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A B S T R A C T   

The Earth’s cratons are traditionally regarded as tectonically stable cores that were episodically buried by thin 
sedimentary covers. Cratonic crust in southern Finland holds seven post-1.7 Ga tiered unconformities, with 
remnants of former sedimentary covers. We use the geometries of the tiered unconformities, along with previ
ously dated impact structures and kimberlite and carbonatite pipes, to reconstruct the erosion and burial history 
of the craton and to derive estimates of depths of erosion in basement and former sedimentary rocks. The close 
vertical spacing (<200 m) of the unconformities and the survival of small (D ≤ 5 km) Neoproterozoic and Early 
Palaeozoic impact structures indicate minor later erosion. Average erosion rates (<2.5 m/Ma) in basement and 
cover are amongst the lowest reported on Earth. Ultra-slow erosion has allowed the persistence in basement 
fractures of Phanerozoic fracture coatings and Palaeogene groundwater and microbiomes. Maximum thicknesses 
of foreland basin sediments in Finland during the Sveconorwegian and Caledonide orogenies are estimated as 
~1.0 km and <0.68–1.0 km, respectively. Estimated losses of sedimentary cover derived from apatite fission 
track thermochronology are higher by factors of at least 2 to 4. A dynamic epeirogenic history of the craton in 
Finland, with kilometre-scale burial and exhumation, proposed in recent thermochronological models is not 
supported by other geological proxies. Ultra-slow erosion rates in southern Finland reflect long term tectonic 
stability and burial of the craton surface for a total of ~1.0 Ga beneath generally thin sedimentary cover.   

1. Introduction 

Cratons hold the Earth’s oldest rocks and landscapes. Yet cratonic 
denudation rates are poorly known over geological timescales because 
even slow denudation, if sustained, eventually removes evidence of its 
surface operation. Sedimentary and volcanic rocks and weathering 
mantles that constrain the depth and timing of erosion and burial on 
platforms (Gunnell, 2020) are generally missing from shields, including 
regions eroded by Late Cenozoic ice-sheets (André et al., 2001). In the 
absence of such proxies, thermochronometry has become the standard 
tool for reconstructing thermal histories (Kohn and Gleadow, 2019). Yet 
current thermochronological models often struggle to replicate cratonic 
denudation acting slowly at the sub-kilometre scale (Gunnell, 2000; 
Vasconcelos and Carmo, 2018). There is a pressing need to test 

thermochronological models for cratons against independent geological 
evidence (Green et al., 2020). 

In this paper, we examine the erosion and burial history of the craton 
in southern Finland. Finland is exceptional as it retains inherited base
ment landforms, traces of sedimentary cover rocks, volcaniclastic 
kimberlite dykes and many eroded impact structures (IMPs) (Fig. 1A). 
These features indicate that the craton has experienced multiple mega- 
cycles of uplift, erosion, relief reduction and burial since 1.7 Ga. We 
derive high-resolution estimates of depths and rates of erosion in base
ment and cover rocks from basement unconformities and the geometries 
of previously dated IMPs. The revealed erosion rates are amongst the 
lowest reported on Earth and indicate exceptional stability and pro
longed, shallow burial of the craton. Existing thermochronological 
models significantly overestimate the thicknesses of former sedimentary 
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cover in Finland. 

2. Geological setting 

The Precambrian continental crust was assembled in southern 
Finland towards the close of the Svecofennian orogeny at 1.76 Ga 
(Nironen, 2017). Final stabilisation of the crust followed intrusion of 
rapakivi granites and dyke swarms at 1.65–1.47 Ga (Korja et al., 2006). 
Following uplift and unroofing of rapakivi granites, basement surfaces 
were buried at 1.5–1.4 Ga (Lundmark and Lamminen, 2016) beneath 
thick Mesoproterozoic (“Jotnian”) arkosic sandstones now preserved in 
extensional intra-cratonic basins around the present Bothnian Sea and 
Lake Ladoga (Fig. 1A, B). Mesoproterozoic sedimentary cover rocks 
were intruded by dykes and sills at 1.27–1.1 Ga (Buntin et al., 2019) at 
the onset of the Sveconorwegian orogeny (Slagstad et al., 2020) (Fig. 2). 
The approximate extent of the former foreland basin of the orogen is 
delineated by the ~200 km-wide Blekinge-Dalarna dyke swarm in 
southern and central Sweden (Ripa and Stephens, 2020) (Fig. 1A). 
Foreland basin sedimentation may have extended towards Finland 
(Larson et al., 1999), but the extent and thickness of former platform 
sediments is uncertain (Kohonen and Rämö, 2005). 

