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Introduction 
Metalliferous black shales are organic-rich sedimentary rocks that serve as valuable 
archives of ancient marine redox conditions and geochemical processes. These ancient 
mud deposits preserve detailed records of palaeoenvironmental dynamics through the 
syngenetic enrichment of redox-sensitive trace metals including molybdenum, uranium, 
and vanadium (Algeo & Maynard, 2004; Scott & Lyons, 2012) along with sulfide and 
organic accumulation. Formed under oxygen-depleted conditions, black shales could 
capture variations in water-column and pore water chemistry, nutrient cycling, and 
climatic influences (Tribovillard et al., 2006). Their elevated concentrations of critical 
metals often exceeding crustal averages by an order of magnitude make them significant 
repositories for elements essential to modern industries, including energy storage (V), 
nuclear power (U), and steel production (Mo and V) (Hatch, 2012). Despite major advances 
in understanding enrichment mechanisms primarily controlled by redox zonation in 
sedimentary environments the extremely high anomalous concentrations and mismatching 
RSE enrichment patterns observed in many black shale deposits remain difficult to explain 
(Crawford et al., 2021; Xu et al., 2024). 

Recent studies indicate that the control on local hyper-enrichment of RSE is likely 
specific to individual seabasins and hydrographic conditions (Algeo & Herrmann, 
2018; Gilleaudeau et al., 2023; Liu & Algeo, 2020). This underscores the need for 
multi-instrumental high-resolution datasets on redox-sensitive element variability, 
integrated with compositional and sedimentary records, to (1) contextualize RSE-based 
palaeoproxies within specific palaeobasins or facies, and (2) develop site- to region-specific 
metallogenic models.  

The Tremadocian period (Early Ordovician, 485–477 Ma) represents a transitional 
phase in Earth’s geochemical and biological evolution, marked by rising atmospheric 
oxygen levels, high global palaeotemperatures, widespread marine transgression, and 
the onset of the Great Ordovician Biodiversification Event (Saltzman et al., 2011; Servais 
& Harper, 2018; Trotter et al., 2008). The Baltic Palaeobasin, located on the Baltica 
palaeocontinent, submerged much of the craton, forming a shallow epicontinental sea 
characterized by basin-wide deposition of organic-rich, metalliferous sediments (Graul 
et al., 2023; Hints et al., 2014b). The Türisalu Formation, a Tremadocian black shale unit 
in northeastern Estonia, records these conditions in the shallow inner-shelf of the 
palaeobasin and exhibits local hyper-enrichment in Mo (> 200 ppm), U (> 100 ppm), 
and V (> 1000 ppm) in some cases significantly exceeding values from basinal settings 
(Bian et al., 2021; Schovsbo, 2002) as well as highly heterogeneous enrichment patterns 
(Hints et al., 2014a; Vind et al., 2023; Vind & Bauert, 2020; Voolma et al., 2013). Resolving 
this discrepancy could clarify palaeoenvironmental factors that shaped shallow sea 
conditions during this pivotal period of biotic diversification and refine genetic models for 
metalliferous black shale hyper-enrichment in inner-shelf settings of Baltica. The insights 
gained would extend beyond the specific stratigraphic and geographic scope considered 
here. 

Research gap 
Despite extensive research on black shale metallogeny, significant gaps remain in 
understanding element-specific syngenetic enrichment pathways and environmental 
controls, particularly in shallow-water depositional settings in deep time (Coveney et al., 
1991; Schovsbo, 2002). 
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The general models suggest that RSE enrichment can occur in settings with 
water-column anoxia in restricted water bodies, under high bioproductivity conditions 
such as upwelling systems in oceans, or in cases of ocean-scale anoxia (Algeo & Lyons, 
2006; Jenkyns, 2010; Scholz et al., 2011). The balance between organic matter (OM) 
input, degradation and burial rate acts as the primary driver for redox transitions in 
seawater and pore water and the related selective capture of RSE depending on the redox 
state. For example, Mo enrichment is linked to hydrogen sulfide availability while the 
onset of V enrichment, in contrast, is associated with suboxic conditions (Algeo & 
Maynard, 2008; Algeo & Tribovillard, 2009; Rimmer, 2004; Tribovillard et al., 2006). 
RSE and OM in ancient organic rich sediments show general positive covariance (Algeo & 
Lyons, 2006). Still, in highly metalliferous beds differential RSE enrichment has been 
recorded, pointing to additional variables being critical for preferential hyper-enrichment 
of particular redox-sensitive elements beside redox zonation. These might include altered 
seawater composition including hydrothermal fluid influx, preferential scavenging of metals 
from seawater, and changes in reduction pathways (Scholz et al., 2013; Stylo et al., 2015). 

Furthermore, the enrichment of Mo, U, and V in shallow marine organic-rich shales 
remains poorly constrained compared to deep water analogues. As existing enrichment 
models are based largely on modern restricted basins or oxygen-depleted deep-water 
analogues, they may not translate well to inner-shelf settings of the ancient epicontinental 
seas such as the Baltic Palaeobasin. Like distal deep-water settings the latter apparently 
experienced very low net sediment accumulation rates and terrigenous input, considered 
to be crucial prerequisites for RSE enrichment, but likely presented more variable 
hydrodynamic and sedimentary conditions due to a shallow water column and the 
influence of sea level changes on sediment accumulation (Artyushkov et al., 2000; Hints 
et al., 2014b). These settings could also record transient palaeoenvironmental signals such 
as primary productivity or salinity variations. The covariance between RSE enrichment and 
local sedimentary changes remains poorly explored in palaeoenvironmental studies of 
organic-rich assemblages, yet it may be crucial for interpreting anomalous local 
hyper-enrichment of RSE. For instance, V enrichment has been reported to covary with 
clay phases in organic-rich mudstones, suggesting a link between sedimentary dynamics 
and the capture of redox-sensitive elements (Lu et al., 2021). 

Previous studies have documented both spatially and stratigraphically variable 
enrichment levels of redox-sensitive elements within the Türisalu Formation, with 
concentrations often significantly exceeding those observed in modern anoxic muds, as 
well as differential accumulation patterns of Mo, U, and V (Pukkonen & Rammo, 1992; 
Voolma et al., 2013).  

These observations raise key questions: 
− Which palaeoenvironmental conditions prompted the extreme but differential

enrichment of specific RSE?
− To what extent do these patterns reflect local syngenetic environmental conditions

versus broader regional or global controls?

Resolving these questions is essential for refining metallogenic models for metalliferous 
black shales and developing robust redox frameworks for Early Palaeozoic epicontinental 
seas. 
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Objectives
This study addresses these gaps by investigating a Tremadocian black shale succession 
using an integrated geochemical, isotopic, and sedimentological approach. The overall 
aim of this thesis was to develop a site-specific metallogenic model for Eastern Estonia. 

The studies include the following specific objectives: 
1. To identify major variability patterns and trends of V, Mo and U based on the

high-resolution geological dataset in selected core sections across black shales
and adjacent lithologies.

2. To interpret the recorded variability in the context of geochemical-lithological-
sedimentary trends in the inner-shelf of Baltica.

3. To complement the element distribution patterns with isotopic system records,
including δ⁹⁸Mo, δ²³⁸U, δ¹⁵N and δ13Corg using selected samples, to evaluate RSE
uptake and partitioning mechanisms.

4. To work toward an integrated view on the relevant local versus global
palaeoenvironmental enablers and modifiers behind RSE hyper-enrichment.

Scope 
The thesis focuses on the Türisalu Formation, specifically in NE Estonia, comprising the 
youngest and shallowest-water portions of the extensive Middle Cambrian-Tremadocian 
black shales of the Baltic Palaeobasin. The thin black shales from the study area are 
known to contain U, Mo and V enrichment and show well defined lithological variability 
(Hints et al., 2014b). The low thermal maturity of these rocks, together with the absence 
of known hydrothermal systems in the Baltic Palaeobasin during the Tremadocian, makes 
these complexes excellent targets for studying syngenetic and early diagenetic metal 
uptake in organic-rich sediments in a broader geological context. 

The study is based primarily on a whole-rock, high-resolution geochemical dataset 
(> 300 samples) from two drill cores within the Toolse and Aseri shelly phosphorite 
deposit areas. The geochemical work is supported by mineralogical, lithological, and 
microanalytical investigations. Although other stratigraphic intervals and regions of the 
Baltic Palaeobasin were not examined, the results are interpreted in the context of 
published datasets across the palaeobasin and of comparable modern and ancient anoxic 
complexes to generalize findings. 

