10

11

12

13

14

15

16

17

18

19

20

21

22

Geochemistry and mineralogy of Neoproterozoic strata in
northeastern Svalbard: re-evaluating the prevalence of basalt

weathering during the early Neoproterozoic

Alexie E.G. Millikin'*, Timothy M. Gibson'?, Justin V. Strauss?, Kristin D. Bergmann’,
Nicholas J. Tosca*, Ross P. Anderson>S, Galen P. Halverson’, Tianran Zhang?, and Alan D.
Rooney!

!Department of Earth and Planetary Sciences, Yale University, New Haven, Connecticut 06511,
US4

’Department of Earth Sciences, Dartmouth College, Hanover, New Hampshire 03755, USA
3Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, USA

“Department of Earth Sciences, University of Cambridge, Cambridge CB2 3EQ, UK

SAll Souls College, University of Oxford, Oxford OX1 4AL, UK

SMuseum of Natural History, University of Oxford, Oxford OX1 3PW, UK

’Department of Earth and Planetary Sciences/Geotop, McGill University, Montreal, Quebec H3A
0OES, Canada

*Corresponding author email: Alexie.Millikin@Yale.edu

ABSTRACT
Neoproterozoic strata of the Lomfjorden and lower Hinlopenstretet supergroups (early—middle

Tonian Veteranen Group, middle-late Tonian Akademikerbreen Group, and the
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Cryogenian—Ediacaran Polarisbreen Group) in northeastern Svalbard, Norway, represent one of
the most complete and well-preserved terminal Proterozoic sedimentary successions worldwide.
These strata have been used in numerous geochemical compilations to probe Neoproterozoic
paleoenvironments, including patterns of global chemical weathering prior to the Snowball Earth
events. Here, we present a new high-resolution geochemical dataset incorporating 6'3C, §'%0 and
87Sr/%6Sr data from carbonates with mineralogy, major and trace element and eng data from
mudrocks to critically examine previously published datasets and better ally the succession with
global Neoproterozoic records through a refined age model. We find that the geochemistry of
Lomfjorden and lower Hinlopenstretet supergroup mudrocks is greatly affected by carbonate
contamination and that rigorous filtering is imperative for extracting reliable provenance and
weathering information. Previous studies ascribed relatively juvenile detrital Nd isotope signatures
in these units to a mafic detrital source region in support of the hypothesis that basalt weathering
contributed to global cooling during the Tonian prior to the Sturtian Snowball Earth event. In
contrast, we present a new temporally extensive exg record that, when combined with elemental
geochemical data, is best explained by the weathering of a combination of young and old granitic
to granodioritic crustal sources, most likely sourced from the Grenville Province of Laurentia or
Sveconorwegian Province of Scandinavia. Additionally, this new high-resolution mudrock dataset
allows us to assess paleoenvironmental and weathering trends within the Lomfjorden and lower
Hinlopenstretet supergroups, including the factors leading to exceptional fossil preservation in the
ca. 790 Ma Algal Dolomite member of the Svanbergfjellet Formation, and post-Snowball Earth

weathering dynamics.



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

INTRODUCTION

The Tonian Period (ca. 1000720 Ma) was a dynamic interval of Earth history, recording
changes in oceanic redox conditions, numerous biological innovations and paleogeographic
reorganization associated with the formation and breakup of the supercontinent Rodinia (e.g., Li
et al., 2008; Strauss et al., 2014; Cohen and Macdonald, 2015; Cole et al., 2016; Xiao and Tang,
2018). Tonian sedimentary successions also record the climatic descent into the Cryogenian
(720—635 Ma) Snowball Earth events and are key to understanding boundary conditions that
made Earth susceptible to such drastic cooling.

The initial rifting of Rodinia (ca. 825 Ma; Li et al., 2008), was accompanied by the
emplacement of voluminous mafic large igneous provinces (LIPs) at low latitudes, likely leading
to relatively high chemical weathering rates (Ernst et al., 2008; Cox et al., 2016b; Ernst and
Youbi, 2017) given that basaltic material weathers faster than felsic material under the same
climatic conditions (e.g., Dessert et al., 2001; Ibarra et al., 2016). The increased flux of cations
from LIP weathering and attendant aqueous carbonate formation has the potential to drive
cooling. The “Fire and Ice” hypothesis posits that enhanced global silicate weathering lowered
CO: to a level at which the ice-albedo feedback would push Earth into a global glaciation
(Goddéris et al., 2003; Donnadieu et al., 2004). As such, LIP weathering has been implicated in
contributing to the onset of the first Cryogenian Snowball Earth event: the Sturtian glaciation
(Cox et al., 2016b). The most precise dates for glacial initiation, between 717.4 £ 0.1 Ma and
716.9 + 0.2 Ma (Macdonald et al., 2010 and 2018), follow emplacement of the Franklin LIP
(719.86 £0.21 Ma and 718.61 £ 0.30 Ma; Pu et al., 2022; Dufour et al., 2023) by 0.9 to 1.6 Ma,
a viable duration for the drawdown of CO; via silicate weathering (Macdonald and Swanson-

Hysell, 2023). In addition to immediately pre-Sturtian cooling, long-term weathering of several
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large flood basalt provinces emplaced during the Tonian has been suggested to increase Earth’s
susceptibility to Snowball glaciation (e.g., Cox et al., 2016b; Zhou et al., 2020).

Weathering of continental flood basalts should impart a distinct elemental and isotopic
signature on the sedimentary record. Marine Os and Sr isotope data, which reflect globally
integrated weathering fluxes, become less radiogenic from the middle to late Tonian (Cox et al.,
2016b; Zhou et al., 2020; Park et al., 2020; Chen et al., 2022), suggesting an increased flux of
these elements from mafic sources. However, this record could also be interpreted to reflect
juvenile arc weathering (Park et al., 2020). Relatively juvenile (high) Nd isotope values of middle
to late Tonian sedimentary successions have been attributed to large detrital fluxes of mafic LIP
material (Barovich and Foden, 2000; Wang et al., 2011; Cox et al., 2016b); however, only some
of these studies presented accompanying major and trace element data to differentiate between
juvenile mafic and felsic sources, critical to resolving the relative influence of LIP and arc
weathering on climate in the Tonian.

The Lomfjorden and lower Hinlopenstretet supergroups represent one of the most complete
and well-preserved Neoproterozoic successions worldwide (Halverson et al., 2018a, 2018b). This
succession has yielded profound insights into Neoproterozoic paleontology (e.g., Knoll, 1982;
Knoll et al., 1991; Butterfield et al., 1994; Mughal et al., 2025), biogeochemical cycles (Maliva et
al., 2005; Maloof et al., 2006; Halverson et al., 2007a, 2007b; Tosca et al., 2010, 2011; Chakrabarti
etal., 2012; Kunzmann et al., 2015; Lu et al., 2017; Worndle et al., 2019; Roest-Ellis et al., 2023),
and climate (e.g., Fairchild et al., 1989, 2016; Fairchild and Spiro, 1990; Halverson et al., 2004;
Bao et al., 2009; Hoffman et al., 2012). Building upon recent advances in geochronology and basin
subsidence age-depth modelling (Figure 1A; Halverson et al., 2022; Millikin et al., 2022; Zhang

et al.,, 2023), we generate a new composite and age-calibrated stratigraphic section for the
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Lomfjorden and lower Hinlopenstretet supergroups of northeastern Svalbard (over 6 km of
stratigraphic thickness) and couple it with new high-resolution mineralogy, bulk-rock elemental
chemistry, carbonate 8'°C, 3'%0, and ®7Sr/*¢Sr chemostratigraphy, and mudrock detrital Nd isotope
chemostratigraphy. This dataset allows us to explore the extent of LIP weathering in the Tonian
and further probe local Neoproterozoic weathering conditions in northeastern Svalbard, as well as
provide new insight into the influence of weathering on exceptional fossil preservation in the

Svanbergfjellet Formation.

GEOLOGIC BACKGROUND

The Svalbard archipelago, located north of Norway on the Barents Shelf, consists of three
distinct litho-tectonic provinces that were amalgamated during the Silurian—Devonian Caledonian
Orogeny. The Southwestern, Northwestern, and Eastern provinces are separated by north-south-
oriented strike-slip faults (Figure 1B). The Eastern province comprises Ny Friesland, the eastern
part of Spitsbergen, and the island of Nordaustlandet, and is divided into two basement domains:
the West Ny Friesland and Nordaustlandet terranes, which are separated by the Eolussletta Shear
Zone (ESZ, also called the Veteranen Line; Figure 1B). The Nordaustlandet terrane comprises
units on both sides of Hinlopenstretet, in both eastern Ny Friesland and Nordaustlandet, which are
the subject of this study.

Neoproterozoic strata in eastern Ny Friesland comprise the Veteranen and Akademikerbreen
groups, together forming the Lomfjorden Supergroup, and the Polarisbreen and Oslobreen groups,
forming the Hinlopenstretet Supergroup (Figure 1B; Dallmann, 2015). The Lomfjorden and
Hinlopenstretet supergroups are analogous to the Hecla Hoek Succession as used in Halverson et

al. (2018a), Gibson et al. (2021), Millikin et al. (2022), and Zhang et al. (2023), but we refrain
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from using this terminology as it was originally defined to include underlying metasedimentary
and igneous units on Ny Friesland (Dallmann, 2015). Stratigraphic units from eastern Ny Friesland
are well correlated with units found in northeastern Nordaustlandet (Harland and Wilson, 1956;
Sandelin et al., 2001); thus, following recent work by Halverson et al. (2018a) and Gibson et al.
(2021), we adopt the stratigraphic nomenclature of Ny Friesland to refer to units on both sides of
Hinlopenstretet (Figure 1B).

In eastern Ny Friesland, the base of the Veteranen Group and its contact with underlying
basement units is not exposed. In Nordaustlandet, the Galtedalen Group unconformably overlies
both the late Mesoproterozoic metasedimentary Brennevinsfjorden Group and early Tonian
igneous Kapp Hansteen Group, with angular unconformities separating all three units (Gee et al.,
1995; Johansson et al., 2005). The lowermost Galtedalen Group is only preserved and exposed in
sporadic outcrops across northern Nordaustlandet (Sandelin et al., 2001). The remaining strata of
the Veteranen, Akademikerbreen, Polarisbreen and Oslobreen groups crop out continuously across
eastern Ny Friesland and northern Nordaustlandet (Figure 1B).

Underlying units provide a maximum age for the Galtedalen Group. The maximum
depositional age of the Brennevinsfjorden Group is ca. 1050 Ma, based on the youngest detrital
zircon U-Pb age reported in Lorenz et al. (2012) and reported ages from the Kapp Hansteen Group
and other associated igneous and metamorphic rocks are ca. 970940 Ma (Figure 1A; Gee et al.,
1995; Johansson et al., 1999). Volcanic rocks of the Kapp Hansteen Group are interpreted to have
formed in a collisional or arc setting based on their peraluminous compositions, the abundance of
inherited Mesoproterozoic zircon grains, and Nd isotopic signatures (Johansson et al., 1999).

