes
behind enrichment.
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4.2. Trace elements

Trace metal enrichment in black shales is mostly explained by two alternative
theories: 1) synsedimentary sequestration of metals under oxygen-deficient
conditions from marine water, e.g. [41, 12, 20], or 2) flushing of the sediments
by metal-enriched syngenetic brines or contemporaneous exhalation of such
brines into marine basin, e.g. [42, 14, 43, 25, 30]. However, these theories are
challenged by works that underline the influence of source rocks and
particulate precursor material on the final character of metal enrichment in
black shales, e.g. [44], or the crucial role of diagenetic redistribution processes
induced by late diagenetic brines, e.g. [8, 45].

In general, U-Mo-V-Pb enriched trace metal association with sporadically
elevated concentrations of some other trace elements was detected in GA
from Saka and Pakri sections (Table 2). For assessing the degree of enrich-
ment of particular trace metals in GA, the detected average trace element
abundances were compared with average shale and black shale standard
compilations. With respect to PAAS and NASC values the GA appears to be
extremely enriched in U and V (Fig. 3). For example, the average U con-
centration in the Saka section (267 ppm) is a hundred times higher than the
corresponding values for NASC. There is a nine-fold difference in V
concentration between NASC and Saka GA section (average 1190 ppm). If
compared with the minimum enrichment values (m.e.v.) for metalliferous
black shales (suggested by Vine and Tourtelot [7] on the basis of generalized
data of numerous North-American black shales), the studied samples and the
Estonian GA in general could be considered enriched with U (m.e.v. 30
ppm), Mo (m.e.v. 200 ppm), V (m.e.v. 1000 ppm), Pb (m.e.v. 100 ppm) and
Co (m.e.v. 30 ppm; only in Saka samples) [28].

All previously listed enriched trace metals of GA as well as other abundant
trace elements, like As, Sb, Ni, Cu, Re, belong to the group of redox sensitive
and/or stable sulfide-forming metals and might undergo considerable partition-
ing in marine geochemical and biochemical cycles. As indicated by the studies
of trace elements in modern marine environments, e.g. [46-48], the redox
sensitive elements mostly occur as soluble species under oxidizing conditions.
Under the oxygen-depleted conditions, however, the redox sensitive elements
are typically present as insoluble species (metal-organic complexes, sulfides,
metal oxyhydrates) and thus tend to sequester into sediments. The whole metal
trapping process is strongly linked with organic matter breakdown and sulfate
reduction processes, which inhibit the crystallization of sulfides. In addition to
the redox sensitive trace elements, other elements like Fe and Mn found
commonly enriched in black shales, are essential recyclers in redox partition-
ing in marine systems [49]. Consequently, based on numerous comparative
studies of trace element accumulation in modern and ancient organic rich
sediments, e.g. [50, 51], it has been suggested that oxygen availability in
sedimentary environment could have had sole control over development of
enriched trace metal associations in different black shales, e.g. [12].
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Fig. 4. Vertical distribution profiles of major compounds SiO,, Al,O;, K,0, S, and
LOI 500 °C and enriched trace metals from Saka and Pakri GA sections.

The performed geochemical investigations revealed that the studied
sequences present pronounced vertical variations in U, V, Mo and Zn con-
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centrations (Fig. 4). The listed trace elements do not show completely
matching variance patterns and the maximum (and minimum) enrichment
intervals of different components mostly do not overlap. In case of the Pakri
GA sequence one can separate about 1.3 m thick lower part, which is
enriched with some trace metals like Mo, U and Sb, and also contains more
organic matter as indicated by higher LOI 500 °C values. While Mo is
gradually decreasing towards the upper part of the Pakri sequence, U and V
contents are somewhat more erratic. The thinner GA complex from Saka,
which on average contains more Mo, U and V than the Pakri GA, is also
characterized by the larger variance of those elements. In Saka samples, no
clear vertical distribution trends of Mo and U can be followed, the con-
centrations fluctuate on a large scale and very high values alternate with low
ones. For example, in samples Sakal and Saka4 the Mo content is 1143 and
1843 ppm, respectively, while between these samples it only varies between
85 and 97 ppm. In general, Mo and U contents in the Saka section show
quite a strong positive covariance with organic matter content (LOI 500 °C).
The sample Saka4, which presents anomalously high values of these
elements, also yielded the highest LOI 500 °C value. These results agree
with the observation that the contents of V, U and Mo in black shales
typically correlate with the abundance of organic matter [7], likely indicating
early fixation via metal-organic complexes. However, in case of V, which
shows considerably high values throughout both studied GA sequences, the
correlation with organic matter is less expressed.

The average content of Pb is similar in both investigated sections and its
vertical distribution is rather homogeneous. Lead shows a positive co-
variance with elements presumably related with sulfides — Fe,0;, S, Cu, Se,
Ag, Hg in Pakri samples, while in Saka there is a positive correlation with S
and Ta, and a negative one with Cu, Li, Re, Sn. Zn generally demonstrates
an opposite trend to internally enriched elements such as U, V, Mo. Its
abundance is two times higher in Pakri samples compared to Saka ones.
However, the elevated concentrations of Zn in the Pakri section (up to
761 ppm in Pakri4) are limited to the well-defined interval 60—-120 cm from
the bottom, whereas the rest of the sequence is characterized by a
monotonous Zn concentration near 40-60 ppm. In the Saka section the
content of Zn is very low in the lower part of the section, but shows a
general increase toward the upper part of the complex. The pronounced
positive covariance of Cd with Zn in the studied sequences likely indicates a
coeval trapping of those phases during sphalerite formation.

U positive covariance with P,Os5 was not detected in the samples under
study. Trace metal partitioning into phosphates has been suggested by some
studies [52] as a process responsible for the higher general concentration of
U in the GA of NE Estonia.

In general, the dominance of common marine redox sensitive elements
among enriched metals in GA favors syngenetic enrichment as the major
process of trace metal sequestration. On the other hand, the remarkably high
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concentration of enriched elements in GA and the variable covariance
patterns imply that element sequestration solely from seawater due to Eh
gradients is likely an insufficient model for explaining the observed large-
scale trace metal heterogeneity in GA. Furthermore, the current data
(Tables 2, 3) as well as previous studies [2] indicate that besides the
elements, for which partitioning in marine systems is well known, GA
sporadically presents elevated levels of some minor elements, e.g. PGE and
W, characterized by generally very low abundance in average crust and
modern marine sediments. The accumulation of such minor compounds in
GA underlines the role of internal input of metals into the sedimentary or
diagenetic environment.

The closeness of probable denudation areas (the peneplain of Proterozoic
crystalline rocks in Southern Finland) to the sedimentary setting where GA
accumulated hints that the trace elemental composition of sea water in these
areas likely bore a distinct terrestrial signature, similarly to recent coastal
marine environments [49]. Moreover, recent studies in Caledonian Nappe
complexes, e.g. [53], suggest the existence of subduction zone related
volcanic arc complexes within the Iapetus Ocean near the western border of
the Baltica paleocontinent in the Late Cambrian and Tremadoc. The
associated volcanic activity in these areas could supply overlying waters
with extra trace metal budgets and modify regional marine trace metal
signals enhancing, for example, Zn and V content of marine water. Then
again, the likely introduction of the particulate volcanic matter to the sedi-
mentary basin during the times of GA formation is suggested by clay
mineral studies. According to Utsal et al. [35] the widespread occurrence of
authigenic illite-smectite in GA indicates that at least 10% of its primary
sedimentary matter was made up of volcanic ash.

The differences in trace element composition of GA might thus in some
instances reflect variations in source material fluxes. First of all this relates
to non-reactive elements with negligible solubility in surface environments
transported to the sedimentary basin mainly in the composition of terrigenic
(volcanic) matter such as residual heavy minerals, secondary weathering
products or volcanic ash. According to Vine and Tourtelot [7], the detrital
fraction of most black shales is characterized by the elements Al, Ti, Zr, Ga,
Sc, and may also commonly include Be, B, Ba, Na, K, Mg, and Fe.
Additional elements generally considered insensitive to secondary processes
include Nb, Y, Th, Ta, Hf, and the REEs [39].

On the La-Al and La-Ti diagrams (Figs. 5A, 5B) the distribution of Al
and Ti shows a similar pattern with respect to the lanthanum behavior. The
Pakri samples with higher alumina and silica values and somewhat higher Ti
content have enhanced La values as compared to Saka samples. The
covariance of La with typical detrital compounds suggests that La may be
dominantly bounded by detrital phases. However, the abnormally high La
content detected in three phosphorus-rich samples may suggest a possible
synsedimentary incorporation into the biogenic detritus or diagenetic
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Fig. 5. Relationships between trace elements in graptolite argillite. UC = Upper
Continental Crust [55]; PAAS = Post Archaean Australian Shale [39]; NASC =
North American Shale Composite [40].

mobility of La. Be and Ni abundances in the Pakri section demonstrate a
two-line positive covariance trend (Fig. 5C). Such a distribution pattern of
two elements with generally different geochemical behavior in surface
systems might reflect the terrigenic (volcanogenic) flux into the sedimentary
environment from a distinct source during the initial period of accumulation
of the GA or specific sedimentary conditions supporting Ni enrichment. The
terrigenic flux controlled abundance is suggested also for Li and Mg
(Fig. 5D). Both eclements show a very well defined positive correlation,
suggesting that Li and Mg are likely bonded into the crystal structure of
micas and/or clay minerals. Figures 5E and SF present the relations of Sc, Th,
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and La, widely exploited for discriminating different magmatic rock types and
settings. Numbers of studies have employed these variations to track possible
precursor rocks of ancient shale and black shale complexes [39, 54]. On the
Th-Sc graph the Pakri and Saka samples present anomalously low Sc and high
Th/Sc content (Fig. 5E), thus suggesting a generally felsic upper crustal
precursor for GA. The La/Th ratios of the analyzed GA samples demonstrate
considerably higher scattering. As mentioned above, however, the enhanced
La values in phosphorus-rich samples suggest that precursor rock signal had
been in some cases evidently obscured by the synsedimentary incorporation
or posterior redistribution of La.

In general, the clustering of non-reactive trace element data into the two
fields may suggest that two different dominant source areas were involved in
the supply of detrital material to the localities where organic-rich muds once
accumulated.

4.3. Rare earth element variations

The REE patterns recorded for post-Archaean shales (PAAS) show striking
similarity worldwide: they are light REE enriched, with a negative Eu
anomaly and relatively flat heavy REEs [55, 39]. Samples from Pakri show
chondrite-normalized (CN) REE patterns (Fig. 6C) generally similar to those
recorded for PAAS, being considerably enriched in light rare earth elements
(LREEs) with respect to heavy rare earth elements (HREEs). The main
difference from the average shale compilations appears in content of MREEs
(Fig. 6B). Like PAAS, all the studied samples exhibit negative Eu anomaly.
The Lacn/Ybey ratio ranges from 6.65 to 10.26, staying thus well below the
upper crust’s Lacn/Ybey ratio. The Gden/Ybey ratio varies from 1.09 to 2.22
with an average of 1.44 which is close to the PAAS value. The PAAS-
normalized REE patterns of the examined GA samples show generally flat
shape (Figs. 6A, 6B). In respect of the considerably monotonous REE varia-
tions, three samples from the Pakri locality exhibit distinct behavior. Pakri21
and Pakril4 have similar REE fractionation patterns with a somewhat
elevated content of MREEs compared to PAAS. A unique hat-shape REE
shale-normalized pattern was recorded for Pakril7 sample, which also
presents a clearly elevated absolute REE concentration and strong MREEs
enrichment. Compared to the Pakri sequence the REE patterns for Saka
samples show higher fractionation and variation in the content of REEs
(Figs. 6A, 6C). The Lacn/Ybey ratio is similar to that in Pakri samples,
except in Sakal and Saka4 where it reaches 15.56 and 14.27, respectively.
The Gden/Yben ratios show high variation from 0.66 to 2.76, being the
highest in samples Saka2 and Saka3. The MREE pattern shows higher varia-
tion than in Pakri samples. The PAAS-normalized REE patterns of Sakal,
Saka4, SakaS, and Saka6 show low REE absolute abundances, but are
characterized by distinctive concave shape patterns with considerably
enriched HREEs (Tm-Yb) with respect to depleted MREEs (Ce-Er).
Remarkably, these samples have the lowest content of Fe,O5 and the highest
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contents of Mo, U and V (though high contents of these trace elements also
occur in other samples). The hat-shaped (similar to that of Pakri17), MREE
enriched patterns characterize Saka2 and Saka3 samples. The REE patterns
of samples Saka7, Saka8, and Saka9 are more flat-shaped, similar to a
typical Pakri pattern.
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Fig. 6. Rare earth element patterns of GA samples normalized to PAAS (A; B) [39]
and chondrite (C).
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Table 3. Rare earth elements in GA samples from Pakri and Saka sections,

ppm

Lab |Sample| La | Ce | Pr [Nd |[Sm |Eu| Gd | Tb | Dy |Ho | Er [ Tm| Yb | Lu
GI; | Pakril [35.1| 58.5| 6.5(26.0| 5.0 {1.14| 5.07|0.70| 4.22{0.83|2.51|0.37|2.46|0.35
Acme

GI; | Pakri2 (33.2| 554 6.2 242 | 4.7(1.02 | 4.56|0.63| 4.03|0.79{2.53|0.37|2.67|0.38
Acme

GI Pakri3 |33.6| 57.7| 6.6|26.1 | 5.3 |1.12| 4.92(0.70| 4.43 |0.85(2.63]|0.37|2.56|0.35
GI Pakri4 |37.5| 68.6| 8.1|32.5| 6.6(1.38| 6.280.90| 5.81 |1.12|3.54|0.50|3.48(0.49
GI Pakri5 {35.9] 62.4| 7.2|28.1| 5.6|1.16| 5.11|0.72| 4.62 |0.89|2.85|0.42(2.90(0.41
GI; |Pakri6 |35.9]| 61.0| 6.9|26.5| 5.1(1.07 | 4.70 [0.66| 4.25|0.82(2.66|0.40(2.81|0.40
Acme

GI Pakri7 |37.5| 65.8| 7.6(29.6| 5.8 |1.17| 5.09|0.72| 4.54 |0.88|2.83|0.42|3.05|0.43
GI Pakri8 {39.6| 68.1| 7.6(29.2 | 5.5[1.09 | 4.80 [0.67| 4.36 |0.87(2.90|0.44|3.24|0.46
GI Pakri9 |35.1] 58.5| 6.4|23.8| 4.3]0.88| 3.81|0.52| 3.420.70|2.38|0.37|2.79|0.41
GI Pakril0[39.2| 76.0| 9.1 |36.4| 7.2(1.43| 6.30|0.90| 5.67 |1.10|3.51|0.52|3.63|0.52
GI Pakril1{39.2| 72.4 | 8.3|31.5| 5.9|1.14 | 4.98(0.70| 4.49 |0.89(2.99|0.46|3.40|0.50
GI; | Pakril2(38.1| 70.0 | 8.2 (31.9| 6.2 {1.23 | 5.41|0.77| 4.93|0.96|3.15|0.47|3.37|0.49
Acme

GI Pakril339.7| 71.8 | 8.3|32.3| 6.2 |1.25| 5.45]0.78| 5.00 |0.98|3.21|0.49|3.48|0.50
GI Pakril4{43.8| 85.4(10.3 |41.7| 8.4(1.69| 7.57|1.11| 6.93 |1.34|4.22|0.60(4.12|0.59
GI Pakril5/39.2| 72.0 | 8.4|33.2| 6.6(1.36| 5.91|0.84| 5.28 |1.01|3.23|0.48|3.40(0.48
GI Pakril6|34.8| 58.0| 6.4 |24.1 | 4.5]0.93| 3.99|0.55| 3.57|0.71|2.39|0.37|2.76 |0.40
GI Pakril7|56.0(138.2 {18.4 |81.6 |17.7 |3.51 |16.23 |2.38|14.48 |2.71|7.86|0.99|6.04 |0.82
GI Pakril8/37.6| 69.3 | 8.1(32.6| 6.5(1.35| 5.83]0.83| 5.26 |1.03|3.33|0.50(3.55(0.52
GI Pakri19|38.4| 71.6 | 8.4(33.9| 6.8 (1.42| 6.13 [0.87| 5.44 |1.05|3.36|0.49(3.51|0.51
GI Pakri20{34.6| 63.9| 7.4|29.5| 5.9(1.23| 5.25|0.75| 4.78 |0.94|3.07|0.46 |3.34|0.49
GI; | Pakri21{40.4| 82.3| 9.9 |41.5| 8.6(1.86| 8.01 |1.17| 7.23|1.39{4.29|0.59|4.01|0.56
Acme

Acme| Sakal [26.9| 37.7| 3.6|11.2| 2.0 [0.41 | 1.34(0.26| 1.45|0.32]/0.97|0.18|1.24|0.19
Acme| Saka2 [36.5(119.0 |16.4 |68.6 {15.3 {2.93(11.00|1.70| 8.19 |1.35|3.39|0.51|3.30|0.45
Acme| Saka3 |20.0| 41.7| 5.9|26.8 | 6.2|1.23 | 4.81|0.74| 3.37 [0.57|1.62|0.23|1.580.22
Acme| Saka4 [19.5| 27.6| 2.7| 9.0| 1.5]0.32| 1.03 [0.19| 1.12|0.24]0.68|0.14[0.98|0.14
Acme| Saka5 |21.3] 33.7| 3.5|12.1| 2.2|0.41| 1.66|0.28| 1.78 |0.41|1.36|0.25(1.95|0.29
Acme| Saka6 |18.6] 29.6| 3.0(10.0| 1.9]0.39| 1.38|0.25| 1.53|0.34|1.14|0.20(1.73|0.24
Acme| Saka7 [23.4| 43.4| 4.8|18.3| 3.5(0.69| 2.74]0.48| 2.75|0.56|1.61|0.31(2.03|0.27
Acme| Saka8 [30.9| 61.1| 7.4|27.0| 5.7 |1.11| 4.47|0.78| 4.29 |0.88|2.74|0.43|3.09|0.45
Acme| Saka9 42.6] 97.0 [12.8|52.2 [11.2[2.27 [10.17 | 1.68] 9.21 | 1.83]5.20/0.76|5.03|0.65

The observed large-scale variations in REE patterns — the encounter of
normal flat shape as well as hat and concave like patterns — could be
explained by variations in detrital input, e.g. variations in accessory mineral
associations. However, alternatively it might point to the possibility that in
most samples of the Saka sequence and in some intervals of Pakri the source
rock inherited REE signals have been masked or obscured by the synsedi-
mentary, diagenetic, hydrothermal or weathering induced redistribution-
enrichment of REEs. The recent studies of black shales have indicated that
authigenic phases such as sulfides, phosphates and carbonates as well as
organic matter may host elevated REEs and their presence might influence
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the absolute abundances of REEs as well as the fractionation patterns, e.g.
[56]. Cruse et al. [57] interpreted the intermittent occurrence of hat and con-
cave shape shale-normalized REE patterns in authigenic phosphate-rich and
low-phosphate black shales as the evidence of an early diagenetic redistribu-
tion of REEs formed as the result of a preferential uptake of MREE in
apatite and simultaneous depletion of phosphate-poor host shale beds. A
similar enrichment process could be hypothesized for the MREE enriched
samples of Saka and Pakri GA, all characterized by elevated phosphorus
content compared to the rest of the samples under study. This agrees with
high REE values detected by SEM analysis of authigenic as well as bio-
clastic phosphates in the studied sequences. Lev et al. [S8] demonstrated the
importance of post-/syn-depositional mineralizing fluid induced disturbance
in REE-systems together with redistribution of U in black shales. Con-
sequently, the encountered REE fractionation patterns could theoretically
indicate also the influence of short-term low temperature brines. In case of
GA the possible influence of deep source brines on the formation of its
mineral assemblage has been suggested previously by sulfur isotope studies
of pyrite [25]. However, the influence of deep brines on the Estonian Lower
Paleozoic sedimentary assemblage is problematic as the whole complex is
thermally almost unaltered. On the other hand, Somelar et al. (2010) [59]
suggested intrusion of low temperature K-rich brines as the mechanism
behind the illitization of Estonian Ordovician K-bentonites, pointing to the
possible wide-scale influence of alkaline brines on the region in the Late
Silurian.

Nevertheless, despite the lack of knowledge of the precise formation
mechanism of the observed variability of REEs, it might suggest REE
mobility in sedimentary or diagenetic environments. One could also
speculate that the co-appearance of MREE depleted patterns and enhanced
U, V and Mo abundances in GA from the Saka outcrop might indicate that
those enriched elements were affected by the same redistribution processes
which resulted in the formation of MREE depleted patterns.