Early- and Mid-Neoproterozoic (Tonian-Cryogenian, 1000–640 Ma) 

sedimentary rocks are missing in onshore Finland. This hiatus likely 
marks a long period of erosion after 900 Ma when Jotnian and younger 
cover rocks were removed from the shield surface outside intracratonic 
basins (Puura et al., 1996). Denudation culminated with levelling of 
basement across Baltica by the Late Neoproterozoic (Kohonen and 
Rämö, 2005). From the Late Ediacaran (~550 Ma) onwards, marine 
transgression across Baltica led to burial by Early Palaeozoic sandstones, 
shales and limestones (Nielsen and Schovsbo, 2011) that reach a total 
thickness of 400 m in Estonia (Kirsimäe et al., 1999). During the Cale
donian orogeny (~420–350 Ma), thermochronology suggests further 
burial to depths of 3–4 km in foreland basins in eastern Sweden (Tull
borg et al., 1995), perhaps reaching 6 km (Huigen and Andriessen, 2004; 
Samuelsson and Middleton, 1998), but the context, extent and thickness 
of Silurian to Permian cover in Fennoscandia are disputed (Hendriks and 
Redfield, 2005). East of Lake Onega, Palaeozoic cover is restricted to 
Late Devonian sandstones and shales; these rocks and underlying Late 
Ediacaran sediments and basement were exposed to weathering in the 
Early Carboniferous, with formation of bauxites (Mordberg and Nes
terova, 1996). Palaeozoic cover on the southern edge of the platform 
was thinned by erosion in the Early Permian (300 Ma) in response to a 
phase of magmatism and uplift, recorded by dyke swarms, fault reac
tivation and low-temperature hydrothermal alteration (Preeden et al., 

Fig. 1. Geology of the craton in southern finland and its surroundings simplified geology of fennoscandia showing main rock groups, locations of the main basement 
unconformities and impact structures. modified after (Koistinen et al., 2001). Geology of the craton in southern Finland and its surroundings. The topographic profile 
lines refer to Fig. 3. 
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2009) associated with the break-up of Pangaea (Holm et al., 2010). 
Across southernmost Sweden, progressive re-exposure of the shield 
surface is demonstrated by weathered basement unconformities of Late 
Triassic and Late Cretaceous age (Japsen et al., 2016; Lidmar-Bergström 
et al., 1997). Finland mainly remained above sea level through the 
Mesozoic (Torsvik and Cocks, 2016); no Mesozoic sedimentary rocks are 
recorded from the Late Cretaceous IMPs. Through the Palaeogene and 
Neogene, the Bothnian and Gulf of Finland depressions formed route
ways for the vast Eridanos or Baltic River drainage system that trans
ported sediment southward (Gibbard and Lewin, 2016). Kilometre-scale 
uplift along the North Atlantic margin in the Neogene (Stuevold and 
Eldholm, 1996) was associated with tilting of the backslope across 
eastern Sweden and uplift of epeirogenic domes in Fennoscandia, 
including the South Finnish Dome (SFD) (Fig. 1B). Increased sediment 
volumes in the eastern North Sea Basin indicate significant acceleration 
of erosion across Fennoscandia from the early Miocene (Rasmussen, 
2018). In Finland, the land surface was lowered during multiple phases 
of deep weathering and stripping (Söderman, 1985; Tanner, 1938). The 
Fennoscandian Ice Sheet (FIS) developed after 2.7 Ma but remained 
largely restricted in its extent until ~1.2 Ma. Subsequent glacial erosion 
removed Early Palaeozoic sedimentary cover from the Bothnian and 
Baltic basins and their surroundings (Amantov, 1995; Hall and van 
Boeckel, 2020). Depths of erosion were low (<20 m) in basement areas 
where the sub-Cambrian unconformity was re-exposed by erosion 
beneath the FIS (Hall et al., 2019a, 2019b). 

3. Estimation of Proterozoic and Phanerozoic erosion in 
southern Finland from geological proxies 

3.1. Unconformities 

Multiple basement unconformities are identified in Finland which 
mark the terminations of erosion phases at intervals in the Proterozoic 
(U1), Early Palaeozoic (U2); Mesozoic (U3), Cenozoic (U4) and Qua
ternary (UQ) (Figs. 1A and 2). The unconformities are closely spaced 
laterally and vertically (Figs. 1 and 3) and are referred to as tiered un
conformities. Separate unconformities are recognised at 1.7–1.6 Ga 
(U1a), 1.5 Ga (U1b) and 0.9 Ga (U1c) within the Proterozoic Eon in 
Finland. U2 extended across much of Baltica by the end of the Ediacaran 
(Nielsen and Schovsbo, 2011). This palaeo-surface has been widely 
referred to in Scandinavia as the Sub-Cambrian Peneplain in recognition 
of its smooth, near-planar form where it emerges from beneath Early 
Palaeozoic cover rocks (Lidmar-Bergström, 1993). In southern Sweden, 
younger weathered basement unconformities are buried by Late Triassic 
(U3a) and Late Cretaceous (U3b) sedimentary cover (Japsen et al., 
2016). Exposed basement in Finland was deeply weathered under warm 
and humid environments in the Palaeogene and Neogene (Gilg et al., 
2013; Hall et al., 2015), a phase in which an epigene palaeo-surface (U4) 
was cut across the crest of the SFD. UQ is locally buried by mainly thin 
Late Quaternary glacial sediments. 

The relative ages of unconformities are apparent from cross-cutting 
relationships. Younger epigene surfaces cut exhumed unconformities 
and carry weathering covers that provide age estimates for the timing of 
young episodes of planation. The minimum ages of exhumed un
conformities are provided by sedimentary covers, including outliers 

Fig. 1. (continued). 
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preserved in IMPs (Puura and Plado, 2005). The 2-D form of the palaeo- 
surfaces is reconstructed in profiles projected from beneath sedimentary 
cover (Fig. 3). Negative relief on U1b is reconstructed in Ostrobothnia 
where remnants of Mesoproterozoic sandstone have been discovered in 
drilling and seismic surveys on basement valley floors (Fig. 4.). The 
elevation differences between basement unconformities of known ages 
represent the depths of basement rock removed in the intervals between 
the formation of the unconformities. 