This thesis is organized into the following chapters: 
− Literature review
− Geology of the study area
− Materials and methods
− Results
− Discussion
− Prospects for future research
− Conclusions.
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Abbreviations 

Chlo Chlorite 
δ¹³Corg Delta-13-carbon 
δ¹⁵N Delta-15-nitrogen 
δ⁹⁸Mo Delta-98-molybdenum 
δ²³⁸U Delta-238-uranium 
DOM Dissolved organic matter 
Ill/Sm Illite-smectite 
Ill illite 
MC-ICP-MS Multi-collector inductively coupled plasma mass spectrometry 
OM Organic matter 
Qz Quartz 
RSE Redox-sensitive elements 
SEM Scanning electron microscopy 
SSA Specific surface area 
SRMs Standard reference materials 
TEM Transmission electron microscopy 
TN Total nitrogen 
TOC Total organic carbon 
µM Micromolar 
XRF X-ray fluorescence spectrometry
XRD X-ray diffraction
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1 Literature review 
1.1 Black shales and trace metal enrichment 
Black shales are organic-rich, fine-grained sedimentary rocks spanning from the Archean 
to the Cenozoic. These deposits are globally distributed and vary widely in geochemical 
composition, enriched metal assemblages, and economic significance (Arthur & Sageman, 
1994). Nevertheless, enrichment of redox-sensitive and chalcophile elements indicates 
that redox changes in the original muds and overlying waters were the primary controls 
on metal accumulation in all these deposits. 

Prominent metalliferous examples include the Lower Cambrian black shales from 
South China (Lehmann et al., 2022), Devonian-Mississippian Bakken Formation of North 
America (Scott et al., 2017), the Jurassic Posidonia Shale of Germany (Röhl et al., 2001), 
the Permian Phosphoria Formation of the western United States (Hein et al., 2004), and 
Cambrian-Tremadocian Alum Shale Formation from Scandinavia (Andersson et al., 1985). 
Extremely metal-rich Lower Cambrian Ni, Mo, platinum group elements, and V-rich black 
shales of South China on the Yangtze Platform probably evolved via the combined effect 
of highly productive water column, hydrothermal fluid flux and very low clastic input to 
the palaeosea (Lehmann et al., 2022). The Bakken Formation is attributed to a shallow 
water restricted intracratonic basin and exhibits high Mo, Zn and V concentrations 
linked to high levels of dissolved H2S in bottom waters and short transit time of organic 
matter through water column (Scott et al., 2017). The Posidonia Shale, deposited in an 
epicontinental sea, shows cyclic Mo and U enrichment tied to orbital forcing, nutrient 
upwelling, and episodic anoxia (Brumsack, 2006). The Phosphoria Formation is notable 
for V hyper-enrichment, attributed to high primary productivity, suboxic conditions and 
phosphatic mineral associations (Hein et al., 2004). Local extreme U enrichment in 
Cambrian-aged beds and V enrichment in Tremadocian-aged beds of the Alum Shale 
Formation have been attributed to extremely slow burial rates, anoxia and strongly sulfidic 
conditions in the lower water column, as well as a dynamic sedimentary environment (Bian 
et al., 2021, 2022; Schovsbo, 2002). 

Trace metal enrichment in black shales results primarily from redox gradients in 
sedimentary environment but is also linked to complex interplay between organic matter 
burial, sedimentation dynamics, basin hydrography, and diagenetic processes. Under 
suboxic (O₂ ~1–10 µM, H₂S ≈ 0 µM) to euxinic conditions (O₂ ≈ 0 µM, H₂S > ~1–2 µM), 
RSE such as V, U, and Mo are reduced from soluble oxyanions to insoluble forms, 
sequestered via complexes with organic ligands or sulfides, or adsorbed onto clay and 
oxide surfaces (Algeo & Maynard, 2008). Organic matter plays a complex role: it consumes 
oxygen during decomposition, promoting reducing conditions, and metal ions can interact 
with OM through different mechanisms including redox mediation, complexation, 
adsorption and coprecipitation (Tribovillard et al., 2006). Basin restriction, combined with 
water column stratification as observed in the modern Black Sea amplifies metal 
concentrations by enabling the long-term trapping of dissolved metals in stagnant, anoxic 
waters below the chemocline (Calvert & Pedersen, 1993). Early post-sedimentary 
processes such as organic matter degradation, dissolution of metastable phases, and the 
precipitation of pyrite or phosphate can redistribute trapped metals and complicate 
interpretations of past redox conditions (Tribovillard et al., 2006). 

Depositional setting could potentially exert a profound impact enrichment 
mechanisms. Deep-water fine-grained deposits might exhibit nearly permanent uniform 
anoxia and high metal contents, while shallow-water deposits in epicontinental seas 
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might experience more fluctuating redox conditions and more variable clastic input 
leading to more heterogeneous uptake of RSE (Algeo & Herrmann, 2018; Arthur & 
Sageman, 1994). Also, the short timescale for the delivery of labile ‘fresh’ organic matter 
to the sea bottom in shallow water settings might determine specific conditions for RSE 
enrichment in sediments (Scott et al., 2017). 

These differences underscore the importance of site-specific studies in shallow-water 
systems to refine black shale metallogeny models and validate RSE-based 
palaeoenvironmental reconstructions in such settings (Algeo & Herrmann, 2018; Algeo & 
Maynard, 2004; Tribovillard et al., 2006).  

1.2 Geochemistry of Mo, U, and V 
Molybdenum, uranium, and vanadium are multivalent elements widely used as 
palaeoredox proxies because their solubility changes markedly between oxic and anoxic 
conditions being highly soluble in oxidized forms but far less soluble in reduced forms. 
However, the reduction of each of these elements can take place under notably different 
redox potentials. Their capture in oxygen-depleted sediments is therefore closely linked 
to the sequential consumption of electron acceptors during microbial degradation of 
organic matter, beginning with the most energetically favourable oxic pathways and 
progressing toward less favourable ones (O₂, NO₃⁻, MnO₂, Fe(OH)₃, SO₄²⁻and CO₂).  

Vanadium reduction takes place, via two steps, across suboxic to sulfidic gradients, 
starting with reduction from soluble V(V) (HVO₄²⁻) to particle reactive V(IV) (VO²⁺) and, 
in rare cases, V(III) under strongly reducing euxinic conditions. Due to two step reduction 
scheme, V enrichment is less dependent on H₂S availability compared to Mo, possibly 
relying strongly on sorption onto clay minerals, Fe-oxides, or organic matter, particularly 
in aluminosilicate-rich sediments (Bian et al., 2022; Tribovillard et al., 2006). This affinity 
for mineral phases often results in V correlating with clay proxies like Al or Ti, as observed 
for example in the Phosphoria Formation (Breit & Wanty, 1991).  

Uranium accumulation starts under more reducing, ferruginous conditions after the 
available Fe(III) is consumed and is largely restricted to sediment beds. U(VI), present as 
uranyl carbonate in seawater, diffuses across the sediment-water interface and is reduced 
to insoluble U(IV), which may precipitate as uraninite (UO₂), coffinite, or form 
organometallic complexes (Morford & Emerson, 1999). Recent studies suggest that both 
abiotic and biotic U reduction pathways may operate in sediments, with the latter 
potentially leading to the formation of less stable monomeric forms of U(IV) (Bhattacharyya 
et al., 2017). The redox transition may lead to U concentrations far exceeding crustal levels 
(3–5 ppm) in anoxic shales (Rudnick & Gao, 2003). However, enrichment is controlled by 
the diffusion rates of dissolved U in sediments, the typically slow kinetics of U reduction 
as well as uptake limitations due to nucleation barriers of stable U(IV) phases (Bargar et al., 
2013; Klinkhammer & Palmer, 1991; Loreggian et al., 2020; Pan et al., 2020). Isotopic δ²³⁸U 
(expresses ratio between the heavy isotope ²³⁸U and the lighter ²³⁵U) fractionation during 
reduction and uptake in anoxic sediments typically ranges from –0.2 to +0.6 ‰ relative 
to seawater (+0.3 ‰) (Andersen et al., 2014; Weyer et al., 2008). Under oxidizing 
conditions, uranium is prone to post-depositional remobilization, which can alter 
enrichment patterns, as documented in weathered black shales (Klinkhammer & Palmer, 
1991). These complexities highlight the need for combined elemental and isotopic 
analyses to accurately reconstruct U enrichment and cycling (Andersen et al., 2017; Cole 
et al., 2020).  
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Molybdenum is a highly effective tracer of euxinic conditions. In oxygenated waters, 
Mo exists as the stable molybdate ion (MoO₄²⁻), but in euxinic settings with free H₂S 
(> 11 μM), it transforms into particle-reactive thiomolybdate species (MoOₓS₄₋ₓ²⁻), which 
precipitate with pyrite, organic matter, or other Fe-sulfides (Erickson & Helz, 2000; 
Helz et al., 1996; Helz & Vorlicek, 2019). This process can yield Mo concentrations 
several orders of magnitude above crustal averages (1–2 ppm) (Rudnick & Gao, 2003). 
The ‘Fe-Mn shuttle’ where Mo is adsorbed and desorbed via oxide precipitation and 
dissolution can enhance enrichment of Mo in dynamic redox settings (Anbar & Rouxel, 
2007). The isotopic fractionation of molybdenum δ⁹⁸Mo (the ratio of the heavy isotope 
⁹⁸Mo to the lighter isotope ⁹⁵Mo) can further refine redox interpretations; in closed 
systems under fully euxinic conditions, authigenic δ⁹⁸Mo of sediments approaches 
seawater values (+2.3 ‰), but in dynamic suboxic to weakly euxinic settings, lighter 
isotopes may be preferentially adsorbed onto Fe-Mn oxides, yielding values as low as 
–0.5 to +1.0 ‰ in sediments (Arnold et al., 2004; Barling et al., 2001). These elemental
and isotopic fractionation patterns make Mo a useful proxy for both local and global redox
studies (Kendall et al., 2017).

