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Since the discovery of the Neoproterozoic 'Snowball Earth' glaciations, the climate history of the Earth 
in the Precambrian has been in the spotlight more than ever. Here we investigate the ≤1871 Ma old  
Fagervik diamictite, exposed along the coast of the Bothnian Gulf in northern Sweden, on the Fenno- 
scandian Shield. Previously described as a magmatic, hydraulic breccia, we reinterpret this deposit 
as a subglacial, deformed till, based on syndepositional textures, particularly the imprint of significant  
crushing and bedding-parallel shearing. A greenschist-facies metamorphic overprint affected the matrix  
mineralogy, but preserved characteristic synsedimentary macro- and microtextures. The diamictite formed 
near sea-level most likely at low geographical latitude. This would be a second account of a glacigenic 
deposit from the late Palaeoproterozoic era in Sweden, following evidence for ~1895 Ma periglacial and 
proglacial sedimentary rocks in Bergslagen, South central Sweden.

Deposition of Precambrian Banded Iron Formations (BIFs) was commonly associated with glaciations,  
but for 1.9–1.8 Ga BIFs the correlation was less evident. The Fagervik diamictite adds additional evidence 
for the glacial connection of BIFs.

Introduction and geological context
Glacial deposits are known from ~2.9–2.3 Ga ago and in four distinct periods between 750 and 550 Ma 
in the Neoproterozoic. The c. 1.5 Ga-long intervening period has been coined as the ‘Proterozoic glacial 
gap’ (Hoffman & Schrag, 2002; Eyles, 2008). However, there is strong evidence of glacial and/or periglacial 
conditions on the Amazonian craton (2.58–2.06 Ga; Araújo & Nogueira, 2019), in India between 2.1 and 
1.86 Ga (Rodriguez-Lopez et al., 2020), in central Sweden at about 1.9 Ga (Vandenberghe et al., 2020 and 
references therein), in the Kimberley Basin of Australia at 1.81 Ga (Williams, 2005) and in Brazil at about 
1.3 Ga (Geboy et al., 2013). These seem to be minor occurrences compared to the widespread evidence of 
glacial conditions near both the beginning and the end of the Proterozoic Eon.
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The 1.8–1.9 Ga, c. 1200 km-wide Svecofennian orogen of the Fennoscandian Shield is a  
characteristic example of an accretional continental margin (e.g., Beunk & Page 2001; Lahtinen et al., 2009,  
and references therein; Beunk & Kuipers, 2012).

Paleomagnetic studies have established low latitudes for deposition of supracrustal rocks in several 
parts of the orogen (Pesonen et al., 2012). Kuipers et al. (2013) first provided evidence for periglacial 
conditions at c.1895 Ma in western Bergslagen, part of an oroclinal terrane accreted onto the then 
existing active margin of southwestern Fennoscandia (Beunk & Kuipers, 2012). In northern Sweden, 
the Skellefte district hosts a well-known c. 1.9 Ga-old volcanic arc terrane accreted to the Archean 
core of the Fennoscandian Shield (e.g., Gaál, 1990). The local Archaean rocks have been remobilised 
during the late Palaeoproterozoic Svecofennian orogeny. Seismic reflection and geoelectric profiling  
experiments have revealed the deep structure of the accretionary complex, including a north- 
dipping mantle reflector, interpreted as a fossil subduction zone (BABEL working group, 1990; Korja  
et al., 1993; Korja & Heikinen, 2005).