5. Conclusions

The studies of two vertical sequences of graptolite argillite (GA) show the
existence of pronounced fine-scale trace metal variability in GA. The
examined samples were detected to be enriched in U, V, Mo and Pb with
respect to average black shales, the obtained results thus agreeing with pre-
viously published data on the geochemistry of GA. The content of enriched
elements was, however, recorded to change greatly over the examined
sequences, suggesting a notably more complex nature of trace metal dis-
tribution in GA than previously assumed. Redox sensitive metals U and Mo,
and also V to a lesser extent, showed loose covariance with organic matter
content (LOI 500 °C), apparently indicating their trapping mainly via
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organic matter tied species, and the enrichment primary linked to organic
matter sequestration. The elevated abundance of a number of other trace
metals, e.g. Pb, Zn, Cd, Cu, As and La, was detected in samples with an
enhanced content of sulfur or phosphorus. The remarkably different behavior
of the listed elements in two examined GA sequences could suggest that
somewhat different sets of metal sequestration driving processes were
responsible for the development of trace elemental assemblages in E and
NW Estonian settings. As the trace element composition of GA is dominated
by common marine redox sensitive and/or stable sulfide forming metals, the
syngenetic trapping of metals from sea and interstitial water in redox
boundary zones probably had first rate control over the development of trace
element enrichment patterns. However, the observed high variability in the
trace metal composition of GA, including heterogenecous REE patterns,
points to the polygenetic nature of metal assemblages, apparently formed as
the cumulative product of multistage evolution. On the whole, the study
demonstrates that the knowledge base about metal distribution in GA is still
rather fragmentary and that detailed geochemical, as well as multi-
disciplinary investigations are essential for adequately predicting potential
metal resources of GA in the future.
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Abstract: This article presents a centimetre- to micrometre-scale study of sedimentary fabrics from
Lower Ordovician metalliferous black shale from the Baltic palacobasin. Two sections of the Tiirisalu
Fm. NW and NE Estonia were analysed with light microscopy and scanning electron microscopy. This
rock unit is characterised by mostly thin bedding (<10 mm), common occurrence of minor erosional
features, and a large variety of sedimentary fabrics, including graded, cross-laminated and massive
fabrics. Based on this, we suggest that dynamic sedimentation events, rather than commonly assumed
slow net sedimentation, may be the dominant mechanism behind the accumulation of these beds. The
storm-related near-bottom flows and the bed-load transport of mud particles were likely common
distribution agents of organic-rich mud. The mud (re)distribution, mainly via near-bottom flows and
controlled by flat seafloor topography and general clastic starvation, might explain the present lateral
distribution and diachronous character of the Tiirisalu Fm. Documented traces of microbial mat growth
and siliceous sponges in the NW Estonia indicate that in more sheltered settings, biogenic factors played
a vital role in developing primary mud characteristics. The geochemical palaecoredox proxies, and high
trace metal and organic matter content suggest that mud sedimentation could occur under anoxic
conditions. The observed sedimentary fabrics and traces of bioturbation, however, favour prevailing
oscillating redox conditions in the lower water column. The recorded heterogeneity of microfabrics
indicates that dynamic transport and intermittent deposition together with biogenic factors likely forced
the development of an array of unique (bio)geochemical microenvironments for syngenetic trace element
sequestration.
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1. Introduction

Distal deep marine settings with stratified water columns were
long considered a unique environment of black shale formation,
and accumulation processes were envisioned as a slow,
continuous net sedimentation of fine-grained organic and
inorganic particles from a starved, persistently anoxic water
column, which resulted in the formation of finely laminated mud
intervals (Potter et al. 1980). Reports of shallow-water marginal
black shales from many locations (e.g. Leckie et al. 1990;
Schieber 1994; Wignall & Newton 2001), as well as the
accumulation of a wealth of data in the modern marine research
of organic-rich muds and their ancient analogues (e.g.
Ganeshram et al. 1999; Lyons & Kashgarian 2005), in modern
and ancient mud sedimentology and mudstone lithology (e.g.
Traykovksi et al. 2000; Schieber et al. 2007; Macquaker et al.
2010a; Ghadeer & Macquaker 2011; Plint et al. 2012), advances
in experimental mud research (e.g. Baas et al. 2011; Schieber
2011 and references there in) and in organic-rich mudstone
geochemistry (e.g. Algeo & Maynard 2004), organic geochem-

istry (e.g. Blumenberg & Wiese 2012) and geobiology (e.g.
Pacton et al. 2007) have revealed that many variable formation
paths might have produced different black shales. Those
discoveries indicate that organic-rich mud intervals might form
under an agitated water column in shallow settings (e.g.
Schieber 1994), and they in places contain event beds, erosion
surfaces and other signs of a discontinuous sedimentary record
(e.g. Schieber & Yawar 2009). Likewise, the occurrence of
black shale does not necessarily reflect a permanently anoxic
water column (e.g. Pedersen & Calvert 1990; Murphy et al.
2000; Schovsbo 2001; Egenhoff & Maletz 2012), and typical
fossil black shales can contain various signs of benthic life (e.g.
Kazmierczak et al. 2012).

The new discoveries allow us to revisit some of the
controversial aspects of the sedimentary framework of the
black shales that have long been known in Estonian
Tremadocian succession. Those organic-rich and metalliferous
black shales, formed in proximal settings of the vast
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epicontinental sea of the Baltica palaeocontinent during an
overall eustatic sea-level rise (Dronov et al. 2011), have been
mainly described as shallow-water deposits (e.g. Scupin 1922;
Kivimigi & Loog 1972), which accumulated in water depth near
storm wave base (e.g. Heinsalu 1990; Artyushkov et al. 2000). In
basinal scale, Schovsbo (2002) places Estonia within the inner-
shelf environment of the Cambrian—Tremadocian black shales,
i.e. to innermost and shallowest area of black shale formation in
the Baltic palacobasin. However, a considerably deeper water
origin of more than 130m has been suggested by some
researchers for considered black shales (e.g. Pukkonen &
Rammo 1992). The previous studies have indicated spatial
regional-scale lithological heterogeneity and facies differences of
the Tiirisalu Fm. between western and north-eastern Estonian
settings, as well as the existence of small-scale lithological
features, such as the random occurrence of cross-lamination,
small ripple marks, irregular silt intercalations, traces of
bioturbation and benthic sessile communities (Miitirisepp 1964;
Kaljo & Kivimégi 1970; Kivimigi & Teedumde 1971; Kiviméagi
& Loog 1972; Heinsalu 1990; Pukkonen & Rammo 1992; Loog
& Petersell 1995). However, the sedimentary framework behind
those lithological features remains poorly understood. Recently,
submillimetre- to millimetre-scale vertical lithological hetero-
geneity has been recognised as a common feature in a wide
variety of mudstones, including organic-rich mudstones (Aplin &
Macquaker 2011 and references there in). In the case of the
Tiirisalu Fm., the existence of pronounced spatial and subtle
decimetre-scale vertical trace metal variability has been
documented (Pukkonen & Rammo 1992; Soesoo & Hade 2012;
Voolma et al. 2013). Whereas the syngenetic enrichment of
redox-sensitive trace metals is a widely accepted pathway for
metal sequestration in typical black shales (e.g. Algeo & Maynard
2004), the enrichment models are commonly based on the
generalisation that sedimentation rates of primary mud remained
constant over long periods, there suspension—redeposition of
sediments and bioturbation are negligible according to their
accumulation, and the physicochemical character of primary mud
was not notably variable. Such simplifications, however, might
not be appropriate for interpreting enrichment processes in
shallow-water marginal black shales.

This article is based on the analysis of micrometre- to
centimetre-scale fabrics of two sections from the Baltic Klint
area, both representing the proximal settings of the Tiirisalu Fm.
on Estonian territory. The aims of the study were to (1)
document the vertical variability of small-scale sedimentary
fabrics in the Tiirisalu Fm., (2) discuss a possible accumulation
dynamics (physical factors) and the biogenic factors forming the
observed fabrics, (3) outline the main features of sedimentary
environment of ancient mud successions based on combined
lithological and geochemical palaeoredox signals and (4)
examine the possible influence of sedimentary dynamics and
synsedimentary biogenic processes on organic matter (OM) and
trace metal sequestration processes.

2. Geological background

The black shale of the Tiirisalu Fm. (historically known as
Dictyonema shale or Dictyonema argillite, also the term
“graptolite argillite” is widely used in recent local literature) is
an organic-rich black shale that formed in the proximal settings
of the Baltic palaeobasin in the Early Ordovician (Ménnil 1966)
when Baltica was at approximately 40—50° southern latitudes
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(Fig. 1A and B) (Cocks & Torsvik 2005). Between Mid-
Cambrian and Early Ordovician, the Baltica made through anti-
clockwise rotation. At the beginning of Tremadocian, Baltic
palaeobasin was situated at western margins of the continent,
facing the Iapetus Ocean in the west and the Tornquist Sea in the
south and south-west (Cocks & Torsvik 2005). On a regional
scale, the Tiirisalu Fm. is part of a patchy (modern distribution)
but vast Mid-Cambrian—Lower Ordovician black shale belt in
the Baltoscandian region, extending in the east—west dimension
from Lake Onega to Jutland (Andersson et al. 1985; Kaljo et al.
1986). It was accumulated in a large, exceptionally flat-floored
epicontinental sea (Nielsen & Schovsbo 2011). Nielsen &
Schovsbo (2006) considered the Estonian and Russian
Tremadocian black shale to be a shallow-water tongue of the
Alum Shale Fm. In Estonia, the almost flat-lying Tiirisalu Fm.
occurs within the tectonically undisturbed lower Palaeozoic
sedimentary succession, and the entire Palaeozoic sedimentary
complex is generally characterised by very low thermal maturity
(Kirsimde et al. 1999). Its distribution in Estonia and Russia has
been considered one of the best examples of very shallow-
marine near-shore Cambrian and Early Ordovician deposits with
siliciclastic sedimentation (Kaljo et al. 1986; Mens & Pirrus
1997; Artyushkov et al. 2000).

Dark-brown black shale of the Tiirisalu Fm., which contains
fossilised fragments of early planktonic graptolites, is
characterised by high OM content ranging from 10% to 20%,
fine silt fraction dominating the composition and variable pyrite
abundance (Kaljo & Kivimagi 1970; Loog et al. 2001). Another
characteristic feature of the black shale is its high but spatially
variable content of redox-sensitive trace elements, such as V,
U and Mo, showing general positive covariance with OM
abundance (Pukkonen & Rammo 1992). In Estonia, the
thickness of the formation remains between 1 and 8 m, generally
decreasing eastward and southward from the area of maximum
thickness in north-western Estonia. The Tiirisalu Fm. occurs on
top of a complex of commonly cross-bedded siltstone and
sandstone (Kallavere Fm.) containing debris or rich coquinas of
phosphatic brachiopods denoting a large-scale skeletal phos-
phorite accumulation episode during the Cambrian—Ordovician
transition (Ilyin & Heinsalu 1990; Hiller 1993). These
siliciclastic deposits also contain interbeds and lenses of black
shales. In NW Estonia, a thick organic-rich mudstone bed caps a
subaerial regional unconformity at the base of the transgressive
Kallavere Fm. (Nemliher & Puura 1996). In NE Estonia, the
black shale overlies the siliciclastic beds of the Kallavere Fm.,
presenting dense interfingerings of siltstone with phosphatic
detritus and organic-rich mudstone beds (Heinsalu et al. 2003).
The onset of accumulation of primary organic-rich muds of the
Tiirisalu Fm. across Estonia was not concurrent (Kaljo &
Kivimégi 1970) (Fig. 1C). The older black shales in western
Estonia belong to the Cordylodus lindstromilangulatus con-
odont biozones (Pakerort Regional Stage). Eastwards the black
shales become gradually younger, and in NE Estonia, the
succession is assigned to the Paltodus deltifer pristinus
conodont zone (Varangu Regional Stage; Kaljo et al. 1986;
Heinsalu et al. 2003). The Varangu age generally denotes a
major regressive episode in the region (e.g. Dronov et al. 2011).
The upper boundary of the Tiirisalu Fm. comprises a regional
unconformity that is capped by organic-poor grey shales or
glauconitic sandstones (Heinsalu 1980) and marks a sea-level
drop that terminated organic-rich mud accumulation in the
proximal settings of the Baltic palaeobasin.
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Fig. 1. A. Palacogeography of Baltica in the Early Ordovician (after Cocks & Torsvik 2005). B. Modern distribution of the Tiirisalu Fm. and
sampling localities on Baltic Klint. C. Lithostratigraphy of the Tremadocian deposits of Estonia (after Heinsalu et al. 2003).

Lithology and facies of the Tiirisalu Fm. have been targeted by
several studies, including Miiiirisepp (1960), Kaljo & Kivimigi
(1970), Kivimigi & Teedumie (1971), Heinsalu (1980) and
Heinsalu (1990). In western and north-central Estonia, the
Tiirisalu Fm. has been described as a considerably homogeneous
black shale comprising laminated or massive lithologies
(Tabasalu Member). The massive black shale varieties that are
dominant in somewhat younger north-central Estonian settings
have supposedly accumulated under more active hydrodynamic
regime than the beds in the western settings (Pukkonen &
Rammo 1992). However, Heinsalu (1990) reported irregular
encounters of cross- and wavy-lamination, trace fossils and
minor ripple marks in older western Estonian black shales. In
NE Estonia, the Tiirisalu Fm. becomes thinner and more variable
(Toolse Member). It embodies numerous silt intercalations that
are regularly associated with authigenic carbonate or sulphide
mineralisation, and the entire Tiirisalu Fm. has been suggested to
represent a shallower-water setting and a more variegated
sedimentation environment than represented by the Tabasalu
Mb. (Kaljo & Kivimigi 1970; Kivimidgi & Loog 1972; Loog
et al. 2001). For example, in the Toolse area, the Tiirisalu Fm.
was divided into four distinct intervals with different textural

and structural characteristics and trace metal content (Kivimégi
& Teedumide 1971). Furthermore, Heinsalu et al. (1994)
suggested that the areas around Toolse and Rakvere (Rakvere
Phosphorite Area) acted as a border zone between subenviron-
ments with different hydrodynamic regimes in this proximal part
of the palaeobasin during the Early Tremadocian and that
subaerial highs likely existed in this shallow-water area before a
main organic-rich mud accumulation episode.

In the rather homogenous mineral assemblages of the Tiirisalu
Fm., K-feldspar has been found to be dominant over quartz,
illite—smectite and illite (Utsal et al. 1982; Kleesment & Kurvits
1987; Loog & Petersell 1995; Loog et al. 2001). High K-feldspar
content is the characteristic feature of the Tiirisalu Fm.,
distinguishing the complex from the typical Alum Shale Fm. in
which K-rich clay minerals (illite and illite—smectite) tend to
dominate in mineral assemblages, and which have been reported
to present generally lower K,O/Al,O; molar ratio than
Tremadocian black shales from Estonia (Snéll 1988; Lindgreen
et al. 2000; Schovsbo 2003). It is remarkable that substantial
amounts of K-feldspar in the Tiirisalu Fm. is likely authigenic in
origin (Utsal et al. 1982; Loog et al. 2001; unpublished data).
For quartz, a genetic link with primary biogenic silica has been
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Fig. 2. The cross-section of the Saka and Pakri sections, with sampling intervals, vertical profiles of redox-sensitive trace elements, palacoredox
proxies (after Hatch & Leventhal 1992; Jones & Manning 1994), environmental indices based on data by Voolma et al. (2013) and observed

sedimentary fabrics.

suggested in NE Estonia, where lenticular intercalations of
siliceous sponges are common (Miilirisepp 1964; Loog &
Petersell 1995). The OM of the Tiirisalu Fm. is N-rich, highly
aromatic and, according to previous studies, composed
dominantly of transformation—condensation products of marine
microbial matter (Klesment & Urov 1980; Sumberg et al. 1990;

Lille 2003). From other biogenic components, early planktonic
graptolites, fragments of phosphatic lingulid brachiopods,
conodonts, acritarchs and polychaete jaws have been reported
(e.g. Kaljo & Kivimigi 1970; Kaljo et al. 1986; Paalits 1995;
Hints & Nolvak 2006). A characteristic of the Tiirisalu Fm. is the
absence of calcareous fossils.
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3. Materials and methods

This study is based on two sections of the Tiirisalu Fm. from the
Saka CIliff (59.4419°N, 27.2150°E) and the Pakri Peninsula
Uuga CIiff (59.3766°N, 24.0364°E). Thick and rather homo-
geneous Pakri section (Pakerort Stage, Tiirisalu Fm. and
Tabasalu Member (after Mens et al. 1996)) represents
transitional black shale setting between western Estonian
considerably organic- and metal-rich and the more massive
and trace metal poor northern central Estonian settings (cf.
Heinsalu 1990; Pukkonen & Rammo 1992). The lithologically
more variable Saka section is part of the heterogeneous NE
Estonian Toolse Member (Varangu Stage, Tiirisalu Fm. and
Toolse Member (after Heinsalu et al. 2003)) and is known to
contain abundant lenses of siliceous spicules and small
anthraconites (Miiiirisepp 1964).

For this study, the Pakri and Saka sections were sampled at 20-cm
intervals. From each collected field sample, approximately half was
crushed and homogenised for major and trace element analyses
(Voolma et al. 2013). The rest was used for lithological study. For
fabric analysis presented in this article, five to seven subsamples
from every field sample were selected randomly, cut perpendicular
to bedding and roughly polished. The polished surfaces of the
subsamples were scanned with a high-resolution flatbed scanner
and studied with a light microscopy (Leica M205 A) to establish
small-scale fabrics and stacking successions. In selected sub-
samples, the morphology of bedding planes was also studied on
surfaces that were fractured parallel to bedding. Microfabric study
and microanalyses of selected samples from both sections were
carried out with a scanning electron microscopy (SEM) (Zeiss EVO
MA15) equipped with EDS (Oxford INCA) at the Institute of
Geology at Tallinn University of Technology. Fig. 2 presents
schematic sections of both study locations, sampling intervals
together with enriched trace metal profiles, and some commonly
used geochemical palacoredox and environmental indices based on
data of Voolma et al. (2013). Note that the geochemical data are
results of analyses of homogenised whole-rock samples, each
representing average chemical composition of 20 cm long interval
of studied sections. The presented loss on ignition (LOIL, at 500°C)
values can be used as rough estimates of the OM content. Fig. 2 also
summarises the main fabric types recorded in both sections. The
studied samples and data are deposited at the Institute of Geology at
Tallinn University of Technology.

4. Observations

4.1 Small sedimentary fabrics

The examination of samples from the Pakri and Saka sections
demonstrated the existence of submillimetre-to-centimetre range
vertical in homogeneity of the black shale. Based on variations in
bed thickness and continuity, lamination and bedding boundary
characteristics, and the existence of grading and biogenic features,
a number of distinct black shale varieties with dominant
sedimentary —fabric types were distinguished. However, the listed
varieties do not cover the complete array of encountered fabrics,
as in several cases beds with mixed characteristic features, or the
later overprinting (e.g. diagenetic growth of carbonate concretions
and secondary gypsum) of primary fabrics was observed. The
samples from both sections were mostly organised into rather thin
beds with a common thickness of less than 10 mm. The bed
boundaries were traceable by thin silt intercalations or by colour,
fabric or macrocomponent contrast between the beds. The thicker
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average bed sizes of up to Scm (and rarely more) were
encountered in the upper portion of the Pakri section, in the part
dominated by massive varieties.

4.2 Beds with laminated fabrics

Fig. 3A demonstrates black shale samples with millimetre-scale
laminated planar fabric, a characteristic of the lowest organic-
rich part of the Pakri section, but encountered also at some levels
of the Saka section. Those beds were fine grained and well
sorted. The lamination appeared as an alteration of darker, more
organic-rich, and lighter, less organic containing thin continuous
laminae. However, many finely laminated beds from the studied
sections appear to present subtle discontinuous lamination with
minor asymmetric mud lenses and uneven bedding surfaces
(Fig. 3B). Furthermore, in the case of somewhat less sorted
samples, low-angle cross-lamination was observed, showing
curved down-dipping laminae or inclined non-parallel bedding
surfaces (Fig. 3B—D). Few bedding planes of finely laminated
beds from the lower part of the Pakri section revealed poorly
preserved remains of Rhabdinopora sp. (Pakri 2 and 4).

4.3  Graded beds

In addition to laminated fabrics, graded black shale varieties were
regularly encountered in the studied sections. The upward-fining
beds recorded in the Tiirisalu Fm. had typical average thicknesses
between 0.5 and 5 mm and were invariably sharp-based with flat
or rough basal surfaces, the latter presenting common scour-like
structures. The normal graded fabrics were widespread in the
Saka section and in the upper part of the Pakri section. The beds
with well-pronounced normal grading (Fig. 4A—D) comprised
either couplets of silt- and organic-rich lamina sets or, in some
cases, exhibited a triplet motive similar to that described by
Macquaker et al. (2010a). In some intervals, the lower lamina sets
of such graded beds presented distinct curved ripple-laminated
fabrics. The proportion of graded beds from the upper part of the
Pakri section and a few subsamples from the middle and upper
part of the Saka section showed more gradational changes. In
those cases, the grading appeared as a decrease in grain size or in
the marine detritus content and as a colour shift from light brown
to darker brown, indicating an increase in organic fraction in
upper part of beds (Fig. 4E). Sharp and flat lower contacts were
the characteristics for such beds.