Still, the element-specific reduction pathways presented here highlight the challenge 
of disentangling redox, mineralogical, and diagenetic controls in hyper-enriched shales. 
Integrated approaches combining elemental ratios, isotopic signatures, and mineralogical 
data are essential to resolve these complexities, particularly in settings with variable 
depositional conditions (Lyons et al., 2009). 

1.3 The Baltic Palaeobasin in the Early Ordovician 
The Baltic Palaeobasin, covering much of the Baltica palaeocontinent in the Early 
Palaeozoic, underwent significant hydrographic and environmental evolution from the 
Ediacaran to the Ordovician. Initially a stable cratonic margin, it developed into a broad 
epicontinental sea by the Early Ordovician, driven by thermal subsidence (Nielsen & 
Schovsbo, 2011). During the Tremadocian (486-477 Ma), a global sea-level rise prompted 
by a super-greenhouse climate flooded Baltica, shifting deposition from coarse siliciclastics 
to fine-grained, organic-rich muds in the inner stable shelf of the palaeobasin (Artyushkov 
et al., 2000; Munnecke et al., 2010; Nielsen & Schovsbo, 2011). The transgression across 
the low-lying interior of Baltica shifted shorelines, deepened the basin, and reduced 
clastic input, transforming it into a shallow, sediment-starved epicontinental sea less than 
100 m deep across much of its extent (Nielsen & Schovsbo, 2011). Palaeoclimatic models 
suggest warm surface waters, which enhanced primary productivity and oxygen depletion, 
as evidenced by conodont thermometry (Trotter et al., 2008). 

The conditions for primary organic-rich mud accumulation on the basin’s inner-shelf 
likely differed from those in the deeper-water organic-rich facies of the palaeobasin such 
as the Alum Shale Formation in Sweden, Denmark, and Norway which probably 
experienced more stable redox conditions (Schovsbo, 2001). Shallow-water dynamics 
such as episodic ventilation, storm reworking, and terrestrial runoff introduced higher 
sedimentary and redox variability, as well as nutrient supply and trapping nearshore 
(Hints et al., 2014a). The likely absence of major river systems on Baltica, coupled with 
tectonic quiescence and very slow denudation rates of the Fennoscandian Shield, 
minimized detrital dilution, and allowed organic matter and authigenic minerals to 
dominate the sediment budget (Popov et al., 2019). 

The evolution of the Baltic Palaeobasin at the onset of the Ordovician coincided with 
the beginning of the Great Ordovician Biodiversification Event, linking its geochemical 
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record to broader ecological transformations (Servais & Harper, 2018). This shallow, 
open to semi-restricted sea developed on a stable continental platform, with limited 
diagenetic alteration and a well-established biostratigraphic framework, providing a 
valuable perspective on the chemistry and redox dynamics of Tremadocian oceans and 
epicontinental seas during this transition.  

1.4 Tremadocian black shales in Estonia 
Tremadocian shales in the inner-shelf of the Baltic Palaeobasin are characterized by fine 
siliciclastic mineral matrix (K-feldspar, quartz, illite/mica, and illite-smectite), high total 
organic carbon (TOC: 5-15 wt%), and abundant pyrite (3-7 wt%) (Hints et al., 2014b; Loog 
et al., 2001; E. Pukkonen, 1989). The longitudinal black shale belt along the margin of the 
Fennoscandian Shield, forming the Türisalu Formation in Estonia, exceeds 6 m in thickness 
in northwestern Estonia and thins eastward and south-eastward. Biostratigraphic evidence 
indicates that the formation’s lower boundary is diachronous, with progressively younger 
deposits toward the NE, reflecting facies shifts during transgression (Kaljo & Kivimägi, 
1970). On a regional scale, the distribution of the inner-shelf black shale belt, which extends 
into the Leningrad region of Russia, is patchy, with erosional hiatuses and variable 
preservation resulting from post-depositional uplift and exposure along the Baltic 
Klint (Popov et al., 2019). The black shales pinch out in central Estonia, underscoring 
their restricted depositional extent compared to the thicker, more extensive 
Cambrian–Tremadocian black shales from the middle and outer shelf of the palaeobasin 
(Nielsen & Schovsbo, 2011; Schulz et al., 2021). 

Black shales are genetically related to the underlying shallow-water siliciclastic 
complexes containing shelly phosphorites and are overlain by organic-poor grey mudstones 
or glauconitic sandstones in northern Estonia. Figure 1 illustrates the palaeogeographic 
context, showing Baltica’s inundated craton, the Türisalu Formation’s isopach trends, and 
locations of the study sites. 

The Türisalu Formation exhibits spatially and stratigraphically heterogeneous trace 
metal distributions (Hints, et al., 2014b; Pukkonen, 1989; Vind et al., 2023; Voolma et al., 
2013). Previous RSE distribution mapping studies suggest that maximum RSE enrichment 
tends to occur in the lower and middle parts of the formation, while the uppermost zones 
of the black shales are comparatively depleted in trace elements. Pukkonen (1989) 
distinguished three geochemical zones western, middle, and eastern in the Türisalu 
Formation. The eastern zone is marked by the highest Mo, U, and V concentrations within 
a thin black shale interval interbedded with organic-poor siliciclastic layers. 
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2 Geology of the study area 
The studies focused on the inner-shelf of the palaeobasin, specifically in northeastern 
Estonia, where two drill cores Aseri PH012B (59.426053°N, 26.755267°E) and Toolse 
PH016B (59.460274°N, 26.445899°E) were targeted by multianalytical investigations. 
The Türisalu Formation in these cores represents thin but highly metalliferous black 
shales, forming the youngest and shallowest part of the Tremadocian black shale 
complexes in the palaeobasin (Heinsalu et al., 2003).  

Stratigraphically, the Türisalu Formation overlies the Kallavere Formation a Furongian 
unit of phosphate-rich siltstones and sandstones with black shale interbeds and is capped 
by the organic-poor grey mudstones of the Varangu Formation. Investigations also 
included materials from these lithologies near the contact with the Türisalu Formation. 

In the Aseri and Toolse cores, the Türisalu Formation can be subdivided into three units 
Units I, II, and III based on lithological and geochemical trends that reflect facies shifts 
during a transgressive highstand sequence. Unit I consists of finely laminated black 
shales. Unit II is marked by cyclic interbeds of pyritized biosilica within the black shales, 
indicating episodic benthic oxygenation, and by glendonite-like carbonate concretions. 
Unit III, the uppermost part of the formation, grades into thinly laminated, lighter-coloured 
shales with erosional surfaces, likely marking the onset of regression and reduced organic 
preservation (Hints, et al., 2014b). The overlying grey mudstones of the Varangu Formation, 
deposited above the hiatal surface that defines the upper boundary of the Kallavere 
Formation, record continued fine-clastic sedimentation on the inner shelf. Their low 
organic content suggests improved ventilation of the lower water column during the later 
Tremadocian. Beneath the Türisalu Formation, the Kallavere Formation displays rhythmic 
alternations of fine-grained quartzose siltstone with phosphatic brachiopod detritus and 
thin black shale interbeds. The black shale laminae commonly contain irregular, intensely 
pyritized silty layers, reflecting a dynamic regime of terrigenous input in a shallow-marine 
setting. Overall, the formation records a coastal to subtidal environment associated with 
gradual deepening during transgression.  
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Figure 1 (A) Position of the main palaeocontinents and Baltica during the Early Ordovician, after Cocks 
and Torsvik (2002). Extensively overflooded Baltica encompassed two land areas: the Fennoscandian 
Shield and the Ukrainian Shield. (B) Distribution area of Middle Cambrian to Lower Ordovician black 
shales and other siliciclastic facies of the Baltic Palaeobasin, after Schovsbo et al. (2018) and Popov 
et al. (2019). Note that black shales are preserved only in limited areas within the supposed original 
distribution limits of the organic-rich facies. (C) Location scheme of the Türisalu Formation; isopach 
lines show formation thickness after Pukkonen (1989). (D) Lithostratigraphy and biostratigraphy of 
Furongian and Tremadocian deposits on the Baltic Klint section. The blue dot marks the location of 
cores Aseri PH012B and Toolse PH016B. (E) The drillcore section of Aseri PH012B and Toolse 
PH016B. Stratigraphically, the oldest siltstone-fine-grained sandstone beds with phosphatic detritus 
belong to the Kallavere Formation. The upper part of the formation shows interfingeringof siltstone 
and black shale laminae. The overlying Türisalu Formation contains black shales exhibiting distinct 
lithological changes (see text for further details). Grey silty claystones of the Varangu Formation 
cap the Türisalu Formation. 
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3 Materials and methods 

3.1 Sampling strategy 
To capture fine-scale variability in lithology, geochemistry, and isotopic composition within 
the Tremadocian successions, high-resolution sampling was conducted. Continuous 
sampling at 1 cm intervals was carried out on the Aseri PH012B (21.36–23.22 m depth) 
and Toolse PH016B (22.87–24.66 m depth) drill cores, targeting the Kallavere Formation 
(uppermost Orasoja Member), Türisalu Formation (Units I-III), and Varangu Formation. 
In total, 187 samples were collected from Aseri PH012B and 186 from Toolse 
PH016B, yielding 373 samples altogether. The 1 cm resolution was selected to resolve 
high-frequency palaeoenvironmental signals and ensure a detailed record of 
lithostratigraphic boundaries, redox shifts, and metal enrichment patterns. 

