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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).
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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 organicrich 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,
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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
km2 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 Türisalu Formation (Fm.) were taken from Pakri Peninsula
(59.37668N, 24.03648E), the 4.2-m thick BS sequence of the Uuga Cliff 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 Türisalu 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
9

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 EstonianJordanian 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 MidPaleogene 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 Palaeozoic, 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 subbasins 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 Azraq-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 SiO2 and CaO range between 3 to 70
wt% and 10 to 50 wt%, respectively, and show strong inverse correlation. The
usually low MgO and P2O5 contents rise randomly up to 16 wt%. Al2O3 and S
concentrations are locally up to 7 wt%. OM content in the deposit varies from very
low 4 wt% up to 38 wt%.

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.

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), SiO2-rich
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(layer D), CaO-rich and SiO2-poor (layers E3 and E1), and P2O5-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) SiO2 of quartz (cristobalite-tridymite); (iii)
Al2O3 and related elements of clay minerals; (iv) P2O5 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 Türisalu Fm. make up a laterally extensive organicrich siliceous mudstone bed in northern Estonia, eastern part of the Baltic
Palaeobasin. 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 Türisalu 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. Palaeogeography of Baltica in the Early Ordovician (after Cocks & Torsvik,
2005). B. Modern distribution of the Türisalu 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 Türisalu 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 bedto-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 SiO2, Al2O3, K2O, 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 palaeoseawater, primary productivity and
palaeohydrography (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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(ii) 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 nonreactive 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
OS 410
BS 373
Mean
SD
Min Max Mean
SD
Min Max AS
15.95 5.65 4.13 38.28
20.82 2.24 12.67 25.87
LOI500°C
36.87 7.27 10.33 53.64
23.17 2.12 17.24 28.15
LOI920°C
18.48 12.36 2.59 71.70
50.28 1.62 46.42 55.58 58.89
SiO2
0.08 0.05 0.02 0.29
0.75 0.03 0.59 0.86
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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 SiO2-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, SiO2 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 SiO2,
CaO mainly resides in calcite and SiO2 in quartz/opal when the dominating source
is biogenic. However, SiO2 in large quantities may also originate from terrigenous
sources as quartz, and SiO2 together with Al2O3 as feldspars, clay minerals, or
ferromagnesian minerals. Strong inverse correlation of CaO and SiO2 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 Al2O3 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. SiO2 and Al2O3 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 SiO2
values, suggesting excess silica content, relative to aluminum and low clay content
(Fig. 7).
TiO2 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, SiO2, Al2O3 and TiO2
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 SiO2
and CaO, in BS also K2O and Fe2O3 are present in high (>5 wt%) quantities. K2O
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
K2O content is a typical feature of the BS of the Türisalu Fm., where silt-size
particles dominate over clay fraction and which contains abundant authigenic Kfeldspar (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 (Snäll, 1988).
Fe2O3 average content (0.64 wt%) is significantly lower in OS compared to BS
(5.20 wt%). In OS samples good correlation between Fe2O3 and Al2O3 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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Fig. 7. Cross plots of 410 OS, 373 BS samples and average shale (AS) for reference. CaOSiO2 – in OS samples inverse correlation and wide range of concentrations occur, in BS
very low CaO content is contrasting rather monotonous and dominating SiO2; AS plots
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close to BS samples; Al2O3-SiO2 – OS samples show excess SiO2 content relative to
mostly <5 wt% Al2O3 content; BS samples with rather uniform Al2O3, SiO2 content plot
tightly together on line from origin through AS; TiO2-Al2O3 – both OS and BS samples
show strong correlation, however in OS concentrations are clearly lower relative to BS
close to AS; K2O-Al2O3 – good correlation for OS samples is evident, while the content
relative to AS is lower, while BS has noticeably higher potassium content; Fe2O3-Al2O3
– in OS samples good correlation exists, while in BS scattering towards higher Fe2O3
content occurs in some samples; MgO-Al2O3 – 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 PO43-, NO3-, and Si(OH)4, 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-LOI500°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-Fe2O3 – 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 LOI500°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 Fe2O3 suggests large quantity of pyrite and that sulfur is residing mainly in
pyrite (in Pyrite (FeS2) Fe2O3/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 Fe2O3 strong correlation with
Al2O3 (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 Cd2+
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-LOI500°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 LOI500°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 Fe2O3-S plot) probably indicating more effective recycling
and the presence of free H2S-, while in OS low input of reactive Fe is indicated by
good correlation between F2O3 and Al2O3 (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 H2S-) 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 Al2O3, 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-LOI500°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; ZnLOI500°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 Iapetus
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.

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; SWsea 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 LOI500°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 wellknown 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.

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 Türisalu 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 Türisalu 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 LOI500°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 crosssection suggesting common source during the course of BS accumulation.
However, increased clastic material input is supported by Zr (reflects zircon) and
SiO2/Al2O3 (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 Fe2O3 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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Fig. 13. Black shale sequence from Pakri Peninsula. The distribution of samples belonging
to different clusters are plotted using different colors on background. On the right
sedimentary fabrics observed in the Pakri cross-section are plotted (figure from Hints et
al., 2014).

The high content of OM and redox-sensitive elements indicate overall bottom
water and sediment oxygen depletion. High variation in concentrations of redoxsensitive 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 redoxsensitive 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).