The Veteranen Group comprises ~4.4 km of mixed carbonate and siliciclastic strata (Wilson,

1958) and is subdivided into four conformable formations, the Kortbreen, Kingbreen,
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Glasgowbreen, and Oxfordbreen formations (Figure 1A; Harland et al., 1966). Despite these strata
yielding well-preserved early Neoproterozoic microfossil populations (Knoll, 1982; Knoll and
Swett, 1985), Gibson et al. (2021) was the first investigation to provide a detailed sedimentological
framework, and to date no detailed geochemical or geochronologic work has been done on these
units. The depositional age of the basal Veteranen Group is only constrained by a zircon U-Pb
maximum depositional age of §79.9 + 1.1 Ma from the Bogen Member of the Kingbreen Formation
(Zhang et al., 2023). The Veteranen Group records nearshore marine to potentially terrestrial
sedimentary environments influenced by tide and storm sedimentation (Gibson et al., 2021).
Although no major unconformities are recognized within the Veteranen Group, evidence for
subaerial exposure occurs throughout the succession indicating depositional hiatuses. Calcareous
intervals within the Veteranen Group represent short-lived windows of diminished terrigenous
input (Gibson et al., 2021).

Carbonate content gradually increases in the uppermost Veteranen Group, which transitions
into a thick carbonate platform within the overlying Akademikerbreen Group (Halverson et al.,
2018a). Coupled Bayesian inference and thermal subsidence modelling provides an estimated age
of 840.4 *18.6/723.6 Ma for the Veteranen-Akademikerbreen contact (Zhang et al., 2023). The ~2-
km-thick Akademikerbreen Group is separated into the Grusdievbreen, Svanbergfjellet, Draken,
and Backlundtoppen formations (Figure 1A; Wilson, 1961). Only two minor disconformities are
recognized within the Akademikerbreen Group, the first separates the informal lower and upper
Grusdievbreen members and the second is the contact between the Lower Dolomite and Lower
Limestone members of the Svanbergfjellet Formation (Halverson et al., 2018a). Providing a robust
correlation tie-point and minimum age constraint for the Veteranen Group, the ca. 810 Ma Bitter

Springs carbon isotope excursion (CIE) is recorded in the upper Grusdievbreen and lower
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Svanbergfjellet formations (Halverson et al., 2007b, 2018a, 2018b; Macdonald et al., 2010;
Swanson-Hysell et al., 2015). A Re—Os age of 791.1 = 4.9 Ma from the top of the Lower
Limestone member of the Svanbergfjellet Formation is consistent with this correlation (Zhang et
al., 2023). Bayesian age-depth modelling of the Akademikerbreen Group provides ages of 784
*7.4/710.9 for the Svanbergfjellet-Draken contact and 739.1 ¥9.5/79.7 Ma for the Backlundtoppen
Formation-Polarisbreen Group contact, which are consistent with carbonate carbon isotope
correlated ages (Halverson et al., 2022; Zhang et al., 2023).

The Akademikerbreen-Polarisbreen transition is marked by a silicified solution breccia in Ny
Friesland, suggesting subaerial exposure, but the contact appears transitional in Nordaustlandet
(Halverson et al., 2018a). The Polarisbreen Group comprises the Elbobreen, Wilsonbreen and
Dracoisen formations (Figure 1A). A Re—Os age of 737.5 £ 9.6 Ma from the Russoya Member in
the basal Elbobreen Formation (Millikin et al., 2022) confirms correlation of a negative CIE within
the Russeya Member to pre-Sturtian ca. 735 Ma CIEs in Northwest Canada and Ethiopia (Rooney
et al., 2014; Strauss et al., 2014; MacLennan et al., 2018). This correlation, along with variable
truncation of the CIE, suggest that a significant erosional unconformity separates the Russoya
Member from the overlying Petrovbreen diamictite (Halverson et al., 2018a; Millikin et al., 2022).
The Petrovbreen Member consists of a thick-bedded and massive glaciomarine diamictite and is
correlated globally with ca. 717-660 Ma Sturtian glacial deposits.

The Petrovbreen Member is overlain by dolomitic shales and siltstones of the
Macdonaldryggen Member and carbonates of the Slangen Member, recording mid-Cryogenian
non-glacial deposition (Fairchild et al., 2016). The Slangen Member is transitional with aeolian
quartz arenites of the Bravika Member (basal Wilsonbreen Formation) where it is present (Reahl

etal., 2021), and in other locations the contact between the Slangen Member and glaciogenic strata
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of the Wilsonbreen Formation is sharp and silicified. The Wilsonbreen Formation is correlated
globally with ca. 645—635 Ma Marinoan glacial strata based on the presence of a typical Marinoan

cap dolostone and a Re—Os age of 631.2 + 3.8 Ma in the conformably overlying Dracoisen

Formation (Halverson et al., 2004; Millikin et al., 2022).

METHODS
Field Sampling and analytical methods

Mudrock and carbonate samples for geochemical and mineralogical analysis were collected
over field seasons from 2016-2019 from the Lomfjorden and lower Hinlopenstretet supergroups
and underlying Brennevinsfjorden and Kapp Hansteen groups. All samples were collected within
the context of measured stratigraphic sections (see Table DR1 for coordinates). A summary of the
various methodologies is provided below and detailed descriptions of all analytical methodologies
and data processing approaches can be found in the Supplementary Material'.

Mudrock and igneous samples were cut and polished to remove weathered edges and crushed
to a fine (~30 pm) powder using either a zirconium or ceramic grinding container and puck.
Carbonate hand samples were cut perpendicular to bedding and then micro-drilled parallel to
lamination, avoiding visible veins, cements, fractures, or any siliciclastic components. 403
mudrock and 272 carbonate samples were analyzed for major and trace element chemistry at
Activation Laboratories Ltd. in Ancaster, Ontario, Canada (Table DR2).

Aliquots of a subset of powdered mudrock samples (n = 208) were analyzed for mineralogy
via X-ray diffraction on a Panalytical Empyrean X-ray diffractometer at the University of Oxford
(operated at 40kV and 40mA with a Co-Ka source), including semi-quantitative bulk mineralogy

determined using the reference intensity ratio method from data acquired across the 5-80° 26
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range. Group-level clay mineral identification and relative abundance were determined using data
acquired from randomly oriented powders across the 69—75° 26 area (Figure DR1; Table DR3;
Anderson et al., 2018).

A subset of powdered mudrock samples (» = 106) and four samples from the Kapp Hansteen
Group were analyzed for Sm—Nd isotopes in the Yale Metal Geochronology and Geochemistry
Center. Sample powders were ignited to remove organic material, spiked with an isotopically
enriched "'Nd-'*Sm tracer and digested using Aqua Regia and a combination of nitric and
hydrofluoric acids. Nd and Sm were isolated through three-stage gravity and vacuum driven
column chromatography based on procedures from Pin and Zalduegui (1997) and Yang et al.
(2010). The separates were analyzed via multi-collector inductively coupled plasma mass
spectrometery (MC-ICP-MS) on a Thermo Scientific Neptune. Sm and Nd concentrations and
147Sm/!'*4Nd for each sample were calculated using measured isotopic ratios and sample and spike
mass. Sample *Nd/'*Nd and *’Sm/!*Nd ratios were combined with a simplistic age model
(described below) to calculate enxg at the time of sedimentation (engr) where T represents
depositional age). For this calculation, the chondritic (CHUR) reference values used were
IBNd/1*Nd = 0.512638 and *7Sm/!*Nd = 0.1966, and the decay constant for '’Sm to '**Nd was
assumed to be 6.54 x 10°!2 a'! (Table DR4; Goldstein et al., 1984).

A subset of carbonate samples (n = 119) was analyzed for Sr isotopes at the Yale Metal
Geochronology and Geochemistry Center. Sample powders were leached sequentially following
protocols of Bailey et al. (2000) and Bellefroid et al. (2018). Aliquots of each sample leachate
were analyzed on a Thermo Scientific iCAP Q ICP-MS to determine elemental abundances (Ca,
Mg, Sr, Fe, Mn, and Rb) and assess which leachate comprises the most primary, seawater-derived

carbonate phase. For each sample the leachate with the highest Sr concentration and lowest Mg/Ca,
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Mn/Sr, Fe/Sr, and Rb/Ca was selected for Sr isotope analysis on the Neptune MC-ICP-MS (Figures
DR2 & 3; Table DRY).

A set of carbonate samples (n = 1784) was analyzed for carbonate §'*C and '%0 isotopes at
Massachusetts Institute of Technology (MIT) following the procedures outlined in N. Anderson et
al. (2021). Carbonate samples were drilled to avoid fracturing and veining using a carbide bit.
Powders weighing ~50—100 pg were heated to remove residual water and volatiles. Samples were
then reacted with 150 pL of H3PO4 and the resultant CO> gas was measured using a Nu Carb
automated sample preparation unit held at 70°C and 8'3C and 3'30 were measured simultaneously
on a Nu Perspective isotope ratio mass spectrometer. Data were processed using the “D47crunch”
Python package (Daéron, 2023) and are reported as per mil difference from Vienna Pee Dee
Belemnite in Table DR6. The long-term average external repeatability (1 standard deviation) for
standards is 0.06%o for 8!°C and 0.25%o for 8!30. The complete dataset, including metadata,
measurement parameters, standard data and raw sample data can be found at

https://doi.org/10.5281/zenodo.14276719 (Bergmann et al., 2024).

Construction of composite stratigraphic section and age model

For plotting geochemical data, we constructed a composite stratigraphic section for the
Lomfjorden and lower Hinlopenstretet supergroups based on detailed stratigraphic logs and 8'3C
and 8'80 chemostratigraphy (Figure DR4). Due to the sparse and discontinuous nature of outcrop
from the Galtedalen Group, the 0 m datum of the composite is the type-section (T1831) of the
Veteranen Group at Faksevagen, Ny-Friesland (location 1 on Figure 1B) from Gibson et al. (2021).
The composite section continues through the Akademikerbreen Group at nearby De Geerbukta and

Lomfjorden (locations 2 & 3 on Figure 1B), and at Murchisonfjorden in eastern Nordaustlandet

11


https://doi.org/10.5281/zenodo.14276719

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

(location 4 on Figure 1B) for the uppermost Akademikerbreen Group and Russeya Member of the
Polarisbreen Group. Stratigraphic sections were not measured through Cryogenian glacial strata
in this study, so thicknesses of those units were estimated based on literature sources (Fairchild et
al., 2016; Halverson et al., 2018a, 2018b). Stratigraphic sections from the mid-Cryogenian
Macdonaldryggen Member and post-Marinoan Dracoisen Formation of the Polarisbreen Group
from Buldrevagen and Murchisonfjorden were correlated to the composite section (locations 3 &
6 on Figure 1B). Samples from additional sections in this study were correlated to the composite
section based on regional field relationships. Geochemical and Nd isotope data, including 80
mudrock and three diamictite samples, from Kunzmann et al. (2015) and Cox et al. (2016b) from
the Lomfjorden and lower Hinlopenstretet supergroups and their proposed counterparts from East
Greenland have also been integrated into our composite stratigraphic framework.