3.2 Elemental analysis of whole-rock samples 
For elemental analysis by X-ray fluorescence (XRF), all whole-rock samples (~20 g) were 
crushed and homogenized in an agate mortar using a tungsten carbide mill. For major 
element analysis, fused disks were prepared with a Claisse M4 Gas Fusion instrument. 
A 0.66 g portion of the crushed sample was fused in a platinum crucible using a flux of 
lithium metaborate:lithium tetraborate:lithium bromide. For trace element analysis, 
~8 g of powder was pressed into a pellet using 5% Mowiol solution (one drop per gram 
of sample). Pressed pellets and fused disks were analysed using a Bruker S4 spectrometer, 
with internal calibration based on six local in-house black shale reference samples 
(Pajusaar et al., 2021) and quality control using the GeoPT48/MzBP sample from the IAG 
proficiency testing series. Loss-on-ignition measurements were conducted on all samples 
as follows: 1 g of material was placed in a crucible and heated in a Nabertherm furnace 
at 550 °C and 950 °C for 4 hours. Samples were then cooled to room temperature in 
desiccators and weighed. 

Total organic carbon and total nitrogen were determined by combustion in a FLASH 
2000 organic elemental analyser. Depending on loss-on-ignition values, 4–15 mg of dried, 
powdered sediment (typically about 8 mg) was weighed into a silver container. 
The material was pre-treated with 10% HCl to remove inorganic carbon, dried on a 
hotplate at 80 °C for 5 hours, cooled, and wrapped to form granules. Prior to analysis, 
the silver capsules were packed into tin containers to facilitate combustion. Cystine 
(Thermo Fisher Scientific) served as the standard, and high-organic carbon-rich sediment 
(IVA Analysentechnik e.K.) was used as the reference material. 

3.3 Mo, U, N and C isotope analysis 

The Mo and U isotopic analyses were conducted on selected whole-rock samples from 
the same sample set. Sixteen samples from the Türisalu Formation were selected at 
intervals of 5 cm, except for five samples in Units II and III, which were picked at 10 cm 
intervals. Additionally, selected black shale interbeds from the Kallavere Formation (n = 2) 
and grey mudstones from the Varangu Formation (n = 2) were included, totalling twenty 
samples. Approximately 1 g of powdered material was used for isotopic analyses. 

Samples for both Mo and U isotopic analyses were prepared using digestion with aqua 
regia (AR; a 3:1 mixture of concentrated HCl [30%] and HNO3 at [65%]) combined with 
hydrofluoric acid (48%) to ensure complete digestion of refractory phases. Digestion was 
carried out at approximately 120 °C for 4 hours in Teflon beakers. After complete dissolution 
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was visually confirmed, the digests were evaporated to dryness. For U isotopic analysis 
specifically, the residue was refluxed overnight with 4 mL of aqua regia to remove excess 
fluoride, then evaporated again to dryness and re-dissolved in 6 M HNO3. Subsequently, 
uranium was separated using pre-packed 2 mL TEVA resin columns. The purified U fraction 
was then evaporated to dryness and finally re-dissolved in 0.8 M HNO3. For Mo isotope 
analyses, samples were digested exclusively with aqua regia under identical conditions 
due to the absence of Mo in the silicate fraction.  

Mo and U isotopic compositions were determined using multi-collector inductively 
coupled plasma mass spectrometry (MC-ICP-MS) at ALS Scandinavia Laboratories (Luleå, 
Sweden), employing a Neptune PLUS (Thermo Fisher Scientific) instrument equipped 
with an OnToolBooster Jet interface pump (Pfeiffer). An external calibration method was 
utilized, using bracketed isotope standard reference materials to correct for instrumental 
mass bias. Analyses were carried out following ion-exchange separation using Chelex-100 
resin for Mo and TEVA resin for U, both of which achieved analyte recoveries greater than 
95%. 

For U isotope measurements, sample introduction was via an Aridus II desolvating 
nebulizer, Jet sample cone, X-skimmer cone, and self-aspirated MicroMist nebulizer, 
achieving a sample uptake of ~70 µL min−1 and providing a δ238U intensity of 
approximately 40 V per 80 µg L−1 (Pontér et al., 2021). All U isotope data are reported as 
per mille (‰) variation relative to the interpolated composition of the CRM-112a uranium 
isotope standard (National Institute of Standards and Technology, USA), analysed 
immediately before and after each sample. Analytical uncertainty was determined by 
calculating the standard deviation (SD) from two independent consecutive measurements, 
typically achieving reproducibility better than ±0.1 ‰ (Pontér et al., 2021). The isotopic 
composition (δ238U) is expressed using δ notation according to Eq. (1): 

δ238U (‰)  =  �
−
238
235Usample 

−
238
235UCRM−112a

− 1�  x 1000 (1) 

Mo isotope measurements followed the protocol described by Malinovsky et al. (2005). 
Mo isotopic compositions (δ98Mo) were measured against an in-house standard, 
then corrected and reported relative to the NIST SRM 3134 standard according to Eq. (2) 
(Malinovsky et al., 2005). Analytical reproducibility, assessed through replicate analyses 
of standards and secondary reference materials, demonstrated long-term precision (2σ) 
of ±0.08 ‰ or better for δ98Mo. Tabulated δ-values for Mo and U certified reference 
materials were taken from the GeoReM database (Jochum et al., 2005). 

δ98Mo (‰)  =  �
−
98
95Mosample 

−
98
95MoNIST SRM 3134

− 1�  x 1000 +  0.25 (2)

Selected whole-rock samples (n = 26) were also analysed for δ13Corg and δ15N. For 
carbon isotopes, approximately 1 g of powdered sample was treated with 10% HCl to 
remove inorganic carbon, rinsed, and dried. Carbon isotopic ratios were measured using 
a FlashEA 1112 elemental analyser coupled to a Delta V Advantage isotope ratio mass 
spectrometer, and results are reported as deviations relative to Vienna Peedee belemnite 
ratio (Eq. (3)). Precision and calibration were ensured using standards from the IAEA and 
IVA Analysentechnik.  
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δ13C =  �
−13C −13C𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�
−13C −13C𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠⁄ − 1�  x 1000 (3) 

For nitrogen isotopes, 7–20 mg of sample powder was weighed into Sn capsules. 
Nitrogen isotopic ratios were measured on the same instrumentation (FlashEA 1112 
coupled via a ConFlo IV to a Delta V Advantage). δ15N values are expressed as the 
relative deviations of the measured 15N/14N ratio and with respect to atmospheric N2 
(Eq. (4)). Calibration and precision were monitored using IAEA-N-1 (+0.43 ‰), IAEA-N-2 
(+20.41 ‰) and IVA Analysentechnik Urea Isotopic Working Standard (–0.32 ‰). 