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, SiO2/Al2O3 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 SiO2/Al2O3 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.

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, SiO2 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 redoxsensitive 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, Fe2O3 and S.
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KOKKUVÕTE
Orgaanika- ja metalliderikaste põlevkivide/mustade kiltade geokeemiast
Jordaanias ja Eestis
Orgaanika- ja metalliderikkaid põlevkivi- ning musta kilda lasundeid, mis
varieeruvad oma mõõtmetelt nii paksuses kui ka pindalaliselt suurtes piirides,
leidub kogu maailmas. Sellistele lasunditele on tihtipeale iseloomulik kõrge
raskmetallide sisaldus, mida valdavalt seostatakse sulfiidsete mineraalide ja
orgaanika (kõrge) sisaldusega. Doktoritöös on analüüsitud võrdlevalt 410
Jordaania põlevkivi ja 373 Eesti musta kilda (graptoliitargilliit) proovi keemilist
koostist, et tuvastada geokeemilisi sarnasusi, aga ka kontrastseid erinevusi
peamiselt raskmetallide kontsentratsioonide ja koosluste varieeruvuses
eesmärgiga interpreteerida nende võimalikku päritolu ja geneesi.
Võrdluses kasutatud Jordaania keskmiselt 70 m paksust põlevkivilasundit
iseloomustab väga muutlik mineraloogiline koostis: kaltsiidi sisaldus varieerub
8% ja 88% vahel, kvartsi on kuni 51% (ja SiO2 erimit kristoballiit-tridümiiti 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-päevakivi ja savimineraalid, lisaks esineb palju püriiti.
Jordaania põlevkivi keemilise koostise andmestiku statistilise analüüsi tulemused
näitasid, et mineraalosa koostise suurest varieeruvusest ei sõltunud orgaanikaga
seostatud raskmetallide kooslus, küll aga mõjutas selle osakaal metallide üldist
sisaldust erineva mineraalse koostisega intervallides. Seega, kahe lasundi
põhielementide suur erinevus ei sega antud töö fookuses olevate jälgelementide
koosluse ja esinemise seaduspärasuste võrdlust.
Põhielementide (Ca, Si, Al, Ti, Mg, Fe, S) sisalduse ja trendide võrdlus näitab, et
põlevkivi mineraalosa on valdavalt biogeenset päritolu, samas kui musta kilda
põhielementide kooslus viitab terrigeensele päritolule. Põlevkivi ja musta kilda
raskmetallide kooslus on osaliselt kattuv, näiteks Mo, V, Ni, Cu osas. Seevastu
Pb, mis on rikastunud mustas kildas, puudub põlevkivis, samas kui vastupidine
trend iseloomustab Cd ja Se. Rikastunud metallide hulgas on valdavad muutuva
oksüdatsiooniastmega 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 ebaühtlane jaotus põlevkivi läbilõikes ja madal
kontsentratsioon (<10 ppm) võrreldes teiste raskmetallidega mõnedes
intervallides võib viidata perioodilisele hapniku juurdepääsule põlevkivi
settimiskeskkonda ja U mobiliseerimisele.
Kui põlevkivis rikastunud raskmetallide (Zn, Cd, Ni, Cu, Mo, V, Cr) tugev
korrelatsioon omavahel ja ka orgaanilise ainega viitab pärinemisele ühest allikast,
milleks on merevesi, siis mustas kildas võib Zn (ja Pb) seostamatu jaotus olla
tingitud hüdrotermaalsetest mõjutustest. Samuti Cr madalam ja keskmisele
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savikilda koostisele vastav sisaldus ning põlevkivist erinev jaotustrend viitab veel
kord terrigeense fraktsiooni allikale mustas kildas.
Redokstundlike elementide (Mo, V, Cr) ja mikrotoitainete (Zn, Cu, Ni, Cd)
domineerimine põlevkivi rikastunud metallide koosluses toetab süngeneetilist
metallide fikseerimist settesse. Seevastu komplekssemad/mitmekülgsemad
metallide jaotustrendid mustas kildas viitavad mitme erineva allika ja settesse
fikseerimise protsessi koosmõjule nagu näiteks süngeneetiline redutseerivast
keskkonnast tingitud muutuva oksüdatsiooniastmega elementide väljasettimine,
terrigeense materjali sissekanne ja võimalik hüdrotermaalne allikas.
Settekeskkonna muutustele ja mitme erineva protsessi koosmõjule viitab ka musta
kilda 4,2 m paksuse lasundi keemilise andmestiku statistiline analüüs, mille
tulemusel eristus kolm gruppi proove. Erinevatesse gruppidesse kuuluvate
proovide jaotus läbilõikes viitab vähemalt kahele suuremale muutusele
settekeskkonnas: (i) lasundi alumisest otsast umbes 1,4 m kõrgusel redokstundlike
elementite (U, V, Mo) kovariatsiooni muutus ja kalkofiilsete elementide (Pb, Cu,
Ni) suurenenud sisaldus viitab vaba vesiniksulfiidi (H2S-) tekkimisele
settekeskkonnas; (ii) umbes 3,2 m kõrgusel mineraalosa osakaal suureneb
järsumalt, seejuures Zr, Cr, Al/Ti, Si/Al, Fe2O3 ja S jaotuse muutused viitavad ka
mineraalosa koostise muutusele.
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