3.2. Impact structures 

Southern Finland and its environs hold a remarkable array of IMPs 
(Fig. 1B), amongst the densest concentrations on Earth (Abels et al., 
2002). Notably, many IMPs are not only small (D ≤ 5 km), but old, with 
mainly Neoproterozoic and Early Palaeozoic ages (Table 1). The ages of 
IMPs in Finland are generally well constrained by sedimentary fills and 
radiometric ages (Table 1), notwithstanding the challenges of dating 
impact rocks (Jourdan et al., 2012; Schmieder and Kring, 2020). All 
IMPs considered here, except Keurusselkä, retain impact breccias and, in 
many cases, the depth of the base of impact breccias below the present 
land surface, dp, has been identified through drilling or geophysical 
surveys (Table 1). Impact targets were exposed shield surfaces or thin 

platform cover; impacts occurred in terrestrial or marine settings (Puura 
and Plado, 2005) (Table 1). 

IMPs provide important evidence of post-impact erosion histories 
(Masaitis, 2005; Puura and Plado, 2005). An empirical relationship has 
been established previously between the original diameter (D) and 
original depth (dt) of IMPs from 31 morphologically well-preserved, 
simple and complex, terrestrial impact craters on Earth (Degeai and 
Peulvast, 2006). Original depth is the datum represented by the base of 
impact breccias (Fig. 5). The total post-impact erosion depth since 
impact, ed, is derived by subtraction of dp from dt. Where dp is unknown, 
the maximum depth of rock lost to erosion is constrained only by dt. 
Significant uncertainties (>30%) exist in estimating dt in the Earth 
dataset due to differences between terrestrial and marine target settings, 
in rock substrates and in impact trajectories (Degeai and Peulvast, 
2006). Maximum (0.184 D0.54), mid-range (0.133 D0.57) and minimum 
(0.095 D0.60) values for dt are estimated for IMPs in Finland and 
neighbouring areas (Table 2), with the mean value of dt cited below 
(Table 2). 

IMPs at Söderfjärden and Kärdla have been buried since impact and 
preserve original crater forms (Puura and Plado, 2005). In both cases, dp 
is known and must approximate to dt. Application of the empirical 
relationship of Degeai and Peulvast (2006) at Söderfjärden (D = 6.6 km) 

Fig. 2. Main events in the history of the craton. Geological timescale from Gradstein et al. (2012). Position of the craton on Earth through time from Tikkanen 
(2002). Timings of magmatism on the craton are referred to in the text. IMP details in Table 1. The main basement unconformities are shown as lines and represent 
the culminations of periods of erosion which are shown by shading. 
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provides an estimate for dt of 390 m that compares to a drilled depth of 
320 m (Lehtovaara, 1982; Öhman and Preeden, 2013). At Kärdla (D = 4 
km), the estimated dt is 290 m and the drilled depth of impact breccias 
below fall-back breccias on the crater flow is 220 m (Suuroja et al., 
2002). These two examples provide support for the application of the 
empirical relationship to the study area. We note also that the survival of 
small IMPs (D≤5 km) permits only limited depths of erosion (dt ≤ 300 
m). 

Where IMPs hold remnants of former cover rocks or are located 
proximal to sedimentary cover, the depths of basement and cover eroded 
can be estimated and average rates of post-impact erosion can be derived 
(Table 2). 

3.3. Other geological proxies 

Various well-dated geological indicators of burial and erosion depths 
exist in southern Finland and its immediate surroundings (Fig. 1B). The 
diagenetic characteristics of sedimentary rocks provide broad in
dications of former burial temperatures and depths (Kirsimäe et al., 
1999). The layer-cake stratigraphy of the Palaeozoic cover south of the 
Gulf of Finland (Fig. 3) allows the approximate thickness of missing 
sedimentary section to be estimated for southern Finland. Comparisons 
with model forms of vertically-zoned, sub-volcanic igneous dykes 
(Gudmundsson, 1983), carbonatite pipes (Fontana, 2006) and volcani
clastic kimberlite pipes (Hawthorne, 1975) provide broad estimates of 

Fig. 3. The craton surface and its sedimentary cover in southern Finland The positions of unconformities, impact structures and cover rocks are shown. Topographic 
profiles 1–7 are indicated on Fig. 1B. 
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post-cooling erosion depths. 
We compare the erosion and burial history reconstructed from the 

tiered unconformities, IMPs and other erosion depth indicators with 
published cooling ages derived from low-temperature thermochronol
ogy across southern Finland (Fig. 6). 

4. Erosion and burial history of the craton in Finland 

The oldest unconformities in Fennoscandia are found on Late 
Archaean granitoid basement and within metamorphosed supracrustal 
sequences (Kirsimäe and Melezhik, 2013). These include a weathered 
unconformity dating from 2.45 to 2.33 Ga that extends across northern 
Norway and Finland and into Kola at the base of the 10 km thick Pet
samo Supergroup (Soomer et al., 2019; Sturt et al., 1994). Another 
weathered unconformity is found in Karelia, with a younger origin from 
2.3 Ga (Strand, 2012). A Paleoproterozoic lateritic palaeosol is overlain 
by mature quartzite and dated to 1.87–1.84 Ga in south-west Finland 
(Lahtinen and Nironen, 2010). This unconformity occurs within the 
Svecofennian orogen and predates regional stabilisation of the crust. 