δ15N =  �
−15N −14N𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�
−15N −14N𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠⁄ − 1�  x 1000 (4) 

3.4 Data analysis 
The obtained geochemical dataset was analysed using conventional and multivariate 
descriptive statistics in OriginPro software. Prior to principal component analysis (PCA), 
the centred log-ratio transformation was applied to the data to overcome spurious 
correlations within closed compositional data (Aitchison, 1982). Because the original 
sample set also contained coarse-grained siliciclastic, carbonate-rich, and mixed 
lithologies, Al2O3 > 9 wt% and CaO > 3 wt% were used as threshold values to sort pure 
carbonate-poor black shale samples. Enrichment factors (XEF) for trace elements (X) were 
calculated according to the procedure of Tribovillard et al. (2006). The element 
concentrations were first normalized to the Al content of the sample and divided by the 
appropriate trace element-to-Al ratio in the Post-Archean Australian Shale (PAAS) 
standard (Taylor, 1985) (Eq. 5): 

𝑋𝑋𝐸𝐸𝐸𝐸 = �
X
Al
� sample �

X
Al
�PAAS� (5) 

To define the contribution of δ98Mo and δ238U from lithogenic and authigenic sources 
to the measured total isotopic signatures, the authigenic proportion of isotopic 
compositions was estimated using the following equations for the whole-rock (bulk), 
authigenic (auth), and detrital (det) fractions (Eqs. 6 and 7): 

δ98Moauth =  δ
98
95Mobulk − �

Al
Mo�bulk

×  �
δ
98
95Modet −  δ

98
95Mobulk

� Al
Mo�det

−  � Al
Mo�bulk

�  (6) 

δ238Uauth =  δ238Ubulk − �
Al
U�bulk

×  �
δ238Udet −  δ238Ubulk

�Al
U�det

−  �Al
U�bulk

�  (7) 

We assumed that the detrital fraction had the same Mo (1.1 ppm), U (2.7 ppm), and 
Al (8.15 wt%) contents as well as the same δ98Mo (+0.3 ‰) and δ238U (−0.3 ‰) isotopic 
ratios as the average upper continental crust (Noordmann et al., 2016; Rudnick & Gao, 
2003; Tissot & Dauphas, 2015; Voegelin et al., 2014). 
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4 Results 
4.1 High-resolution geochemical record from Aseri and Toolse 
The black shales of the Türisalu Formation from Aseri PH012B and Toolse PH016B drill 
cores, together with samples from the underlying siltstone-black shale complexes of the 
Kallavere Formation (studied in Aseri PH012B) and overlying grey mudstones of the 
Varangu Formation, provide a detailed record of V, U and Mo enrichment trends in 
Tremadocian strata in the innermost shelf settings of the Baltic Palaeobasin along with 
other major geochemical variables (Figure 2 and 3). The obtained data reveal major 
geochemical shifts at the boundaries of lithostratigraphic units, as well as pronounced 
centimetre-scale variability within individual units.  

Figure 2 Stratigraphic distribution trends of selected major and trace elements in the Aseri PH012B 
drill core. TOC and total organic carbon to total nitrogen (TOC/TN) ratios are also shown. 

Türisalu Formation and the uppermost Kallavere Formation in Aseri PH012B core reveal 
elevated concentrations of Al₂O₃ (up to 15 wt%), TOC (4-14.5 wt%), and S (4–14 wt%). 
Maximum RSE enrichment includes up to 2003 ppm V in the Kallavere Formation, up to 
2342 ppm in Unit I and up to 1784 ppm in Unit II; U reaches up to 500 ppm in Unit II, and 
Mo up to 2500 ppm in Unit I. These intervals also exhibit high TOC/TN ratios (40–50 in 
Units I, II, and the Kallavere Formation), emphasizing high organic matter preservation 
but with a strong degradation imprint. Conversely, the overlying Unit III of the Türisalu 
Formations and Varangu Formation show distinct declines in concentrations of V, U, and 
Mo, coupled with a drop in TOC/TN, S and TOC values in the Varangu Formation.  
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Figure 3 Stratigraphic distribution of major and trace elements in the Toolse PH016B drill core. TOC 
and TOC/TN ratios are also shown. 

The black shales of the Türisalu Formation from the Toolse PH016B drill core (Figure 3) 
show similar geochemical trends. Units I and II exhibit elevated concentrations of Al₂O₃ 
(up to 18 wt%), TOC (up to 15 wt%), and S (up to 30 wt%). Elevated RSE including V up to 
2300 ppm, U up to 340 ppm, and Mo up to 4500 ppm, were recorded in these units, 
while distinctive drop of RSE enrichment levels appeared in Unit III. The Varangu 
Formation marks a pronounced shift to more oxic conditions, as reflected by a sharp 
decline in TOC (~0 wt%), S (< 3 wt%), and redox-sensitive element contents (V < 150 ppm, 
Mo ~200 ppm, U < 50 ppm). 

4.2 Vanadium covariance with major and trace elements 
The covariance of V with other measured parameters was examined using conventional 
and multivariate statistics to clarify underlying genetic relationships in metal-rich units of 
the Türisalu Formation (Paper I). 

Scatter plots illustrating the bivariate relationships of V and Cr with Al₂O₃ and TOC in 
the Aseri PH012B and Toolse PH016B cores are shown in Figures 4 and 5. Samples from 
both sites display generally positive correlations among V, Cr, Al₂O₃ and TOC across Units 
I to III, the Varangu Formation, and the Kallavere Formation. The strength of these 
relationships varies by unit: V-Al₂O₃ correlations yield R² values ranging from 0.26 (n = 12) 
to 0.85 (n = 72) in Aseri and 0.58 (n = 27) to 0.91 (n = 73) in Toolse, whereas Cr–Al₂O₃ 
correlations range from 0.71 (n = 24) to 0.94 (n = 12) in Aseri and 0.80 (n = 73) to 0.98 
(n = 27) in Toolse. Most correlations exhibit p-values < 0.0001, underscoring the significance 
of the observed relationships and the dominant influence of fine-grained aluminosilicates 
(primarily clay minerals) on V and Cr sequestration. 

Correlations with TOC are more variable. TOC–V relationships yield R² values from 0.01 
(Varangu Formation, n = 17) to 0.92 (Unit I, n = 24) in Aseri and from 0.13 (Varangu 
Formation, n = 44) to 0.84 (Unit I, n = 36) in Toolse. TOC–Cr correlations show similar 
variability, ranging from 0.01 (Varangu Formation, n = 17) to 0.83 (Kallavere Formation, 
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Figure 6 Principal component analysis results for the Toolse PH016B (top) and Aseri PH012B 
(bottom) drill cores. The left panels show sample distributions along the PC1 and PC2 axes, 
explaining 62.58% and 7.67% of variance for Toolse, and 39.97% and 16.04% for Aseri. The right 
panels display loadings of geochemical elements, highlighting clusters corresponding to clay 
minerals, organic matter proxies, coarse-grained silicates, phosphates/carbonates, and sulfide-
related elements, revealing consistent geochemical patterns across both sites (Paper I). 

4.3 Isotopic trends 
The obtained isotope profiles of δ98Mo, δ²³⁸U, δ¹³Corg, and δ¹⁵N across the upper Kallavere, 
Türisalu (Units IL, IT, II, III), and Varangu formations (Figure 7) exhibit distinct stratigraphic 
variations. The δ⁹⁸Mo-δ²³⁸U bivariate plot for the Aseri PH012B core (Figure 8) highlights 
an inverse covariance between Mo and U isotope fractionation-typical for these isotope 
systems along with a remarkably wide range of values. 

 In the upper V-rich black shales of the Kallavere Formation, δ⁹⁸Mo values are notably 
light (down to −1 ‰). In contrast, δ²³⁸U values are distinctly heavy (+0.3 to +0.5 ‰) within 
the same interval. Up-section, in the Mo- and V-enriched Unit I of the Türisalu Formation, 
δ⁹⁸Mo values gradually increase toward less fractionated compositions, reaching 
near-modern seawater values (+1.5 to +2.0 ‰; modern seawater ≈ +2.3 ‰) in the 
uppermost Unit I and the lower part of Unit II. Throughout most of Unit I, δ²³⁸U remains 
strongly fractionated (enriched in ²³⁸U) but then shows a sharp shift toward less 
fractionated values relative to modern seawater (down to −0.28 ‰; seawater ≈ −0.39 ‰) 
in the uppermost subunit IT and basal Unit II, coincident with U hyper-enrichment and a 
relative decline in Mo content. 
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Figure 7 Stratigraphic variations in Mo (δ98Mo), U (δ²³⁸U), organic carbon (δ¹³Corg), and total 
nitrogen (δ¹⁵N) isotope compositions through the upper Kallavere, Türisalu (Units IL, IT, II, III), and 
Varangu formations. 

Figure 8 δ98Mo–δ238U covariation for the Aseri PH012B study core, as well as Mo–U enrichment 
signatures (Mo (ppm) = green; U (ppm) = greenish beige), highlighting distinct evolutionary trends. 
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In the middle and upper part of Unit II more fractionated δ²³⁸U and δ⁹⁸Mo values, 
similar to those reported from different modern and ancient oxygen-deficient settings, 
appear. Finally, samples from Unit III and the overlying Varangu Formation cluster around 
intermediate δ⁹⁸Mo (~0.5 ‰) and δ²³⁸U (~0.2 ‰) fractionation ranges.  

δ¹³Corg in the studied black shale section from Aseri PH012B remained in a narrow 
range (mostly between −29.8 to −29.0 ‰) yet shows some stratigraphic variations. δ¹⁵N 
also exhibits stratigraphic trends, with negative values down to −2.0 ‰ in the lower and 
upper part of the Türisalu Formation, and values around 0 ‰ in the middle part of the 
black shale complex (Figure 9). A shift toward positive δ¹⁵N values (> +1.0 ‰) was 
recorded in the grey shales of the Varangu Formation. 