For the purposes of plotting geochemical data temporally and calculating their associated ena(t)
values, we have constructed an age model for the Lomfjorden and lower Hinlopenstretet
supergroups based on linear interpolation for the Veteranen Group, thermal subsidence age-depth
modeling for the Akademikerbreen and lower Polarisbreen groups, and existing geochronology
and global correlations for the remainder of the Polarisbreen Group (Millikin et al., 2022; Zhang
etal., 2023). Details about the composite section and age model can be found in the Supplementary

Material, Figure DR4 and Table DR7.

RESULTS
Mudrock geochemical subsets and data filtering
Mudrock samples were filtered based on their carbonate content using Ca/Al ratios (molar

proportion) given a clear correlation between Ca/Al and carbonate content, AbO3 and CaO

12
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(Figures 2 & DRS). Of the 483 mudrocks from the Lomfjorden and lower Hinlopenstretet
supergroups and Brennevinsfjorden Group analyzed in this study and compiled from Kunzmann
et al. (2015), 93 have been filtered into a “Ca/Al > 1” subset and 80 into a “Ca/Al 0.3—1" subset
(Figure DR6; Tables 1 & DR2). Six samples from Kunzmann et al. (2015) and two from this study
did not have enough information to filter via these criteria and were included in their own “no filter
data” subset. Four samples with fluorapatite and middle rare earth element (MREE) enrichments
and 11 samples characterized by MREE depletion have been filtered into additional “Fluorapatite”
and “MREE Depleted” subsets, respectively, to isolate samples that have been affected by heavy
mineral sorting (Figure 3). Finally, 287 samples comprise the “Low Ca/Al” subset of siliciclastic
mudrocks with Ca/Al < 0.3 that were not included in the “MREE Depleted” or “Fluorapatite”
subsets. See the Supplementary Material for further discussion of these subsets.

Mudrocks within the “Ca/Al > 17 and “Ca/Al 0.3—1” subsets have distinct major oxide
chemistry and trace element concentrations, and to some extent trace element ratios, when
compared with samples with Ca/Al < 0.3 (Figures 3, 4, & 5). Although REE concentrations and
ratios in the “Fluorapatite” and “MREE Depleted” profiles are distinct from the “Low Ca/Al”
samples, they are indistinguishable in other trace element ratios and major element chemistry. As
such, samples from the “Low Ca/Al”, “MREE Depleted”, and “Fluorapatite” subsets are primarily
used to assess trends in provenance and weathering throughout the Lomfjorden and lower
Hinlopenstretet supergroups and are collectively referred to as the “provenance and weathering

subset” (Table 1).
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Geochemical and mineralogical characterization of provenance and weathering subset
Major oxide chemistry

Samples within the “provenance and weathering subset” typically have 58.8—-65.5% SiO»,
14.0-18.4% AlOs, 3.6-5.0% K20, 3.3-6.0% Fe20s, 1.4-2.7% MgO, and 0.2-1.2% CaO with
minor MnO, Na>O, TiO», and P»Os (all ranges quoted as inner quartile range (IQR)). Sample loss
on ignition measurements were typically 3.7-7.2%. Within this subset of mudrocks there are
moderate positive correlations between AlOs and K,O (1?=0.6), Al,O3 and TiO; (r*=0.5), MgO
and Fe>Os (r?=0.4), and MgO and CaO (1r>=0.5; Table DR2, Figure DR7).

Major oxide molar proportions are displayed on ternary ACNK (Al:03—CaO"+Na>,O-K>0)
and ACNKFM (A1,05—CaO"+Na,O+K,0-FeOr+MgO) diagrams (Figure 6), which are utilized to
investigate provenance, weathering, diagenesis and sorting in sedimentary units. The vertical axis
on the ACNK ternary is also equivalent to the Chemical Index of Alteration (CIA; Nesbitt and
Young, 1982, 1989). Samples from most units of the Lomfjorden and lower Hinlopenstretet
supergroups, including all formations of the Veteranen Group, plot consistently with each other
on the ACNK and ACKFM diagrams. Samples from the Dracoisen Formation are distinguished
by a lower molar proportion of Al2Os than the rest of the strata and mudrocks from the Russoya
Member of the Elbobreen Formation and Algal Dolomite member of the Svanbergfjellet
Formation typically have the highest molar proportion of Al2O; and CIA (see Figure 7 for
stratigraphic context). In contrast, mudrocks from the Arena Formation, the mid-Cryogenian non-
glacial unit from East Greenland, are geochemically distinct from the rest of the samples in the
“provenance and weathering subset”. These mudrocks are characterized by a low molar proportion
of K20 and plot closer to the FeOt+MgO apex on the ACNKFM diagram (Figure 6B). Mudrock

samples with Ca/Al > 0.3 plot more consistently with carbonate samples than mudrocks, that is,

14



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

closer to the CaO™+Na,O apex on the ACNK diagram and the FeOr+MgO apex on the ACKFM

ternary (Figure 6).

Mineralogy

Samples within the “provenance and weathering subset” are typically composed of 25.7—
56.6% quartz, 0.0-17.0% feldspar (both plagioclase and K-feldspar), minor carbonate and
accessory minerals, and 32.0-63.4% clay minerals (all ranges quoted as IQR as percent of whole
rock; Table DR3). The most abundant clay minerals are montmorillonite, muscovite, and illite,
which cannot be differentiated using the methodology of this study and will collectively be referred
to as “MMI”. Other common clay minerals are Fe chlorite, berthierine, Mg chlorite, smectite, and
kaolinite. The abundance of clays and dominant clay mineralogy (MMI) remains roughly constant
throughout most of the Lomfjorden and lower Hinlopenstretet supergroups, except for in the
Svanbergfjellet Formation (Figure 8), which is the only unit with significant kaolinite as seen in

samples from both Lomfjorden and De Geerbukta.

Trace element chemistry

Immobile trace element ratios are relatively homogenous in mudrocks of the Lomfjorden and
lower Hinlopenstretet supergroups. REE concentrations normalized to chondritic values show a
pattern similar to post-Archean Australian Average Shale (PAAS) with enrichment in the light
REEs (LREE; ~100x chondrite) compared to heavy REE (HREE; ~10-15x chondrite), a flat HREE
slope, and Eu anomalies (Figure 3; McLennan, 1989).

Within the “provenance and weathering subset” the range of Th/Sc ratios is 0.59 to 1.71,

excluding outliers (defined as 1.5xIQR), and is roughly normally distributed about a mean of 1.15,
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with 75% of the data falling above 1. Eu anomalies are also normally distributed about a mean of
0.59, with a range of 0.5 to 0.7 excluding outliers (Figure 9). The five samples from the Arena
Formation originally published in Kunzmann et al. (2015) and a few samples from the Russgya
Member of the Elbobreen Formation have low Th/Sc (~0.3-0.5), accompanied by high
concentrations of Sc and MgO (Table DR2) in most samples. Ti/Al ratios show minimal variation
throughout the Lomfjorden and lower Hinlopenstretet supergroup mudrocks and are similar to
PAAS and average upper continental crust (UCC; Figure DRS). Only samples from the Arena
Formation have consistently high Ti/Al, although individual samples from other units, including
one from the Russeya Member, have high Ti/Al. Many samples from the Algal Dolomite member
of the Svanbergfjellet Formation have low Ti/AL

Within the “provenance and weathering subset”, Zr/Sc has an IQR of 13.2 to 38.6 (excluding
outliers) but the distribution is skewed towards higher values with many outliers that reach up to
103. These samples span the entire stratigraphic range. Elevated Zr/Sc values plot on a trend
characteristic of sedimentary recycling—however it is notable that Zr/Sc does not correlate with
CIA—or a zircon-rich source region (Figures DR9 & 10; McLennan et al., 1993). On
discrimination diagrams typically used to investigate sediment source and tectonic setting (Figure
10), mudrocks from the Lomfjorden and lower Hinlopenstretet supergroups typically plot within
the continental arc setting with some samples, especially from the Veteranen Group, in the passive
margin field, characterized by high Zr and Hf. Samples from the Svanbergfjellet Formation span
a wide range in Zr concentrations, and many samples from the Algal Dolomite member are

depleted compared to the other mudrocks.
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Nd isotopes

The detrital Nd isotope signatures (eng(t)) recorded in mudrocks of the Lomfjorden and lower
Hinlopenstretet supergroups range from -12.3 to -1.3 (n = 135; Figure 7; Table DR4). For
reference, juvenile mid-ocean ridge basalt (MORB) is estimated to have a exq(r) of about +8 at 800
Ma (Shirey et al., 2008), and evolved upper continental crust typically has enqgr) <-10 (McLennan
et al., 1993). The fractional deviation of the sample '*’Sm/!*Nd ratio from a chondritic reservoir,
a compositional metric, fsmng, ranges from -0.27 to -0.62, with one outlier at -0.09. exq(r) values
from most stratigraphic units sampled span a relatively narrow range (< 4 ¢ units) and are
consistent between this study and previously published results (Cox et al., 2016b). Mudrock Nd
isotope data do not correlate with Ca/Al (Figure 11); thus all data, regardless of subset, are
considered in the discussion below.

Samples from the Galtedalen Group define a narrow enq(t) range from -5 to -5.2 (n = 3), while
those from the Veteranen Group range from -2.6 to -6.4 (n = 54). Formational averages are between
-4 and -5 and are indistinguishable from each other (Figures 9 & 11). One sample from the lower
Grusdievbreen Formation has the highest exgr) measured (-1) and is more juvenile than the two
samples from the upper Grusdievbreen, for which enqg(t) is between -4.1 and -4.3, consistent with
the Galtedalen and Veteranen groups. Samples from the Svanbergfjellet Formation are defined by
more evolved (lower) exq(r), ranging from -5.1 to -8.6 (with one outlier at -10.9) and an average of
-7.2 (n = 33). enqcr) values increase slightly in the Draken Formation, ranging from -4.9 to -7.9
with an average of -5.9 (n = 5). A single sample from the lower Backlundtoppen records an ena(r)
of -5.5. Samples from the Kinnvika Member of the Backlundtoppen Formation are some of the
most juvenile within the Lomfjorden and lower Hinlopenstretet supergroups, ranging from -2.6 to

-5.5 with an average of -3.3 (n = 5). eng(r) for Russeya Member samples span a wide range from -
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1.8 to -8.4 (n = 12). While most of the samples have enar) between -4.5 and -6.4, three samples
are even more juvenile than the Kinnvika Member, including the two stratigraphically highest
samples.

The most significant change in Nd isotope values throughout the Lomfjorden and lower
Hinlopenstretet supergroups begins with the mid-Cryogenian Macdonaldryggen Member, which
preserves a much more evolved eng(t) signature with an average of -9.6 (n = 12) and range of -6.3
to -12.2. Diamictite samples from the Wilsonbreen Formation are all from Cox et al. (2016b) and
do not have any accompanying major element geochemical data to apply similar filters. enq(r)
values for the Wilsonbreen Formation all fall between -8 and -8.6 with an average of -8.3 (n = 3).
The Dracoisen Formation is defined by ena(r) values ranging from -10.3 to -11.3 with an average
of -10.9 (n = 14).