4.1. Palaeoproterozoic and Mesoproterozoic 

The onset of crustal stabilisation in southern Finland is marked by 

U1a, developed between 1.76 and 1.65 Ga (Pokki et al., 2013b). At 
Suursaari (Pokki et al., 2013b) and east of the Wiborg rapakivi granite 
(Puura and Flodén, 1999) (Fig. 1B), hilly basement surfaces are overlain 
by unmetamorphosed quartz conglomerates. U1a in SE Finland stands at 
almost the same erosional level as U2, formed by 550 Ma, and the 
present basement surface (Pokki et al., 2013b). Mature, quartz-rich 
sedimentary rocks also occur in a 10 km wide roof pendant on the 
Wiborg rapakivi batholith (Pokki et al., 2013b) and as small, foundered 
blocks in the 1.64 Ga Häme dolerite dyke swarm (Laitakari and Leino, 
1989). Undevitrified volcanic glass and amygdales are found in this dyke 
swarm (Lindqvist and Laitakari, 1980) and in contemporaneous swarms 
at Satakunta (Mertanen, 2008) and Åland (Salminen et al., 2017). 
Comparisons with Plio-Pleistocene dykes beneath lava flows in Iceland 
(Gudmundsson, 1983) suggest that degassing of the Häme dykes took 
place at depths of 0.5–1 km. Hence, the present basement surface in SW 
Finland stands within 1 km of U1a (Fig. 3: profiles 6 & 7). Post-U1a 
quartz conglomerates are unknown further N in Finland, indicating 
non-deposition or removal by erosion. 

An extensive, younger basement unconformity, U1b (Fig. 1A), 
emerges from beneath Mesoproterozoic (“Jotnian”) sedimentary cover 
around the Bothnian basin and is referred to as the “sub-Jotnian un
conformity” in older literature (Högbom, 1910; von Eckermann, 1937). 
In eastern Sweden, U1b shows areas of low relief and hilly terrain (Hall 

Table 1 
Impact structures in Finland and the surroundings.   

Name Coordinates Diameter 
[kilometres] 

Age [Ma)This 
paper 

Target 
setting 

Target 
rocks 

Simple/ 
Complex 

IMP 
fill 

Reference(s)  

Finland Northing Easting        

1 Iso-Naakkima1 62◦11′ 27◦09′ 3 ~550 T B S MP, 
NP1 

(Elo et al., 1993; Järvelä et al., 1995; 
Pesonen et al., 1996; Schmieder and 
Kring, 2020) 

2 Karikkoselkä2 62◦15′ 25◦15′ 1.5 ~260–230, 92 T B, NP, C, 
O 

S  (Pesonen et al., 1999; Uutela, 2001) 

3 Keurusselkä 62◦08′ 24◦36′ 14–36 1151 ± 10 T B C  (Osinski and Ferrière, 2016; Raiskila 
et al., 2011; Schmieder et al., 2009, 2016; 
Hietala and Moilanen, 2007) 

4 Lappajärvi 63◦12′ 23◦42′ 23 78.9 ± 0.78 T B, C, O C  (Kenny et al., 2019; Schmieder and 
Jourdan, 2013) 

5 Lumparn 60◦09′ 20◦ 08′ 10 ≤458 M O C D (Abels et al., 1998; Merrill, 1980) 
6 Paasselkä 62◦08′ 29◦23′ 10 231 ± 2.2 T B, NP C?  (Abels et al., 2002; Schmieder et al., 2008, 

2010; Schwarz et al., 2015) 
7 Sääksjärvi 61◦25′ 22◦23′ 6 608 ± 8 T B, MP S?  (Abels et al., 2002; Kenny et al., 2020) 
8 Saarijärvi 65◦17′ 28◦23′ 2.2 <600–520 M B, NP, C S  (Öhman, 2002, 2007) 
9 Söderfjärden 62◦41′ 21◦35′ 6.6 ~640 

~540–520 
T B, C C O, D (Abels, 2003; Abels et al., 2002; 

Schmieder et al., 2014) 
10 Summanen 62◦39′ 25◦23′ 3 <1880 T B S  (Plado et al., 2018; Hietala and Moilanen, 

2007; Hietala et al., 2020) 
11 Suvasvesi, 

North 
62◦41′ 28◦11′ 3.5 ~85 T B C  (Abels et al., 2002; Schmieder et al., 2016) 

12 Suvasvesi, 
South 

62◦41′ 28◦11′ 3.8 ~710 T B S  (Schmieder et al., 2016a)   

Sweden          
13 Dellen 61◦50′ 16◦45′ 19 140.8 ± 0.51 T B C  (Mark et al., 2014) 
14 Lockne 63◦0′ 14◦49′ 7.5–14 455 ± 1 M O C  (Lindström et al., 1996; Schmieder and 

Kring, 2020; Sturkell and Lindström, 
2004) 

15 Målingen 62◦55′ 14◦33′ 0.7 455 ± 1 M O S  (Örmö et al., 2014) 
16 Tvären Bay 58◦46′ 17◦25′ 2 ~458 M O S  (Ormö, 1994) 
17 Siljan 61◦02′ 14◦52′ 52–90 380.9 ± 4.6 T  C  (Holm et al., 2011; Jourdan et al., 2012)   