Figure 9 Scatterplots of C/N ratios versus δ15N and TOC versus TN for samples from the Aseri 
PH012B drill core. Abbreviation: Adj. – Adjusted (Paper II). 
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5 Discussion 
The three studies forming the foundation of this thesis (Paper I, Paper II, Paper III) 
elucidate the geochemical, isotopic, sedimentological, and biological processes 
responsible for RSE enrichment in the shallow inner-shelf of the Baltic Palaeobasin. 
This synthesis integrates their main findings to provide a comprehensive understanding 
of the palaeoenvironmental factors controlling syngenetic metal hyper-enrichment, 
with particular attention to redox zoning, water-column stratification, transgressive 
dynamics and net sedimentation rates, fine-grained clay input, Fe-Mn-P-N-S cycling, 
and anoxic mineralisation processes governing metal uptake.  

5.1 Redox zonation and inventory of RSE metals 
Paper III suggests that basin-wide redox stratification-characterised by an oxygen-depleted 
lower water column maintained through climate-driven density gradients was a key 
factor controlling the sequential enrichment of V, Mo, and U in the Türisalu Formation. 
Papers I and II document a stratigraphic metal accumulation trend in Toolse and Aseri 
sections, with V capture starting under suboxic conditions (Kallavere Formation, Orasoja 
Member), followed by Mo and U sequestration under dominantly euxinic/anoxic conditions 
in the Türisalu Formation. This sequence, which follows transgression over a shallow 
siliciclastic ramp, most likely reflects the expansion of oxygen-deficient subpycnoclinal 
waters, with a shallow pycnocline and a steep redoxcline that facilitated sharp redox 
transitions in the water column and at the sediment water interface (Hints et al., 2021; 
Paper III). Decoupling of Mo and U enrichment above 22.30 m in the Aseri PH012B core, 
where Mo concentrations decline sharply while U increases, together with δ²³⁸U and 
δ⁹⁸Mo both shifting toward seawater-like values, suggests RSE local drawdown and 
depletion in the lower seawater column (Liu & Algeo, 2020). The related interval may 
delineate the boundary between the upper, better-mixed water masses above or near 
the chemocline and the poorly mixed, subpycnoclinal lower waters, representing a critical 
physico-chemical interface within the water-column structure. 

This differential behaviour of Mo and U underscores their distinct redox sensitivities 
and uptake mechanisms: Mo requires strongly euxinic conditions for effective scavenging 
via thiomolybdate species (Helz & Vorlicek, 2019), whereas U can be sequestered through 
diffusion under a broader range of reducing conditions (Paper III). A basin-wide long-term 
drawdown of Mo relative to U as would be expected under a stagnant, persistently 
euxinic stratified lower water column where quantitative scavenging of Mo prevails is 
however not apparent from the geochemical record. In Unit II, the MoEF/UEF ratios (2–8; 
Aseri PH012B core, Figure 10) remain close to modern seawater trends, and most of the 
δ⁹⁸Mo values fall within the range typically attributed to fractionation related to 
ferruginous or intermittently euxinic conditions (Anbar, 2004), despite the enrichment 
level of both Mo and U falling to euxinic range. The presence lenses with fossils of benthic 
sponges in Unit II provides independent evidence for the fluctuating nature of redox 
conditions in these distal inner-shelf settings. Very high-resolution geochemical studies 
of Cambrian Tremadocian black shales from the outer shelf of the Baltic Palaeobasin have 
revealed a cyclic redox pattern interpreted as the result of Milankovitch-cycles climate 
forcing, with systematic interruption of bottom-water euxinia and short-term oxygenation 
events (Dahl et al., 2019; Zhao et al., 2025). The centimetre-scale sampling resolution 
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applied in this study likely averaged out millimetre-scale variations in RSE concentrations, 
which are evident in these recent high-resolution datasets, therefore preventing detection 
of short-term fluctuations in redox state. 

Figure 10 UEF vs. MoEF diagram for Aseri PH012B drill core. The diagonal lines represent multiples 
(0.1, 0.3, 1 and 3) of the Mo/U ratio in present-day seawater; shaded areas and arrows indicate the 
main geochemical trends associated with different oxygen-deficient redox settings (after Algeo and 
Tribovillard, 2009). Data from the Kallavere Formation (green diamonds), Unit IT (black circles), Unit 
IL (open black circles), Unit II (blue circles), Unit III (blue squares) and the Varangu Formation (red 
diamonds) (Paper I). 

At the same time, high TOC and low TN values, resulting in consistently elevated 
TOC/TN ratios significantly higher than the typical marine phytoplankton (Redfield et al., 
1963) in the black shales of the Türisalu Formation and Orasoja Member indicate strongly 
altered organic matter, preferential loss of nitrogen-rich compounds, and a correspondingly 
euxinic environment throughout the accumulation of organic-rich muds (Hints et al., 
2014a, Paper II). The inconsistency between the stratigraphically variable RSE and 
isotopic record and that of TOC/TN highlights the difficulty of disentangling palaeoredox 
conditions of the water column from those of the early diagenetic sediment pore water 
even in cases of high-resolution sampling. Nevertheless, the data presented here most 
likely indicate that, against a background of a persistently euxinic sediment column, 
the redox state of the lower water column fluctuated dynamically during RSE 
accumulation. Depletion of the RSE inventory in the lower water column likely occurred 
locally or episodically, suggesting that the renewal rate of dissolved RSE in bottom-water 
mostly exceeded their removal to the sedimentary sink, consistent with an open or 
semi-restricted character of the inner-shelf environment. 
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5.2 Transgression and sedimentation rates 

The results presented in Paper III indicate that, beyond the influence of redox gradients, 
additional environmental factors such as clastic starvation exceptionally low net 
sedimentation rates, relative sea-level fluctuations, and associated facies shifts played a 
crucial role in driving RSE hyper-enrichment within the Türisalu Formation (Brumsack, 
2006; Rimmer, 2004).  

Deposition of the thin interval of organic-rich muds of the Türisalu Formation above 
the siliciclastic Kallavere Formation marks an upward-deepening trend and a landward 
facies shift in the study area. At the same time, peak RSE enrichment including U 
concentrations up to 510 ppm in Unit II (Paper I and III), interpreted in the thesis as the 
distal inner-shelf transgressive highstand part of the Türisalu Formation significantly 
exceeds values recorded from deeper basinal Tremadocian settings. The observed 
coincidence of lithological boundaries, shifts in hyper-enriched RSE associations, and 
variations in isotopic composition points to a strong covariance with physico-chemical 
sediment accumulation dynamics and facies-controlled RSE enrichment in the inner-shelf 
settings of the epicontinental basin.  

Peak U hyper-enrichment in Unit II of the Aseri PH012B core occurs together with 
δ²³⁸U values fluctuating between 0.33 and 0.28 ‰. This pattern is consistent with 
diffusion of aqueous U(VI) species across the sediment-water interface and their 
subsequent reduction to U(IV) within sediment porewaters, the main pathway for 
uranium sequestration. Such uptake is limited by diffusion rates in fine-grained sediment 
and by slow U-reduction kinetics as was stated earlier, suggesting a direct link between 
sedimentation rate and authigenic U enrichment (Klinkhammer & Palmer, 1991).  

Using a chronostratigraphically constrained U-distribution record from Tremadocian 
Alum Shale of the outer shelf (Dahl et al., 2019; Schovsbo, 2002) as an analogue, 
Paper III estimated that average net sediment accumulation rates in Unit II at Aseri were 
likely less than 1 mm kyr–1, remaining below 1-4 mm kyr–1 range suggested for U-rich 
Cambrian Alum Shale (Zhao et al., 2025). This finding supports the highly condensed 
nature of the targeted U-enriched interval and aligns with the regional geological 
characteristics of northeastern Estonia and the Eastern Baltic. Although negligible input 
of terrestrial weathering products apparently characterized much of the basin (Sturesson 
et al., 2005) the presence of a pronounced sedimentary hiatus during the middle 
Tremadocian across the eastern Baltic region (Meidla et al., 2023) suggests that clastic 
starvation reached an extreme in these parts of Baltica, driven by high sea level, reduced 
terrestrial runoff, and trapping of siliciclastics in coastal areas (Cattaneo & Steel, 2003). 
The interplay of transgression and sedimentation dynamics modulated by both water 
depth and shoreline proximity established the sedimentological framework that governed 
RSE enrichment. 

The ultraslow net sedimentation rates inferred for Unit II from U hyper-enrichment 
may not apply to the basal or upper parts of the Türisalu Formation, nor to the Kallavere 
Formation, where lower U concentrations and heavier δ²³⁸U values (Unit I) indicate 
distinct mechanisms for U uptake. Nevertheless, as emphasized in Paper III, the strongly 
sulfidic character and diverse pyrite varieties in the studied black shales including black 
shale interbeds within the Kallavere Formation support formation under slow burial rates 
and prolonged seawater contact.  
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5.3 Fine clay dynamics and Fe-Mn redox cycling 

Redox stratification in the water column and extreme clastic starvation alone fail to 
explain the complexity of the observed hyper-enrichment patterns. Findings from 
Papers I and III suggest that scavenging of RSE by the fine clay fraction and Fe-Mn 
(oxyhydr)oxides played a pivotal role in the sequestration of V and Mo, linking the flux of 
primary sediment particles to the sea bottom with the accumulation of metals in the 
primary muds. 