The Nd isotopic signatures of the Nordaustlandet Terrane basement units define a narrow range
that overlaps with the more juvenile values from the mudrocks (Figure 11). The sample analyzed
from the metasedimentary Brennevinsfjorden Group has eng(r) of -3, and the exq(r) of the four Kapp
Hansteen Group samples ranges from -2.4 to -3.6, consistent with previous analyses on the Kapp

Hansteen andesites and quartz porphyries ranging from -2.2 to -3.3 (Johansson et al., 1999).

Sr isotopes

Sr isotope (¥’Sr/*¢Sr) values from carbonates of the Lomfjorden and lower Hinlopenstretet
supergroups range from 0.706009 to 0.718784 (Table DR5). While data from this study span a
much larger isotopic range than values for the Akademikerbreen and Polarisbreen groups reported
by Halverson et al. (2007a) and Cox et al. (2016b), this is an artifact of analytical protocol (Figure

12). Following convention, both previous studies measured Sr isotopes on only the least altered
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samples. Here Sr isotopes were measured instead on a series of sequential leachates on unfiltered
samples in an aim to extract primary seawater ¥’Sr/%Sr data even from altered or contaminated
samples. Despite the success of this approach in other locations (Bellefroid et al., 2018), about half
of the samples in this study yielded Sr isotope data that are significantly higher than reasonable
seawater values for the Neoproterozoic (>0.709; Figure DR3F; Chen et al., 2022).

We present all Sr isotope data in Table DRS and filter samples using a whole rock Sr
concentration cut-off of >500 ppm, which has been used previously for this succession (Halverson
et al., 2007a). The resulting dataset largely agrees with values from Halverson et al. (2007a) and
Cox et al. (2016b) but does not exclude many data points with elevated ®’Sr/*¢Sr, which is
consistent with other work done on these strata (Fairchild et al., 2016). After this first filter, no
correlations between 87Sr/*Sr and whole rock geochemical data typically used as additional filters
were evident (e.g., Mn/Sr, Fe/Sr, Rb/Sr), even within individual stratigraphic units (Figure DR3).
However, we do impose an additional filter using the Sr concentration in the leachate analyzed of
>0.5 ppm. This final filtered dataset includes 14 samples from the Backlundtoppen Formation and
1 sample from the lower Grusdievbreen Formation.

The filtered Sr isotope data are plotted with the global Neoproterozoic composite of Chen et
al. (2022; Figure 12). Although most analyses are slightly more radiogenic than the global record,
samples with the lowest 8’Sr/*Sr within each unit may provide a maximum seawater estimate, as
the Sr isotopic composition of carbonates is typically altered to higher values in successions

containing siliciclastic sediments (Chen et al., 2022).
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C and O isotopes

New 8!3C and 8'80 analyses from carbonates of the Lomfjorden and lower Hinlopenstretet
supergroups range from -7.39 — 14.13%o (one outlier at -12.56) and -12.99 — 3.26 %o (multiple
outliers), respectively, and agree well with published chemostratigraphic data (Figure DR4; Table
DR6; Halverson et al., 2005, 2007a; Cox et al., 2016b). Significant negative carbon isotope
excursions are recognized across the Grusdievbreen-Svanbergfjellet contact and within the

Russegya Member.

DISCUSSION
Carbonate contamination and effect of filtering on provenance and weathering trends
Ternary diagrams and cross plots of major oxides illustrate the importance of filtering mudrock
geochemical data from mixed carbonate-siliciclastic successions when investigating trends in
siliciclastic provenance and weathering (Figures 4, 5 & 6). When mudrock samples from the
Lomfjorden and lower Hinlopenstretet supergroups with varying carbonate content (variable
Ca/Al) are considered, there are moderate to strong positive correlations between Al,Os, SiOa,
TiO2, K20 and Fe>Os3, as well as moderate to strong negative correlations between those oxides
and CaO and MgO (Figure DR7). However, these trends are driven by samples with high Ca/Al
and disappear in a rigorously filtered dataset. Additionally, samples with even small amounts of
carbonate (Ca/Al > 0.3 or ~5-10 % carbonate minerals) within this dataset tend to be drawn
towards the CaO™+Na>O apex on an ACNK diagram (Figure 6), resulting in lower CIA values.
This occurs despite the standard correction for Ca in carbonate minerals (e.g., McLennan et al.,

1993) and is due in part to the lower AlO3 concentrations in marly mudrocks. On the ACNKFM
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diagram, typically used to detect the presence of mafic material in sedimentary units, samples with
high Ca/Al plot towards that MgO+FeOr axis, likely a result of the presence of dolomite.

Immobile element ratios that are fractionated during igneous differentiation processes,
including HREE/LREE, Eu anomalies, Ti/Al, La/Th, La/Sc, and Th/Sc, are useful in determining
the provenance of mudrocks (e.g., McLennan et al., 1993). While these ratios may be robust to
weathering processes, it appears that carbonate content can affect them. Mudrock samples in this
dataset with high Ca/Al have variable Th/Sc, La/Th, and Eu anomalies (Figures 4 and 10)
compared to other mudrock samples from the same stratigraphic unit and tend to be offset in the
same direction as carbonate samples from that unit (Figure 7). Mudrocks with high Ca/Al also
have lower REE concentrations and ratios that differ from other mudrocks in this dataset (Figure
3). Furthermore, Ca/Al ratios and CaO concentrations correlate negatively with most trace
elements that are commonly used in provenance and redox studies (Figure DR11).

While it is possible to discern mudrocks with very high carbonate content in the field, our
dataset shows that the geochemistry of mudrocks with even minor carbonate “contamination” (~5—
10%) may still be influenced by these phases. Thus, as demonstrated for the Lomfjorden and lower
Hinlopenstretet supergroups, rigorous filtering for carbonate-rich samples, ideally with Ca/Al
ratios, may be critical to accurately discern provenance and weathering interpretations in mixed

carbonate-siliciclastic successions.

Provenance of the Lomfjorden and lower Hinlopenstretet mudrocks
Source characterization
The “provenance and weathering subset” major and trace element data from the Lomfjorden

and lower Hinlopenstretet supergroups is remarkably homogenous over more than 6 km of strata
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and reflects minimal variation in source region (Figures 6 & 7; Figure DR12). Mudrock REE
concentrations and ratios, namely high LREE/HREE, and Al/Ti indicate a chemically
differentiated source composition (Figures 3 & DRS). Th/Sc (1.0 to 1.2 IQR) and Eu anomalies
(0.56 to 0.62 IQR) from these mudrocks are consistent with sediment sourced from a differentiated
arc, upper continental crust and/or recycled sedimentary material. While the latter two reservoirs
are characterized by Th/Sc ~1 and homogenous Eu anomalies of 0.6—0.7, young differentiated arc
material can have more variable Th/Sc and Eu anomalies (0.5-0.9; Figures 7 & 9; McLennan et
al., 1993). In contrast, undifferentiated terrains, such as oceanic arcs or LIPs, typically have low
Th/Sc and lack significant Eu anomalies (Eun/Eun* ~1). Simple mixing calculations based on trace
element ratios constrain the mafic input to be minimal (< 5%) across most of this succession (see
Supplemental Material).

While post-depositional K-addition is present in most Precambrian mudrocks (Fedo et al.,
1995; Tosca et al., 2010), the most parsimonious interpretation of the major oxide geochemistry
of the Lomfjorden and lower Hinlopenstretet supergroups is that the mudrocks were derived from
a K-rich granitic source and experienced relatively minimal post-depositional K-addition (see
Supplementary Material for further discussion). Mudrock samples plot along a granitic weathering
trend on the ACNK diagram and slight deviation from this trend is consistent with minor K-
addition (Figure 6). These mudrocks occupy a relatively limited area of the ACNKFM ternary,
which is also consistent with a relatively homogenous “granitic” source. Given the lack of
correlation between FeOr+MgO molar proportions and typical trace element ratios characteristic
of a mafic source region, individual samples that plot closer to the FeOt+MgO apex on the
ACNKFM ternary are likely the result of syn- or post-depositional Fe addition or un-filtered

carbonate contamination. This includes samples from the Oxfordbreen and Grusdievbreen
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formations, a subset of samples from the Russeya Member collected in the Backlundtoppen area,
a subset of samples from the Algal Dolomite member of the Svanbergfjellet Formation (Figure
DR13), and samples from the Dracoisen Formation (see Supplementary Material for further
discussion).

Whole-rock Sm—Nd isotope chemostratigraphy (engm)) of detrital mudstones primarily tracks
the age of sediment sources (time since differentiation from a mantle reservoir; McCulloch and
Wasserburg, 1978) and responds to changes in the sediment provenance or emplacement of
juvenile material in the source region (e.g., Basu et al., 1990; McLennan and Hemming, 1992;
McLennan et al., 1993; Turner et al., 1993; Hemming et al., 1995; Condie et al., 2001; Hurowitz
and McLennan, 2005). However, both juvenile basalts and granitoids that are the product of mantle
melting are characterized by eng(t) similar to that of depleted upper mantle (Shirey et al., 2008),
and their contribution to sediment cannot be resolved with Nd isotopes alone. Combining Nd
isotopes with elemental geochemistry is essential to characterizing both the age and geochemical
composition of local inputs to a sedimentary basin.

In the Lomfjorden and lower Hinlopenstretet mudrock sample set exqcry does not correlate with
metrics of igneous differentiation, such as Th/Sc and fsmng, or concentrations of elements typically
higher in mafic rocks (Sc, V, Ni, Co, Cr, Mg; Figures 13 & 14; Tables DR2 & 4), except for in
individual samples from the Russgya and Macdonaldryggen members of the Elbobreen Formation
discussed below (Figure DR14). This indicates that more juvenile (higher) exq(t) values are not
necessarily driven by increased input of mafic material, as originally proposed by Cox et al.
(2016b) based on enq(ry values alone. Rather, when interpreted along with other geochemical data,
end() values point to a young, chemically differentiated source region. The range of ena(t), Th/Sc,

and fsmnq 1n this dataset is best explained by multiple sources with a granitic to granodioritic bulk
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composition, including a relatively juvenile terrane with a higher Nd isotopic signature and an
older terrane with a lower signature (Figures 13 & 14). This conclusion is supported by simple
mixing calculations based on trace element ratios, engr) values, and Nd concentrations (see
Supplementary Material; Figures DR15-17).

Consistent with a chemically differentiated source, mudrocks from the “provenance and
weathering subset” mostly plot within the continental arc field on discrimination diagrams (Figure
10). Samples spanning the entire succession have high Zr and Hf concentrations, indicating heavy
mineral enrichment; however, the lack of correlation between Zr/Ti (or Zr/Sc) and either enq(r)
(Figure 13) or metrics of chemical maturity, such as CIApaeo (Figure DR10), eliminates recycled
sedimentary material as the dominant evolved source of Nd to the Lomfjorden and lower
Hinlopenstretet mudrocks. Instead, heavy mineral enrichment could be the product of a zircon-
rich source or sedimentary sorting/recycling during transport.