In the northernmost Paleoproterozoic rocks in the Svecofennian basement of Sweden, close to the  
Archean–Proterozoic boundary as evidenced by εNd values of Paleoproterozoic granitoids and  
metavolcanic rocks. Åhman & Odman (1952), Åhman (1953) and Lundqvist et al. (2000) described 
the regional geology, which includes “conglomerate-like” deposits on the Bothnian Gulf near the 
town of Luleå. Fig. 1 shows the geological context of this deposit in a detail of the regional 1:50,000  
geological map (Wikström & Söderman, 2000). The diamictites occur in a sequence of mafic and felsic  
metavolcanic rocks overlying and to the southwest of Late Archean foliated tonalites and granodiorites 
with mafic dykes. Due to poor outcrop conditions in the recently deglaciated boreal forest, we have not 
been able to study the contact with these granitoids, which was called a deformation zone by the map 
makers. The çonglomerates are fully exposed, as described by Lundqvist et al. (2000), along the north- 
eastern coast of Holfjärden along transect AB in Fig. 1, but isolated small outcrops also occur in the  
forested area to the northeast of the coast (e.g., Fig. 2H). Following Wikström & Mellqvist (1995),  
Lundqvist el al. (2000) preferred to interpret the conglomerate-like rocks as a magmatic hydraulic  
breccia, but left their origin open to discussion. Here, we will discuss the Fagervik diamictite on the 
northeastern coastal strip of Holfjärden as described by Lundqvist et al. (2000) and specified in Figs. 1 
& 2; we will argue that it most likely represents a tillite. We will discuss the climatic implications of this 
interpretation and its relevance for the ‘Proterozoic Glacial Gap’.

The Fagervik diamictite, description
The Fagervik diamictite occurs in the Vallen–Alhamn area, c. 20 km south of the town of Luleå on the 
coast of the Bothnian Gulf (inset Fig. 1). It is a steeply (>70°) dipping body, several hundred metres wide 
and tens of metres thick, striking NW–SE parallel to the local coastline, underlain by marine siliciclastic 
sedimentary rocks and mafic metavolcanic rocks, including pillow basalts. An accurate lithostratigraphy 
cannot be given, due to generally difficult outcrop conditions in the boreal forest. The total thickness of 
the metasedimentary succession comprising the diamictite is estimated from the geological map of the 
Swedish Geological Survey (Wikström & Söderman, 2000) as 2 km. The metasedimentary rocks were 
intruded and veined by small bodies of orange-coloured, undeformed late-orogenic granite and by mafic 
and felsic dykes and sills. Lundqvist et al. (2000) dated zircons from the Archean basement, granitoid 
pebbles of the Fagervik diamictite and their matrix (see cartouches in Fig. 1). We studied the rock’s origin 
from field and microscopic observations, particularly at the rocky Fagervik beach (Fig. 1), polished by 
Pleistocene glaciers. Fig. 1 also depicts a schematic section AB across Fagervik beach and the underlying 
rock types. The beach outcrop is illustrated by field photos in Fig. 2A–G. We will first summarise the 
textural characteristics of the Fagervik diamictite before discussing their origin.
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Figure 1. Vallen–Alhamn area, northern part of the regional 1:50,000 geological map copied from the Geological  
Survey of Sweden (SGU) serie Ai nr 155 (Wikström & Söderman, 2000) with WGS 84 (~SWEREF) coordinates, used for 
distance in km, figure and sample locations. Coordinate unit is 1 km. Legends were copied from the map. The red arrow 
indicates a turbiditic metagreywacke horizon and the stratigraphic way up. The black arrow and star are part of the 
original map. Yellow and brown ellipses symbolise coherent, undisrupted diamictic horizons, with abundant pebbles, 
cobbles and boulders of variable but dominantly granitic composition (Fig. 2). Three U–Pb zircon ages in cartouches are 
single-grain data from two separate tonalite fragments from the Fagervik diamictite (2706 and 1903 Ma) and from its 
matrix (1871 Ma), reported by Lunqvist et al. (2000), sampled from the location indicated by a black star. The Fagervik 
Diamictite described herein stretches continuously over a strike distance of c. 500 m and several tens of metres wide 
along the Pleistocene ice-polished northeastern shore of Holfjärden, between the black star and the line of section A–B. 
Inset in upper- left corner shows the location as a red star: Horizontal ruling – Archaean cratons; light grey – Palaeo- 
proterozoic Svecofennian orogen; black – Mesoproterozoic intrusions; diagonal ruling – Neoproterozoic Sveconorwegian  
(Grenvillian) orogen; medium grey – Caledonian orogen; dark grey – Phanerozoic platform cover.