Paper I proposes that fine clay particles with a high specific surface area (SSA) scavenged 
V-dissolved organic matter (DOM) complexes from suboxic seawater. This interpretation
is supported by strong or very strong positive correlations between V, Cr, Al, and Ti,
a marked increase in V content with that of Al₂O₃ (from 1200 to 2300 ppm as Al₂O₃ rises
from 10.5 to 12 wt%), and clustering of V with clay-related elements in the PCA results
(Figure 6). The uptake pathway likely began with the reduction of dissolved V(V) to
V(IV) in the suboxic water column, mediated by abundant DOM. The reduced, more
particle-reactive V(IV) species complexed with organic ligands and were subsequently
adsorbed onto fine clay particles, which acted as a ‘shuttle’ transferring V from the water
column to the sediments. The V hyper-enrichment appears in the most clay-rich black
shale horizons (with Al content used as a proxy for clay abundance) within the Kallavere
Formation and Unit I of the Türisalu Formation. However, because these intervals are also 
strongly sulfidic, further reduction of scavenged V(IV) to V(III) by dissolved H₂S or Fe(II)
near the sediment–water interface or in the lower water column is consistent with the
overall geochemical context (Bian et al., 2022; Breit & Wanty, 1991; Gustafsson, 2019).

Paper III identifies Fe-Mn redox cycling as a key mechanism driving Mo hyper-enrichment 
(Dellwig et al., 2010; Goldberg et al., 2012), particularly during the early stages of 
transgression. This conclusion is based on a rather light δ⁹⁸Mo signal characteristic for Mo 
fractioning during surface complexation with Mn oxides in oxic water in the lowermost 
Mo hyper-enriched part of the Türisalu Formation and agrees with the decoupling of MoEF 
and UEF (Figure 10) enrichment trends in these intervals. The enhanced formation of 
Fe-Mn (oxyhydr)oxides near the chemocline in the water column, could have been 
facilitated by diapycnal mixing or local wind-forcing (Paper III). The Fe-Mn (oxyhydr)oxide 
particles or coatings scavenged dissolved molybdate species and transported them 
toward the sea bottom. The progressive upward shift toward heavier δ⁹⁸Mo signatures, 
reflecting reduced isotopic fractionation in the Mo-hyper-enriched Unit I, is consistent 
with the subsequent release of scavenged Mo into H₂S-rich seawater or pore waters and 
its effective conversion to thiomolybdates under a progressively deepening water column 
(Archer & Vance, 2008), ensuring long-term Mo retention through binding to sulfides or 
sulfurized organic matter (Paper III).  

5.4 Primary production and OM degradation–preservation 

Besides presence of surface-reactivity mineral matter, abundance of labile and dissolved 
organic matter in sedimentary systems apparently modulated the previously described 
scavenging mechanisms through set of local feedback loops related to primary 
production and degradation of OM in the inner-shelf of the palaeobasin (Paper II). 
The roles of organic matter in syngenetic metal sequestration in black shales evidenced 
by the typical positive covariance between RSE and OM reported in empirical studies 
(Tribovillard et al., 2006) remain poorly constrained at the mechanistic level, largely 
because integrated mechanistic models of complex OM degradation systems have only 
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cycling-dominated capture to more quantitative Mo scavenging in the Orasoja Member 
and Unit I may indicate the expansion of highly sulfidic zone from sediment column into 
the lower water column, driven by local degradation of OM, as water depth increased 
(Shang, 2023; Zhang et al., 2014).  

At the same time, the stable and low-amplitude δ¹³Corg record (-29.8 to -29.0 ‰; n = 35) 
from the Türisalu and Kallavere formations is consistent with the absence of major global 
carbon-cycle perturbations during the Tremadocian and aligns with values reported from 
deeper basinal settings (Harris et al., 2001; Tyson, 2001; Van Breugel et al., 2005). 
The limited variability in the carbon isotope record, contrasted with the pronounced 
heterogeneity in RSE enrichment, suggests that metal accumulation was governed 
primarily by local to regional controls. 

5.5 Palaeoenvironmental model for Mo, U and V sequestration 

The geochemical data from the three case studies, together with earlier work on Baltica, 
provide the basis for a site-specific palaeoenvironmental framework explaining RSE 
hyper-enrichment in organic-rich muds deposited on the inner shelf of the Baltic 
Palaeobasin during the Tremadocian. 

The first-order preconditions for the accumulation of metalliferous, organic-rich 
complexes were likely governed by global to regional factors. The geochemical record 
indicates open to semi-restricted marine conditions against the backdrop of globally high 
sea level and a low-relief Baltica landscape during deposition of the primary muds. 
The composition of seawater the source of the enriched metals appears to have remained 
largely unmodified, with dissolved U/Mo ratios and isotopic signatures comparable to 
those of modern oceans. Basin-wide redox stratification was probably maintained by 
shallow thermohaline layering within a flat-bottomed basin, driven by elevated global 
temperatures and possibly enhanced mid-latitude precipitation during the Tremadocian. 
Periodic disruptions of this stratification, including brief bottom-water oxygenation 
events, were likely cosmogenically induced, as suggested by outer-shelf geochemical 
variance records. Nutrient supply particularly phosphorus was sustained by upwelling 
from the Iapetus margin, with dissolved P becoming trapped below the pycnocline 
without a permanent sedimentary sink in anoxic sediments. These conditions established 
the framework for sequential, basin-wide enrichment of V, U, and Mo governed by redox 
zonation. 

At the site-specific scale, facies-dependent factors such as sea level rise, diminished 
clastic input to the distal inner-shelf areas, and ultra-slow sedimentation rates under 
highstand conditions prolonged interaction between seawater and surface sediments 
promoting diffusive U uptake from subpycnoclinal waters (Paper III). In coastward 
organic-rich facies, V and Mo hyper-enrichment proceeded via two-step pathways: 
(1) scavenging of dissolved metals by surface-reactive particulate matter under oxic-suboxic
conditions, followed by (2) reductive transition into low-solubility compounds and
sequestration in euxinic muds. Fine-grained clays acted as transport agents for V-organic
complexes from suboxic waters to the sea bottom, while Fe-Mn redox cycling between
the oxic water column and euxinic muds enhanced Mo capture (Paper I, III). These
processes were supported by abundant marine OM derived from a nitrogen-limited,
high-productivity ecosystem (Paper II) and short OM transit times that allowed abundant
degradable fractions to reach the seafloor. Nutrient inputs (P and Fe) from deeper basinal
and terrigenous sources, combined with local C-P recycling loops, likely maintained sharp
but spatially variable oxic to euxinic redox transition in shallow inner-shelf settings despite
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6 Prospects for future research 
Although the thesis offers new insights into key aspects of metal enrichment in 
inner-shelf black shales of Baltica further work is needed to clarify the organic-mineral 
carriers of RSE and to develop a more coherent view of how syngenetic RSE uptake varied 
across the epicontinental basin. 

New, preliminary data from oxidised grain-size fraction (most OM removed using H₂O₂) 
from the Türisalu Formation (Table 1), confirm that V in the black shale remains strongly 
associated with clay minerals, with peak concentrations reaching up to 4832 ppm in the 
< 0.2 µm fraction (Figure. 11A). The inverse relationship between V concentration and 
grain size, together with the strong V-Al correlation (Figure. 11B), underscores the 
dominant role of clay phases for V uptake, and may indicate later diagenetic substitution 
of V(III) into clay mineral lattices (Peacor et al., 2000). The clay mineral assemblage in the 
finest fractions (< 0.2 µm) of the black shale comprises illite-smectite (Ill/Sm), illite, and 
chlorite, with Ill/Sm representing the most likely primary host of V (Figure. 11 C), owing 
to its high SSA (600–800 m² g–1 for smectite components) and high cation exchange 
capacity. The variability of V concentrations among oxidised grain-size fractions with 
comparable Al levels suggests that SSA controlled by grain size and the proportion of 
Ill/Sm versus illite (SSA 70−100 m² g–1) was a key variable governing V uptake and retention. 
Particle-size distribution data from laser diffraction analysis confirm the dominance of 
ultrafine particles (~0.1 µm) in the < 0.2 µm fraction, emphasizing their high surface area 
and reactivity. These preliminary results are consistent with the syngenetic adsorption of 
V(IV)-DOM complexes onto clay surfaces, driven by the electrochemical properties of 
Ill/Sm, representing a key step in the initial enrichment process. This might have been 
followed by reduction of V(IV) to V(III) and its subsequent incorporation into Ill/Sm during 
low-temperature diagenesis, associated with the progressive illitization of primary smectite 
(Lindgreen et al., 2000). 