4.4 Cross-laminated beds with soft sediment deformation
structures

High-angle cross-laminated black shales with ripple sets were
encountered in distinct intervals of the Pakri section (Pakri 8 and
19; Fig. SA and B). The curved bedding surfaces, as well as
abundant soft sediment deformation features, such as load
structures, were typical for such beds, indicating sediment
loading on uncompacted and water-enriched mud.

4.5 Beds with massive fabrics

The examination of the upper portion of the Pakri section
revealed several intervals dominated by massive and thick beds
compared with the rest of the section. The observed lithologies
varied from isotropic massive fabric to poorly sorted irregular
varieties (Fig. 5C and D), the latter containing detritus of
phosphatic brachiopods. The other typical features were the
absence of erosional features at the bed base, sharp bedding
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Fig. 3. Scanned image (A) and micrographs (B—D) of small-scale laminated fabrics. A. Subsample Pakri 4-1 with finely laminated planar fabric. B.
Laminated fabric (Pakri 2-1) with subtle non-parallel lamina geometry showing thin, discontinuous black shale laminae (white arrows) and eroded
uneven bedding surfaces (black arrows). C. Pakri 4-2 exhibits discontinuous fine lenticular lamination; arrows mark down-dipping surface of the
possible ripple lamina. D. Pakri 9-1 with inclined non-parallel planar bedding boundaries.

boundaries and the irregular thickness distribution of intimately
stacked beds. Some massive beds from the middle part of the
Pakri section presented different characters with indistinct
bedding boundaries and halo zones (see also section on biogenic
fabrics).

4.6 Siliciclastic intercalations

The siliciclastic intercalations and lenses with thickness of a few
grains to several centimetres were recorded throughout both
sections, whereas their frequency was higher in the Saka section. In
both sections, the thickest intercalations were confined to the
lowermost ~ 60 cm of the Tiirisalu Fm. Siliciclastic intercalations
were sharp-based and regularly with scoured lower contacts. In
addition to angular to subrounded quartz, the thicker studied

intercalation contained variegated sulphide paragenesis, rare
glauconitic grains and marine detritus including phosphatic
brachiopods and conodonts. Rather typical for the siliciclastic beds
of the lower part of the Saka section was the occurrence of well-
preserved, coarse euhedral muscovite. In the lower part of the same
section, thin silty laminae were occasionally observed on the top of
gradational upper contact of black shales beds, whereas grain sizes
of silt particles matched with those from the underlying strata.

4.7 Beds with biogenic fabrics (biolamination, spiculite
lenses and bioturbation)

The studied sections revealed a number of fabrics, which were
likely formed by biogenic factors. Throughout the Saka section
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Fig. 4. Micrographs (A, B, D and E) and scanned image (C) of the studied black shales with normal graded fabrics. A. Pakri 10-1 presents
sharp grading with triple fabric (individual lamina sets of single bed marked by numbers) comprising a lower silt-rich, an intercalated silt-rich and
an organic/clay-rich lamina set and upper organic/clay-rich lamina set. Note the irregular surface below the bed (black arrows). B. Saka 1-1 presents
fabric with a graded appearance, with silt-rich lower and dark organic-rich upper lamina sets (individual lamina sets marked by numbers). Black
arrows mark the irregular bedding boundary. C. Succession of graded beds of sample OM8-105 from the uppermost half metre of the Pakri section;
the lower silt-rich lamina set shows small-scale hummocky cross-lamination. D. Pakri 13-1 with graded fabric and scour structures (black arrows) at
bedding surface; note the irregular thickness of the graded bed. E. Gradually graded bed of Saka 4-1 with smooth lower contact.

and in some intervals of the Pakri section, beds with wavy-  best visible at the top lamina set of beds, or as wavy crinkly
crinkly lamination were observed (Fig. 6C—E). They appeared intercalations in silt interlayers. A different type of supposed
as very dark brown to black, dense, subparallel curved laminae,  biolamination was encountered in some intervals of the Pakri
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Fig. 5. Micrographs (A, B and D) and scanned image (C) of the black shales with high-angle cross-laminated and massive fabrics. A. Subsample
Pakri 8-1 exhibits cross-lamination, grading and curved bedding boundaries. Note inclined laminae (white arrows) and down dipping of laminae to
the basal surface (black arrow). B. Black shale (Pakri 19-1) with ripple sets, grading, curved bedding boundaries and flame structures. C. Well-
sorted black shale (Pakri 19-2) with featureless massive fabric. D. Black shale with massive fabric from Pakri 17-1, white arrow marks the randomly

oriented platy fragments in the poorly sorted bed.

section, where firm organic-rich filaments comprised an
irregular web in black shale and presented features such as
coated mineral grains and vertically oriented filaments (Fig. 6A
and B). The additional features of probable biolaminated beds
were mica flakes at wavy bed surfaces and the layer-specific
distribution of pyrite. In the Saka section, distinctive cross-
laminated fabrics were encountered in two intervals in which the
thoroughly cross-laminated nature of the beds was traceable
thanks to inclined lenses of spicules and quartz (Fig. 7A and B).
It is noteworthy that such cross-laminated spicule-rich fabrics
occur in an organic-rich and rather metalliferous part of the
section (Fig. 2). In the upper part of the Saka section (starting
from sample Saka 4), the intercalations commonly comprised
rather poor microcrystalline quartz, which is probably a
recrystallisation product of biogenic silica (cf. Loog & Petersell
1995). Furthermore, various traces of horizontal bioturbation
throughout the studied black shale sections were observed (Fig.
7C—F). At bedding boundaries of finely laminated organic-rich
beds of the Pakri section, the pyritised horizontal flattened
tubular traces up to a few millimetres thick were occasionally

recorded. The features of the traces resemble those of ichnofossil
Planolites (e.g. Egenhoff & Fishman 2013). More silty
laminated beds and some massive beds in the Pakri section
showed discontinuous indistinct lamination, halo zones, partly
destroyed probable biolamination, diffused surface boundaries
and, less commonly, mottled appearances (see also the massive
fabric section). Those fabric elements were likely a product of
homogenisation by bioturbation (Fig. 7C and D). In discrete
intervals, the Saka section (Saka 6 and 9) yielded rare vertical
traces with height of up to a few centimetres, and mottled
fabrics, in both cases visible due to the mixing of organic-rich
mud, spicules and quartz (Fig. 7E). The observed vertical traces
may represent “escape traces” of zoobenthos.

4.8 Microfabrics by SEM

SEM observations were conducted to study how the above-
described centrimetre- to millimetre-scale features are con-
nected to the micrometre-scale morphology of the deposit. It
appears that finely laminated samples (Fig. 8 A) are characterised
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Fig. 6. Micrographs (A, B, D and E) and scanned images (C) of samples with probable biolaminated microfabrics. A. Fabric with a dense network of
organic-rich laminae in black shale (Pakri 14-1). Arrows mark the grains coated by organic-rich filaments. B. Higher magnification micrograph of
fabric of Pakri 14-1. Note the widespread occurrence of vertically oriented organic-rich filaments (arrows). C. Scanned slab of probable
biolaminated fabric of Saka 3-1, with thick wavy slightly upward convex dark organic-rich bands (white arrows) within a lighter matrix. The black
arrows mark the elongated pores in less contrast parts of subsample. D. Higher magnification micrograph of Saka 3-1. Wavy-crinkly organic-rich
lamina (white arrows, dotted lines) in black shale. Note the rather granular character of fabric and large open pores (black arrows). E. Series of wavy

organic-rich laminae on the top of black shale bed, Saka 4-2.

by anisotropic microfabric with a preferred orientation of platy
minerals and bioclastic compounds and evenly distributed
regular-size elongated small interparticle micropores (micro-
pores >0.75 wm; pore size classification after Loucks et al.
2009). By contrast, in samples with massive morphology (Fig.
8B), the observed isotropic microfabrics presented a random
orientation of mineral platelets and detritus in the matrix and
randomly distributed closed interparticle micropores. The
probable biolaminated fabrics from the Saka section revealed

heterogeneous and highly porous microfabrics (Fig. 8C) with
loosely packed and randomly oriented grains and a connected
network of large irregularly shaped micropores. SEM studies of
supposed biolaminated samples also indicated the presence of
abundant curved, convoluted, folded organic-rich filaments,
with thicknesses from less than 1 to several tens of microns (Fig.
8D-F). Some samples revealed convoluted homogenous
laminae, or few micrometre-thick layers with laminar structures
that most likely are remnants of palynomorphs. The presence of
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thicker heterogeneous laminae with bumpy surfaces and uneven
thickness distribution was also rather a characteristic for
biolaminated samples. The conducted SEM—-EDS analysis of
such filaments suggested a high carbon content and the presence
of Si, Fe, S and Al. Similar organic-rich sheaths, commonly
partly mineralised by silica or Fe—Al silicates, have been
recognised from different siliciclastic rocks, including black
shales, and interpreted as fossilised remnants of microbial mats
(e.g. Noffke et al. 2001; Gorin et al. 2009; Kazmierczak et al.
2012).

5. Interpretation of sedimentary fabrics

The finely laminated fabrics in mudstones are traditionally
interpreted as products of slow deposition of fine, loose particles
or organomineralic aggregates from a generally stagnant water
column (Potter et al. 1980) and widely recognised as a
characteristic of black shales. Occurrence of finely laminated
beds with discontinuous inclined laminae in the Tirisalu Fm.,
however, suggests that such beds were not formed simply by
gravitational settling. Similar low-angle cross-laminated fabrics
have been recently recognised in several black shales and
interpreted as a product of lateral mud accumulation by near-
seabed flows (Schieber et al. 2007; Macquaker et al. 2010a;
Ghadeer & Macquaker 2011). The flume experiments by
Schieber (2011) demonstrated that flocculated clay—silt
particles could sustain integrity under high flow speeds and
that such flocs could actually move by bed-load transport.
Compaction of water-enriched mud ripples has been shown to
result in the formation of microlaminated beds, very similar to
those found in black shales (Schieber & Yawar 2009).
Moreover, research of modern mud dynamics has revealed
many quick dispersal mechanisms, some of which could form
widespread “event mud blankets”, even in the case of low
topographic gradient (e.g. Traykovski et al. 2000). Such
mechanisms may involve the formation of sediment-laden
unidirectional near-bed flows — eroding, dispersing and
depositing the sediments during one and the same flow event
(e.g. Macquaker et al. 2010a). Wider acknowledgement that
dynamically deposited muds could have been voluminously
important in the geologic history of shallow seas has been
achieved because of several recent studies of ancient low-
gradient mud dominated settings. These investigations indicate
that the cross-shelf drift of fine cohesive particles in various
settings could have been partly or dominantly driven by short-
lived sediment-laden currents (Macquaker et al. 2010a; Plint
et al. 2012). The encounter of stacked successions of finely
parallel and subtle lenticular laminated fabric in the lower part of
the Pakri section indicates that the intermittent advective
transport-controlled deposition of mud was likely one of the
major mechanisms behind laminated mud accumulation.
However, the same interval is also characterised by the high
content of OM (LOI 500°C) and V, Mo and U (Voolma et al.
2013; Fig. 2), which designate that the sedimentary environment
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should have been favourable for accumulating and preserving
biogenic matter and redox-sensitive trace metal enrichment.
Based on the recorded fabric characteristics, it is difficult to
adequately differentiate the role of suggested dynamic
sedimentation and that of slow background suspension settling
in the formation of finely laminated muds. Overall, however, the
finely laminated beds likely represent a subenvironment with the
lowest hydrodynamic energy among the observed black shale
varieties of the Tiirisalu Fm.

Also, other fabrics observed in the Tiirisalu Fm., such as
normally graded and high angle cross-laminated beds, support
organic-rich mud formation by sediment-laden flows. Appear-
ance of grading in marine sedimentary record is typically
interpreted as deposition in environment where the speed of
sediment-loaded current changes over time (e.g. the formation
of tempestites). The occurrence of normal grading with distinct
lamina sets in studied section of the Tiirisalu Fm., together with
erosional features on the lower bedding surfaces, suggests that
those elements are likely products of the same turbulent near-
bed flow event (e.g. Macquaker et al. 2010a). Furthermore, the
occurrence of ripple-laminated lamina sets in the lower silt-rich
lighter part of graded beds clearly points to the bed-load
transport of mud particles. Macquaker et al. (2010a) interpreted
normally graded beds composed of three distinct lamina sets as
products of wave-enhanced sediment gravity flows. Importantly,
such combined flows do not require steep slopes like typical
turbidites, but can progress in low-gradient shallow settings
thanks to energy derived from orbital motion of surface waves,
which help to maintain sediment in suspension (Traykovski et al.
2000; Macquaker et al. 2010a). Dynamically deposited mudbeds
with thicknesses comparable to those observed in the Tiirisalu
Fm. have been attributed to low-density diluted flows with
sediment loads of 1-10 g/l (Mackay & Dalrymple 2011). On the
other hand, the absence of erosional features below beds with
more gradational grading also observed in the Tiirisalu Fm.,
coupled with mostly rather silty composition of such beds, could
indicate that the primary mud settled from a suspended sediment
(storm) cloud during considerably short time intervals. The
observed high-angle cross-laminated fabrics in the Tiirisalu Fm.
unequivocally point to high-energy sedimentation event most
likely controlled by surface storm waves. The accompanying
soft sediment deformation features in such beds suggest rapid
sediment loading on seabed, whereas resistance of those fabrics
to later compaction indicates the general grain supported nature
of the primary sediments.

Deciphering of formation of observed massive fabrics is more
problematic as different pathways and sedimentary settings can
lead to formation of massive fabrics in mudstones. Massive
varieties could appear as products of the simple gravitational
settling of fluidised mud, deposition from fluid mud flows,
products of settling from a suspended sediment cloud in slack
shallow-water settings (e.g. Traykovski et al. 2000; Baas & Best
2002; Ichaso & Dalrymple 2009; Mackay & Dalrymple 2011) or
as products of post-sedimentary homogenisation by bioturba-

Fig. 7. Micrographs (B, C, D and E) and scanned image (A and F) of beds with lenses of spiculite and traces of bioturbation. A. Thorough cross-
lamination of the black shale (Saka 6-1) is traceable thanks to inclined lenses of spicules of siliceous sponges (white arrow). B. Close-up of Saka 6-1
presenting the detail of spicule-rich lens. C. Black shale (Pakri 16-1) shows low-contrast burrow mottled fabric in its lower part (arrows). D.
Massive bed of Pakri 12-1 with a lighter halo zone (arrows). E. Vertical trace (arrows) in subsample Saka 6-2. F. Black shale (Saka 9-2) with
composite spicules cross-laminated and partly bitoturbated fabric with pyritised traces (arrows).
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Fig. 8. Representative secondary (A—D and F) and backscattered electron (E) images of microfabrics. A. Microfabric of finely laminated bed (Pakri
4). Note the preferred planar parallel orientation of platy particles (arrows). B. Microfabric of massive black shale (Pakri 20) presents irregular
orientation of large platy mineral particles (arrows). C. Biolaminated microfabric (Saka 3) with random orientation of mineral grains (white arrows)
and OM laminae. D. Detail from image C with thick partly mineralised organic-rich lamina in the centre (white arrow). E. Microfabric of black
shale (Saka 2) presenting thick partly mineralised organic-rich laminae (arrows) interpreted as remnants of microbial mat. F. Thin organic-rich

convoluted laminae (arrows) of problematic biogenic origin (Saka 3).

tion. The preservation of sharp bedding surfaces in studied black
shale samples suggests that the major part of observed massive
fabrics in the Tiirisalu Fm. are likely primary sedimentary
features and might thus reflect an accumulation of mud in an
environment that was shallow enough to support surficial mud
fluidisation by storm waves. However, as shown by studies of
modern muddy shallow-marine areas like the Eel river shelf

(Traykovski et al. 2000; Macquaker et al. 2010a), the massive
fabrics in mud might be as well produced by deposition from
dense fluid mud flows, which on the Eel river shelf act as the
major agents of offshore transport of cohesive flood sediments.
In the case of the Tiirisalu Fm., considerably immature
siliciclastic fresh input into palaeobasin and proximity of
terrestrial feeding systems of sediment supply could be argued
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based on the heterolithic character of Lower Tremadocian
successions and by the abundance of both mica flakes and
subangular quartz in siliciclastic intercalations in the studied
black shale sections. Those intercalations are traditionally
considered to be products of distal storm flows, which very
infrequently disturbed the otherwise tranquil environment of
black shale accumulation (e.g. Heinsalu 1990). However, as
suggested by our study, both siliciclastic intercalations and shale
beds likely originated from sediment-laden wave-aided flows,
which plausibly controlled cohesive sediment dispersal in the
inner-shelf settings of the Tremadocian epicontinental palaeo-
basin. Gradational silty upper contact of black shale beds
observed in the Saka section suggests that additionally to
deposition by the storm flows, the winnowing of surface mud by
bottom currents could also cause the formation of the observed
silty laminae.

Besides physical factors which controlled the accumulation
of black shales of the Tiirisalu Fm., biogenic processes had
considerable role on the final character of those beds. Carbon-rich
wrinkled structures, similar to those observed in the Saka section
have been documented in different siliciclastic rocks including
mudstones (e.g. Schieber 1999) starting from Archean (e.g.
Noffke 2009). These features have been interpreted as recalcitrant
remnants of benthic microbial mats, supposedly produced by
phototrophic bacteria, encapsulated into thick films of extracellu-
lar polymeric substances (EPSs) or by more complex multitrophic
microbial consortia (e.g. Gorin et al. 2009). EPS is a general term
for sticky substances composed dominantly of polysaccharides
and secreted by different types of microorganisms (e.g. Decho
1990). The EPS-rich microbial mats are found to be typical for
high-energy well-lit shallow-water environments, whereas EPS
has a considerable role in biostabilisation of mat-covered seabed
(e.g. Noffke 2009). The somewhat different types of supposed
biolamination recorded in the Pakri section with vertical organic-
rich filaments were probably formed as the result of an upward
migration of the microbial mat during its life cycle (Noffke et al.
2001). Synsedimentary detrital grain trapping by sticky mat
surfaces and the benthic community-controlled subsurface
sulphate reduction could be suggested based on common
encounters of abundant mica flakes at wavy mat surfaces and
the observed layer-specific distribution of pyrite in biolaminated
samples (e.g. Schieber 1999).

The influence of zoobenthos is conventionally considered to
be negligible in the case of typical laminated black shales
(Wignall 1994); however, our research as well as previous
studies (Heinsalu 1990) report traces of bioturbation throughout
the Tiirisalu Fm. Furthermore, recent investigations of Lower
Ordovician black shales in Scandinavia have suggested that
black shales might actually present abundant traces of
bioturbation even in levels rich in graptolite fossils. This is in
contrast to commonly upheld notion that such beds should have
accumulated in anoxic environment (Egenhoff & Maletz 2012).
Although a detailed study of benthic communities in the
Tiirisalu Fm. is beyond the scope of this article, the observed
traces of bottom colonisation (bioturbation and sponge spicules)
suggest the availability of free oxygen at the sediment—water
interface regularly, or at least episodically, throughout
the accumulation history of the Tiirisalu Fm. However, the
heterogeneity of the observed biogenic fabrics denotes that the
conditions for benthic life varied through time.

The comparison of microfabrics of black shales showed that
notable difference exists between samples with distinct small-
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scale sedimentary features. General feature of all studied black
shale varieties was the large volume of micropores and a low level
of compaction, which is consistent with low diagenetic maturity
and silt-fraction dominated size fractions of the deposit. SEM
observations also confirmed profound effect of biogenic
processes, such as in situ formation of microbial mats, on the
development of microfabrics of black shales by supporting the
formation of highly heterogeneous, porous and relatively fragile
varieties. The storm ripped up cohesive fragments of such
microbial mats (e.g. Schieber 1999) could have been the source of
the convoluted organic-rich fragments that were commonly
observed in the matrix of the Saka and the Pakri samples.

The results of this research demonstrate that vertical sections
of the Tiirisalu Fm. are lithologically heterogeneous, even in
intervals dominated by well-laminated beds. We suggest that the
observed fabric variability with elements such as ripple and
high-angle cross-lamination, grading, common microbial
lamination, lenticular intercalations of siliceous sponges,
submarine erosional surfaces, silty massive fabrics with marine
detritus and traces of bioturbation indicate a shallow-water
surface-wave-controlled sedimentary environment of primary
mud accumulation. The interpretation of a shallow-water origin
is consistent with the conclusion that was previously made by
numerous studies (e.g. Scupin 1922; Heinsalu 1990). However,
accumulation pathways of primary mud in those settings were
obviously much more variable than the commonly assumed
“slow suspension settling in stagnant water column inferred by
rather infrequent storm events” (e.g. Heinsalu 1990). In their
landmark paper, Rine & Ginsburg (1985) demonstrated, based
on studies of modern equatorial Atlantic mud shore faces, that
siliciclastic mud deposits can form in high-energy dynamic
shallow-water environment. Furthermore, their study hinted that
actual mud- or sand-dominated facies distribution in shallow-
water settings can be rather different from traditional sandy
near-shore—muddy offshore facies zonation.