The diamictite at Fagervik beach is polymict, unsorted and massive, representing a single, undisrupted 
depositional layer. A coarse internal banding in the diamictite is expressed by alignment of elongate 
pebbles (Fig. 2A), also in the microstructure (Fig. 3E), and by planar strain features. This banding is 
parallel to the lithological contact with underlying turbidites (blue in Fig. 1), and to the contact of the 
supracrustals with the underlying tonalitic gneisses (Fig. 1). Within the banding there are cm-scale,  
recumbent, rootless isoclinal folds (Fig. 2C). A m-thick (meta)dolerite dyke is also present trending 
along the strike of the diamictite.
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Pebbles, cobbles and boulders in the diamictite range from 1 to 70 cm in size and are well rounded 
to subrounded if not fractured. They consist of round to elliptical, isotropic and foliated late Archean  
granitoids of medium to high sphericity and more elongate, but well rounded, fine grained,  
mafic magmatic rocks. In places, pebbles show imbrication-like stacking (Fig. 2F). In macro- and  
microstructure elongate clasts are commonly aligned (Figs. 2A & 3E), irrespective of the intensity of the 
metamorphic foliation (see below); in places they are arranged in circular structures (Figs. 2H & 4H). 
Many clasts are sharply fractured and halved, with fragments remaining in situ in some cases (Fig. 2A,  
B, E). They show pressure shadows (Fig. 2B, G), and in places sigma- and delta-shaped asymmetric tails 
(Fig. 2C, D), which also developed on microscopic clasts in the matrix (Fig. 4F). Smaller pebbles are in 
some cases concentrated in asymmetric pressure shadows (Fig. 2G).

The matrix of the diamictite, compositionally andesitic to dacitic according to Lundqvist et al. 
(2000), is fine grained (<100 μm) with a colour index ~60, and contains an assemblage of plagioclase  
(albite, based on its optical properties), green amphibole, biotite, chlorite (apparently secondary, after  
titaniferous biotite), epidote and subordinate titanite, with zircon and opaque phase(s) as accessory  
minerals, reflecting upper greenschist-facies metamorphism. The map (Fig. 1) identifies the host rock of  
the diamictite as felsic metavolcanic rocks, but on the Fagervik beach studied here they are actually  
intermediate to mafic. Microscopically, clasts include lithic fragments of plagioclase-phyric felsic-to- 
intermediate metavolcanics, granitoids (tonalite-trondhjemite), metamorphic rocks (fine-grained  
mesocratic titanite-, epidote- and biotite-amphibolite, quartzite and quartzitic slates), siltstone,  
immature sandstone, as well as sand-sized quartz grains. They are variably but often distinctly angular 
(Fig. 3C–E), in contrast to the larger clasts. Clasts show no signs of ductile deformation after deposition.

Texturally, the matrix is not pervasively foliated, varying from unfoliated to locally foliated (biotite) and 
lineated (amphibole) parallel to bedding; it carries abundant angular grains of quartz and rock fragments 
(Figs. 3C–E & 4D, E). Necking structure (flow of matrix in the space between two pebbles) is particularly 
evidenced by the microstructure (Fig. 3D).