Table 1 Chemical composition of sample from the Türisalu Formation, Pakri peninsula, before and 
after oxidation of OM with H₂O₂. 

Major elements 
(wt%) 

Trace 
elements 

(ppm) 
SiO2  TiO2  Al2O3 Fe2O3  MnO MgO  Na2O K2O  P2O5 S V Zn  

Original 
sample 

46.73 0.69 12.12 6.76 0.02 1.08 0.13 7.08 0.15 2.54 981 36 

Solid 
residue 

60.46 0.93 16.19 1.25 0.01 1.24 0.04 9.82 0.05 0.05 1106 46 

Residual 
solution  

0.01 0.00 0.05 11.17 0.01 0.04 0.00 0.00 0.28 20.16 323 23 
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Abstract 
Trace-Metal Hyper-Enrichment in Tremadocian Black Shales of 
the Baltic Palaeobasin: Mechanisms and Palaeoenvironmental 
Implications 
Metalliferous black shales, syngenetically enriched in redox-sensitive elements, are 
increasingly sought after worldwide as unconventional metal resources. This thesis 
examines the extreme enrichment of Mo, U, and V in thin, shallow-water, 
thermally immature Tremadocian black shales of the Türisalu Formation in the Baltic 
Palaeobasin, with emphasis on the mechanisms driving hyper-enrichment, the governing 
palaeoenvironmental conditions, and implications for resource exploration.  

Using high-resolution sampling and integrated geochemical and stable-isotope 
analyses (δ⁹⁸Mo, δ²³⁸U, δ¹⁵N, δ¹³Corg) from selected drill cores (Aseri PH012B and Toolse 
PH016B), the study identifies the key sedimentary and redox controls responsible for 
metal accumulation. The three papers document exceptionally high but non-overlapping 
enrichments of Mo (up to 2700 ppm), U (up to 510 ppm), and V (up to 2300 ppm) across 
distinct lithological geochemical units. δ⁹⁸Mo and δ²³⁸U values show wide fractionation 
ranges (–0.89 to 2.03 ‰ and –0.28 to 0.52 ‰, respectively) and clear stratigraphic trends. 
Total organic carbon (TOC) ranges from 4 to 15 wt%, and average sulfur remains around 
5–6 wt%, underscoring the strongly organic-rich and sulfidic character of the deposit. 
δ¹⁵N values are largely unfractionated (–2.5 to 0.2 ‰), while total nitrogen (TN) stays 
< 0.5 wt% and TOC/TN ratios remain distinctly high (21–44), consistent with substantial 
N loss during degradation of organic matter. 

These findings indicate that differential hyper-enrichment was driven by 
transgression-related shifts in redox conditions, shaped by redox-stratified shallow water 
column in the paleobasin and local sedimentary controls. On the distal inner shelf, 
an extreme reduction in clastic input allowed U to accumulate through diffusion under 
ultra-slow sedimentation rates (0.6–1 mm kyr–1) during highstand conditions. On the 
innermost shelf, V hyper-enrichment was promoted by clay-mediated transport to the 
seafloor under suboxic conditions. Mo hyper-enrichment reflects combined uptake 
pathways: scavenging and release during Fe-Mn redox cycling, followed by reduction 
under locally developed euxinia. 

TOC, TN, and δ¹⁵N values, together with P and Fe enrichment in underlying phosphatic 
sandstones, indicate high primary productivity dominated by N₂-fixing cyanobacteria and 
intense anoxic degradation of organic matter. Shallow water depth likely ensured rapid 
delivery of labile organic matter to the seabed, promoting localized euxinia and 
enhancing Mo sequestration. 

Preliminary analyses of fine-grained, oxidized clay fractions show peak V 
concentrations in illite-smectite-rich < 0.2 µm material, highlighting the importance of 
mixed-layer clays for long-term V retention. Future work using advanced analytical 
methods should target fine-fraction clay-metal associations, basin-scale isotope 
mapping, and organic-matter-metal interactions. 
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Lühikokkuvõte 
Jälgmetallide hüperrikastumine Balti Paleobassini Tremadoci-
ealistes mustades kiltades: mehhanismid ja tekkekeskkond 
Metallirikkad mustad kildad, mis on süngeneetiliselt rikastunud redokstundlike 
elementidega, on maailmas üha enam tähelepanu pälvimas kui ebatraditsioonilised 
metalliressursid. Käesolev doktoritöö uurib Mo, U ja V äärmuslikku rikastumist 
madalveelistes ja madala küpsusastmega Tremadoci-ealistes Türisalu kihistu mustades 
kildades, keskendudes metallide hüperrikastumise mehhanismidele ning neid 
kontrollinud keskkonnatingimustele Balti Paleobasseini sisešelfil. 

Läbilõigete detailproovimise ning integreeritud geokeemiliste ja stabiilsete isotoopide 
analüüsidega (δ⁹⁸Mo, δ²³⁸U, δ¹⁵N, δ¹³Corg) valitud puuraukudest (Aseri PH012B ja Toolse 
PH016B) tuvastab doktoritöö sette- ja redokskeskkonna võtmetrendid, mis kontrollisid 
metallide akumulatsiooni. Kolmes teeside aluseks olevas artiklis on dokumenteeritud 
lokaalselt erakordselt kõrgeid, kuid omavahel mittekattuvaid Mo (kuni 2700 ppm), U (kuni 
510 ppm) ja V sisaldusi (kuni 2300 ppm) Türisalu kihistu kogukivimi proovides. Orgaanilise 
süsiniku sisaldus (TOC) uuritud mustades kiltades jääb vahemikku 4–15 % ja keskmine 
väävlisisaldus 5–6 %, rõhutades setendite orgaanikarikast ja sulfiidset iseloomu. 
Isotoopuuringud toovad esile ebatüüpiliselt laia δ⁹⁸Mo ja δ²³⁸U fraktsioneerumisvahemiku 
(vastavalt –0,89 kuni 2,03 ‰ ja –0,28 kuni 0,52 ‰) ning selged stratigraafilised 
trendid. δ¹⁵N väärtused viitavad minimaalsele fraktsioneerumisele (–2,5 kuni 0,2 ‰), 
lämmastikusisaldus (TN) püsib < 0,5 % ning kõrged TOC/TN suhted (21–44) osutavad 
ulatuslikule lämmastiku kaole orgaanilise aine lagunemise käigus. 

Tulemused näitavad, et hüperrikastumine oli seotud meretaseme tõusuga kaasnenud 
keskkonnatingimuste muutustega, mida kujundas ühelt poolt paleobasseini kihistunud 
veesammas ja teiselt poolt lokaalsed settekeskkonna tegurid. Sisešelfi kaugemas osas 
võimaldas purdmaterjali äärmiselt väike sissekanne uraani akumulatsiooni 
difusiooni–reduktsiooni protsessides üliaeglastes setteakumulatsiooni tingimustes 
(0,6–1 mm tuhande aasta kohta). Madalmaveelisemas, rannikule lähemal asuvas tsoonis 
soodustas vanaadiumi hüperrikastumist V(IV)–orgaanika komplekside adsorptsioon 
savimineraalidele suboksilistes tingimustes ning nende edasine transport saviosakestega 
merepõhja. Molübdeeni hüperrikastumine peegeldab kahte omavahel seotud 
rikastumismehhanismi: Mo(IV) adsorptsiooni ja desorptsiooni Fe–Mn oksühüdroksiididel 
ning sellele järgnenud redutseerumist H₂S-rikkas poorivees või merevees.  

TOC, TN ja δ¹⁵N andmed, mida toetab uuritud settekivimiläbilõigete fosfori- ja 
rauarikkus, viitavad kõrgele bioproduktsioonile, N₂-fikseerivate tsüanobakterite 
kriitilisele rollile biomassi tekkes ning orgaanilise aine ulatuslikule degradeerumisele 
anaeroobsetes tingimustes. Madal veesügavus tagas tõenäoliselt labiilse orgaanilise aine 
kiire transpordi põhjamudadesse, soodustades lokaalset H₂S-rikastumist põhjalähedastes 
kihtides ning luues seeläbi eeldused Mo redutseerumiseks ja püsivaks sidumiseks setetes. 

Esmased katsed Türisalu kihistu musta kilda oksüdeeritud peenfraktsioonidega 
näitavad vanaadiumi maksimaalseid sisaldusi kõige peenemas, illiit-smektiidi-rikkas 
<0,2 µm fraktsioonis, rõhutades segakihiliste savifaaside tähtsust V pikaajalisel sidumisel 
uuritud setendis. Edasistes uuringutes tuleks keskenduda rikastunud metallide, 
savimineraalide ja orgaanilise aine vaheliste seoste ning interaktsioonide täpsemale 
määratlemisele, samuti basseiniülese isotoopandmestiku kaardistamisele 
Varapaleosoikumi kiltades. 
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