The well-documented occurrence of typical marine fauna in the
Tiirisalu Fm. such as early planktic graptolites Rhabdinopora
sp. (Kaljo et al. 1986) designates that inner-shelf organic-rich
muds deposited under normal marine conditions with non-
restricted surface circulation. The documented fabric successions
of the Pakri black shale shows general change from the laminated
fabrics-dominated lower part to massive varieties-dominated
upper part. This could possibly reflect a major shift in the
character of sediment-laden flows during the accumulation of
studied black shale section, from diluted turbulent flows to more
dense fluid mud flows. According to Baltoscandian sea-level
reconstruction of Nielsen (2004), the initial Early Ordovician
transgression, which reached to its maximum in Rhabdinopora
spp. interval (lower part of the Pakerort Stage), was followed by
shallowing at the base of the Adelographus hunnebergensis
graptolite zone and then by more moderate sea-level rise, which
culminated during the Kiaerograptus Drowning Event (lower part
of the Varangu Stage). Thus, the shift from more laminated to
massive fabrics observed in the Pakri section could be related to
eustatic sea-level fall. A limited occurrence of massive fabrics
and widespread biogenic fabrics in the stratigraphically younger
Saka section suggests that, besides water depth control, different
sediment accumulation patterns and related hydrodynamic and
sediment supply regimes were dominant in the two studied
localities. The Saka section most likely represented a more
sheltered shallow-marine setting, protected from storm waves by
submerged sand bars or ridges between the Vihula and Toolse
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areas as proposed by Heinsalu et al. (1994). Such sheltered, but
not stagnant environments favoured an increase in benthic
biogenic factors, including the development of benthic microbial
mats and abundant shallow-water sponges.

6. Discussion

6.1 Sedimentary framework of organic-rich mud
accumulation

In the early Palaeozoic, the considered marginal area of the Baltic
palaeobasin was situated in the interior of the palacocontinent,
hundreds of kilometres away from deep water settings, facing the
Tapetus Ocean and the Tornquist Sea, and hosting the Alum Shale
Fm. For Alum Shale, which was deposited from the Mid-
Cambrian to the early Tremadocian, the average net accumulation
rate of 1-10mm/1000 years has been suggested (Thickpenny
1987; Schovsbo 2001). Based on the available biostratigraphic
framework and the latest time-scale calibration, black shales of
the Tirisalu Fm. deposited within a maximum time frame of
~5My (Cooper & Sadler 2012). Thus, the average net
accumulation rates stayed very low both in the deeper basin and
in the marginal settings. The very low level of terrestrial input into
the primary sedimentary environment was controlled by the
peneplained nature of the main input area — low-altitude
Proterozoic hard rock terrain of the Fennoscandian Shield in the
present day north and northeast (Utsal et al. 1982; Artyushkov
et al. 2000). Furthermore, a drop in fluvial particulate input into
more distal settings at the start of the organic-rich mud
accumulation was apparently supported by the sea-level rise
and trapping riverine fluxes in back-stepping estuarine-coastal
systems (e.g. Wignall 1991; Nielsen & Schovsbo 2011). At the
time of high sea level (Nielsen 2004; Dronov et al. 2011) in early
Tremadocian, the Finland—Russian part of the Fennoscandian
Shield (adjacent to the accumulation area of the Tiirisalu Fm.)
likely remained the main terrestrial source area of siliciclastic
input for this part of the palaeobasin, as indicated by the
occurrence of relatively immature siliciclastic deposits in
Estonian settings (e.g. Heinsalu et al. 2003). The encounter of
regular small-scale erosional features and the bedded character of
the studied black shale successions indicate that the Tiirisalu Fm.
is not a condensed deposit sensu stricto but presents evidence of
intermittent dynamic sedimentation and reworking.

Formation of cohesive sediment-laden flows (as well as
sediment storm clouds) in the accumulation environment of the
Tiirisalu Fm. could have either been connected with the
reactivation of muds that were trapped in coastal/estuarine
settings, with the resuspension of seabed muds or alternatively
with “fresh” fine sediment load into the basin from extensive
flooding events (e.g. Arthur & Sageman 2005). The rivers of the
pre-vegetational era were likely far more prone to the generation
of sediment surges during flooding events compared with modern
rivers (Davies & Gibling 2010). On other hand, the storm wave
activity at dynamic estuaries (supposedly rather typical for pre-
Devonian rivers according to Davies & Gibling (2010)) or in
related coastal systems most likely had a higher potential for
triggering the formation of long-travelling sediment-laden flows
and for causing the dispersal of fine sediments.

In the early Palaeozoic, the study area was characterised by
high tectonic and sedimentary facies zone stability (Méinnil
1966; Jaanusson 1976). In settings with very flat seabed,
additional wave energy was needed to allow the progression of
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sediment-laden flows over long distances (e.g. Plintetal. 2012).
Such seabed topography was not probably favourable for the
formation and progression of sediment-laden density currents in
water depth below storm wave base. Furthermore, the innermost
shelf position also meant that the Estonian area was situated far
from strong currents and upwelling systems at the continental
margins, which thus had likely minor influence on sediment
dispersal. The flow deposition features observed in the Tiirisalu
Fm. together with palacogeographic position therefore favour
shallow-water storm-wave-controlled deposition rather than a
deeper water origin of primary muds. Several general features in
the architecture of the Tiirisalu Fm. indicate a tight supply—
transport—accommodation space-controlled nature of the black
shale distribution: (1) the belt of the Estonian—Russian
Tremadocian black shales (e.g. Heinsalu 1986) along the
supposed terrestrial areas, (2) diachronous accumulation in
different localities, (3) the gradual thinning towards the most
distal (southern) part with respect to supposed terrestrial sources
and (4) the gradual thinning and decrease in age towards more
shallow-water settings in the NW Estonia (Fig. 9). The intimate
association of black shales with the peritidal shell phosphorite-
containing Kallavere Fm. has been commonly considered as a
strong evidence for a shallow-water origin of the Tiirisalu Fm.
(e.g. Scupin 1922; Heinsalu 1990). Furthermore, the Tiirisalu
Fm. is set within the limits of shallow-water North Estonian
facies belt in terms of post-Tremadocian Ordovician carbonate
sedimentary basin being absent in the deeper water settings of
the Livonian Tongue facies belt (Jaanusson 1976). Thus, based
on the thickness distribution of the Kallavere and Tiirisalu
formations (and the absence of evidence on major tectonic
movements in the considered setting in the Tremadocian), the
migration of the sedimentation locus towards near-shore
settings during sea-level rise and diminished clastic input is
suggested. Alternatively, however, the absence of organic-rich
Tremadocian sediments in presumably deeper water settings in
southern Estonia could be related to post-Tremadocian erosion
of mudbeds (Mens & Pirrus 1997). Nevertheless, the rather
irregular thickness of the Kallavere Fm., juxtaposed with the
established litho- and bio-stratigraphy of the Tiirisalu Fm.,
suggest that the sedimentary architecture of the primary
organic-rich mud was strongly influenced by inherited seafloor
topography, i.e. drowning of complex sets of sand—silt bed
forms formed during the previous stages of transgression (cf.
Heinsalu et al. 1994).

Previous studies by Heinsalu (1990) and Artyushkov et al.
(2000) have suggested that the black shales of the Tiirisalu Fm.
should have been deposited at a depth near storm-wave base
(40-60 m). The results of this research, however, indicate that
the accumulation of primary mud could also probably occur in
shallower depths depending on the local physiography,
material supply and patterns of wind-forced storm waves.
Thus, spatial and stratigraphic changes in the lithology within
the Tiirisalu Fm. cannot be directly interpreted in terms of
water depth, but reflect an interlinked effect of proximity to
hinterlands, the volume and type of distributed sediment,
seafloor gradients, seafloor morphology and variegated
hydrodynamic energy patterns (e.g. Macquaker et al. 2010a).
We suggest that storm-induced sediment dispersal and
sedimentation characteristic of the later Early Ordovician
sedimentary record in the north Estonian shelf (Dronov et al.
2002), dominated also in the Tremadocian and storm-wave-
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Fig. 9. Thickness of the Tiirisalu and Kallavere Fm. A. Location of drill cores used for thickness calculations and representative thicknesses of the
Tiirisalu Fm. Data of Geological Survey of Estonia (Niin et al. 2008). B. Scheme of interpolated thicknesses of Tiirisalu Fm. C. Scheme of
interpolated thicknesses of the Kallavere Fm. Note that only thicknesses within the distribution area of the Tiirisalu Fm. are provided on the scheme.

aided near-bed flows, acted as major agents of mud reworking,  variegated marine environments and makes permanent anoxia
dispersal and accumulation in the studied black shale localities.  (euxinia) in the lower water column questionable. However, an
O, deficit has been shown to be a critical factor for the

. . preservation of labile marine OM and trace metal enrichment in
6.2 Sequestration of OM and trace metals in the context hjack shales (e.g. Algeo & Maynard 2004). Both studied
of dynamic deposition sections presented a high content of redox-sensitive elements
Evidence of physical and biogenic mixing of precursor muds of ~such as V, Mo and U (recorded maximum content:
the Tiirisalu Fm. suggests a shallow-water hydrodynamically V= 1500 ppm, Mo = 1800 ppm, U = 800 ppm; Voolma et al.
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2013). The average concentration of those metals was detected
to be considerably higher in the Saka section (enrichment factor
V =1.2,U=2095, Mo = 3.9 respective to the average content
in the Pakri section; Voolma et al. 2013). Widely used
geochemical palacoredox proxies, such as V/(V + Ni) and V/Cr
(Fig. 2; Hatch & Leventhal 1992; Jones & Manning 1994),
suggest that the studied organic-rich mud deposit is formed
under anoxic (euxinic) conditions. Thus, lithologically more
heterogeneous and an average more metalliferous, the Saka
section yielded results varying from anoxic to euxinic
conditions. Somewhat less anoxic conditions were deduced for
the Pakri section. The few element-based indices might have,
however, limited value for interpreting the palacoredox situation
without a detailed knowledge of the local geological situation
(e.g. Tribovillard et al. 2006). Schovsbo (2001) calibrated the
combined V/(V + Ni) and sulphur values in the Alum Shale Fm.
against trilobite and brachiopod occurrence data. According to
this classification, most of the Tiirisalu Fm. belong to an upper
dysoxic zone, where V enrichment was favoured by advective
transport of the trace elements (Schovsbo 2001). The latter
author also suggested crucial role of advective transport by U
enrichment of the near-shore Cambrian Alum Shale Fm. and
Tremadocian black shales.

Global-scale processes, such as the development of a strongly
stratified ocean with anoxic deep waters, are commonly seen as
the triggers of widespread contemporary black shale develop-
ment (Schlanger & Jenkyns 1976). The Upper Cambrian part of
the metalliferous Alum Shale Fm. in deeper basinal settings of
the Baltic palaeobasin could have been linked to one such ocean
anoxic event in the Late Cambrian (Gill et al. 2011). Wilde et al.
(1989) suggested a build-up of strong upwelling at the western
margin of Baltica in the Tremadocian and a transgression of
deep anoxic nutrient-rich ocean waters to the shelf. However,
Schovsbo (2001) argued that at the beginning of the Ordovician,
less oxygen-depleted conditions and better circulation had been
restored in the Baltic palacobasin compared with the Upper
Cambrian marine environments. Despite the uncertainty about
deep water redox conditions, it is evident that the primary muds
of the Tiirisalu Fm. accumulated well within the photic zone
(e.g. Chester 2003). In present-day seas, photic zone anoxia can
be found under specific conditions that are related to strongly
stratified water column limiting the O, supply and/or high
bioproduction—decomposition rates and is confined to closed or
barred marine to brackish water bodies (e.g. Yao & Millero
1995) and/or to environments with high anthropogenic nutrient
input fuelling eutrophication (e.g. Rabalais et al. 2002). In mid-
latitude epicontinental shallow seas, such as the Baltic
palaeobasin in the Tremadocian, strong thermohaline stratifica-
tion could possibly develop because of a combined effect of high
freshwater fluxes and seasonal temperature variations. However,
modern and ancient analogues suggest that such stratification
most likely had temporal character because large seasonal
climate variation at mid-latitudes also supports perturbation and
regular mixing of the water column, thus favouring oscillatory
redox conditions (cf. Murphy et al. 2000). Another critical factor
of black shale development is bioproduction. The formation of
rich skeletal phosphorite complexes during the initial stage of
the Late Cambrian—early Tremadocian transgression suggests
enhanced bioproductivity in considered marginal settings of the
Baltic palaeobasin (Ilyin & Heinsalu 1990). The primary OM of
the Tirisalu Fm. was likely produced by cyanobacteria and
possibly by green sulphur bacteria (Klesment & Urov 1980;
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Lille 2003). Both those groups contain species capable of fixing
N,. The dominance of nitrogen-fixing primary production
pathways during the accumulation of Tremadocian black shales
in Estonia has been lately proposed by Kiipli & Kiipli (2013)
based on low 8'°N values. Blumenberg & Wiese (2012)
suggested that high bioavailable P loading versus bioavailable N
could have been the main trigger of black shale formation in
shallow seas during late phases of Cenomanian/Turonian ocean
anoxic event. The rather low P content (average P,Os
concentration of the studied section remains less than 0.5 wt%)
in the studied black shale sections versus the high OM content
(Voolma et al. 2013) could indicate the effective recycling of
this element in a primary marine environment. This process was
likely supported by the anoxic conditions in the sediment
column, seasonal mixing of water masses, but possibly also by
constant reworking and lateral transport of sediments (e.g.
Emeis et al. 2000). Consequently, the deposition of primary
organic-rich muds of the Tirisalu Fm. might have been
controlled by a feedback loop to the supply of biolimiting
elements (most importantly bioavailable P) to the marginal
photic settings, enhanced bioproductivity and build-up of strong
P bioproduction—regeneration cycling (e.g. Tribovillard et al.
2006; Blumenberg & Wiese 2012).

The role of bioproduction and the OM incorporation into
primary mudbeds of the Tiirisalu Fm. are nevertheless rather
poorly understood. The herein documented occurrence of
microbial mats is the first direct evidence of the existence of
microbial consortia at the sediment—water interface of primary
organic-rich muds and suggests that microbial mats could have
been major primary producers of OM of the Tiirisalu Fm. (cf.
Gorin et al. 2009). Buchardt et al. (1997) proposed that
widespread thick algal mats could have been the source of OM
in the Alum Shale Fm. The oxygen production by benthic
photosynthesising microbes in the photic zone and the
degradation of the OM below mat surface could support the
formation of steep redox gradients at sediment—water interface
(e.g. Kazmierczak et al. 2012). On the other hand, several recent
studies have implied a crucial role of the formation of
organomineral aggregates in the water column (e.g. during
phytoplankton blooms) and the related quick sequestration of
OM into sediments (Macquaker et al. 2010b). Inside such
aggregates, and also in benthic microbial mats, the OM could be
protected by EPS (Pacton et al. 2007) or by physicochemical
interactions with mineral particles (Salmon et al. 2000), thus
supporting selective OM preservation in generally oxygenated
environments. Consequently, the aggregation of organic and
mineral matter might explain the preservation of the organic
fraction in dynamic sedimentary processes in shallow-water
oxic settings. Event deposition could also promote the
preservation of OM by increasing episodic burial rates and
limiting the residence time of OM at sediment—water interface
(Macquaker et al. 2010b; Ghadeer & Macquaker 2012). Studies
of microfabrics in the Saka section hinted that rather different
physicochemical (biological) conditions of primary mud layers
(including permeability, diffusion and microbially mediated
processes) possibly developed in those settings compared with
the Pakri section. Higher porosity and simultaneous supposedly
steep redox gradients at the sediment—water interface braced
fluxes of redox-sensitive elements between mudbeds and marine
water (cf. Schovsbo 2001). The development of high trace metal
heterogeneity in the Tiirisalu Fm. (Voolma et al. 2013) has thus
been partly forced by variegated fabric characteristics of the
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primary mud. We suggest that during the accumulation of
primary mud of the Tiirisalu Fm., the lower water column was
characterised by oscillating redox systems with H,S-rich
conditions mostly confined below the sediment—water interface.
The OM supply, intermittent deposition, contact time of mud
with seawater and heterogeneity of mud fabrics and porosity
likely had a profound influence on trace metal enrichment
processes in the examined settings. Not less importantly,
advective transport and redeposition of particulate and colloidal
matter most likely acted as major controllers of element cycling,
including P recycling and trace element supply.

7. Conclusions

The results of this research are consistent with previous studies
on the shallow-water origin of the Tiirisalu Fm., further
suggesting that the water depth remained above the storm wave
base within the photic zone throughout the deposition of the
studied proximal complexes. The observed lithological charac-
teristics provide evidence that the sedimentary dynamics of the
Tirisalu Fm. varied spatially and temporally, whereas
intermittent accumulation with rapid short-term sedimentary
fluxes prevailed. The cohesive sediment dispersal and deposition
were mainly controlled by the near-bed storm-induced flows,
which, besides causing the dynamic deposition of mud, also
acted as eroding and reworking agents on muddy seafloor.

The rather shallow-water organic-rich mud settings in NE
Estonia were protected from storm wave action by a complex set
of drowned transgressive sand bodies that favoured the
formation and preservation of more mosaic fabric patterns in
primary mud successions, including common biogenic fabrics.
This study is the first to report the occurrence of fossilised
microbial mats in these settings of the Tiirisalu Fm.

Some geochemical indices, enrichment of redox-sensitive
elements and high OM content seems to favour the idea that the
primary mud formed in anoxic environment. In contrast, the
observed traces of bioturbation and dynamic sedimentation
features suggest oscillating redox conditions in the lower water
column during primary mud accumulation. Metal sequestration
in such environments could have been favoured by steep redox
gradients at sediment—water interfaces covered by microbial
mats.

This work suggests that a thorough understanding of
syngenetic metal sequestration pathways in the Tiirisalu Fm.
requires further studies on sedimentary environments. In
particular, we need to learn more about (1) variability of
accumulation rates, (2) proximity to fluvial sources, (3) sediment
transport routes within the basin, (4) element cycling because of
redeposition, (5) OM production and preservation, (6) supply of
dissolved and colloidal species to sediment—water interface, (7)
chemocline character, (8) the physicochemical character of
primary mudbeds, (9) benthic microbial consortiums and (10)
the role of diagenetic overprinting.
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Abstract. The high-resolution study of vertical geochemical variability of shallow-water Tremadocian black shales of the Tiirisalu
Formation targeted two drill core sections from Suur-Pakri Island, NW Estonia. Altogether 374 samples from 4.6 m thick shale
were analysed by XRF. The metalliferous and organic-rich black shales revealed significant centimetre-scale variation in the
concentration of redox-sensitive trace metals — U, Mo and V. The V profiles show cyclic variations in half a metre- to metre-scale
and the strongest correlation with loss on ignition (LOI) 500°C (interpreted to reflect organic matter abundance). The abundance
of Mo presents high values near the lower and upper contacts of black shale and otherwise moderate covariance with LOIL. The
distribution of U is not coupled with LOI, being characterized by irregular local enrichment anomalies in the profiles of both
sections. This suggests that sequestration of U may have been time-dependent and possibly favoured by dissimilatory U-reduction
at the sediment-water interface under iron-reducing conditions. Significant depositional variability of the studied organic-rich
muds apparently supported dynamic physicochemical and biological microenvironments at the sediment—water interface and thus

temporally and spatially diversified the paths and efficiency of synsedimentary redox-sensitive trace element enrichment.

Key words: black shale, geochemistry, redox-sensitive elements, Tremadocian, Baltica.

INTRODUCTION

Organic-rich deposits ranging from shallow estuarian
to ocean floor varieties act as a significant sink for
a number of redox-sensitive elements (e.g. Calvert
& Pedersen 1993; Morford & Emerson 1999). The
distribution of redox-sensitive elements in ancient
organic-rich deposits have shown to be useful proxies
for interpreting the redox-structure of palacoseawater,
primary productivity and palacohydrography (e.g. Algeo
& Maynard 2004; Algeo & Lyons 2006; Brumsack
2006; Mirz et al. 2008; Algeo & Tribovillard 2009).
The interpretations rely on enrichment models compiled
mostly on the basis of data from anoxic deposits from
relatively deep-water settings. Nevertheless, black shales
can also be found in shallow-water proximal sedimentary
environments (Schieber 1994; Hints et al. 2014). The
high-resolution case studies of such assemblages help to
test the usefulness of trace-metal proxies for palaco-
environments that are likely prone to a much higher
influence of short-term (including annual oscillations)
environmental changes compared to deep-water settings.
Furthermore, such investigations are essential for
providing new insights into the set of palacoenvironment
conditions, which could support the development of
proximal black shales, including some rather metalliferous
varieties (e.g. Coveney et al. 1991).