Estonia          
18 Kärdla 59◦1′ 22◦46′ 4 455 ± 1 M O C O (Jõeleht et al., 2018; Plado, 2012; Grahn 

et al., 1996) 
19 Neugrund 59◦20′ 23◦40′ 6–20 ~540–530 M C C O (Suuroja and Suuroja, 2004, 2010)   

Russia          
20 Jänisjärvi 61◦58′ 30◦58′ 14 687 ± 5 T NP C  (Jourdan et al., 2008) 
21 Mishina Gora 58◦43′ 28◦3′ 2.5 <360 T D S  (Masaitis, 1999) 

Target settings are marine (M) or terrestrial (T). Target rocks are basement (B) or cover rocks of Mesoproterozoic (MP), Neoproterozoic (NP), Cambrian (C), Ordovician 
(O) or Devonian (D) ages. IMP fills are abbreviated similarly. IMP structures are simple (S) or complex (C) (Fig. 5). 

1 See text for discussion of target geology 2Also anomalous 9 Ma age (Schmieder et al. 2010) 3See text for discussion of IMP age 4IMP lacks drill data 
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Table 2 
Erosion depth calculations for impact structures.   
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Finland 
1 Iso-Naakkima 2.5 550 0.12 6 3 0.33 0.25 0.18  0.15 − 0.03 0.30 0.22 0.15 0.18 0.10 0.03 0.33 0.18 0.06 
2 Karikkoselkä 1.5 260–230 0.13 5 1.5 0.23 0.17 0.12  0.12 0.01 0.24 0.18 0.13 0.11 0.05 0.00 0.42–0.47 0.18–0.20 0.00–0.01 
3 Keurusselkä 14 1151 0.14 7 36 1.27–0.77 1.03–0.60 0.82–0.46  − 0.2 0.34 1.61–1.11 1.37–0.94 1.16–0.80 1.47–0.97 1.23–0.80 1.02–0.66 1.28–0.84 1.06–0.69 0.88–0.58 
4 Lappajärvi 23 78 0.12 5 23 1.00 0.79 0.62  0.6 − 0.48 0.52 0.31 0.14 0.40 0.19 0.02 5.13 2.49 0.30 
5 Lumparn 10 ≤458 0.05 5 10 0.64 0.49 0.38  0.09 − 0.04 0.60 0.45 0.34 0.55 0.40 0.29 1.20 0.88 0.63 
6 Paasselkä 10 231 0.11 6 10 0.64 0.49 0.38  0.25 − 0.14 0.50 0.35 0.24 0.39 0.24 0.13 1.68 1.06 0.55 
7 Sääksjärvi 6 608 0.07 5 6.0 0.48 0.37 0.28  0.11 − 0.04 0.45 0.33 0.24 0.38 0.26 0.17 0.62 0.43 0.29 
8 Saarijärvi 1.5 600–520 0.27 5 2.2 0.28 0.21 0.15  0.16 0.11 0.39 0.32 0.26 0.12 0.05 − 0.01 0.20–0.13 0.08–0.01 − 0.01– − 0.07 
9 Söderfjärden 6.6 540 0.03 5 6.6 0.51 0.39 0.29  0.35 − 0.32 0.19 0.07 − 0.03 0.16 0.04 − 0.06 0.30 0.07 − 0.10 
10 Summanen 3 <1880 0.15 5 3 0.33 0.25 0.18            
11 Suvasvesi. North 3.5 85 0.13 5 3.5 0.36 0.27 0.20  0.26 − 0.13 0.23 0.14 0.07 0.10 0.01 − 0.06 1.20 0.14 − 0.69 
12 Suvasvesi. South 3.8 710 0.13 5 3.8 0.38 0.28 0.21  0.26 − 0.13 0.25 0.15 0.08 0.12 0.02 − 0.05 0.17 0.03 − 0.07  

Sweden 
13 Dellen 19 141 0.3 4 19 0.90 0.71 0.56  0.75 − 0.45 0.45 0.26 0.11 0.15 − 0.04 − 0.19 1.08 − 0.27 − 1.38 
14 Lockne 7.5 455 0.43 2 7.5 0.55 0.42 0.32       0.00     
15 Målingen 0.7 455 0.36 3 1 0.18 0.13 0.10  0.08 0.28 0.46 0.41 0.38 0.10 0.05 0.02 0.23 0.12 0.03 
16 Tvären Bay 2 458 0 5 2 0.27 0.20 0.14  0.14 − 0.14 0.13 0.06 0.00 0.13 0.06 0.00 0.28 0.13  
17 Siljan 52 380 0.35 7 90–52 2.09–1.55 1.73–1.26 1.41–1.02  0.6 − 0.25 1.84–1.30 1.48–1.01 1.16–0.77 1.49–0.95 1.13–0.66 0.81–0.41 3.92–2.51 2.97–1.75 2.14–1.10  

Estonia 
18 Kärdla 4 455 − 0.05 2 4 0.29         0     
19 Neugrund 6 ~540–530 − 0.05 2 20 0.73         0      

Russia 
20 Jänisjärvi 14 687 0.1 5 14 0.65              
21 Mishina Gora 2.5 <360 0.07 5 2.5 0.22 0.22 0.16  0.6 − 0.53 − 0.31 − 0.31 − 0.37 − 0.38 − 0.38 − 0.44 − 1.04 − 1.04 − 1.21 