Mafic turbidites below the diamictite
About 1 km to the southeast of the southernmost beach outcrop of the Fagervik diamictite,  
thin-bedded mafic metasedimentary rocks are exposed along the coast, indicated by a red arrow in  
Fig. 1. The exposure shows thin-bedded sandy to silty turbidites, preserving incomplete Bouma  
sequences indicating younging to the southwest, and lacking any evidence of deformation other than  
tectonic tilting together with the entire sedimentary sequence (Fig. 3A, B). No clasts of any size  
comparable to those in the Fagervik diamictite are observed in the turbidites. These rocks have no  
outcrop along the stratigraphic section AB in Fig. 1, but occur also farther south along the coast in the  
same manner. They are therefore part and parcel of the felsic metasedimentary rocks (Fig. 1).  
The underlying mafic metavolcanic and metasedimentary rocks do not seem to be interlayered with 
the overlying felsic metasedimentary rocks. However, the Fagervik diamictite contains rounded fine  
mafic clasts, suggesting an erosional phase between the mafic and felsic metasediments. Mineralogically,  
the turbidites are identical to the matrix of the diamictite.
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Figure 2. Field photographs of the rocky Fagervik beach, polished by Pleistocene glaciers. (A–G) [65.43680, 21.93901]; 
(H) [65.45690, 21.93901]. (A) In situ crack in oval granitoid pebble (below and right of pen), healed by secondary 
metamorphic quartz after some syndepositional left-lateral bookshelf rotation. Note the shape and alignment of oval 
pebbles parallel to bedding. (B) In situ crushing of spherical granitoid pebble, with smaller clasts preserved in the crack; 
pressure shadow (poorly visible) in matrix below the pen. (C) Delta-type tails (highlighted) on fractured central granitoid 
clast and minor bookshelf rotation indicating bedding-parallel, left-lateral, syndepositional shear; cm-scale rootless  
recumbent isoclinal folds indicated by dashes; Fig. 2C, E–G are oriented with top to the northeast. (D) Elongate, two- 
sided, asymmetric, left-lateral sigma tails parallel to bedding on oval granitoid cobble (highlighted on one side); top 
of fig. is northwest. (E) In situ fracturing of rounded cobble, producing half-moon-shaped fragments showing anti- 
clockwise bookshelf rotation; (F) Imbrication-like structure; bedding parallel to pen; (G) Sigma tail on left side of central 
granitoid cobble, with smaller pebbles in pressure shadow on leeside. Note half-moon-shaped clast in lower left. (H) Circular  
(rotational, turbate or ‘galaxy’) structure around central cobble; bedding is oriented about diagonally in this picture, 
from upper left to lower right; note orientation, transverse to bedding, of small, elongate pebble just left of and parallel 
to pen (~2.4 km north of Fagervik beach). All asymmetric sense-of-shear indicators (Fig. 2C, D, E, F?, G) witness left- 
lateral, stratigraphic-top-to-the-SE motion.
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Figure 3. Field pictures of the turbiditic metasedimentary rocks underlying the Fagervik diamictite at Fagervik beach  
(A & B), and photomicrographs of the diamictite (C–E). (A) Convolute sedimentary structures in Bouma Tc-d interval 
of the turbidites, above coin (2.5 cm Ø). (B) Mainly thin-bedded distal turbidites. (C) Angular fragments of quartz and  
quartzite in the matrix of the diamictite (sample Bk1516; shadow on large quartzite grain from scratch on glass plate).  
(D) Necking structure between two granite grains (Bk1501). (E) Claystone, quartzite and granitoid fragments in the matrix 
of the diamictite (Bk12027), showing (i) parallel orientation in thin-section and grain lineation, probably due to subglacial  
shearing, as in some of the outcrop pictures taken on Fagervik beach, (ii) clast-rich and clast-poor domains. Details in 
dashed boxes: [1] fine- grained, dark coloured, elongate, soft-sediment pellet (top, now with metamorphic mineralogy) 
bent over granitoid pebble; [2] triple pebble stack. Slide (E) is 4.5 x 8 cm [65.43858, 21.93742]. (C–E): plane-polarised 
light.
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Discussion
Åhman (1953) saw the Fagervik diamictite as a true epiclastic conglomerate, but Wikström & Mellqvist 
(1995) reinterpreted it as a hydraulic magmatic breccia, an interpretation also adopted by Lundqvist 
et al. (2000), who dated the diamictite from single zircons extracted from its matrix using low-blank 
chromatographic separation and thermal ionisation mass spectrometry. The 1871 ± 2 Ma U/Pb age 
of volcanogenic zircons likely supplies a maximum age for the rock. The authors compare the Fagervik  
diamictite to hydraulic breccia pipes and cappings in and on granites and note the predominance of 
volcanic fragments in support of a volcanic origin for the deposit. We disagree with the interpretation 
of the Fagervik diamictite as a magmatic hydraulic breccia, as it is not dyke- or pipe-like but stratiform, 
thick and extensive, shows preferred clast orientations in macro- and microstructure, is interbedded 
with turbidites, and is apparently not in undisturbed contact with granites. Moreover, the excellent  
rounding of all cobbles and boulders is not readily compatible with magmatic hydraulic  
brecciation alone, and instead suggests polycyclic recycling of a (fluvio)glacial conglomerate. In addition,  
the identification, herein, of tectonic fabrics resembling those of ductile shear zones adds another  
element in need of explanation (van der Meer, 1993; Boulton, 1996a, b; van der Wateren, 1999; van 
der Wateren et al., 2000; Phillips, 2018). They comprise the asymmetric sigma- and delta-shaped 
tails on clasts, and shear bands, as shown in Figs. 2 & 4. First of all, the (metamorphic) rock does not  
represent a (brittle-ductile) tectonic shear zone, since its matrix is not pervasively and  
continuously foliated and lacks most of the characteristic microtextural elements of such rocks.  
Nevertheless, whether the observed macro- and microtextures reflect solely syndepositional processes 
or an additional imprint of superimposed metamorphism will deserve careful consideration, which will 
be addressed in the following section.