The Tremadocian black shales of the Tiirisalu
Formation (Fm.) make up a laterally extensive organic-
rich siliceous mudstone bed in northern Estonia, eastern
part of the Baltic Palacobasin. Characterized by a high
content of U, Mo, V and some chalcophile elements, the
complex is a potential resource of a variety of metals
(Hade & Soesoo 2014). Recent findings suggest that the
Tirisalu Fm. exemplifies transgressive, but rather shallow-
water reducing marine muds with spatially heterogeneous
properties (Voolma et al. 2013; Hints et al. 2014).
According to biostratigraphic data, the unit is diachronous
and varies in thickness from less than half a metre in
northeast Estonia to more than 6 m in northwest Estonia
(Heinsalu et al. 2003) (Fig. 1). The average distribution
of enriched redox-sensitive elements shows significant
lateral variations in the Tirisalu Fm. (Pukkonen &
Rammo 1992). However, the genetic factors behind the
documented spatial and temporal trace metal heterogeneity
are not well understood. Based on the biostratigraphic
framework and a recent time scale calibration (Cooper
& Sadler 2012), one could argue that the primary muds
of the Tirisalu Fm. should have been deposited within
a maximum time frame of ~5 My (Hints et al. 2014).
Whereas the long-term accumulation rates apparently
stayed very low during sedimentation of the primary
organic-rich muds of the Tiirisalu Fm., the sedimentary
fabrics in the black shales suggest dynamic deposition,
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Fig. 1. Stratigraphic position of the Tiirisalu Fm. (modified after Heinsalu et al. 2003).

frequent reworking of sea bottom and changes in
deposition rates (Hints et al. 2014). The studies of
modern organic-rich muds have revealed usefulness
of high-resolution sampling within a limited geographic
range (e.g. Algeo & Lyons 2006), allowing more reliable
distinction between possible driving factors behind the
synsedimentary trace metal sequestration and more
consistent environmental interpretations.

In this paper we report the first results of a
centimetre-scale study of redox-sensitive trace metal
distribution in the Tremadocian black shales in two
closely spaced drill core sections from NW Estonia,
Baltica. The study was carried out in order to record and
interpret detailed enrichment patterns of redox-sensitive
elements in the Tirisalu Fm.

MATERIAL AND METHODS

The study material comes from two drill cores from
Suur-Pakri Island, NW Estonia, located less than a
kilometre apart: SP2 (59°20'13.07"N, 23°53'54.74"E,
WGS84) and SP3 (59°20'15.33”N, 23°54'33.8"E,
WGS84). The ca 4.6 m thick black shale successions
show high lithological variability, including the presence
of finely laminated, ripple laminated, graded, massive,
biolaminated, bioturbated fabrics and small-scale synsedi-
mentary faulting. The dominant fabric types and thickness
of individual beds vary as well.

A quarter of the black shale in both drill cores was
sampled and analysed by 2-cm intervals. Siliciclastic beds
belonging to the Kallavere Fm. and the Varangu Fm.
near the lower and upper contacts of the Tirisalu Fm.
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were also sampled. Altogether 374 homogenized samples
were analysed for major and trace element composition
with Bruker S4 PIONEER XRF spectrometer (X-ray
tube with a rhodium anode, operated at 3 kW) at the
Institute of Geology at Tallinn University of Technology.
The samples were measured with a manufacturer’s
standard as MultiRes modification. In-house standard
ES-2 (‘Dictyonema Shale’) was used as a reference
sample (Kiipli et al. 2000).

In the current overview we focus on the results of
vertical variability of enriched redox-sensitive elements
in the studied sections. Other trace element data will be
published elsewhere. From all samples loss of ignition
at 500°C (LOI 500°C) was determined from 1 g of
sample material and used as an indicator of organic
matter abundance (except in case of sulphide-rich
samples).

RESULTS

The studied black shales of the Tiirisalu Fm. revealed a
remarkably homogeneous major element composition of
mineral matter. The average values of major elements
and redox-sensitive trace elements are summarized in
Table 1. The recorded high content of Si and K are
typical features of the black shales of the Tirisalu Fm.,
where silt-size particles dominate over clay fraction and
which contains abundant authigenic K-feldspar (Loog
et al. 2001). Aluminium content shows low variability,
being on average smallest in the middle part of the
sections. Furthermore, Ti/Al ratios, commonly interpreted
to reflect changes in terrigenous input and provenance
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Table 1. Summarized results of XRF analyses of major elements (wt%) and redox-sensitive
elements (ppm), recorded loss on ignition values (wt%) and calculated Ti/Al molar ratios of the
black shales of the Tiirisalu Fm. from SP2 and SP3 drill cores

Component SP2 SP3
n=183 n=168

Mean | SD | Max | Min Mean | SD | Max | Min
SiO, 49.82 1.48 54.47 46.35 50.36 1.49 5429 47.08
TiO, 0.75 0.03 0.86 0.67 0.74 0.03 0.81 0.63
ALO; 12.90 0.32 14.06 11.93 13.21 035 1390 11.84
Fe,05 5.27 0.77 9.22 4.54 5.05 0.77 1093 4.29
MnO 0.020  0.001 0.022 0.016 0.020 0.004 0.066 0.014
MgO 1.20 0.05 1.34 1.03 1.25 0.11 2.20 1.05
CaO 0.24 0.09 1.05 0.16 0.30 0.42 4.45 0.16
Na,O 0.07 0.01 0.09 0.02 0.07 0.01 0.11 0.01
K,O 7.75 0.20 8.56 7.11 7.70 0.23 8.31 6.86
P,0s 0.14 0.07 0.72 0.07 0.16 0.12 1.00 0.09
S 2.76 0.45 4.76 2.05 2.51 0.42 5.63 1.94
LOI 500°C 20.628  1.887 24.9 15.05 21.183 248 25.874 12.67
100Al/Ti 3.74 0.11 4.166 3.478 3.58 0.09 3.78 3.302
Mo 151 51 323 55 156 58 589 62
U 114 40 257 33 118 36 229 40
\% 1101 172 1520 752 1097 175 1474 508

areas (e.g. Boyle 1983), showed invariable patterns in
both of the studied cores. The average recorded LOI
500°C value in the shale samples is ca 21 wt%,
decreasing slightly in the upper parts of both sections
(Table 1, Fig.2). The LOI 500°C variations, which
could in most part be interpreted in terms of organic
matter abundance in organic-rich deposits, are, however,
dependent on other additional processes such as
decomposition of sulphides and carbonates and dehydration
of clays. The gathered compositional data agree with the
rather low carbonate content and uniform clay mineral
abundance in the studied profiles. Therefore, those
components have apparently a minor role in the observed
mass loss. On the other hand, the analyses indicate the
occurrence of a few highly sulphidic samples (S >5 wt%),
mostly close to the upper and lower contacts of the
formation. Such samples were excluded from the dataset
used to calculate descriptive statistics for the black shale
geochemistry. The calculated determination coefficient
for S and LOI (+*=0.05, n=351) for samples with
S <5 wt% does not indicate covariance between those
variables, thus likely no general strong linear relation-
ship exists between LOI and sulphide content in the
black shale samples. The recorded distribution trends of
Fe in the studied black shales largely mimic that of S,
suggesting that the higher abundance of the metal could
largely be attributed to the elevated content of pyrite.

In contrast to the major components, the studied
enriched redox-sensitive trace elements show rather

heterogeneous centimetre-scale vertical distribution
patterns (Fig. 2). The average estimated content of V is
1100 ppm, Mo 150 ppm and U 115 ppm. According to
these values, the studied sections represent the less-
enriched area of the Tiirisalu Fm. (cf. Pukkonen & Rammo
1992). However, the concentration of the considered
redox-sensitive elements is markedly elevated in the
samples from the Tiirisalu Fm. compared to the underlying
and overlying siltstones. To minimize the effect of
terrigenous dilution, the trace element contents of marine
deposits are commonly presented as ratios of the trace
element to Al. However, normalization was not used in
this study due to rather low variability of Al content and
to avoid possible appearance of spurious correlations
between variables (Van der Weijden 2002). Whereas in
general the recorded V and Mo show positive covariance
with LOI 500°C (and supposedly organic matter content),
the behaviour of each redox-sensitive trace element is
rather distinct in detail. Vanadium shows moderate
positive covariance with LOI 500°C (+* = 0.42, n = 351)
and cyclic variations in half a metre- to metre-scale
in both of the studied cores. Considerably similar V
distribution patterns in the middle part of the two sections
may serve as a basis for chemostratigraphic correlation.
Distribution profiles of Mo exhibit weak covariance
with LOI 500°C (+*=0.28, n=351) and are charac-
terized by enrichment peaks near the upper and lower
contacts of the black shale in close vicinity of sulphide-
rich beds. The average Mo content shows slight
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decrease towards the upper part in both of the studied
profiles. Uranium displays no obvious covariance with
LOI 500°C (#=0.19, n=351). Its average content
tends to be the highest in the middle part of the
successions. However, U distribution is characterized
by irregular enrichment peaks, which mostly do not
coincide with peak V and Mo values, nor does U show
clear covariance with the distribution of S. Furthermore,
the enrichment peaks of U, which show sharp centimetre-
scale deviations from general distribution trends of the
element, appear to be local in character, as there is no
good match between such U peaks in the two studied
localities. This suggests that some local factor(s) affected
the speciation and enrichment process of uranium, in
addition to the changing redox state of seawater or
organic matter input.

DISCUSSION AND CONCLUSIONS

Redox-sensitive metals tend to form mobile species
under oxic conditions and immobile species in reducing
environments, therefore typically accumulating in
sediments near redox boundaries. However, several
recent investigations suggest that the reduction and
sequestration of U, Mo and V occurs via various speciation
pathways and thus parallel assessment of the behaviour
of different redox-sensitive elements might potentially
give a much more detailed picture of primary environ-
ments than single-element-based approaches (e.g. Algeo
& Maynard 2004; Tribovillard et al. 2006). According
to Gill et al. (2011), widespread euxinia characterized
the Late Cambrian oceans. The ocean redox structure at
the beginning of the Tremadocian is nevertheless poorly
known, as is the redox structure in the shallow-water
proximal part of the vast epicontinental Baltic Palacobasin,
where primary organic-rich muds of the Tirisalu Fm.
deposited. Based on the high content of redox-sensitive
metals and organic matter in the Tiirisalu Fm., Pukkonen
& Rammo (1992) suggested that kerogenous muds
in northwestern Estonia were once deposited under a
stagnant, stratified and permanently euxinic water column.
However, bioturbation, which could be fairly intensive
in some intervals of the studied sections (e.g. SP2
between 14.1 and 14.5 m, note rather homogeneous
abundance of redox-sensitive elements there), favours a
more complex synsedimentary environment with free
oxygen present at the sediment-water interface (SWI)
more or less regularly. The general positive covariance
of V and Mo with that of organic matter in the studied
drill cores from Suur-Pakri Island confirms that the
sequestration process of metals from seawater was in
general controlled by metal reduction triggered by
oxygen depleted seawater or anoxia below the SWI

and closely coupled with organic matter degradation,
whereas organic—metal complexation could have acted
as a major pathway for metal enrichment (cf. Algeo
& Maynard 2004). The herein documented complex
distribution patterns of elements imply that other factors
besides redox should be considered as potential sources
of variance, including the influence of the presence of
free HS™, possible role of particulate shuttles, position and
stability of the chemocline in the enrichment environ-
ment, influence of microbial mediation, bioturbation and
redeposition. For example, Mo enrichment near the
formation boundaries, which is not coupled with enhanced
U and V abundances, may indicate that euxinic conditions
favourable for activation of thiomolybdate switch (Helz
et al. 1996) quickly turned prevailing in the lower water
column during the start of organic-rich mud accumulation,
facilitating sequestration of Mo via sulphide formation.
The recorded Mo-enrichment may as well reflect an
episode of more efficient scavenging of the metal by
Mn-Fe-oxyhydroxide under intermittent redox conditions
and fluctuating chemocline (Algeo & Tribovillard 2009)
during the initial phases of transgression. Early diagenetic
enrichment of Mo cannot be excluded either, as elevated
abundances of the element appear near black shale
contacts with more permeability siltstones. The Mo/U
ratio for the studied profiles, whose variations could
potentially indicate restriction of palaecoseawater masses
(Algeo & Tribovillard 2009), does not suggest draw-
down of aqueous concentration of Mo during organic-rich
mud deposition. Slight decrease in the average Mo/U
ratio in the upper part of the sections is interpreted
to reflect somewhat less reducing conditions at the
SWI rather than depletion of an aqueous Mo reservoir.
Accordingly, open to semi-restricted marine conditions
likely prevailed during most of the organic-rich mud
accumulation period.

The forcing mechanisms behind the observed cyclic
distribution patterns of V, whose reduction could start
under slightly less reducing conditions than that of U
and Mo (Algeo & Maynard 2004), are far from clear.
The data presented here indicate low variability in
terrigenous influx and thus lack of major terrigenous
control (e.g. due to climatic or eustatic changes) over V
sequestration. The cyclicity of V abundance might be
linked to factors such as alteration of thermohaline
circulation or water depth fluctuations and related cyclic
changes in dissolved oxygen availability near the sea
bottom. On the other hand, Hints et al. (2014) suggested
that high primary productivity rates driven by phosphate
loading and effective recycling in the shallow water
column (sea bottom within the photic zone) characterized
the accumulation of the muds of the Tiirisalu Fm. The
recorded V pattern might thus be connected to cyclic
changes in nutrient loading and palaeoproductivity.
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Nevertheless, a more consistent interpretation of the
triggering forces behind V behaviour requires considering
additional datasets.

Unlike that of Mo and V, which could be reduced
both within the marine water column and in sediments,
U reduction is known to occur only within sediments
(e.g. Algeo & Maynard 2004). Based on shoreward
increase in U in the Cambrian Alum Shales in Scandinavia,
Schovsbo (2002) suggested that synsedimentary U
enrichment had been controlled by a more efficient
advective transport of U in those settings. Both sections
of the Tiirisalu Fm. studied herein show sedimentary
features indicative of deposition under a hydrodynamically
active water column, and thus the dominance of
advective rather than diffusive transport of elements to
the SWI is likely. Furthermore, the average thickness of
shale beds and Al content drops in the middle part of
the studied black shale sections, while the abundance
of bioclastic fragments increases, generally coinciding
with a high U content. Those changes could have favoured
more efficient element exchange over the SWI and the
longevity of the SWI. We hypothesize that under such
conditions the U enrichment anomalies could record
enhanced efficiency of local U reduction at the SWI,
possibly favoured by the dominance of an iron-reducing
rather than H,S-enriched environment and microbially
controlled processes within pore waters of the upper
sediment layer. Numerous recent studies of the modern
aquatic system and experimental works (e.g. Komlos
et al. 2008) have indicated that efficient U-trapping
through microbially mediated dissimilatory metal
reduction could occur simultaneously with Fe(III)-Fe(II)
transition under iron-reducing conditions. It is noteworthy
that the middle parts of the studied black shale successions,
which show the highest U abundances, also contain
common remains of probable microbial mats.

In summary, the two sections of the Tiirisalu Fm.
studied are characterized by high centimetre-scale vertical
variability of V, Mo and U. Significant depositional
heterogeneity of shallow-water kerogenous muds likely
favoured dynamic physicochemical and biological micro-
environments at the SWI and thus spatially and temporally
diversified pathways and efficiency of synsedimentary
enrichment of Mo and especially U, even in rather
closely set localities. Due to considerable influence of
local enrichment factors, the application of redox-sensitive
elements as indicators of palacoredox conditions of
seawater is limited in the Tiirisalu Fm.
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Abstract. The concession area of the Jordan Oil Shale Energy Co (JOSE) is
located in the southern border zone of the Attarat Um Ghudran deposit, next
to the Wadi Maghara deposit, both consisting of marinite type oil shale (OS).
These deposits of the Late Cretaceous to Early Paleogene Muwaqqar Chalk-
Marl Formation form a huge north-southward elongated oil shale basin in
Central Jordan, with resources over 55 billion tons. JOSE has drilled a
regular grid of boreholes with a full coring of the up to 90 m thick OS seam
and its lower and upper contact layers. Visually, the OS unit is a rather
homogenous dark-colored (grey, black, brownish grey) succession of finely
bedded (laminated) kerogen-bearing carbonate rocks that has been in earlier
papers described as a uniform lithological unit. The aim of the geological
and lithological studies of the JOSE exploration area was (i) to investigate
the vertical variation of OS composition and, if present, to define layers
within the OS unit, and (ii) to identify lithological varieties and chemical
composition of OS present in different layers.

On the basis of field evidence, downhole gamma-logging, chemical
analyses and other criteria, an original detailed scheme of the layered
structure of oil shale and barren rocks was introduced. A total of eight OS
layers (indexed as A, Bl, B2, C, D, El, E2, E3) and at least four barren
dolomitic limestone interlayers were distinguished. The present publication is
dedicated to the chemical study of the layers and the total OS seam. A
representative gapless collection of 632 conventional core samples from 12
cores serves as the base for the comparative study of the layers. Two main
(Si0,, CaO) and two subordinate chemical (41,03 and P,0s) components of
the mineral matter (MM), and loss on ignition (LOI @500 °C) approximately
reflecting the content of organic matter (OM), are the basic variables dis-
cussed. Contents of SiO, and CaO always show negative correlation,
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whereas local enrichment with Al,O3; and P,O5 occurs in certain interbeds.
OM content in samples has no strong correlation with mineral matter
abundances. The eight distinguished OS layers comprise both those strongly
enriched in CaO, or oppositely in SiO,. The layers differ in rate of internal
heterogeneity reflected in variation of standard deviation values. With rare
exceptions, the barren limestone interlayers are dolomitized, strongly
enriched with MgO and depleted of CaO. The database on the distribution of
mineral compounds and trace elements serves for the 3-D block modelling of
the deposit composition. However, further data analysis is required for the
understanding of lateral changes of the layers’ mineral composition, and
geological and geochemical structure.

Keywords: oil shale, mineral matter, chemical composition, Maastrichtian,
Attarat Um Ghudran deposit, Central Jordan.

1. Introduction

Cretaceous to Paleogene sedimentary sequences of the Afro-Arabian shelf
sea contain vast volumes of organic matter [1, 2]. Abed and Amireh [3] have
summarized the early (1959—1980) publications on the occurrence of oil
shale (OS) in Jordan. The authors admitted that at this time oil shale was
considered as a major future energy resource in Jordan devoid of oil. During
the following more than 30 years a number of geological explorations
resulted in the discovery of many new deposits (Fig. 1), and development of
oil shale utilization technologies has continued since then [4-6]. A
significant recent practical achievement is that after the geological survey,
mining studies and engineering design efforts by the Jordanian Oil Shale
Energy Co (JOSE), construction of an electric power plant is presently in an
active preparation stage. It will be fueled with oil shale from the Attarat Um
Ghudran deposit. The geological survey materials on the chemical com-
position of oil shale layers of the area have been used for the present
publication.

Jordan has huge resources of oil shale [5-7], especially if calculated per
unit of territory. When compared to many other thick oil shale suites [7], it is
impressive that the whole thickness of the main OS unit, belonging to the
Muwaqqgar Chalk-Marl Formation (MCM), is often of considerably high
organic matter (OM) content. In Central Jordan, OS lies near the surface
with a thin overburden and shows a higher percentage of OM compared to
other localities [8]. The richest oil shale-grade deposits are of the Late
Cretaceous Maastrichtian age, in which OM is present as kerogen [3]. It
originates from fossilized phytoplankton and zooplankton that flourished and
deposited on the southern continental shelf of the Tethys Ocean [8]. Kerogen
is the minor component in OS (from 0 to 36 wt%). According to the
classification by Hutton [10], the largest Jordanian oil shale deposits belong
to the family of marinite oil shales [5, 11]. The dominant minerals of
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Fig. 1. Location of the Attarat Um Ghudran deposit comprising the concession area
and other deposits in Jordan. Modified after [7].

Jordanian OS are calcite (calcium carbonate, from 31% to a maximum of
90%) and quartz (free silica, 0-37%), and occasionally minor mineral com-
ponents, such as clay minerals, apatite (carbonate-flour apatite (Ca;(PO,),
Ca,P0O4(CO;, F)) and pyrite (FeS,) [8, 9].

The Attarat Um Ghudran (AUG) and Wadi Maghara (WM) oil shale
deposits (Fig. 1) form a uniform, north-south striking elongated Attarat
Um Ghudran-Wadi Maghara basin that covers an area over 1000 km?
in Central Jordan with total geological resources over 55 billion tons of OS
[5, 6].

Previous studies [3-6, 8, 11, 13] have shown certain differences in the
average composition of mineral matter within and between different deposits
of Jordan. Also the Maastrichtian OS of Southern Syria is of similar variable
composition [12]. In more detail, variation in average mineral contents
between different core intervals with different oil contents in the El Lajjun
deposit have been demonstrated [13, 5, 6]. Compared with compositions of
many other oil shales of the world [7], including the Estonian Paleozoic
kukersite [14], and graptolite argillite [15—-18], the Near East oil shales have
specifically high contents of carbonate (calcite), silica (quartz, in places with
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admixture of tridymite and cristobalite — unpublished data by the authors)
and sulfur [8]. During 2007-2013, JOSE explored a concession area of about
73 km? situated in the southern border zone of AUG, next to WM. It is
located about 40 km east of the town of Qattrana.