Preservation level after Puura and Plado (2005). 1. Ejecta largely preserved. 2. Ejecta partly preserved. 3. Ejecta removed, rim partly preserved. 4. Rim largely eroded, crater-fill preserved. 5. Crater-fill products partly 
preserved. 6. Remnants of crater-fill preserved, crater floor exposed. 7. Crater floor exposed, substructure exposed. 
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et al., 2019a). 
In western Finland, drilling, aeromagnetic and resistivity surveys for 

groundwater research have revealed a 100 m deep valley system cut in 
Palaeoproterozoic gneisses (Fig. 4), with thick fills of Pleistocene sedi
ment (Pitkäranta, 2013). At Karhukangas (Fig. 4C), the valley floor re
tains >10 m of sandstone (Huhta, 1997) of similar lithology to 
Mesoproterozoic sandstones in the Bothnian Sea and the Satakunta half- 
graben (Pokki et al., 2013a). We interpret the valley system as part of 
hilly topography on U1b formed during or after 1.55 Ga magmatism, 
filled by sands by 1.27 Ga and re-excavated during the Late Cenozoic. 
The palaeo-valley floors stand up to 200 m below the base of the Early 
Cambrian sandstone outlier at Lauhanvuori. Basal Cambrian conglom
erates include pebbles of red arkosic sandstone (Söderman et al., 1983), 
indicating the presence of eroding Mesoproterozoic sandstones nearby 
during sedimentation. Localised concentrations of glacial erratics sug
gest that other small outliers of Mesoproterozoic sandstone may exist in 
south-central Finland (Donner, 1996; Paulamäki and Kuivamäki, 2006). 

U1b is younger in age around Lake Ladoga, cut across rapakivi 
granites dated to 1547–1530 Ma and overlain by sedimentary and vol
canic rocks dated to 1499 Ma (Velichkin et al., 2005). Here U1b dips 
gently to the south-west (Rice-Bredin, 2012). Roof pendants on the 
Wiborg rapakivi granite indicate ~3 km of missing volcanic super
structure (Vorma, 1975). Fault block mountains were present on the 
rapakivi granites (Puura and Plado, 2005). Basement areas between 
rapakivi intrusions across southern Finland remained close to the 

erosion level of U1a (Koistinen, 1996), indicating that large differential 
movements across shear zones occurred during granite emplacement 
(Mertanen et al., 2008). 

Erosion of the Jotnian cover on U1b and lowering of its irregular 
basement surface occurred at 1.42 Ga in eastern Sweden (Drake et al., 
2009). The large Keurusselkä IMP (Fig. 1B) in south-central Finland has 
a 40Ar/39Ar date of 1150 ± 10 Ma (Schmieder et al., 2016a), one of the 
oldest ages for an IMP on Earth. Original diameters of 14 km and up to 
25–36 km have been proposed (Hietala and Moilanen, 2007; Osinski and 
Ferrière, 2016; Raiskila et al., 2011). Today, it is eroded down close to 
the base of its former impact breccia layer (Raiskila et al., 2013), indi
cating a post-impact erosion depth of 0.80–1.23 km (Table 2). Kimber
lite dykes emplaced at 1.21–1.18 Ga in the Kuhmo-Lentiira area (Dalton 
et al., 2020) (Fig. 1B) represent the deeply (>1.0 km) eroded roots of 
former kimberlite diatremes (O’Brien, 2015). The preservation of U1a 
~200 km to the south and U1b ~100 km to the west, indicates that this 
1 km depth erosion did not occur in the basement. Instead, erosion 
involved the removal of Mesoproterozoic sedimentary cover, a loss of 
overburden that is consistent with estimates for Proterozoic cover rock 
thicknesses of up to 0.5–2.0 km (Puura et al., 1996). The absence from 
Finland of small Mesoproterozoic IMPs likely reflects protection of 
basement beneath sedimentary cover. 

The IMP at Iso-Naakkima, 130 km E of Keurusselkä, has a palae
omagnetic age of 1200–900 Ma (Pesonen et al., 1996). Survival of this 
small crater (D = 2.5 km), however, requires <220 m of erosion and so 

Fig. 4. Palaeo-topography on U1b and U2 in Ostrobothnia. A. Palaeo-valley systems on U1b with Mesoproterozoic sandstone at Kurikka and the outlier of Early 
Cambrian sandstone on U2 at Lauhanvuori. Cross-sections B-D showing the basement valleys, the sedimentary rock outliers and the Pleistocene sediment cover. 
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appears incompatible with estimated depths of late Mesoproterozoic 
erosion. 

Any Sveconorwegian foreland basin sediment appears to have been 
removed early in the Mesoproterozoic. Fracture fills of sedimentary clay 
and quartz sands, deposited in a shallow marine environment, are found 
today at 60 m depth in Palaeoproterozoic crystalline rocks near Helsinki. 
Illite clay minerals have yielded K-Ar ages of 967–947 Ma (Elminen 
et al., 2018). Basement was exposed prior to this date and its surface 
represents U1c. Elevation differences between U1a, U1b, U1c, U2 and 
UQ along the northern shore of the Gulf of Finland together amount to 
<100 m. 