A lower molar proportion of K>O and higher FeOr+MgO, along with low Th/Sc, high Ti/Al
and elevated MgO (Figures 6, 9 & DRS), point to a greater contribution of mafic material to the
mudrocks of the Arena Formation of East Greenland than northeastern Svalbard, as suggested by
Kunzmann et al. (2015). While these authors also proposed that the geochemistry of the correlative
Macdonaldryggen Member reflects increased mafic sediment contribution, most
Macdonaldryggen Member samples with Ca/Al < 0.3 have typical Ti/Al and only slightly lower
Th/Sc (~0.9), consistent with the majority of mudrocks from the Lomfjorden and lower
Hinlopenstretet supergroups (Table DR2). Furthermore, a clear correlation between elevated
Ca/Al and the molar proportion of FeOr+MgO demonstrates that carbonate contamination affects
the geochemistry of the Macdonaldryggen mudrocks. Nevertheless, a small subset of samples from

the lower Macdonaldryggen Member (sections G407 and G1647) does have lower Th/Sc (0.4 to
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0.6), slightly elevated Ti/Al, relatively high concentrations of trace elements characteristic of a
mafic source (e.g., V and Sc), and higher engr) than samples from the middle to upper
Macdonaldryggen Member (Figure DR14; Tables DR2 & DR4). Thus, although carbonate
contamination is important for the interpretation of Macdonaldryggen mudrocks, it cannot explain
all the geochemical variation in this unit. Instead, it is likely that the lower Macdonaldryggen had
some mafic source component. Similarly, the geochemistry of the two stratigraphically highest
samples from the Russgya Member, SR-239.5 (Ca/Al 0.3—1 subset) and SR-238 are most readily
explained by a mafic source. These samples are characterized by a high molar proportion of
FeO1+MgO, Th/Sc < 0.5, Eu anomaly > 0.7, Al/Ti > 0.07, and high exq(r) values (Figures 6, 7 &
11). Additionally, these samples have high Sc, V, Cr, and Ni concentrations (Figure DR14; Table
DR?2). A third sample from the Russeya Member has a high exq(t) signature; however, it has a very

high carbonate content (Ca/Al=212) and low concentrations of trace elements.

Potential source regions

Locally, the Lomfjorden Supergroup nonconformably overlies the ca. 960 Ma Kapp Hansteen
Group. At its type locality, the Kapp Hansteen Group comprises ~2 km of felsic to intermediate
extrusive units intruded by quartz porphyries of the same age (Ohta, 1985). Numerous mafic and
felsic igneous rocks from across Nordaustlandet have been correlated with the Kapp Hansteen
Group (Ohta, 1985; Gee and Teben’kov, 1996; Johansson et al., 1999). Based on the presence of
monomict felsic igneous conglomerates in the basal Galtedalen Group, the Kapp Hansteen Group
was exposed at the surface during deposition of the lowermost Lomfjorden Supergroup (Gee and
Teben’kov, 1996; Sandelin et al., 2001). Zircon U-Pb ages from the Bogen Member (Zhang et al.,

2023) overlap within uncertainty with the magmatic age of the Kapp Hansteen Group and raise
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the possibility of continued or re-exposure of these units throughout Veteranen Group
sedimentation. The majority of samples from the Lomfjorden and lower Hinlopenstretet
supergroups have enqg(r) values equal to or lower than the available data for the Kapp Hansteen
Group (Figure 11; Johansson et al., 1999, this study), and given that the Kapp Hansteen Group
spans the same range of Zr concentrations and Zr/Ti ratios observed in the mudrocks, it can explain
the Zr-rich nature of these sediments (Figure 13). The mudrock major and trace element chemistry
is mostly consistent with derivation from this local source, although the Kapp Hansteen Group
displays a larger range of Th/Sc values, LREE/HREE ratios, and Eu anomalies than the mudrocks
(Figures 3, 7 & 9), suggesting a different or additional source with a more granodioritic
composition. Additionally, the Kapp Hansteen Group has a narrower range of fsmng (between -0.2
and -0.4) than the mudrocks (-0.3 to -0.6) and cannot account for either the lowest fsmna values or
evolved engr) values (Figures 11 & 14B), thus requiring an additional source that is more
isotopically evolved.

Most paleogeographic reconstructions place the Eastern Svalbard basement domain outboard
of Laurentia and adjacent to East Greenland, which has a strikingly similar Neoproterozoic
sedimentary succession (Harland, 1997; Senderholm et al., 2008; Hoffman et al., 2012). The
Paleoproterozoic crystalline basement of East Greenland is derived from older, likely Archean,
crustal components, which would have evolved to lower isotopic values by the time of deposition
of the Lomfjorden and lower Hinlopenstretet supergroups. These rocks have engr)<-10 at the time
of sedimentation (914—630 Ma) and could explain the more isotopically evolved and lower fsmng
values in some mudrocks (Figures 11, 14B & 15; Kalsbeek et al., 1993). Paleoproterozoic
basement is also present in the West Ny Friesland Terrane, west of the ESZ (Figure 1B; Gee et al.,

1992; Johansson et al., 1995). Although these units were previously proposed to comprise the
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basement in East Ny Friesland (Nordaustlandet Terrane), new reconstructions suggest that the ESZ
is a major basement boundary and that these units were instead juxtaposed with North Greenland
(Bazarnik et al., 2019), making them an unlikely sediment source.

It has also been proposed that the Lomfjorden and Hinlopenstretet supergroups were deposited
along the northeastern margin of Laurentia (present coordinates) in the Asgard Sea, a marine basin
potentially formed during the rotation of Baltica away from Laurentia in the latest Mesoproterozoic
(Cawood et al., 2010). Based primarily on detrital zircon U-Pb geochronology, the Grenville-
Sveconorwegian Province, spanning the area from the Great Lakes to southern Scandinavia, was
proposed as the main sediment source region to Mesoproterozoic—Neoproterozoic successions
deposited in the Asgard Sea, including East Greenland (Kalsbeek et al., 2000; Watt and Thrane,
2001; Kinnaird et al., 2009; Olierook et al., 2020), Scotland (Cawood et al., 2015; Krabbendam et
al., 2017), Svalbard (Lorenz et al., 2012; Rainbird et al., 2017; Wala et al., 2021) and Baltoscandia
(Bingen et al., 2011).

Southern Laurentia and Baltica (present coordinates) formed a long-lived active margin for
much of the Paleoproterozoic—Mesoproterozoic, against which exotic juvenile arc terranes
accreted before continental collision with Baltica and Amazonia during the multiphase Elzevirian-
Shawinigan-Grenville-Sveconorwegian Orogeny (e.g., Carr et al, 2000; Whitmeyer and
Karlstrom, 2007; Bingen et al., 2008, 2021; McLelland et al., 2013; Slagstad et al., 2013). As such,
Nd isotope signatures from felsic to intermediate lithologies in the Grenville-Sveconorwegian
provinces yield relatively juvenile signatures and are a potential candidate for the source of the
chemically differentiated and isotopically juvenile to intermediate Lomfjorden and lower
Hinlopenstretet mudrocks (Figures 14 & 15; Table DRS). For example, distinctly juvenile late

Mesoproterozoic crust is abundant in the Southwest Grenville Province, comprising the
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Adirondacks, Mauricie, Mount Laurier, Rift Zone, and Laurentian areas (Dickin et al., 2010), and
accreted arcs of the Quebecia and Quebecia East terranes in the central Grenville Province
(Vautour and Dickin, 2019). Grenvillian units with enagoo > -5 typically span fsmng -0.3 to -0.55,
very similar to the range in samples from the Lomfjorden and lower Hinlopenstretet supergroups
(Figure 14A). Older and more isotopically evolved crust within the Grenville Orogeny has fsmnd
between -0.35 and -0.6. While there is limited trace element data from potential Grenvillian
sources with Nd isotope data, given their felsic nature (Figure DR18) and the anomalous
abundance of detrital zircon from this age in global composites (e.g., Sundell and Macdonald,
2022), juvenile Grenville crust can also explain the Th/Sc ~1 and high Zr observed in the
mudrocks.

Granitoids associated with the Sveconorwegian orogeny have endsooma) between -8 and 0.7,
with fsmng ranging from -0.65 to -0.27 (Figure 14A; Menuge, 1988; Bingen et al., 1993; Welin,
1994; Andersen, 1997; Andersen et al., 2001; Bogaerts et al., 2003; Vander Auwera et al., 2003;
Granseth et al., 2020). Such granitoids include the 1070-1010 Ma Sirdal Magmatic Belt, the
1000-920 Ma hornblende-biotite granitoid suite (Slagstad et al., 2018), and the ca. 925 Ma Fla-
Idefjord-Bohus suite (Bingen et al., 2008; Granseth et al., 2020). Anorthosites of the ca. 930 Ma
Rogaland Igneous Complex (Schérer et al., 1996; Charlier et al., 2007) have slightly more juvenile
ENd(800Ma), Tanging from-2.7 to 2.5, and have fsmng between -0.36 and -0.12 (e.g., Bolle et al., 2003).
Older and more isotopically evolved material is found in the Meso—Paleoproterozoic
Transscandinavian Igneous Belt (e.g., Bingen, 2011). Thus, a combination of units from the
Sveconorwegian Orogen can also explain the Nd isotope composition of mudrocks from the

Lomfjorden and lower Hinlopenstretet supergroups.
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In summary, while the Kapp Hansteen Group and/or juvenile Grenville-Sveconorwegian crust
accounts for the intermediate to juvenile engr) values from the Lomfjorden and lower
Hinlopenstretet mudrocks, older crust within the Grenville Orogen and East Greenland is needed
to explain the more evolved eng(r) values (Figure 14); thus, a combination of these young and old
chemically evolved terranes likely sourced the sediment of these mudrocks.

The most juvenile Nd isotope values in the Lomfjorden and lower Hinlopenstretet supergroups
come from the ca. 743 Ma Kinnvika Member (-4.2 to -2.6) and overlying ca. 734 Ma Russeya
Member (-2.3 to -1.5), but only the two stratigraphically highest samples in the Russgya Member
have geochemical indications of detrital mafic input (e.g., Th/Sc < 0.5; Figures 7 & 11). The
Kinnvika Member marks renewed input of siliciclastic material to the carbonate-dominated
Akademikerbreen Group and is regarded as a potential subtle stratigraphic marker of renewed
extension (Halverson et al., 2018a, 2022; Zhang et al., 2023). This shift in exgr) values may
provide some geochemical evidence for basin reorganization. Andesitic samples from the Kapp
Hansteen Group (25-1 and -2 of Johansson et al., 1999 and J1837 of this study) have lower Th/Sc
values and higher concentrations of MgO and mafic trace elements than more felsic units, and
have some of the highest enqg(t) values for the Kapp Hansteen Group (Table DR2 and Figure DR19).
It is possible that correlated but unsampled local mafic units (i.e., basic dykes of Ohta 1985) would
have even higher enqg) and lower Th/Sc, explaining the most juvenile and mafic mudrock
compositions in the Russgya Member.