When starting the exploration, analysis of the historical research and
exploration data demonstrated that, first, the Maastrichtian oil shale of
Jordan and of its surroundings belongs to a principally uniform highly
carbonaceous type of marinite, and second, a certain variability of its mineral
composition occurs. However, the internal changeable mineralogical and
chemical composition of the OS suite in Jordan including the exploration
area has remained poorly understood as yet.

JOSE started geological exploration in Central Jordan in 2006. Through
the previous geological exploration, the organic-rich rocks of the OS seam
were usually described just as bituminous (or kerogen-bearing or OM-
bearing) chalky marls or marls with limestone interlayers. In practice, it
overshadowed the variability of OS mineral and chemical composition.
Herein the study is focused on mineral components while the content of
organic matter is determined using LOI (500 °C) data only. Planning
technologies for OS use requires a more precise definition and classification
of raw material composition, structure and texture. Oil shales with different
mineralogical/chemical composition exhibit different properties in the
thermal processing. This is especially revealed when the ENEFIT techno-
logies that are focused on the ample use of OM potential in OS are applied
[19]. Herein, in particular XRD and XRF data on concentrations of mineral
components are used. Evidence on the OM content is restricted to LOI (loss
on ignition @500 °C) data.

The aim of the geological and lithological studies carried out in the JOSE
exploration area was (i) to investigate the vertical variation of OS composi-
tion and, if present, to define layers within the OS unit, and (ii) to identify
lithological varieties and chemical composition of OS present in different
layers. Layered structure is characteristic of many oil shale deposits and
basins. As an example, the layering-focused model of the Baltic Kukersite
basin well serves for the demonstration of the spread of the oil shale lateral
distribution and variation of quantitative and qualitative parameters [20, 21].

During the field campaign in 2008-2013, JOSE drilled a regular grid of
boreholes with a full coring of the up to 90 m thick OS seam and of its lower
and upper contact layers that were neither targeted nor reached in previous
studies. From the beginning of exploration, a practical task was to create an
easily applicable stratification scheme of the OS suite that would serve for
the process of borehole logging and sampling. Using a variety of field and
laboratory techniques, in the total succession of the oil shale unit eight OS
layers (indexed as A, B1, B2, C, D, El, E2, E3) with four dolomitic lime-
stone interlayers were distinguished. Step by step, the validity of it within
the entire exploration area was verified.
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In order to understand the nature of both vertical and lateral composi-
tional changes of individual layers as well as of natural typical and specific
varieties of oil shale for their classification, further integrated petrographic,
mineralogical and geochemical (including trace elements) studies are under-
way. The dataset obtained on the downhole gamma-logging, as well as
micropaleontological and other studies enable further confirmation of the
credibility of the detailed stratification scheme of the Attarat Um Ghudran
deposit. The introductory interpretation of the large massif of analytical data
in order to outline geochemical patterns of the OS seam and its individual
layers in the JOSE concession area is the subject of the present writing.

2. Materials and methods

The paper presents results of the study of original drill core material carried
out in the JOSE concession area. Drill cores obtained from owners of the
previous oil shale projects conducted in the concession area were also
examined and analyzed. JOSE is the owner of drill cores and detailed field
and laboratory study data. A core-drilling grid of over 150 boreholes was
created. In order to establish and study the chemical layered structure of the
OS seam and certain lithologies, chemical analyses of 1284 gapless core
samples from 39 boreholes were completed. A most representative collection
of 632 conventional core samples from 12 gapless sampled cores (with usual
full core recovery) was chosen for the following comparative chemical study
of separate layers. In the process of sampling and sample preparation, half of
the bisected core material was subjected to coarse crushing into a fraction
below 2 mm, and then split by separating a 1 kg homogenized portion to be
forwarded to laboratories. Part of this 1 kg homogenized sample was fine-
crushed and pulverized for the laboratory study of MM using mineralogical
and geochemical analyses. Throughout the study, exploration quality control
procedures were followed.

A database for the systematic studies of vertical and lateral variations of
the composition of separate OS layers and the entire OS seam was created. It
equally characterizes every defined OS layer of the OS seam from bottom to
top and takes into account the internal variability of subunits thicker than
0.5 m within each layer. Barren interlayers have been omitted here. For the
study of petrographic and chemical differences between the layers and
spatial chemical variability within layers lithology-dependent sampling
techniques were adopted. Visually, the OS unit of the Muwaqqar Chalk-Marl
Formation is dominantly a rather unvaried dark-colored (dark grey to
brownish grey) succession of finely bedded (laminated) very finely grained
kerogen-bearing, highly carbonate rocks. Detailed visual observations as
well as XRD and SEM-EDS studies revealed that the richest OS is actually
composed of the dominating groundmass of about <5 pm carbonate and
siliceous mud particles mixed with the unstructured OM — kerogen, and a
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small amount of usually <0.1 mm grains of carbonate and rare phosphate
skeletal debris and random microfossils. Depending on the share and
distribution of groundmass and grains, two main types of OS structure and
texture dominate: (i) the most common thinly bedded (laminated) to almost
massive mudstone composed of variably calcareous to siliceous share and
kerogen+/-clay minerals, with small or no admixture of grain-rich films
(Fig. 2a), (ii) occasionally at certain levels, a dense alternation of thin beds
of the above mudstone and < 2 mm thick microbeds, lenses or laminae of
dominantly carbonate grain-bearing wackestone or packstone (visual volume
share > 10% (rarely up to 50-70%)) appear (Fig. 2b). Intervals of mudstone
and packstone+mudstone rich OS, each > 0.5 m thick, have been sampled
separately, enabling us to follow the reflection of the main lithological
changes in chemical composition and quality parameters in OS successions.
In the succession of thinly bedded OS layers, more often in the lower part of
the OS seam, rarely from mm- to many cm-size allochems (diagenetic
concretions and/or lenses) occur. They are composed of either carbonate
(calcite and/or dolomite sparite concretions; Fig.2c) or silicified or
phosphatized lenses or interbeds of barren rock varieties. However, they are
of limited volume and therefore sampled together with the surrounding OS.
Their texture and composition are studied using SEM-EDS techniques.
X-ray Fluorescence (XRF) analysis was conducted at the Institute of
Geology, Tallinn University of Technology (TUT), with an S4 Pioneer
Spectrometer (Bruker AXS GmbH, Germany), using an X-ray tube with a
rhodium anode, which operated with the power of 3 kW. The samples were
measured with a manufacturer’s standard as MultiRes modification (pre-

la)

Fig. 2. Sedimentary (depositional and diagenetic) structures and textures of the
Attarat oil shale, (a) and (b) representing the two main varieties of OS in the JOSE
concession area of the Attarat Um Ghudran deposit: (a) — finely bedded mudstone
with very thin parallel films of packstone and wackestone, both mostly composed of
grains (carbonate shell debris) cemented with mudstone; (b) up to 2-3 mm thick
packstone and wackestone laminae and lenses (carbonate shell debris dominating)
intercalated with mudstone; (c) a rounded diagenetic concretion of silicified lime-
stone deforming the laminated mudstone OS with few grain-bearing lenses (the
lower-middle part of the OS seam). The scale is the same for all the photos.
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calibrated standardless method). The in-house standard ES-2 (“Dictyonema
Shale”) was used as reference material [22]. Loss on ignition was
determined from 1 g of sample material at 500 °C and 920 °C. As back-
ground information for the present paper, also the data of ICP-MS analysis
of OS, mineralogical studies by X-ray diffraction and SEM-EDS methods of
a selection of OS and its insoluble residue samples (completed at the
Institute of Geology) were taken into consideration. These data, however,
need additional publication. For understanding the distribution of compo-
nents in the OS layers, descriptive statistical analysis was performed. Inter-
relationship between concentrations of major and trace elements and con-
tents of mineral carriers was studied using correlation analysis.

3. Chemical composition of oil shale layers

According to the existing exploration data, the OM in the sequence of
the Attarat OS unit is represented by kerogen, usually forming 5 to 30 wt%
of the total OS. Volumetrically, it corresponds to approximately 12 to
53 volume% of OM (with the density of around 1 g/cm®) among the,
accordingly, 88 to 47 volume% of MM (with an average density of about
2.6 g/em’®). In the most common OS, with 16 mass% of OM, its calculated
volumetric content is about 33%. Consequently, the visual share of OM in
oil shale is much higher than expressed in its wt% values. It is significant to
consider when integrating visual and analytical weighted data.

Table 1 summarizes the average contents of macrocompounds and trace
elements detected in the representative collection of conventional core
samples. Table 2 characterizes variations of two main (SiO,, CaO), and two
subordinate (Al,O3, P,Os) chemical components of the mineral matter in the
Attarat OS layered sequence, and of LOI (500°C), in most cases
approximately reflecting the content of OM. However, in intervals with higher
contents of clay minerals (especially in layer D — see AL,O; in Table 2) the
LOI 500°C value may tend to slightly overestimate the OM content.
Systematized analytical data only on the productive OS layers and the total of
OS layers are used here, whereas the considerably thick (> 0.5 m) barren
dolomite and limestone interlayers also present within the OS seam have been
omitted.

Comparing the average compositions of separate layers (Table 2) and the
total average composition of the sum of all samples (Table 1), a certain
specialization of layers concerning the contents of the three main compo-
nents CaO, SiO2 and LOI 500 °C is obvious (Table 3).

In the frames of minimal to maximal average concentrations of the com-
pounds, three of them show extraordinarily high values in certain but
different layers: compositions of layers E1 and E3 are strongly dominated by
CaO; layer D is extraordinarily rich in SiO, but remarkably poor in CaO; and
in samples from layer E2 the LOI 500 °C value is extraordinarily high,
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Table 1. Average chemical composition and standard deviations of OS layers A
to E3 (see also Fig. 3) in the JOSE concession area, AUG deposit, based on the
results of XRF and LOI analyses of dominantly gapless sampling of the shale
seam from 39 drill cores

Mass% Content SD ppm Content SD
SiO, 20.63 11.65 Sr 657 116
TiO, 0.08 0.04 A% 430 267
ALO, 2.06 1.05 Zr 38 11
Fe,0; 0.65 0.23 Y 16 6
MnO 0.002 0.00 Mo 167 100
MgO 0.71 0.20 Cu 60 18
CaO 33.57 7.84 Zn 891 378
Na,O 0.19 0.05 Ni 180 66
K,0 0.26 0.09 Cr 289 81
P,05 2.99 1.36 As 18 10
Cl 0.07 0.01 Cd 95 48
S 2.70 0.72 F 2633 1482
LOI 500 °C 15.93 4.48 Se 36 45
LOI 920 °C 35.65 6.41

SD = standard deviation.

Table 2. Variation of the oil shale composition by layers. Average contents and
standard deviations of the five main macrocomponents in 8 OS layers and
average of the total collection (the representative collection of 395 samples with
a total length of 672.1 m from selected 12 representative drill cores)

Layer E3 E2 E1l D C B2 B1 A Total
OS of
layers
E-A
Boreholes No 5 6 6 12 12 12 12 12 12
Samples No 30 14 25 33 57 109 49 78 395

Analyzed total 48.40 | 22.30 | 42.30 | 54.40 | 99.10 | 193.40 | 84.90 | 127.30 | 672.10
thickness, m

Si0,, wt% 7.21 | 8.12 | 8.02 |43.33|24.20| 21.85 |21.56| 27.91 | 20.63
SD 0.65 | 1.21 | 0.60 | 4.67 | 2.22 | 1.36 | 1.50 | 3.30 11.65
AlLOs, wt% 1.78 | 1.53 | 1.95 | 489 | 2.57 | 235 | 1.15 | 1.40 2.06
SD 0.49 | 0.12 | 0.12 | 046 | 0.20 | 0.12 | 0.08 | 1.40 2.06
CaO, wt% 43.58 |134.96 | 42.48 | 17.12 | 29.71 | 31.67 | 35.15| 31.18 | 33.57
SD 1.69 | 1.81 | 0.90 | 3.68 | 1.86 | 1.00 | 1.02 | 2.00 7.84
P,0s, wt% 125 {095 | 1.89 | 1.91 | 3.06 | 2.94 | 391 | 5.30 2.99
SD 0.16 | 0.12 | 0.16 | 0.18 | 0.41 | 0.14 | 0.24 | 0.81 1.36
LOI 500 °C, wt% | 13.18 | 28.26 | 13.87 | 15.70 | 18.56 | 17.36 | 14.53 | 13.18 | 15.93
SD 220 | 2.10 | 0.75 | 490 | 244 | 0.62 | 1.18 | 1.18 4.48

SD = standard deviation.
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Table 3. Average ranking of chemical components in OS layers (data from
Table 2)

SiO,, LOI 500 °C, AlO3, P,0s,
wt%

Legend:
Notional
concentration
ranks

Ordinary Low

suggesting its high energetic potential. In the distribution of the three com-
pounds certain specific patterns are observed. The contents of CaO are con-
siderably high in the lower layers (A—C) and very high in the dominant part
of layer E, with the extremely low content in layer D. Contrarily, in the
lower layers A—C the SiO, contents are ordinary, in the upper layers E1-E3
very low and in layer D extremely high. The LOI 500 °C values reflecting
the OM content are not dependent on the CaO versus SiO, ratio in the
sequence. OM-lean samples with low LOI (< 13%) have been occasionally
found within the layers. Average Al,O; contents are considerably high in the
Si0O,-rich layer D but low or ordinary in the other layers. In fact, usually only
certain thin sublayers are enriched with ALLOs (Fig. 3). Concentrations of
P,0s decrease from the bottom of the OS seam upwards, being considerably
high in layer A (overlying the phosphate-bearing Al-Hisa Formation e.g.
[2]), ordinary in layers B1-C, and low in D-E3. The most homogeneous
mudstone intervals may show maximal LOI 500 °C values, whereas the
grain-rich intervals tend to show lower OM content.

Regularities found in the distribution of key components are manifested
in all analyzed cores. Similarly, regularities in the spread of almost all the
remaining macrocomponents and also of all trace elements in the OS
sequence are quasi stable across the entire JOSE study area. Individual OS
layers substantially differ in concentrations of all analyzed components. The
produced dataset on the average concentrations by layers is reliable. How-
ever, it has to be noted that the nature of Na,O and Cl concentrations differs
from that of all other compounds. Namely, in many localities it is affected by
infiltration of NaCl from surface continental waterbodies during recent
continental epochs. It requires explanation in a special paper. Detailed
visual, microscopic and SEM observations of thin beds, lenses and laminae
show that on the detailed scale (mm-s and c¢m-s) the concentrations of all
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compounds are even more variable, and the concentration maxima and
minima of thin interlayers may significantly differ from the averages of OS
layers.

High <- Ca0 -> Low Al203 Mgo Lithological

Meters | ,w < Si02 > High Low <- P205 -> High Low <- LOI 500 °C > High cross section
805 T T T 805

—sloz 7 | [
800 —cad T | T
s fI0N T T T T
790 + e
785 | IR
730 | e
775 + T T
770 + T = FI+
7es | T
760 + T T
755 | 1+ 755
750 | 1+ 750
745 1 | T 745
740 1 1 F 740
735 1 + |+ 1 + 735
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Legend: IINOS: mudstone EE=== 0S: packstone =0 1 ctone & S chert

Fig. 3. Selected major element composition of MM and LOI @500 °C (reflecting the
OM content) variation in a core section from the JOSE concession area. Average
content values of individual 0.5-2 m long sample intervals are visualized. Note that
the scales of CaO and SiO, contents are reverse. The OS layers are defined using
complex data of visual lithological description, downhole natural gamma-logging
and chemical data on the distribution of macrocompounds and trace elements.

On a 0.5-2 meter long sample scale, the internal compositional variance
of each OS layer is reflected in the variation of standard deviation values
(Tables 1 and 2). Comparing different components of the total sample
collection from layers A—E3, the concentrations of CaO and LOI 500 °C
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show considerably low variation, whereas concentrations of SiO,, Al,O; and
P,0s are highly variable (Table 1). Comparing standard deviations of com-
ponents’ concentrations for separate layers from A to E3, the differences in
the variability of components within a layer become evident (Table 2). The
relatively low variability of SiO, as well as the lowest variability of CaO
concentrations for layers B1, B2, E1 and E3 suggests a more homogeneous
composition. The considerably high standard deviation values of SiO, and
CaO for layers A, D and E2 are indicative of a more heterogeneous
composition. A short analysis demonstrates that the changes of mineral
composition most influence the chemical heterogeneity. Increase of the
standard deviation of the five main chemical components depends on com-
positional changes: calcite versus silica in mudstone, a variable share of
mudstone versus wackestone+packstone, and content variations of apatite,
clay minerals and OM. As an example, the relative homogeneity of some
layers and heterogeneity of others is visualized in Figure 3. The vertical
distribution of compounds concentrations in layers from A to E3 in all 12
studied core sections is principally similar, suggesting a considerable lateral
stability of the defined layers compositions.

In the succession of layers A—E3 (Fig. 3) the peaks of the MgO curve
mark well the interlayers of barren dolomitic limestones. In some sequences,
few minor barren limestone interbeds occur that are not separately depicted
in Figure 3. In OS layers, the contents of CaO and SiO, usually show up
negative correlation, the most remarkable are the SiO, peak and CaO low
corresponding to layer D. The ALO; curve is well congruent to the SiO,
curve, with a significant peak corresponding to layer D (Fig. 3). The LOI
500 °C curve is occasionally congruent to SiO,-Al,O5 peaks, but is usually
poorly connected to mineral components.

Table 1 also presents the average contents and standard deviations of
additional 10 major and 13 trace elements of the studied samples. The con-
tents of usual major elements in a sedimentary rock (Fe,O;, MgO, Na,O,
K,0) remain below 1 wt%, whereas TiO,, MnO, and CI are below 0.1 wt%.
The average contents of P,Os (2.99 wt%) and S (2.7 wt%) are considerably
high. Standard deviation values of the average concentrations of certain
major and trace elements are variable, mostly depending on the content
variance of carrier minerals such as calcite, silica, phosphate, clay minerals
and OM. Many trace elements are present in concentrations higher than
normal for carbonate rocks. Carrier minerals and macro- and trace-element
content details are worthy of a separate approach to statistical methods.

4. Conclusions
The new analytical data on the representative sample collection of the entire

OS sequence in the JOSE concession area enabled the authors to describe the
stable layered internal chemical structure of the whole OS seam and to
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discover its spatial variation of composition and energetic potential in a
73 km? portion of the Attarat Um Ghudran-Wadi Maghara oil shale basin.
The data principally confirmed the concentration ranges of components
reported by Abed and Amireh [3], Hufnagel [13], Hamarneh et al. [4, 5],
Abed and Arouri [8] and Alali [6]. However, the regularities in the vertical
distribution of chemical components and their variation patterns are new
original information. The vertical distribution of the studied chemical
element concentrations in all studied core successions, i.e. the layered
structure, is principally similar but still remarkably changeable in details
over the whole study area. It is revealed from the analytical dataset on the 37
core sections and additional data of visual and photo documentation and
gamma-logging of over 150 core and percussion boreholes. The structure
and composition of the OS seam suggest that its primary depositional nature
has principally survived. In places, the identified layers show minor local
tendencies of synsedimentary thickening or thinning. The OS layers have
only locally slightly changed in the diagenetic processes, whereas the barren
limestone interlayers are strongly enriched with MgO and depleted of CaO
that is caused by diagenetic dolomitization.

The data obtained on the variation of the average chemical composition
are probably applicable for the comparison of OS layers’ compositions
across the large Attarat Um Ghudran-Wadi Maghara OS basin of Central
Jordan and possibly with the other OS basins and deposits in Jordan and
farther. The chemical patterns firmly support the introduced original detailed
stratification scheme of the studied oil shale unit that is deduced from the
complex database. However, comprehensive comparative analysis of the
chemical composition might be more fertile with the results of mineralogical
studies, which is, however, the next separate research task.

The data on the layered chemical structure serve as geological and
chemical base information for the OS quality and compositional modelling
of the deposit, and for the design of mining and OS processing technologies.
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Abstract. The Cretaceous to Palacogene oil shale (OS) of Jordan is predominantly calcareous mudstone with intervals of mostly
siliceous minerals, quartz and cristobalite—tridymite. Oil shale is rich in organic sulphur and trace elements. According to
preliminary micropalacontological data, the OS succession of the studied area, the south-central part of the Attarat Um Ghudran
(AUG) deposit in central Jordan, is of Maastrichtian age. A representative collection of 392 samples from 9 drill cores reliably
characterizes the sequence of the OS seam, on average 70 m thick. The composition of AUG OS varies significantly. The major
compounds CaO and SiO, range within 3—70 wt% and 10-50 wt%, respectively, and also the contents of organic matter, MgO,
P,0s, Al,O; and S change. The concentrations of metals (especially Zn, V, Cr, Ni and Mo) change many dozens of times in the
cross section. The aim of our statistical analysis was to determine the most significant OS types and their positions in the OS
sequence. Two multivariate statistical analysis methods, principal components analysis (PCA) and hierarchical clustering of PCA
groups, gave an interpretable result. Four principal components account for 88.6% of data variability. Variation in six main
chemical components or groups of components is reflected in parameters of the four principal components. The component PC1
accounts for 47% of the data variance, expressing the highest correlation with organic matter, S, Cr, Cu, Ni, Zn, Mo, and PC2
accounts for 22.82% of the data variability, being strongly correlated with TiO,, Al,Os, Fe,0s, SiO, and K,0O and negatively
correlated with CaO. The next two significant component groups express covariance with CaO and MgO. The applied statistical
analysis proves to be a powerful tool for the interpretation of the chemically variable structure of the OS unit when using a
representative enough sample collection. In the complex study of the OS unit, variation in the chemical composition is of interest,
especially in the context of genetic and mining aspects.