4.2. Neoproterozoic 

There is limited evidence for renewed burial of the shield in the early 
Neoproterozoic in Finland. A long depositional hiatus is found (i) in the 
Bothnian Bay between the Mesoproterozoic Muhos Formation (~1.3 Ga) 
and the late Neoproterozoic (post-650 Ma) or Early Cambrian Hailuoto 
Formation (Hanski et al., 2019), (ii) in the Bothnian Sea, where Early 

Cambrian strata rest on U1b (Winterhalter, 1972) and (iii) in the Ladoga 
basin between deposition of Mesoproterozoic sandstones and upper 
Vendian/Ediacaran sediments (Ivleva et al., 2018). The informal 
Söderarm Formation in the Åland Sea may include “Riphean” sand
stones and shales from the early Neoproterozoic but samples are derived 
mainly from glacial erratics of uncertain context and age (Hagenfeldt, 
1995; Söderberg and Hagenfeldt, 1995). The situation in Finland differs 
from southern Sweden, where the Neoproterozoic Visingsö Formation 
(780–730 Ma) occurs in faulted basins (Pulsipher and Dehler, 2019; 
Wickström and Stephens, 2020). The absence of IMPs between 1151 and 
>710 Ma supports the former existence of protective sedimentary covers 
in southern Finland during this period, perhaps including transient 
sedimentary cover derived from the Sveconorwegian orogenic belt. This 
former cover may not have been thick; an estimated thickness of sedi
mentary rock of ≥640 m was sufficient to protect the basement from any 
impact where D was ≤10 km (Table 2). 

Late Ediacaran to Early Cambrian strata rest on basement south of 
the Gulf of Finland and in north-west Russia (Fig. 1A). Detritus derived 
from Precambrian basement and rapakivi granites is abundant in sedi
mentary rocks of similar age in Estonia (Isozaki et al., 2014). At the 
Lappajärvi IMP, microfossil assemblages in target rocks regarded pre
viously as pre-Cambrian (Uutela, 1990) are now recognised as Early 
Cambrian in age (Slater and Willman, 2019). A similar reassessment 
may be necessary at the Iso-Naakkima IMP where available microfossil 
evidence indicates that the 100 m-thick sediment sequence is of pre- 
Cambrian age. The sequence is interpreted as post-impact in origin 
(Sarapää, 1996), with its youngest microfossils identified as Early Edi
acaran (~640 Ma) (Elo et al., 1993). Alternatively, if the youngest 
sediment is of pre-impact age then its survival and the continued exis
tence of this small crater can be accounted for by slow erosion in the 
Ediacaran and later burial. Impact melt composition at the Sääksjärvi 
IMP indicates that, at the time of impact at ~608 Ma (Kenny et al., 
2020), a Jotnian sandstone cover persisted E of the Satakunta basin 
(Mutanen, 1979). In western Finland, clasts of Mesoproterozoic sand
stone in Early Cambrian basal conglomerates require the persistence of 
older cover around Lauhanvuori (Fig. 4). The absence of Mesoproter
ozoic sandstone beneath the Lauhanvuori Early Cambrian outlier and 
beneath Early Cambrian shales in the Söderfjärden and Lappajärvi IMPs 
suggests, however, the widespread removal of Proterozoic sedimentary 
cover from western Finland by the late Neoproterozoic. Available evi
dence indicates that the basement in southern Finland was widely 
exposed in the late Neoproterozoic, with persistence of patches of 
Mesoproterozoic sedimentary cover. 

Limited constraints are available on the depth of Cryogenian and 
Ediacaran erosion. The survival of the small (D = 3.8 km) IMP at 
Suvasvesi North dated to >710 Ma (Schmieder et al., 2016b) implies 
limited basement erosion during or since the Neoproterozoic. The 
Jänisjärvi IMP is dated to 687 ± 5 Ma and retains fragments of Neo
proterozoic siltstone in its impact breccias (Jourdan et al., 2012). dp is 
uncertain; hence dt provides only a maximum depth of erosion of 650 m 
(Table 2). Of this total, an estimated 200 m of rock is missing below U2 
due to Phanerozoic erosion (Koistinen, 1996). Late Neoproterozoic 
kimberlite diatremes at Kuopio in eastern Finland are dated to 620–585 
Ma (Dalton et al., 2020; O’Brien, 2015). Erosion has removed kimberlite 
crater facies and comparisons with kimberlite pipe models (Stanley 
et al., 2013) indicate removal of 250–500 m of crater facies after 
emplacement. Kimberlite-related volcaniclastic breccias have quartzite, 
gneiss and granitoid clasts but lack sedimentary fragments at Kuopio 
(O’Brien and Tynni, 1998) and further N at Kuusamo (Dalton et al., 
2019), suggesting an absence of sedimentary cover in these areas at the 
time of eruption. The Alnö carbonatite pipe in eastern Sweden was 
emplaced at 584 Ma (Meert et al., 2007) and estimated originally to 
have stood <500 m below the surrounding landsurface (Hall et al., 
2019a). Available evidence suggests that <450 m of basement and cover 
was removed from southern Finland and its surroundings through the 
late Neoproterozoic. 