The Macdonaldryggen Member and the Dracoisen Formation have the lowest eng) in the
Lomfjorden and lower Hinlopenstretet supergroups. The intervening Wilsonbreen Formation
diamictite samples have only slightly higher engr) (Cox et al., 2016b), which could be an artefact

of the nature of glacial erosion bringing exogenous clasts and material into the drainage. This
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dataset supports a major provenance shift in northeastern Svalbard around the Tonian-Cryogenian
boundary, occurring between the Russgya and Macdonaldryggen members, which represents the
largest time-gap in this dataset (Figure 11). The cause of this change is unknown, but it could be
related to burial of juvenile units locally or erosion of juvenile terranes in the Grenville Province
during the late Tonian or early Cryogenian. A change in the exposed crust could be driven by
Cryogenian rifting and erosion of the continental interior, glacial erosion (Keller et al., 2019), or
gradual uplift and erosion of older crust through time. The provenance shift in northeastern
Svalbard occurs amidst changing global weathering trends, characterized by increasingly
radiogenic seawater Sr and Os isotope signatures, that are consistent with an increase in the relative

flux of older evolved crustal material (Figure 15; Chen et al., 2022).

Neoproterozoic weathering conditions
Implications for long-term pre-Sturtian basalt weathering hypothesis

Recent geochronological data place the eruption of the Franklin LIP a few million years before
the onset of the Sturtian glaciation, bolstering the “Fire and Ice’ hypothesis (Pu et al., 2022; Dufour
et al.,, 2023; Macdonald and Swanson-Hysell, 2023). In addition to the proximate cause of
glaciation, it has been suggested that long-term weathering of basalts may have driven cooling
throughout the Tonian (e.g., Cox et al., 2016b). Although temperature itself is not well constrained
in the Neoproterozoic, the sensitivity of radiogenic isotopes to lithologic sources means that they
can provide insight into global weathering dynamics.

The Sr isotope composition of carbonate samples from the Lomfjorden and lower
Hinlopenstretet supergroups are elevated compared to the global Neoproterozoic curve, likely

the result of some diagenetic alteration. Nevertheless, the lowest 87Sr/%6Sr values obtained from
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some units are consistent with other global records (Figure 12). These data indicate an
increasingly radiogenic seawater 37Sr/%6Sr composition between ca. 800 and 780 Ma, followed
by a decrease leading up to the Sturtian glaciation (Park et al., 2020; Chen et al., 2022),
potentially driven by a relative increase in the (unradiogenic) mafic weathering flux. Similarly,
the initial Os isotope (Osi) record suggests an increasing proportion of mafic weathering globally
in the late Tonian, with the Osi curve reaching mantle-like values by 732 Ma (Rooney et al.,
2014). This contrasts with the more radiogenic Osi values from the early-middle Tonian (Figure
15; Van Acken et al., 2013; Rooney et al., 2018; Maloney et al., 2021; Zhang et al., 2023).

The detrital Nd isotope records of Neoproterozoic sedimentary basins provide a
complementary dataset that can distinguish between juvenile and evolved crustal material, and if
combined with elemental geochemical data, the lithological composition of that source. Based on
Nd isotope data from northeastern Svalbard, Cox et al. (2016b) estimated that the fraction of
detrital mafic material to the Lomfjorden and lower Hinlopenstretet supergroup mudrocks was
significant, implying that flood basalts were the dominant source of REEs. However, as discussed
above, our data indicate instead that granitic-granodioritic source(s) were the dominant sediment
source in northeastern Svalbard (Figures DR16 & DR17).

Only the two stratigraphically highest samples from the Russeya Member and the samples
from the lowest Macdonaldryggen Member have more juvenile engcr) and higher concentrations of
trace elements potentially sourced from mafic rocks (Figure DR14; Table DR2), which could
reflect stratigraphic trends in the late Tonian to Cryogenian detrital source. As discussed above,
the geochemistry of the mid-Cryogenian non-glacial Arena Formation of East Greenland reflects
mafic input that may have been sourced from the weathering of the Franklin LIP (Kunzmann et

al., 2015). In addition to the more proximal Arena Formation, Franklin weathering could explain
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the elevated exq(r) and low Th/Sc in the lower Macdonaldryggen Member samples, as most dykes
and volcanic units associated with the Franklin LIP have engr) > 0 (Dupuy et al., 1995; Shellnutt,
2004; Beard et al., 2017; Dufour, 2022). However, there are no known potential mafic sources to
the Russgya Member, whose deposition preceded emplacement of the Franklin LIP by at least 8
million years (Millikin et al., 2022; Zhang et al., 2023). As outlined above, one potential source
for these geochemical characteristics in the Russeya Member is yet unsampled mafic units
correlated with the Kapp Hansteen Group.

The engct) isotope record of Neoproterozoic strata in Northwest Canada and the southern
Canadian Cordillera is similar to that in northeastern Svalbard, with all Tonian mudstone data
falling in a relatively radiogenic range between -2.7 and -11, and enq(r) becoming significantly
more radiogenic following the Sturtian glaciation (Figure 15; Table DR9; Boghossian et al.,
1996; Rainbird et al., 1997; Cox et al., 2016b). Syn-Sturtian iron formation samples are more
juvenile, reaching enqct) values ~ 2, however the geochemistry of these samples at least partially
reflects hydrogenous REE input from hydrothermal sources (Halverson et al., 2011; Cox et al.,
2016a). Based on detrital zircon U-Pb studies, these Neoproterozoic basins received sediment
from the dominantly felsic and juvenile crust exposed in the Grenville Province (Rainbird et al.,
1997, 2011; Dehler et al., 2017). In fact, low-resolution Nd isotope data yielding relatively
juvenile signatures of Mesoproterozoic to early Neoproterozoic strata in Northwest Canada were
originally interpreted to reflect this same source (Rainbird et al., 1997). Given our finding that
almost all Tonian mudrocks in northeastern Svalbard with relatively juvenile Nd isotope
signatures are derived from felsic to intermediate sources, further geochemical data are needed
to establish the source of elevated Nd isotope signatures recorded in Laurentian basins across

Canada.
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Looking beyond Laurentia, elevated exq(r) data coupled with elevated concentrations of mafic
trace elements provide strong evidence for a mafic contribution to Cryogenian mudrocks of central
and southern Australia, including the non-glacial Aralka Formation of the Amadeus Basin
(Barovich and Foden, 2000; Cox et al., 2016b), and the Appila Tillite and non-glacial Tapley Hill,
Etina, and Enamora formations of the Adelaide Geosyncline (Figure 15; Table DR9; Turner et al.,
1993; Barovich and Foden, 2000). These units potentially received detritus from the ca. 825 Ma
Gairdner/Willouran LIP (Barovich and Foden, 2000), and high eng(t) values from the Sturtian-aged
Chambers Bluff Tillite and Holowilena Iron Formation in the East Officer Basin may also reflect
this source (Cox et al., 2016b). However, no accompanying major and trace element data is
available for these samples (Wade et al., 2005; Cox et al., 2016b). While there is substantial
evidence for mafic detrital input into Cryogenian units across Australia, evidence for relatively
juvenile Nd isotope signatures in Tonian strata is more limited. Tonian mudrocks in both the
Amadeus and Officer basins have evolved signatures (Zhao et al., 1992; Wade et al., 2005; Cox et
al., 2016b), although elevated enqgt) from the Tonian Burra Group in the Adelaide Geosyncline,
coupled with high concentrations of mafic trace elements, point to a potential LIP source (Turner
et al., 1993; Barovich and Foden, 2000).

Middle Tonian sedimentary successions from the South China Block record rifting beginning
with bimodal volcanism of the ca. 820 Ma Guibei LIP. Elevated sedimentary enq(t) values,
spanning 2.8 to -6.9 (Figure 15; Table DRY), are significantly more juvenile than the basement
and represent an increase in the longer-term sedimentary record from South China (Li and
McCulloch, 1996). These more juvenile Nd isotope signatures correlate with high concentrations

of mafic trace elements and are best explained by regional basalt weathering (Wang et al., 2011).
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Taken together, although there is significant evidence for potential LIP weathering in the
Cryogenian units discussed above, the Tonian detrital record of LIP weathering is more
ambiguous; there is minimal evidence for mafic detritus in late Tonian strata in northeastern
Svalbard, consistent with the absence of known Tonian LIPs in Svalbard and eastern Greenland.
A major Tonian LIP does occur in the Canadian Cordillera (i.e. the Gunbarrel), but the role of this
LIP in sedimentary provenance requires further evaluation with major/trace element geochemistry.
Only in South China and the Adelaide Geosyncline is there strong evidence for local LIP and/or
mafic detritus in the late Tonian record. Although this work demonstrates that previous suggestions
of local LIP weathering in northeastern Svalbard in the middle to late Tonian are equivocal, LIP
weathering in other areas may have led to cooling and contributed to the decline in Sr and Os
isotope values observed between ca. 780 and 720 Ma that are indicative of increased mafic
weathering globally (Figure 15). It has also been proposed that these isotopic signatures reflect
weathering of mafic units, such as basalts and ophiolites, in a collisional arc setting rather than a
LIP (e.g., Macdonald et al., 2019). Park et al. (2020) argued that the relative amount of weatherable
LIP material in the tropics, where global weathering rates are highest, does not increase in the
middle to late Tonian and therefore cannot explain the increasingly unradiogenic Sr and Os isotope
values across this interval. They proposed instead that declining Sr isotope values were driven by
weathering of arc material in the tropics, given a temporal link with oceanic arc accretion in the

Arabian-Nubian Shield ca. 780—760 Ma and ca. 730—710 Ma (Johnson et al., 2011).

Weathering intensity in the source region
Mudrock composition and maximum depositional CIA values (corrected for K-addition) were

calculated by projecting the measured sample composition onto the granitic weathering trend as

34



773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

outlined in Fedo et al. (1995). The original CIA was maintained when this resulted in a negative
correction—i.e., for samples that plot to the K>O-poor side of the weathering trend (see
Supplementary Material for further details). The resulting corrected CIA values (CIApaieo) are a
maximum estimate for the given weathering trend and are on average 4.0 units above the original,
with a maximum correction of 16.8 units. An alternative possibility is that these mudrocks were
derived from a granodioritic source composition and experienced significant K-metasomatism.
Although the CIApaieo values are greater if a granodioritic composition is assumed, the relative
CIAparo values within the dataset are relatively constant.