Key words: oil shale, Maastrichtian, mineral matter, geochemical variability, Attarat Um Ghudran deposit, central Jordan.

INTRODUCTION

Jordan is extraordinarily rich in oil shale (OS) resources.
Abed & Amireh (1983) have summarized the early
(1959-1980) publications on the occurrences of OS
in Jordan. At that time, OS was considered as a major
future energy resource in Jordan devoid of oil. Sub-
sequent prospecting and exploration campaigns organized
by the Government (Hamarneh et al. 2006) cleared the
way for developers interested in acquiring concessions
in order to initiate the resource exploration and feasibility
studies by interested companies. The Estonian—Jordanian
company Jordan Oil Shale Energy (JOSE) applied for
the concession in the southern part of the Attarat Um
Ghudran (AUG) deposit (Fig. 1).

Nevertheless, systematic study of OS chemical com-
position and its variation in connection with the internal

structure of the OS unit was never performed, within the
AUG deposit or elsewhere in Jordan. However, recent
facies (Powell & Moh’d 2011) and micro-biostratigraphic
(Alqudah et al. 2014a, 2014b, 2015) studies enable us to
converge to the interpretation of the observed variable
geochemical nature of OS accumulation. During 2008—
2013, JOSE committed a detailed exploration campaign
on its concession area. Analyses of the chemical com-
position were included in these studies.

Chemical investigation was designed to identify the
compositions of and variations in the OS layers and
resulted with the definition of subunits — OS layers and
barren interlayers (Puura et al. 2016). Certain regularities
of average composition and contrast anomalies of
macro-component and trace element distribution in the
total OS unit and its separate layers were defined.
Linking the data on palacogeography and facies with

© 2016 Authors. This is an Open Access article distributed under the terms and conditions of the Creative Commons Attribution
4.0 International Licence (http://creativecommons.org/licenses/by/4.0).
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Fig. 1. Approximate location of the JOSE exploration area in the Late Mesozoic to Mid-Palacogene epicontinental sea platform of
Jordan, subjected to the formation of internal shelf basins structured by shallow swells; solid circles — micropalaecontological age
studies of drill cores or cuttings (modified from Alqudah et al. 2015).

our data on the variation in chemical composition on
a detailed layering scale may deepen the insight into
the chemical structure of the OS unit and its separate
subunits in the AUG deposit, which actually is now
interpreted as having formed in the transition zone from
the Azraqg-Hamsa Sub-basin to a swell between the
latter and the Lajjun Sub-basin. Therefore it is expected
that the statistically defined variations in the chemical
composition will be useful when considering the develop-
ment of geological environments of OS accumulation in
AUG and conditions of their diagenetic alteration.

As a first step, a systematic geochemical study using
different statistical data handling methods is applied.
From a list of different methods, results of the principal
components analysis are of most interest and presented
herein.
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The oil shale unit of the JOSE concession area

The AUG deposit, one of many OS deposits of Jordan
(Hamarneh et al. 2006; Puura et al. 2016), is located
on the Central Jordan desert plateau at altitudes of
700-800 m above sea level, about 100 km southeast of
Amman and 40 km east of the village of Qattrana.
During 2008-2013, JOSE explored a concession area of
about 73 km? (Fig. 1). Within the JOSE concession area,
the OS unit and the whole OS-bearing Muwaqqar
Formation (MCM) is usually flat-lying and only weakly
deformed. The total thickness of the MCM locally reaches
150 m, of which the lower part up to almost 100 m is
in places composed of OS. According to preliminary
micropalaeontological data, the OS succession of the
JOSE area is of Maastrichtian age. The non-OS MCM is
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exposed in wadi valleys and lower slopes of hills.
A hiatus between the MCM and the overlying Umm
Riham Chert Limestone Formation corresponds to
the Paleocene. The Eocene Riham Chert Limestone
Formation, up to 50 m thick, is represented by non-OS
chert and marl beds composing tops of jabels (watersheds
between the wadi valleys).

The AUG deposit, together with the Wadi Maghara
deposit, form a uniform north—southerly elongated
OS deposit on a territory of over 1000 km?* with total
resources over 55 billion tons (Hamarneh et al. 2006).
The basin and the exploration area have an east-central
position among a large number of OS deposits known
in Central Jordan (Fig. 1). Detailed lithological and
chemical studies conducted in the JOSE concession
area suggest that the OS unit consists of lithologically
differing OS layers and dolomitic limestone interlayers
(Puura et al. 2016). Data on average concentrations
of macro- and trace element contents demonstrate
significant differences between the layers and variations
within the layers. Consequently, the conditions of OS
accumulation in the basin have repeatedly changed, which
has neither been described nor interpreted so far.

Geological setting of the Attarat Um Ghudran
and Wadi Maghara deposits

Geologically, the territory of Jordan is located in the
northwest part of the Arabian Plate. Starting in the
Palacozoic, a thick sedimentary cover evolved during
several phases (Sharland et al. 2001; Powell & Moh’d
2011). Systematic lithofacies studies of the Cretaceous
to Eocene succession in central and southern Jordan
(Powell & Moh’d 2011) revealed that (i) the area is
characterized by passive continental margin depositional
sequences, which pass upwards from alluvial/paralic
to carbonate shelf and pelagic ramp settings, and
(ii) sedimentation during the Santonian to Maastrichtian
was characterized by a hemipelagic chalk—chert—
phosphorite lithofacies association, deposited in shallow
to moderate water depths on a homoclinal ramp setting,
although thicker coeval sequences were deposited in
extensional rifts.

Throughout the Early Cretaceous to Eocene, the
large temporarily submerged shallow marine clastic and
carbonate platform surrounded the continental area of
the Arabian Shield in the south and was surrounded by
a deep marine clastic and carbonate platform of Neo-
Tethys in the northwest (the Mediterranean Neo-Tethys
Domain) and northeast (the Eastern Neo-Tethys Domain)
(see fig. 1A in Alqudah et al. 2015). Due to upwelling
systems, there, the shallow marine deposits contain rich
OS and phosphate accumulations (Abed 2013).

A comprehensive and representative study of nanno-
fossils from OS sequences of Jordan was committed and
OS sequences of Maastrichtian, Paleocene, Early Eocene
and Middle Eocene age were identified by Alqudah et
al. (2014a, 2014b, 2015). The data revealed that the
thickest OS sequences occur in deep sub-basins that
developed due to synsedimentary subsidence of the
seabed in active fault zones. The accumulation of the
OS-bearing and other deposits in the rifting-induced
sub-basins and on swells was strongly influenced by
climate, tectonic processes and relief of the hinterland.
All these factors are supposed to have controlled the
influx of terrigenous material (Alqudah et al. 2015).
Due to asynchronous subsidence histories of the basins,
the location of Maastrichtian, Paleocene and Eocene OS
suites in Jordan varies substantially.

Based on reconstructions by Alqudah et al. (2015),
the uniform area of the AUG and Wadi Maghara oil shale
deposits lies in the transition zone between the deepest
zones of the El-Lajjun Sub-basin with Maastrichtian
OS (in the west) and the Azraq-Hamza Sub-basin with
Maastrichtian—Eocene and locally with over 500 m
thick Eocene OS (in the east). The Jafr Sub-basin with
Maastrichtian—-Eocene OS (locally over 250 m thick) is
situated some 100 km to the south. The maximum up to
almost 100 m thickness of the Maastrichtian OS unit of
the JOSE concession area is less than the deepest parts
of the listed sub-basins, but still considerable.

Within the exploration area, the OS unit is of stable
internal structure — eight OS layers and three dolomitic
limestone interlayers have accumulated uniformly.
However, its structure probably changes markedly away
from the JOSE concession area. The relatively shallow
JOSE sedimentation area is detached by deep basins and
swells from both the Arabian-African continent far
(over 200 km) in the south and from the Mediterranean
Neo-Tethys Domain (palaeo-ocean) in the NE (150 km).
Alqudah et al. (2014a, 2015) describe changes in sea-
level and land-sea configurations and provide data on
synchronous or asynchronous as well as compressional
or tensile tectonic stresses causing uplift or subsidence
in different fault belt-related deep sub-basins.

MATERIAL AND METHODS

An overview of the chemical composition of Jordan oil
shales from different localities has been presented by
Abed et al. (2009) and Dyni (2003). In historical studies,
however, sampling was sparse and random, and the list
of the components analysed was usually incomplete.
Unlike previous studies, the present study is based on a
representative, systematic sample collection. The samples
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are owned by JOSE and only abstract contents of
elements can be presented here. Using different analytical
techniques (XRF and ICP-MS), the concentrations of
more than 40 elements were determined in OS and the
surrounding rocks. Geological field and laboratory
studies confirmed that primarily the OS layers have
accumulated as continuous layers across the whole
exploration area. In places, the topmost layers have altered
due to weathering, hence the varying thickness of the
OS sequence in different drill cores; those samples have
been omitted from the data handling and interpretations.
For the present detailed geochemical study, 392 samples
from nine representative drill cores out of 36, charac-
terizing the full sequence of OS in the JOSE area, were
selected. The average thickness of one sample is 1.58 m;
the number of samples in a drill core varies from 37 to 55,
representing on average 70.1 m of the OS sequence. For
the variation and position of lithologically different OS
types and thicknesses of individual OS layers along with
the chemical composition variation of major elements in
the cross section see figure 3 in Puura et al. (2016).

Bisected drill cores were logged and photographed
in Jordan. Samples for quality assessment were taken
from lithologically uniform intervals with a 0.5-2.0 m
step, continuously without any gaps (breaks) between
the intervals, coarse-crushed and sent for analyses.
The sampling and sample preparation methodology
used guarantees a high reliability of (weighted) average
compositions of sample intervals, separate OS layers and
barren interlayers and the total OS seam.

About 60 g of material was separated from a coarse-
crushed sample (<2 mm) for chemical and mineralogical
analysis, using a Humboldt riffle-type sample splitter.
The samples were dried in an oven over 24 h at 105°C.
For XRF, XRD and ICP-MS analysis the samples were
fine-crushed (pulverized) in a ring mill. Loss on ignition
(LOI) was determined from 1 g of pulverized sample
material at 500°C and 920°C. X-ray fluorescence analysis
was conducted at the Institute of Geology at Tallinn
University of Technology (IG TUT) with an S4 Pioneer
Spectrometer (Bruker AXS GmbH), using an X-ray
tube with a rhodium anode, which operated with the
power of 3 kW. The samples were measured with a
manufacturer’s standard as MultiRes modification (pre-
calibrated standardless method). The in-house standard
ES-2 (‘Dictyonema Shale’) was used as reference material
(Kiipli et al. 2000). The detection limits for trace elements
analysed with XRF at the IG TUT are 10 ppm for Ni,
Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, U,
Th, 20 ppm for Sc, V, Cr, Co, Ag, Cd, Sn, Sb, Te, Pb,
W, 50 ppm for I, Cs, Ba, La, Ce, Nd and 0.1% for F.

All lithological layers more than 0.5 m thick were
sampled separately, however, thin (<50 cm) interbeds
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seldom observed in the sequences are mixed with
material of surrounding thick layers. Therefore certain
anomalous varieties of OS or barren rock remain
chemically unrecorded. The chemical composition of
1284 samples was analysed. All geochemical data
used in this work were acquired during the exploratory
programme according to the contract between Enefit/JOSE
and the IG TUT. Variation in the chemical composition
of 392 samples, forming a regular dataset, from nine
representative drill cores (with complete OS sequences)
is described by 18 elements whose concentrations
constantly exceed the analytical detection limit. The
elements and components used in this study are SiO,,
TiO,, ALO;, Fe,0;, MgO, CaO, K0, P,0s, S, LOI5S00°C
reflecting organic matter (OM), Zn, Ni, Cr, Cu, Mo, V,
Zr and Sr. The rest of the analytical dataset (over 600
more samples and over 20 more components in all
samples appearing partially in concentrations below the
detection level) is used in ongoing geochemical studies
and serves as background information herein.

Linking geochemical patterns of a sediment succession
with a number of known and unknown geological factors
requires a complex multi-step multivariate analysis. As
a first step, the statistical analysis is applied in order to
define variations and highlight changes in major and
trace element compositions that may be linked to certain
fluctuations in the course of accumulation of the primary
OS sediment and other contemporary and later processes.
One of the well-known statistical tools is principal
component analysis (PCA), which is the general name
for a technique that uses sophisticated underlying
mathematical principles to transform a number of possibly
correlated variables into a smaller number of variables
called principal components. In general terms, PCA uses
a vector space transform to reduce the dimensionality
of large datasets (like geochemical analyses). Using
mathematical projection, the original dataset, which may
have involved many variables, can often be interpreted
in just a few variables (the principal components). The
examination of the reduced dimension dataset will allow
the user to spot trends, patterns and outliers in the data,
far more easily than would have been possible without
performing the PCA.

The dataset for present statistical analyses is composed
of 392 data rows as chemical analyses and 18 columns
as elements (9 drill cores by 18 elements). Two methods
of multivariate analysis were used for data assessment:
(i) PCA and (ii) hierarchical clustering of PCA groups.
Both analyses were carried out by using software ‘R’
(package ‘FactoMineR’) and RExcel. A detailed des-
cription, the formulas used and the mechanism of the
construction for these parameters are given by Le et al.
(2008) and Husson et al. (2010, 2011).
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General geochemical characteristics of oil shale
in the Attarat Um Ghudran deposit

In addition to small-scale dolomitic limestone layers,
two large types of OS can be distinguished in the cross
section: (i) mudstone OS that is dark brown to black,
almost massive or very finely laminated and (ii) wacke-
stone OS that contains varying amounts of grains (fossil
shells and shell debris) and concretions (Puura et al.
2016). According to SEM-EDS observations, grains and
concretions in the OS are predominantly calcitic or, in
places, carbonate fluorapatite in composition.

In general, according to XRD studies, the mineral
composition of OS is limited to calcite, carbonate
fluorapatite, quartz (with additional tridymite—cristobalite
in certain intervals) and smectite with minor pyrite,
sphalerite and barite identified so far (Puura et al. 2016).
The variation through the cross section is significant.
The content of calcite varies from 8% to 88%, quartz
to 51% (cristobalite + tridymite to 47%), and dolomite
from below the detection limits (approximately <2%) to
80%, apatite to 40% and clay minerals range to 31%.
The corresponding chemical and mineralogical com-
position is similar to that of the Lajjun deposit, located
westwards from the current study area as described by
Hufnagel (1984) and Abed et al. (2009).

Despite the dominating carbonate composition of the
OS suite, the mineral and chemical composition of
the AUG OS seam still varies significantly in cross
section (Table 1). Major element composition studies
indicate that SiO, and CaO range within 3-70 wt%
and 10-50 wt%, respectively, and show strong inverse
correlation (Fig. 2). The usually low MgO and P,Os
content rises randomly up to 16 wt%. The Al,O; and S
concentrations are locally up to 7 wt% and 6 wt%,
respectively. The OM content in the deposit varies from
4 wt% to 38 wt%. A significant variation occurs also
in trace metal contents, for Zn and V ranging within
100-2784 ppm and 78-2040 ppm. Ni, Cr and Mo show
concentrations from a few tens of ppm to 488, 626 and
614 ppm, respectively.

Geochemical variation in major and trace elements
significantly depends on the layered structure of the
OS unit (Table 1). Apart from lithological OS types,
there are geochemical distinctions separating different
OS layers, indexed A to E3. Unlike the rest of the
layers, certain OS layers show distinct enrichment
in some elements, for example, kerogen- and trace
metal-rich layer E2 (Fig. 2, Zn vs Ni plot), SiO,-rich
layer D, CaO-rich and SiO,-poor layers E3 and El
(Fig. 2, SiO, vs CaO plot) and P,Os-rich layer A
(Fig. 2, P,0s vs CaO plot). The dolomitic limestone

Table 1. Mean, minimum and maximum concentrations of chemical elements in 392 samples and average thickness of 398
samples from nine drill cores; and average thickness and concentrations by different oil shale and barren rock layers (A-E3)
distinguished in the concession area, Attarat Um Ghudran deposit, Jordan. Organic matter (OM) reflected by LOI5S00°C.
Major elements in wt%, trace elements in ppm. (The chemical composition of dolomitic limestone layers A/B, B/C and D/E

was not analysed in two drill cores)

Total data Average by distinguished layers

Mean| Min [Max | A [AB] Bl [ B2 [BC] C D [DE] El | E2 | E3
Number of samples 392 (398) 66 709 ] 38 | 84 [79)] 44 [ 28 [79] 45 | 22 | 44
Thickness (m) 159 10.50 [ 2.00 [ 151 [0.78 [ 1.70 | 1.73 [ 055 [ 1.68 | 1.54 | 1.15 | 1.63 [ 1.57 | 1.69
Si0, 1890 2.59 71.70|29.23 597 19.75 19.88 8.79 2221 40.13 921 8.84 7.59 5.13
TiO, 0.08 002 029 005 004 005 0.09 005 010 020 007 008 006 005
ALO; 202 038 697 128 1.15 1.18 229 1.67 256 484 199 220 164 120
Fe,04 0.63 021 177 049 037 046 0.65 043 076 127 049 065 0.66 044
MgO 137 022 1550| 1.13 11.99 046 0.84 9.88 0.77 128 1229 0.63 054 059
CaO 33.91 10.79 49.26|30.34 34.73 3620 32.98 33.13 30.82 18.87 31.97 4148 34.75 43.84
K,O 025 006 062] 022 0.1 0.8 034 021 035 041 013 022 019 0.12
P,05 282 047 1658] 503 138 3.85 3.01 163 320 180 072 191 097 1.12
S 268 054 622 265 080 266 2.82 1.8 298 281 072 224 473 237
oM 16.02 4.13 3828|13.17 6.13 14.85 17.30 8.03 18.65 1637 5.77 14.53 29.13 15.43
Zn 862 100 2784 | 876 176 764 769 288 946 856 149 657 2035 954
Ni 173 28 488 | 148 43 158 167 66 193 163 35 151 378 203
Cr 202 83  626| 230 108 241 312 152 331 328 105 284 4838 320
Cu 60 <10 131 61 16 62 61 25 65 53 12 53 106 60
Mo 143 12 614|136 17 96 133 36 170 180 19 103 348 157
\% 436 78 2040 | 508 113 341 292 114 388 427 98 347 1395 508
Zr 33 <10 85| 28 16 33 43 21 43 48 29 39 44 36
Sr 680 229 1855| 585 375 729 697 432 710 568 565 759 769 770
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interlayers show compositionally extreme values for
certain elements, especially MgO (layers A/B, B/C,
D/E) (Fig.2, MgO vs CaO plot). The OS layers
(A-E3) and barren interlayers can be followed at least
across the JOSE study area. A selection of X-Y
correlation graphs (Fig. 2) illustrates cases of strong
positive, negative and less significant correlation relation-
ships of main and trace elements, varying also by
the layers. However, the internal chemical structure
and the compositional changeability within the layers
are difficult to assess visually or by using simple
correlation methods. This is the reason why statistical
multivariate methods have been applied to transform
a number of possibly correlated variables (chemical
elements) into a smaller number of variables, which
can be later interpreted through geological processes
and elemental composition.

DISCUSSION

Traditionally, the oil shales of the Muwaqqar Chalk-
Marl Formation of Jordan are described as pre-
dominantly uniform kerogen-bearing calcareous rocks,
most frequently named just as chalk and marl (Abed
2013; Alqudah et al. 2014a, 2015). Systematic and
regular sampling and analyses of the full OS succession
in Central Jordan have changed the image. The JOSE
exploration process revealed the stable internal layered
structure of the OS unit caused by compositional
variations (Puura et al. 2016). Together with general
lithological data, mineral composition and gamma-log
survey, the specific chemical compositions and geo-
chemical contrasts of layers served for the complex
definition of OS layers and barren interlayers in the OS
unit of the JOSE exploration area. The dominating thick
OS suite is separated into subunits by thin but continuous
barren interlayers of dolomitized limestones, and other
marker surfaces. Besides the principal layered structure
of the OS unit, regular differences between mineral and
average chemical compositions of layers were established,
as presented in Table 1.