Syndepositional and/or metamorphic deformation textures?

Microfabrics of the matrix, potentially characteristic of glacial deposits (e.g., Menzies & Van der Meer, 
2018, and references therein), have been affected by the metamorphic overprint on the original clay 
matrix of the deposit, which destroyed any primary ductile fabrics (optical alignment of clay minerals). 
Nevertheless, brittle as well as ductile deformation fabrics of a coarser scale were observed micro- and 
macroscopically: necking structures (Fig. 3D), bent sedimentary pellets (Fig. 3E), microshear features 
such as deformation bands (Fig. 4A–D), boudinage (Fig. 4A, B), subdomains (Figs. 3E & 4D), alignment 
of microclasts (‘skeleton grains’, Figs. 3E & 4E), asymmetric tails (strain shadows) on clasts (Fig. 4F)  
similar to those in the macrofabric (Fig. 2C), crushed grains (Figs. 2C & 4F) and grain contacts, grain stacks  
(Figs. 3E & 4G), and rotational (‘galaxy’) structures (Figs. 2H & 4H). It is not a priori clear to what  
extent early synsedimentary processes and subsequent metamorphism contributed to the observed  
deformation textures. The patchily but not penetratively distributed foliation and lineation in the matrix 
indicates a contribution from synmetamorphic (pure shear) deformation, also supported by the rare, 
single observed case of boudinage of a recrystallised quartzite band (Fig. 4A, B). Boudinage of soft  
sediment clasts in subglacial tills has been repeatedly described (e.g., Busfield & Le Heron, 2013), but hard 
rock and mineral clasts just break, seen in many granitoid pebbles in outcrop (Fig. 2). Ductile deformation of 
quartz begins at a temperature of c. 300°C, while the microtexture in Fig. 4B reflects deformation by subgrain  
rotation, operative above 400°C (e.g., Passchier & Trouw, 2005; Trouw et al., 2010), still below the 
estimated upper greenschist-facies peak metamorphic temperature of the Fagervik diamictite. On the 
other hand, although deformation bands in the rock (Fig. 4A–D) mimic those of ductile shear zones in  
orientation, they lack the microtextural characteristics of those zones. Since shear features similar to  
those of metamorphic ductile shearing develop in deformation of tills and mass flows alike, we  
interpret the structures as shown in the figures as static metamorphic overprints (i.e., pseudomorphs)  
of syndepositional shear bands. In all, the textures and structures of the Fagervik diamictite reflect both 
syndepositional as well as metamorphic deformation, with the former dominating.
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Till or mass flow?