CIApaieo values from the Veteranen Group, Grusdievbreen and Draken formations, and lower
Backlundtoppen member, are similar to that of an average shale, spanning 65—-85 with the majority
between 70-80 (Figure 9; Nesbitt and Young, 1982). MMI is the dominant clay mineral
assemblage in these mudrocks, which also contain abundant Fe and Mg chlorite and smectite
(Figure 8). Smectite is uncommon in most Precambrian mudrocks, as metamorphism and K-
addition typically transform smectite to illite or chlorite (Tosca et al., 2010), so its relative
abundance in these mudrocks is consistent with the interpretation that they experienced minimal
post-depositional K-addition. Cation-poor weathering products formed during intense leaching,
such as kaolinite and iron oxides, are notably absent except in the Svanbergfjellet Formation.
Samples from the Svanbergfjellet Formation have the highest CIApaieo values in the succession,
consistent with intense chemical leaching during weathering in the source region (Figures 7 & 9).
Svanbergfjellet engt) values are more evolved than surrounding units and may reflect the tapping
of older crustal sources as the result of extreme weathering conditions. Although there is limited
mineralogical data from the Kinnvika and Russeya members, CIApaieo values also indicate a high

degree of chemical weathering during deposition of these units.
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CIApaieo values for the Macdonaldryggen Member range between 65 and 73 with an average
of 71 and those from the Dracoisen Formation range from 54 to 72 with an average of 62 (Figures
7 & 9). These units lie immediately above the Petrovbreen and Wilsonbreen diamictites,
respectively, and record low latitude deglaciation, which requires elevated CO; to overcome the
strong ice-albedo feedback (Pierrchumbert, 2004). Intense chemical leaching and an extreme
greenhouse climate would be expected under a CO»-rich atmosphere with acidic rain, river, and
groundwater, especially with abundant physically weathered rock flour that should be susceptible
to chemical weathering (Higgins and Schrag, 2003; Fabre and Berger, 2012). The global Osi
record, including data from the Dracoisen Formation, supports a strong continental weathering
flux during both Sturtian and Marinoan deglaciation, reaching radiogenic values that are
unmatched in the Precambrian open-ocean record (Figure 15F; Rooney et al., 2015, 2020; Millikin
et al., 2022). CIAareo range in the Macdonaldryggen Member is typical of average shale values
and consistent with other post-Sturtian units from South China and Australia (Rose et al., 2013;
Wang et al., 2020). In contrast, CIApaico values from the Dracoisen Formation are lower than in
contemporaneous post-Marinoan units (e.g., Rose et al., 2013) and are typical of environments
dominated by physical weathering, suggesting that erosion may have outpaced soil formation (and
sediment residence time in fluvial systems was low). The elemental chemistry of these mudrocks
therefore either reflects local weathering conditions that are likely not representative of
contemporaneous weathering conditions globally, or global weathering was dynamic in the wake

of snowball glaciation and high chemical weathering rates were not sustained.
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Implications of mudrock composition for exceptional microfossil preservation within the
Svanbergfjellet Formation

Fossiliferous strata are described throughout the Lomfjorden and lower Hinlopenstretet
supergroups (e.g., Knoll, 1982; Knoll and Calder, 1983; Knoll and Swett, 1985; Swett and Knoll,
1985; Knoll et al., 1986, 1991; Riedman et al., 2018). The ca. 790 Ma Algal Dolomite member of
the Svanbergfjellet Formation in particular has yielded remarkable organic-walled micro- and
macro-fossils (Butterfield et al., 1994; Mughal et al., 2025) and is considered a Neoproterozoic
Lagerstitte (Butterfield, 1995), with fossils like Proterocladus and Palaeastrum informing the
Tonian diversification of eukaryotes (Butterfield et al., 1988, 1994; Mughal et al., 2025).
Interestingly, the Algal Dolomite member is also geochemically unique among strata in the
Lomfjorden and lower Hinlopenstretet supergroups with extremely low Ti/Al ratios and low Zr
concentrations (Figures 10 & DRS), as well as high concentrations of AlOs, K>O, and REEs
(Figure 6; Table DR2). These geochemical data indicate enrichment in clays and depletion in
heavy minerals, potentially during intense chemical weathering or physical sorting. Although the
Algal Dolomite member was deposited in a similar environment to bounding strata (Halverson et
al., 2018a), it is the only interval in the Lomfjorden or lower Hinlopenstretet supergroups with
these geochemical characteristics, suggesting that it records a unique climatic signal. This
inference is corroborated by the high CIApaie values in this unit and the abundance of kaolinite
(Figures 7, 8 & 9).

The Algal Dolomite member is composed of cyclical packages of meter- to decameter-scale
stromatolitic biostromes/bioherms and exceptionally preserved fossils derive from subtidal
calcareous shale and siltstone that sit directly on top of these biostromes/bioherms (Butterfield et

al., 1994; Mughal et al., 2025). The member likely records predominantly subtidal environments
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with some protection from storm or wave action (Knoll and Swett, 1990). Sharp contacts between
stromatolitic buildups and fossiliferous mudrocks record potential rapid flooding and/or avulsion
events leading to siliciclastic-dominated sedimentation. High resolution sections measured
through fossiliferous mudrocks at De Geerbukta (Mughal et al., 2025) reveal that the molar
proportion of FeOr+MgO, Fe/Al and the relative proportion of cation-rich clays to kaolinite
increases from the bottom to the middle or top of the mudrock intervals (Figure DR13). Given that
Fe/Al is poorly correlated with both Ca/Al and Ti/Al, it is unlikely that these shale-to-stromatolite
cycles reflect varying siliciclastic input (Table DR2). Instead, the trend of increasing Fe/Al up-
section could reflect deepening to a maximum flooding surface across a redoxcline. This is
consistent with the redox structure of other middle Tonian basins, such as that recorded in the
Fifteenmile Group of Northwest Canada, characterized by Fe enrichment in anoxic deepwater
overlain by oxygenated shallow environments (Sperling et al., 2013; Gibson et al., 2020). Despite
these trends, there is no correlation between fossil abundance or diversity (Mughal et al., 2025)
and geochemical or mineralogical parameters in these high resolution sections.

The Algal Dolomite member is unique among the strata of the Lomfjorden and lower
Hinlopenstretet supergroups in being the only unit to record significant kaolinite, which is likely
linked to the exceptional preservation of fossils in this unit (Figure 8). Kaolinite has been
documented in direct association with Burgess Shale-type fossils (Orr et al., 1998; R. Anderson et
al., 2021). Anderson et al. (2020) reported that fossils from the Algal Dolomite member are
surrounded by aluminum-rich haloes, which likely represent kaolinite. Kaolinite is known to aid
preservation due to its toxicity to microbial degraders (McMahon et al., 2016) and by promoting
the transformation of organic remains to more decay-resistant compounds (Wilson and Butterfield,

2014). Fe-rich clays are abundant throughout the Lomfjorden and lower Hinlopenstretet
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supergroups, and likely also played a role in the Algal Dolomite member’s exceptional fossil
preservation. Fe-bearing clays have been recovered from Cambrian Burgess Shale-type deposits
globally (Anderson et al., 2018), where the clay may play a mechanistic role in preservation by (i)
decreasing permeability (Woltz et al., 2023), (ii) promoting toxicity to heterotrophic bacteria
(McMahon et al., 2016), and/or (iii) forming chemical bonds with the decaying organics
(Petrovich, 2001). Regardless of the exact mechanism, the occurrence of exceptional fossil
preservation in the Algal Dolomite member suggests a link to the unique intense chemical

weathering recorded in this unit.

CONCLUSIONS

Carbonate contamination clearly affects the geochemistry of Lomfjorden and lower
Hinlopenstretet mudrocks, highlighting the importance of using major and trace element data and
mineralogy to filter datasets and inform provenance interpretations in mixed carbonate-siliciclastic
successions. When adequately filtered, the geochemistry and mineralogy of these mudrocks reflect
derivation from a combination of young and old differentiated crustal sources, possibly in the
Grenville-Sveconorwegian Orogen, East Greenland, or locally via the underlying Tonian Kapp
Hansteen Group. By combining Nd isotope analysis with elemental geochemistry, we find little
evidence for a mafic detrital source component in Neoproterozoic strata from northeastern
Svalbard, except in a couple of rare instances in the Russgya and Macdonaldryggen members of
the Elbobreen Formation. This conclusion differs from a previous study that used Nd isotopes
alone to support a model of elevated rates of LIP weathering in the Tonian of northeastern
Svalbard, highlighting that juvenile isotopic signatures may yield a non-unique provenance and

underscoring the importance of evaluating isotopic measurements within the context of elemental
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and mineralogical data. While the detrital mudrock record from northeastern Svalbard does not
record evidence of basaltic weathering throughout the early-middle Neoproterozoic, existing Nd
isotope records provide evidence for weathering of the ca. 825 Ma Willouran and Guibei LIPs;
however, such a record from the ca. 780 Gunbarrel LIP remains unresolved. Additional work is
needed to resolve the climatic conditions and relative influence of basaltic and arc weathering
leading into the Sturtian Snowball Earth event. In addition to provenance interpretations from this
important Neoproterozoic succession, the integrated geochemical and mineralogical datasets
presented herein provide rare insight into the uniqueness of the Algal Dolomite member within the
Lomfjorden and lower Hinlopenstretet supergroups and suggest a link between intense chemical

weathering conditions and exceptional fossil preservation in this unit.

'Supplementary Material. Detailed information about analytical methodology, the composite
stratigraphic section and age model used, data filtering, and mixing model calculations. Data
tables containing all geochemical and mineralogical data generated and compiled in this study.
Please visit https://doi.org/10.1130/XXXX to access the supplemental material, and contact

editing(@geosociety.org with any questions.
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FIGURE AND TABLE CAPTIONS

Table 1. Sample subsets of the Lomfjorden and lower Hinlopenstretet supergroup sedimentary
rocks and basement units of the Brennevinsfjorden and Kapp Hansteen groups used to filter

geochemical data (see Supplementary Material for further details on subsets).

Figure 1. (A) Generalized stratigraphic column of the Lomfjorden and lower Hinlopenstretet
supergroups and underlying units, showing existing age constraints from: 1. Lorenz et al. (2012),
2. Johansson et al. (1999), 3. Zhang et al. (2023), and 4. Millikin et al. (2022). Mpz.—
Mesoproterozoic; Cr.—Cryogenian; Ed.—Ediacaran; Sgp.—Supergroup; Bsmt.—Basement;
Brenn.—Brennevinsfjorden; Gp.—Group; Fm.—Formation; mb.—member; lL.—Ilower; u.—
upper; ls.—limestone; al.—algal; dol.—dolomite; Dart.—Dartboard; Pet.—Petrovbreen; Mac.—
Macdonaldryggen; metased.—metasedimentary; DZ—detrital zircon; max. depo.—maximum
depositional; (B) Generalized geologic map of the Eastern Province of northeastern Svalbard
(location shown on inset) showing sample locations referenced in text (red numbers). LYR—
Longyearbyen; Npz.—Neoproterozoic; ESZ—EFEolussletta Shear Zone; LFZ—Lomfjorden Fault

Zone.

Figure 2. (A) Plot of Ca/Al (molar proportions) vs. carbonate abundance (% whole rock) for
mudrock samples with both geochemical and mineralogical data. The gray box denotes the area

enlarged in panel (B). Samples are plotted by subset, used to filter geochemical data (see Table 1).

Figure 3. Plots of Rare Earth Elements (REEs) normalized to chondritic values, including post-
Archean average shale (PAAS) for reference (Taylor and McLennan, 1985). Samples are plotted

by subset, used to filter geochemical data, as discussed in the text and Table 1: (A) Carbonate

58



1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527

1528

samples; (B) Mudrock samples with Ca/Al >1 and Ca/Al between 0.3 and 1; (C) “Fluorapatite”
subset mudrocks characterized by middle REE (MREE) enrichment and samples with MREE
depletion (“MREE Depleted” subset), possibly related to modern weathering; and (D) Mudrock
samples with Ca/Al < 0.3 plotted with data for the Kapp Hansteen Group from Johansson et al.
(1999) and this study. Missing datapoints indicate that concentration was below the analytical

detection limit.