As the first step in assessing the geochemical
variability, statistical analysis is applied in order to define
major and trace element variations and contrast main
changes in the sedimentary sequence of OS and barren
rock. The definition of distinct geochemical patterns
among and also inside the distinguished layers is an
additional result of the study. Further on, the integration
of statistical and geological results will help to study
trends and changes in the accumulation of original
sediments — OS layers, barren rock interlayers, and their
internal variability.
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Principal component analysis for distinguishing
the geochemical characteristics and clustering of
samples

Nine drill cores across the AUG OS deposit, each
represented by approximately 45 samples described by
18 variables (chemical elements), were chosen for PCA.
The aim of the statistical analysis is to determine signi-
ficant types of different OS and barren rock and their
position in the overall sequence of the OS unit in
combination with geochemical patterns.

Principal component analysis and the hierarchical
clustering of PCA groups are used for geochemical data
assessment. Eigenvalue, derived from PCA, is a measure
of quality of data representation and shows the relative
importance of the components. In the present dataset,
four principal components are significant, as each of
those accounts for over 10% of variability. The first
principal component (PC) accounts for 47.11% of data
variability, the second component for 22.82%, while
four components together account for nearly 90% of data
variability (70% by the first two components; Fig. 3).
In order to visualize interrelationships between PC and
chemical elements (Table 2), the planes constructed by
pairs of principal components PC1 to PC4 (Fig. 4) are
presented. Plots of single samples (grouped into clusters)
on the planes PCI-PC2 and PCI-PC3 demonstrate
association between clusters and principal components
(Fig. 5). When interpreting the geochemical data and
elemental variation parameters, it is important to consider
the main carriers of major and trace elements: calcite as
the carrier of CaO; dolomite as the carrier of CaO and
MgO; quartz (and modifications) — SiO,; clay minerals —
ALO;, SiO,, K,0, TiO,; carbonate-fluorapatite —
P,0s, CaO; organic matter — expressed as LOI5S00°C
(includes part of sulphur and carries Zn and many other
trace metals).

Relying upon the described methodology, the
interpretation of significant principal components is
given below.

PC1 — The first PC describes 47% of the data
variance. It is strongly correlated with many variables
(Table 2), with the highest correlation with S and OM
(LOI500°C), and also Cr, Cu, Ni, Zn and Mo. Very strong
correlation between OM, S, and trace metals suggests
that these elements vary together. This component can
be interpreted as a measure of sulphur- and trace-element-
carrying OM versus carbonate-silicate mineral matter
(calcite, dolomite, silica) content.

PC2 — The second PC accounts for 22.82% of the
data variability. It is strongly correlated with TiO,,
AlL03, Fe,0s, SiO; and K,O. Strong negative correlation
occurs with CaO (Table 2). The component can be
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Fig. 2. A selection of X—Y plots between 9 elements, selected out of the studied 18 using analytical data on single samples. The
plots demonstrate the best examples of variable nature of correlations between certain different components of the oil shale (OS)
unit in total: (i) strong negative (CaO vs SiO,) or moderate negative (CaO vs Al,03) or scattered (CaO vs P,Os) correlation
between the main mineral components of OS, (ii) scattered (diffuse) correlation between the CaO and SiO, contents and
LOI500°C, the latter reflecting the content of organic matter, (iii) strong positive correlation between LOI500°C and S, and
further on between S and Zn, and Zn and Ni. The plots reflect also distinct geochemical differences between certain layers and
the rest of samples, e.g. layers C and D on the CaO vs Al,O; plot and layers E1-E3 on many plots. The MgO vs CaO plot
expresses the presence of elevated MgO contents only in barren dolomitic limestone layers.
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Fig. 4. Graphs of the analysed major and trace elements on the planes constructed by principal components. The distance between
the chemical component projected onto a plane and the correlation circle with radius 1 demonstrates the correlation of the variable
and principal components (Table 2). The distance from an axis shows the quality of how well the element is projected onto
a corresponding plane. The proximity of variables on the plane means also strong association between individual elements
(for example OM and S on planes A, B and C; see also Fig. 2 LOI500°C vs S plot). Clusters (C1.1 to C2.2) are presented to
demonstrate the association between chemical components and principal components (see text for the explanations). On a main
plane (explains 69% of variability) constructed by principal components PC1 and PC2, OM (LOI1500°C), S, Cr, Mo, Cu, Zn and V
are positively correlated to PC1, while MgO and CaO are negatively correlated to PC1. It means that samples with a high
concentration of MgO have a low content of OM (LOI5S00°C), S, Cr, Mo, Cu, Zn and V, and vice versa. Strong positive
correlation is between TiO,, AL,O3, Fe,0;, SiO,, K,0 and PC2, while CaO is negatively correlated to PC2. Thus the samples with
a high CaO content have low TiO,, Al,O;, Fe,03, SiO, and K,O contents, and vice versa.
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interpreted as ‘silicates’ (clay, silica in mud ground mass
and chert) versus ‘calcic’ components in the OS.

PC3 - Sr, SiO; and CaO contribute the most to the
formation of the third component that describes 10.44%
of the data variance. The third PC has a positive
correlation with Sr and CaO, while the correlation with
Si0; is also strong but negative (Table 2). This component
can be interpreted as a measure of biogenic calcite
(calcite mud, foraminifera shells, carbonate skeletal
debris) versus silica amounts in OS.

PC4 — The fourth component accounts for 8.29%
of data variability. Significant positive correlation with
P,Os contents, weaker negative correlation with MgO
and lack or low correlations with all other elements
suggest that PC4 describes processes of phosphorus
enrichment, including apatite skeleton debris in OS.

Principal component analysis proves that considerable
variation exists in chemical composition among the
studied OS and barren rock samples. Based on Figs 4
and 5, it can be concluded that the OS sequence
contains OS subtypes with very high OM and metal
contents, and dolomite samples with a very low content
of metals. There are samples with a high calcite content
and a low quartz content and vice versa, and samples
with a considerable amount of OM accompanied by
a variable mixture of calcareous and siliceous mineral
matrix. In addition, samples with a high apatite content
are also found in the OS succession.

Table 2. Correlation between principal components and
variables. The first two variables contributing the most to the
construction of the corresponding component are in bold.
Variables on the plane induced by different components are
presented also in Fig. 4

| pci | pc2 | Pz | pc4
Si0, 0.19 061  —0.62 034
TiO, 0.55 0.79 016  -0.16
ALO; 0.52 0.78 021 -0.19
FexOs 0.66 0.69 013 -0.16
MgO ~0.46 0.21 008 —0.59
Ca0 ~042  —067 056  —0.02
K,0 0.58 0.66 0.14 0.08
P,0s ~0.06 017 0.8 0.84
S 093  —017  -0.16 0.07
oM 094  —021 003 —-0.06
Zn 085  -043  —026  —0.06
Ni 088  —044 005  —-0.10
Cr 093  —0.10 0.20 0.01
Cu 087  -035  —0.05 0.14
Mo 079  -028  —031 0.8
v 070  -048 033 0.8
Zr 0.75 0.30 0.49 0.11
Sr 042 032 0.67 033

The current dataset consists of samples from nine
drill cores covering the lateral and vertical extent of
the OS deposit. Approximately 45 samples from each
core represent an on average 70 m thick vertical cross
section of the 72 km? deposit area. As recorded from
the chemical composition of the OS sequence, the
deposition of 70 m of OS took place in a considerable
time period (by indirect assessment, a few millions of
years), during which stable and variable conditions
of accumulation alternated. These variations become
visible by the help of hierarchical clustering of samples
using PCA.

The hierarchical classification of 392 samples is
presented in Fig. 6. Two distinct groups are separated,
C1 and C2, which are further subclustered into C1.1,
Cl1.2, and C2.1, C2.2, respectively. Cluster C1.2 is
additionally subdivided into three subclusters: C.1.2.1,
C1.2.2 and C1.2.3. The principal components describing
different clusters are plotted in Fig. 5, and the relation of
elements to clusters on planes constructed by components
is visualized in Fig. 4.

The geochemical pattern is plotted using the average
of the element in the cluster, normalized to the average
of the element concentration in the whole dataset. It
enables us to highlight the range of variation of different
elements (including those non-significant for defining
a certain cluster) in the limits of a geochemical group
and between the groups (Fig. 7).

Positioning of clusters in oil shale sequences
reflecting changes during oil shale accumulation

The properties of the studied OS subunits (Table 1) are
shortly summarized as follows: OS layer A is described
as phosphate-bearing OS; OS layer B1 is terminated
by OS layer B2 with the disappearance of phosphate
concretions in OS; OS layer B2 is currently separated
as calcareous-siliceous OS; OS layer C is currently
defined as calcareous-siliceous OS; OS layer D is
described as SiO,-rich; OS layer E1 is calcareous; OS
layer E2 is OM-rich and has a high content of metals;
OS layer E3 is calcareous. Three dolomitic limestone
interlayers (A/B, B/C, D/E — in the geochemical study
altogether indexed as Dol) subdivide the OS seam into
four parts: A, B1+B2, C+D and E1+E2+E3.

The positions of individual samples in OS cross
sections are plotted in Fig. 8, using the cluster colour
legend from Fig. 7 and others. The cluster analysis
proves that samples are clustered along the lateral extent
of OS layers referring (i) to the persistence of the
composition of the layers in the horizontal direction
over the exploration area and (ii) to the layering-related
alternation of OS chemical types from the bottom to the
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top of the unit. Consequently, the results suggest that
distinct laterally uniform conditions of the accumulation
of OS layers and barren rock interlayers principally
(with minor local variations, however) governed the
formation of each layer over the whole exploration
field. In the vertical succession, uniform variations in
the composition of layers and their subunits reflect
respective alternation and also trends of sedimentation
conditions. Visualizing the distribution of sample groups
(corresponding to different clusters) using the colour-
coded legend enables us to observe the structure of
the OS unit in more different aspects: (i) variability of
the unit in general, (ii) co-existence of certain sample
groups, (iii) specific assemblages of chemical groups in
different layers, (iv) specific composition of the barren
interlayers, etc.

The distribution of cluster groups of samples (Fig. 8)
expresses also the chemical variability of the OS unit
and its separate layers in aspects of the appearance
of certain specifically characteristic patterns. Specific
characteristics of the sample groups (clusters), presented
below, highlight the individual elements or group of
elements with high or low levels.

C1.1 — Samples in this group are described by
elements (MgO) having low values on a plane con-
structed by PC1 vs PC4 (Figs 4C, 5). The chemical
pattern presented in Fig. 7 shows the MgO concen-
tration several times higher in this group, while other
elements are below average. The group is present in
only barren dolomitic interbeds A/B, B/C and C/D.

C1.2.1 — The samples in this group are described by
elements (P,Os, SiO,) having high values on axis PC4
and low values on axis PC3 on a plane constructed
by principal components (Figs 4D, 5). This group is
characterized by above-average P,Os, together with
SiO, content (Fig.7) due to the high apatite (and
quartz-chert) contents, while OM, trace metals and
clay content are suppressed. The samples of C1.2.1
occur from the footwall and dominate in the OS layers A
and B1 (Fig. 8). Minor alternation with other OS types
decreases upwards.

C1.2.2 — This group is defined by high values of CaO
on axis PC3 and low values on axis PC1 (Figs 4B, 5).
The chemical pattern shows the slightly above-average
contents of CaO and Sr and the below-average contents
of all other elements. These samples are likely re-
presenting wackestone-type OS intervals. In the deposit
this type of OS appears in 3—4 intervals alternating with
other types of OS in layers Bl and B2, and becomes
more dominating in the upper part of the OS sequence
(Fig. 8).

C1.2.3 — The samples of this group are described
by elements having high values on a plane constructed
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by PCl vs PC3 (Figs 4B, 5). With slight ‘negative
SiO, anomaly’ the chemical pattern of these samples
represents the average composition of other types of
OS (Fig. 7). This type of OS is present in several OS
layers, forming one interval in OS layer B2, major
part of layer C, and several continuous intervals in El
and E3 (Fig. 8).

C2.1 — The samples of this group are described by
OM carrying S and trace metals having high values
on axis PC1 and low values on axis PC2 (Figs 4A, 5).
The differentiating feature of this cluster is OM nearly
two times higher and a very high content of trace
metals (Fig. 7). These samples form a distinct interval,
layer E2, which separates otherwise similar OS layers E1
and E3 (Fig. 8).

C2.2 — The samples of this group are described by
elements (Ti0,, ALL,Os, K,0, Fe,0;) having high values
on the plane constructed by PC1 vs PC2 (Figs 4A, 5).
The distinctive feature of these samples is the above-
average content of AL,Os, TiO,, Fe,03, K,0 and SiO,
(Fig. 7). In the cross section these samples form
a distinct interval in the middle part of the OS unit
corresponding to OS layer D; however, three continuous
minor intervals also occur at lower levels (Fig. 8).

CONCLUSION

A representative collection of gapless core samples
reliably characterizes the chemical composition of the
full OS sequence and, within it, of the eight separate OS
layers and three dolomitic interlayers forming the OS
unit in a limited area of the AUG deposit. The results of
PCA and hierarchical clustering of the sample collection
provide considerable information about the geochemical
pattern — regularities in the distribution of sample clusters
within and between the different OS layers. The variation
in the chemical composition of the OS unit is basically
expressed and visualized with six specific geochemical
groups (clusters) of samples, whose spatial distribution
allows summarizing the main changes in the composition
and shapes of the general chemical patterns of the
deposit. The study reveals that significant general
trends and fluctuations in the entire OS unit as well as
differences in the chemical composition of the individual
OS layers occur namely in accordance with the layered
structure and have most likely been established by
considerable changes in sedimentation conditions. Minor
variations as well as specific geochemical stability
intervals occur in the internal structure of layers.

The inconstant composition of the OS unit has
resulted from different intensity of the accumulation
of chemical components that are almost independent
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8 | ---Cl1 -e-Cl22 —4-Cl21 ——Cl23 —C2.2 c21

PC1

Fig. 5. On principal components planes constructed by PC1-PC2 and PC1-PC3 (and others not presented here), the cloud of the
analysed samples grouped into clusters (C1.1, C1.2.1, etc.) demonstrates the correlation between samples and principal
components. Note the different positioning of clusters on different planes, showing which component (and elements forming the
corresponding component) best describe the samples in the cluster. On the plane PC1 (S, OM, trace metals) — PC2 (‘clay
components’) clusters C1.2.1 (P,O5 with SiO,, typical for the layers A and B1), C1.2.2 (Sr with CaO) and C1.2.3 (nearly
corresponding to average oil shale) partially overlap, whereas on the plane PC1-PC3 (Sr and CaO with SiO,) these clusters
are located separately.

Hierarchical classification

Fig. 6. Hierarchical classification dendrogram. The distance of linkage between samples/clusters is a measure of similarity of
individual samples within the cluster or between clusters. The most distant linkage bonds two groups of samples that are further
subdivided and samples can be described by a distinguishing component: C1.1 — dolomite (MgO); C1.2.1 — apatite (P,0s);
C1.2.2 — calcite (Ca0); C1.2.3 — “average oil shale’; C2.1 — organic matter (OM, S, trace metals); C2.2 — silicate (clay-related
elements). For the full pattern of 18 elements see Fig. 7. Note that the diagram reflects the number of samples and also the number
of varieties in the clusters that are described in the text.
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3 - Fig. 7. Geochemical ‘patterns’ of different clusters
/ 1\ showing specific elements that have elevated or
\ low concentrations, thus defining the cluster’s
geochemical properties: very high MgO defining
. / k \ C1.1 and representing dolomite samples; peak of
— \__A \ P,05 (Si0,) distinguishing apatite-rich samples
' \ of the C1.2.1 group; peak of CaO (Sr) with
! a below the average and flat pattern of other
A I/ R elements representing wackestone oil shale samples
: T \\ |/ of C1.2.2; C1.2.3 being characterized by a flat
/ / pattern and close to the average composition;
a— X 'W samples of C2.1 distinguished by elevated OM
carrying S and trace metals; C2.2 groups samples
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Fig. 8. The position of samples belonging to different clusters in nine oil shale sequences (wells DC1-DC9) revealing the
complex structure of the deposit. For better reading three cross sections are uplifted and dashed lines are indicating the base of
currently separated oil shale and barren dolomitic limestone layers. For comparison a simplified column of the current structure
(NB! layer thicknesses are approximate) with corresponding chemical properties indicated by colours is plotted aside the

summarized column of nine cross sections, illustrating the alternation of chemically different types of oil shale/dolomite samples
in the sequence.
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of each other: (i) CaO of calcite; (ii) SiO, of quartz
(cristobalite—tridymite); (iii) Al,O; and related elements
of clay minerals; (iv) P,Os of apatite and (v) OM
carrying S and trace metals (Zn, Mo, Cr, etc.). Exceptional
elevated concentrations of MgO in barren carbonate
interlayers are likely due to diagenetic processes but
derived from specific limestones deposited without load
of clay components, apatite and OM carrying sulphur
and trace metals.

Principal component analysis integrated with cluster
analysis proved to be a powerful tool for the interpret-
ation of the chemically variable structure of the OS unit
when using a representative enough sample collection.
The integration of chemical data and results of their
statistical processing with lithological, mineralogical,
palaeontological, petrophysical and other datasets
potentially serves for the further interpretation of the
origin of OS and barren interlayers. The data are
useful also for the development of OS utilization
technologies having in mind the variability of their
composition.

Huge amounts of OS have accumulated in the Late
Cretaceous epicontinental sea ‘carbonate shelf” basins
of Jordan and neighbouring territories. In these basins,
oil shales and leaner kerogen-bearing rocks have similar
OM of marinite type and similar predominantly
calcareous mineral matter. Surprisingly, the presence of
barren rock layers is strongly suppressed. Variations in
compositions and respective changes in accumulation
conditions expressed in OS profiles of different sub-basins
and OS units of different age (from Early Maastrichtian
to Early Eocene) are poorly studied so far. Sources of
accumulated marine mineral matter in the epicontinental
shallow marine maze of pools and swells also remain
poorly known. The results of the geochemical studies
of the JOSE exploration area within the Attarat Um
Ghudran deposit show that integrated geochemical
investigations together with nannofossil stratigraphic
studies are probably the most promising tool for the
comparative research into OS profiles of different sub-
basins and of different age units in the region. The
integration of mineralogical and more detailed geo-
chemical studies (including the use of components not
treated here) could contribute to resolving unanswered
questions.
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Jordaania Attarat Um Ghudrani maardla pdlevkivikihtide geokeemilise
muutlikkuse hinnang

Margus Voolma, Alvar Soesoo, Vidino Puura, Sigrid Hade ja Hardi Aosaar

Jordaania Kriidi ja Paleogeeni vanusega pdlevkivid on valdavalt lubjarikkad mudakivid, mdningate rénirikaste inter-
vallidega, kus domineerivateks mineraalideks on kvarts ning kristobaliit-tridiimiit. Esmaste mikropaleontoloogiliste
andmete pdhjal on kidesolevas t66s uuritud pdlevkivid Maastrichti vanusega. Kesk-Jordaanias paikneva Attarat Um
Ghudrani maardla pdlevkivilasundi keskmine paksus on 70 meetrit. Nimetatud kihtide keemilise koostise muutlik-
kuse uurimiseks kasutati 9 puursiidamikust vdetud 392 proovi keemilise analiiiisi andmeid. Proovid voeti intervalliga
0,5-2 meetrit. Polevkivi pdhielementide (MgO, P,0s, Al,05) sisaldused varieeruvad labildikes suurtes piirides, nditeks
CaO sisaldus muutub 3 kuni 70 massiprotsenti ja SiO, sisaldus 10 kuni 50 massiprotsenti, ka orgaanikasisaldus on
muutlik. Lisaks on pdlevkivis palju orgaanilist vavlit ja jélgelemente. Mdnede metallide (Zn, V, Cr, Ni, Mo) sisaldused
1abildikes muutuvad mitmekordselt. Keemilise koostise (18 elementi) muutlikkuse hindamiseks kasutati statistilisi
meetodeid: (i) pohikomponentide analiiiis, (ii) hierarhiline klasteranaliitis. PGhikomponentide analiilis néitas, et esimene
pohikomponent kirjeldas 47% muutlikkust, teine 22,82%. Esimest komponenti kirjeldab orgaanikaga seotud vaavli ja
metallide (Cr, Cu, Ni, Zn, Mo) sisaldus ning teist positiivne korrelatsioon TiO,, Al,03, Fe,03, SiO, ja K,O ning
negatiivne seos CaO-ga. Tulemused néitasid et, neli pdhikomponenti kirjeldavad kokku ligi 89% geokeemilisest
erinevusest ja nende abil on vdimalik defineerida kuut erinevat pdlevkivildbildike kivimtiiiipi. Véljaeraldatud kivim-
tiitipide paigutus ja esinemisregulaarsus l4bildikes peegeldab lasundi sisestruktuuri. Eristunud kihid on seletatavad
pohielementide/mineraalide kuhjumise intensiivsuse vaheldumisega, mis omakorda on pohjustatud mérkimisvédrsetest
settimiskeskkonna muutustest. Pdlevkivilasundi geokeemilise muutlikkuse mdistmine on oluline pdlevkivi tekke-
tingimuste selgitamise ja kaevandamise ning to6tlemise seisukohalt.
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