Two plausible alternatives for the origin of the diamictite appear to remain: either a subglacial,  
deformed (traction) till or a mass-flow deposit. From the literature on both types of deposit it is  
clear that most of the textural elements occur in subglacial tills and mass-flow deposits alike (Evans et 
al., 2006; Phillips, 2006, 2018). Moreover, in Neoproterozoic glacial successions, diamictites of both  
mass-flow and glacial origins can be found in the same sequence (e.g., Le Heron et al., 2017).  
Imbrication or tiling of elongated intraclasts, as in Fig. 2F, has been demonstrated in subglacial tills  
(e.g., van der Meer, 1993; Evans et al., 2006; Phillips, 2018), whilst Major (1998) also produced  
pebble imbrication in experimental mass flows. Rotational (turbate) structures are commonplace in tills 
and mass flows (van der Meer, 1993; Phillips, 2006), and are also observed in the Fagervik diamictite  
(Figs. 2H & 4H). What tips the balance in favour of a glacial origin for the diamictite is the common  
occurrence of abundant broken granitoid clasts, producing half-moon-shaped fragments. The half- 
moons occur as isolated fragments (Fig. 2G), obviously after some transport following fracturing.  
Usually, however, they remained in situ (Fig. 2E), and in places healed with secondary quartz (Fig. 2A),  
preserving a diamictite matrix and smaller clast fragments within the fracture (Fig. 2B), and/or 
showing minor left-lateral bookshelf rotation of the two halves (i.e., top-to-the-SE, Fig. 2E), consistent  
with the sense-of-shear indicated by asymmetric tails on other boulders (Fig. 2C–D). The fractures are  
interpreted to have originated during deposition, not by later tectonic deformation, as they are confined  
to the broken clasts and do not extend into the matrix (Fig. 2A, B, E). They likely resulted from  
glacial loading and subglacial shearing, producing a pseudobreccia. The secondary quartz is therefore  
interpreted as of subsequent, metamorphic origin. Similar fractured clasts in the Neoproterozoic Port 
Askaig Formation of Scotland were interpreted to result from frost shattering (Ali et al., 2018), but these 
are found preferentially at the tops of (subaerial) diamictite beds, while in the Fagervik diamictite they 
are distributed throughout the deposit.

Rounding of the larger clasts, in contrast to the matrix grains, seems to reflect their polycyclic origin, 
i.e., they may have been previously rounded by interglacial glaciofluvial transport, not necessarily over 
a long distance, as illustrated by recent Icelandic examples and many proximal glaciofluvial deposits of 
Pleistocene age.

Later ice advance probably reworked, polished and fractured the rounded hard rock clasts left behind 
as erratics on the land surface. The restriction of the various deformation structures described above 
to the Fagervik diamictite and their absence in the underlying turbidites supports an interpretation of 
the former as a subglacial till. By analogy and in further support of the glacial origin of the Fagervik  
diamictite, we note that half-moon-shaped, Baltic, erratic boulders are also prominent in Pleistocene 
tills in southern Sweden, Denmark and northern parts of Poland, Germany and the Netherlands, where 
larger boulders were used for megalithic burial sites by Neolithic people of the Funnelbeaker culture.

The turbidites directly underlying the Fagervik diamictite may have been produced by interglacial  
meltwater plumes depositing sediments into a marine basin created by rising sea level (Bellwald et 
al., 2020). If the interglacial period lasted long enough, it could have produced substantial amounts of  
sediments to fill the basin before the ice returned and covered these sediments with till. The sandy 
to clayey clasts in the diamictite may have been derived from the underlying turbidites. Locally, the 
till contains predominantly rounded mafic pebbles probably derived from older mafic volcanogenic  
sediments (Fig. 1), again suggesting reworking of fluvioglacial conglomerates.
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Figure 4. Photomicrographs of the matrix of the Fagervik diamictite, continued. All except (B) and (F) in plane-polarised light. (A) 
and (B, doubly-polarised light) boudinaged band of fine-grained, recrystallised quartzite (boudin neck arrowed in A, sample 
Bk1501). Diagonal (upper right to lower left) dark bands are rich in fine-grained, randomly oriented epidote and interpre-
ted as recrystallised (pseudomorphosed) synsedimentary microshears. (C) Dark, epidote-rich, recrystallised microshears  
wrapping around skeleton grains of granite and quartz (Bk1501). (D) Clast-rich microdomain (dashed); dark micro- 
shears in upper half (Bk12027). (E) Alignment of elongate, angular skeleton grains (Bk1516). (F) Rounded granite clast 
(1) with triangular asymmetric pressure shadow (2). Crushed quartz grain on left side (doubly-polarised light, Bk12027). 
(G) Stacking of skeleton grains (Bk12027). (H) Rotational structure (dashed) around central granite clast (Bk1501),  
cf., Fig. 2H.
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Several similar conglomerate-like rocks have been mentioned and described in the Svecofennian  
basement on the Swedish and Finnish sides of the Bothnian Gulf (Åhman & Ödman, 1952; Honkamo, 
1985; Wikström et al., 1996; Persson & Lundqvist, 1997; Bauer et al., 2011), in places with considerable 
thickness and areal extent, and some equally interpreted as magmatic hydraulic breccias (Wikström et 
al., 1996). These conglomerate-like bodies deserve reconsideration for a possible glacial origin.