Figure 4. Plots of Ca/Al, a proxy for carbonate content, against various geochemical provenance
and weathering proxies, including: (A) exgq at time of deposition (enxq(m)); (B) Th/Sc; (C) Eu anomaly
(Eun/Eun”); and (D) Chemical Index of Alteration (CIA). Mudrock samples are plotted by subset,

used to filter geochemical data (Table 1).

Figure 5. Plots of ALLOs (wt %) against major oxides with mudrock samples differentiated by

subset, used to filter geochemical data (Table 1).

Figure 6. Major oxide ternary plots, including ACNK in (A) and (C) and ACNKFM in (B) and
(D), showing mineral compositions for reference (yellow squares). Chemical index of alteration
(CIA) corresponds with position along the molar proportion of Al>O; axis in the ACNK ternary.
In (A) and (B), mudrock samples from the “provenance and weathering subset” are differentiated
by stratigraphic unit and fields for the underlying Kapp Hansteen Group are shown for reference
(Ohta, 1985; Johansson et al., 1999; this study). Note that the Algal Dolomite member is plotted
separately from the rest of the Svanbergfjellet Formation. In (C) and (D) mudrock samples with

high Ca/Al ratios are differentiated from samples of the “provenance and weathering subset”, and
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carbonate samples are plotted for reference. Fm.—Formation; Mbr.—Member. Molar proportions
of oxides were used to calculate ternary position (see Supplementary Material for details on
correction of CaO for carbonate content (CaO")). Compositions of Post-Archean average shale
(PAAS; Taylor and McLennan, 1985) and upper continental crust (UCC; Rudnick and Gao, 2003)

are shown for reference.

Figure 7. Plots of geochemical and mineralogical data from mudrocks of the Lomfjorden and
lower Hinlopenstretet supergroups against composite stratigraphic height, including (A)
depositional chemical index of alteration (CIApaieo), (B) Kaolinite/Clay Subtotal, (C) Th/Sc, (D)
Eu anomaly (Eun/Euy"), (E) Ti/Al, and (F) end at the time of deposition (engt). Data are
differentiated by subset, used for filtering geochemical data (see Table 1). Data from the
underlying Kapp Hansteen Group (Johansson et al., 1999; this study), Wilsonbreen diamictite (Cox
et al., 2016b) and carbonate samples (this study) are plotted for comparison where available.
Arrows in panel (C) indicate data out of the range of the plot. Bren.—Brennevinsfjorden; K.H.—
Kapp Hansteen; Kort.—Kortbreen; King.—Kingbreen; Glas.—Glasgowbreen; Ox.—
Oxfordbreen; Grus.—Grusdievbreen; Svan.—Svanbergfjellet; Drak.—Draken; Elbo.—
Elbobreen; Wils.—Wilsonbreen; Draco.—Dracoisen; Polaris.—Polarisbreen; Hinlopen.—

Hinlopenstretet; Sgp.—Supergroup; Gp.—Group; Fm.—Formation.

Figure 8.0 Plots of clay mineral abundance in mudrock samples from the Lomfjorden and lower
Hinlopenstretet supergroups, including (A) muscovite/illite/montmorillonite; (B) kaolinite; (C) Fe
chlorite/berthierine; (D) Mg chlorite; (E) smectite; and (F) the total abundance of clays. Samples

are differentiated by subset, used for filtering geochemical data (see Table 1). Bren.—
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Brennevinsfjorden; K.H—Kapp Hansteen; Kort—Kortbreen; King.—Kingbreen; Glas.—
Glasgowbreen; Ox.—Oxfordbreen; Grus.—Grusdievbreen; Svan.—Svanbergfjellet; Drak.—
Draken; Elbo.—Elbobreen; Wils.—Wilsonbreen; Draco.—Dracoisen; Polaris.—Polarisbreen;

Hinlopen.—Hinlopenstretet; Sgp.—Supergroup; Gp.—Group; Fm.—Formation.

Figure 9. Box plots of geochemical metrics from mudrock and diamictite samples of the
Lomfjorden and lower Hinlopenstretet supergroups organized by stratigraphic unit, including (A)
Th/Sc, (B) Eu anomaly (Eun/Eus"), (C) depositional chemical index of alteration (CIApaieo), and
(D) eng at time of deposition (engr)). Only data from the “provenance and weathering subset” are
included in plots A—C, while data from all subsets are included in panel D (see Table 1 for
explanation of subsets). Data from the Brennevinsfjorden and Kapp Hansteen groups are plotted
for comparison (Ohta, 1985; Johansson et al., 1999; this study). Numbers above each boxplot
indicate the number of samples included. Grey dots represent statistical outliers and red dots
represent means. Gp.—Group; Fm.—Formation; Mbr.—Member, KH—Kapp Hansteen; Avg.—

Average; Max.—Maximum; M—Marinoan.

Figure 10. Plots of trace elements used to differentiate tectonic setting in mudrocks. (A) Ternary
plot of Th, Sc and Zr/10 with fields for tectonic settings from Bhatia and Crook (1986). OIA—
ocean island arc; CIA—continental island arc; ACM—active continental margin; PM— passive
margin. (B) Plot of La/Th against Hf with fields for different tectonic settings from Floyd and
Leveridge (1987). Samples from the “provenance and weathering subset” are differentiated by
stratigraphic unit while mudrocks with Ca/Al > 0.3 are plotted by subset (see Table 1 for

explanation of subsets). Note that the Algal Dolomite member is plotted separately from the rest

61



1575

1576

1577

1578

1579

1580

1581

1582

1583

1584

1585

1586

1587

1588

1589

1590

1591

1592

1593

1594

1595

1596

of the Svanbergfjellet Formation. Arrow in panel (B) indicates data out of the range of the plot.
Compositions of Post-Archean average shale (PAAS; Taylor and McLennan, 1985) and upper
continental crust (UCC; Rudnick and Gao, 2003) are shown for reference. Fm.—Formation;

Mb.—Member.

Figure 11. (A) Plot of eng at time of deposition (eng(t)) against sample age for Lomfjorden and
lower Hinlopenstretet supergroup mudrocks and diamictites. Underlying units (Brennevinsfjorden
and Kapp Hansteen groups) and East Greenland crystalline basement fields are plotted for
reference (Kalsbeek et al., 1993; Johansson et al., 1999; this study). M.—Marinoan. (B) Plot of
endm) against Ca/Al where available. Dotted lines mark the Ca/Al = 0.3 and Ca/Al = 1 cut-offs
used in mudrock sample filtering (see Figure 2). Note the logarithmic scale on the x-axis. Mbr.—

Member; Fm.—Formation; Gp.—Group.

Figure 12. Filtered Sr isotope data from this study plotted along with the compilation of Chen et

al. (2022) and data from Fairchild et al. (2016). M—Marinoan.

Figure 13. Plots of Th/Sc against exg at time of deposition (engr)) for Lomfjorden and lower
Hinlopenstretet supergroup mudrocks after McLennan et al. (1993). In (A) mudrocks are
differentiated by filtering subset (see Table 1) and in (B) they are colored by Zr/Ti. Data from the
underlying Brennevinsfjorden (this study) and Kapp Hansteen groups (Johansson et al., 1999; this
study), both with engr) calculated at 800 Ma, are shown for reference. An estimate of

Neoproterozoic juvenile material of mafic (mid-ocean ridge basalt—MORB) and intermediate
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composition (Arc andesite) are shown using Th/Sc from McLennan et al. (1993) and eng(t) from

Shirey et al. (2008). Gp.—Group.

Figure 14. Plots of fsmna (present day) against enqg(t) (calculated for the sample’s depositional
age) for Lomfjorden and lower Hinlopenstretet supergroup mudrocks and diamictites after
Shirey and Hanson (1986). Data are differentiated by filtering subset (A and B), described in the
text and Table 1, and stratigraphic unit (C). Samples are plotted with fields for the Grenville
(sources are listed in Table DR8) and Sveconorwegian provinces (Bolle et al., 2003; Granseth et
al., 2020) in (A) and potential local sources in (B), including the underlying Kapp Hansteen
Group (Johansson et al., 1999; this study) and East Greenland basement (Kalsbeek et al., 1993).
endct) of potential source units were calculated for the time spanning deposition of the
Lomfjorden and lower Hinlopenstretet supergroups (914 and 630 Ma). An estimate of
Neoproterozoic juvenile mafic material (mid-ocean ridge basalt—MORB) is shown using fsmndg
from McLennan et al. (1993) and exg(t) from Shirey et al. (2008). Mbr.—Member; Fm.—

Formation; Gp.—Group.

Figure 15. Plots of radiogenic isotopes used to investigate weathering and sediment provenance
throughout the Neoproterozoic, including Nd isotope data from (A) South China, (B) Australia,
(C) Laurentia, and (D) Svalbard; the global Sr isotope curve (E); and a compilation of global initial
Os (Osi) data (F). Blue bars show the timing of the Sturtian and Marinoan Snowball Earth events.
Nd isotope data from detrital siliciclastic units are shown in blue circles while data from iron
formations are plotted as red squares. Data were originally compiled by Cox et al. (2016b) and age

assignments have been updated where necessary (see Table DR9 for data and source). Nd isotope
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data for each area are plotted with local basement and/or interpreted sources, large igneous

province arrays (brown), and the mantle evolution curve (black). Data sources for the Nd isotope

source fields and Neoproterozoic Sr and Os isotope data can be found in the Supplementary

Material. E—East; KH—Kapp Hansteen, Bsmt.—Basement; Gp—Group; Lit—Tliterature;

Avg.—Average.
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TABLE 1. SAMPLE SUBSETS OF THE LOMFJORDEN AND LOWER HINLOPENSTRETET SUPERGROUP SEDIMENTARY ROCKS AND
BASEMENT UNITS OF THE BRENNEVINSFJORDEN AND KAPP HANSTEEN GROUPS USED TO FILTER GEOCHEMICAL DATA

Subset Name Defining characteristics*t Part of “provenance and  Lithology Number of samples
weathering subset™

Low Ca/Al Mudrock with Ca/Al ratio below 0.3 and no significant yes mudrock 287
MREE enrichments or depletions compared to PAAS$

Fluorapatite Mudrock with MREE enrichment that is interpreted to yes mudrock 4
reflect heavy mineral enrichment

MREE Depleted Mudrock with MREE depletion that is interpreted to yes mudrock 11
reflect weathering or diagenesis of P-bearing minerals

No filter data Mudrock without adequate data to filter into other no mudrock 8
subsets

Ca/Al 0.3-1 Mudrock with Ca/Al ratio between 0.3 and 1 no mudrock 80

Ca/A>1 Mudrock with Ca/Al ratio greater than 1 no mudrock 93

Diamictite Diamictite lithology determined in field no diamictite 3

Carbonate Carbonate lithology determined in field no carbonate 1961

Igneous Igneous lithology determined in field no igneous 4

*Ca/Al calculated using elemental molar proportion
tMREE —Middle Rare Earth Element
SPAAS —Post-Archean average shale
#Subset of mudrock samples used to investigate changes in sediment provenance and weathering conditions
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