Climatic implications of the data

There is mounting evidence for a post-1900 Ma glaciation from the Palaeoproterozoic Bergslagen  
province in central Sweden (Kuipers et al., 2013, 2018, 2021; Vandenberghe et al., 2020). Although 
the accretionary (exotic) nature of the Skelleftea field and Bergslagen requires caution, existing paleo- 
magnetic data from various locations within the Svecofennian orogen indicate an equatorial latitude for 
formation of the periglacial structures and glacial deposits, reminiscent of the Neoproterozoic ‘Snowball 
Earth’ period. Various other locations in the world, as cited in our Introduction, have revealed evidence 
of glaciations within the ~1.5 Ga ‘Proterozoic Glacial Gap’ between about 2.3 and 0.8 Ga according 
to Hoffman & Schrag (2002) and Eyles (2008). Instead of the ‘gap’, we are now moving to a model of  
intermittent Proterozoic glaciations which appear to have reached tropical latitudes. In an era of  
lower than present solar luminosity in the Earth’s albedo, the silicate weathering rate and oceanic and  
atmospheric heat transport may have been repeatedly modulated by a preponderance of landmasses 
at low latitudes and/or by varying continental arrangements around the tipping point for the onset or 
demise of severe glaciations, extending into the tropics (Kirschvink, 1992; see Hoffman & Schrag, 2002, 
for a detailed treatment).

Conclusions
We reinterpret the Fagervik ‘conglomerate-like rocks’ of the Vallen–Alhamn area along the coast of the 
Bothnian Gulf as a subglacial (traction) tillite, based on its textural properties, in particular the imprint 
of significant syndepositional crushing and bedding-parallel shearing, preserved under a mostly static 
greenschist-facies overprint. The shear had a dominant top-to-the-southeast component, in present  
coordinates, indicative of the direction of ice movement. The penetrative syndepositional deformation  
of the diamictite suggests that it was water saturated and easily deformable, under a wet-based glacier,  
although water-escape structures were not found. A wet-based glacier seems to be in keeping with 
the low latitude and elevation of deposition. Nearby underlying thin-bedded sandy-silty turbidites  
preserve delicate sedimentary structures, but do not show deformation structures; they possibly 
represent deposition from interglacial meltwater plumes. The various evidence indicates the  
occurrence of an episodic glacial event, postdating the previously established U–Pb age of zircon grains 
from the conglomerate matrix: 1871 ± 2 Ma.

Major glacial events in the Proterozoic Eon in several cases coincide with deposition of banded iron 
formations (BIFs; Hoffman & Schrag, 2002, their fig. 12), thought to be caused by obstruction of oceanic 
ventilation by ice cover. So far, the global peak of BIF deposition between 1.9 and 1.8 Ga has had no 
glacial connection. The missing link is provided by Fennoscandian and other BIFs of that age and glacial 
evidence from central and northern Sweden (Kuipers et al., 2013, 2021; Vandenberghe et al., 2020; 
herein) and from the Kimberley basin of NW Australia (Williams, 2005).
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