Fig. 5. Schematic models for simple and complex impact structures (Table 1) 
used to estimate post-impact erosion depths. Adapted from several sources 
(Degeai and Peulvast, 2006; Osinski et al., 2018; Peulvast et al., 2009; Turtle 
et al., 2005). 
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4.3. Palaeozoic 

The Neoproterozoic erosion phase culminated in the formation of U2 
across Baltica (Fig. 1A). The extent of U2, its low relief and the lateral 
uniformity of its thin sedimentary cover are features that mark out U2 as 
one of Earth’s great unconformities. U2 provides a fundamental refer
ence surface in Fennoscandia for understanding Phanerozoic tectonics 
and faulting, Mesozoic and Cenozoic weathering and erosion and 
Pleistocene glacial erosion (Gabrielsen et al., 2015; Lidmar-Bergström 
and Olvmo, 2015). 

In Finland, U2 is cut mainly in Archaean to Palaeoproterozoic 
basement (Fig. 1A). U2 is deeply and intensely weathered beneath Late 
Ediacaran cover along the Gulf of Finland (Liivamägi et al., 2014; Puura 
et al., 1996). Late Neoproterozoic to Early Palaeozoic sedimentary target 
rocks in the IMPs at Lappajärvi and Iso-Naakkima (Sarapää, 1996) also 
rest on deeply weathered rock and may indicate a formerly wider extent 
of Late Neoproterozoic weathering in Finland. However, in eastern and 
southern Sweden, deep weathering is not recorded on U2; either deep 
weathering profiles did not develop here before the Early Cambrian 
transgression or weathering mantles were removed during the trans
gression (Hall et al., 2019a, 2019b). Large parts of U2 show remarkably 
low relief (Rudberg, 1970), apart from occasional, widely-spaced ridges 
and inselbergs (Lidmar-Bergström, 1988). A near-monoclinal form al
lows linear projection of U2 in bedrock profiles (Fig. 3). 

U2 is a diachronous palaeo-surface, emerging from beneath Late 
Ediacaran sandstones south of the Gulf of Finland, Early Cambrian 
sandstones in the Gulf of Bothnia and Early Ordovician limestones in 
eastern Sweden (Hall et al., 2019a). Sandstone dykes, dated by fossils to 
the Early Cambrian, Late Cambrian and Early Ordovician on Åland 
(Tynni, 1982), are found widely in south-west Finland (Fig. 1B), along 
with cavity fillings in pre-Cambrian metamorphosed limestone (Simo
nen, 1960). The planar form of U2 is inherited in the present basement 
surface on the western and eastern flanks of the SFD (Tanner, 1938) 
where the projected plane of U2 rises at gradients of 0.2–0.4% (Fig. 3). 
U2 reaches an elevation of 160 m in western Finland below the small 
outlier of Lower Cambrian quartz sandstone at Lauhanvuori (Söderman 
et al., 1983) (Fig. 4). On the crest of the SFD, U2 is cross-cut by a 
Cenozoic epigene erosion surface (U4: Fig. 3). 

The onset of marine transgression in the Late Ediacaran led to the 
eventual burial of the basement to depths of 250–400 m in Estonia 
(Kirsimäe et al., 1999) and >200 m in the Bothnian Sea (Winterhalter 
et al., 1981) by the end of the Ordovician. The lateral extent and facies 
continuity within the near horizontal strata that comprise the Early 
Palaeozoic succession is remarkable and, in large part, a response to the 
flatness of U2 during transgression (Nielsen and Schovsbo, 2011, 2015). 
IMPs at Lappajärvi, Söderfjärden, Lumparn and Saarijärvi in Finland, 
Tvären Bay in eastern Sweden and Kärdla in Estonia hold pre- and post- 
impact Cambrian and Ordovician sedimentary rocks (Table 1). A 
40Ar/39Ar age of 640 Ma or older for the Söderfjärden IMP (Schmieder 
et al., 2014) is likely too old. This IMP is infilled by Early Cambrian shale 
(Lehtovaara, 1982) and a 55 m-high crater rim is largely preserved 
(Abels et al., 2000); the rim was likely preserved by burial soon after 
impact at 550–530 Ma. The presence of a cluster of Early Palaeozoic 
IMPs on the craton surface in Fennoscandia is a product of the >100 Ma 
long period when U2 and its thin Early Palaeozoic cover were exposed to 
impacts below shallow seas, and of burial through much of the later 
Phanerozoic (Puura and Plado, 2005). Other clusters of preserved IMPs 
on shields in Australia (Haines, 2005) and North America (Schmieder 
et al., 2015) also have been linked to impacts on extensive, slowly- 
eroding surfaces, preserved as late Proterozoic to early Palaeozoic un
conformities by late Palaeozoic and Mesozoic burial. 

Further burial of the craton occurred from the Silurian onwards, as 
debris from the Caledonian orogenic belt was transported east and 
south-east. The main locus for sedimentation was the central part of the 
southern Baltic basin (Šliaupa and Hoth, 2011). In south-west Finland, 
hydrothermal fluorite-calcite-galena veins now exposed on U2 were 

likely emplaced below former Palaeozoic cover (Alm et al., 2005). 
Transport of Caledonian detritus further east in Finland was, however, 
limited. Detrital zircons of Caledonian age and provenance are sparse in 
Devonian sediments in Estonia (Kuznetsov et al., 2011) and the Ladoga 
basin (Miller et al., 2011). South of Lake Onega, Late Devonian sand
stones rest directly on Late Ediacaran cover; any earlier Palaeozoic 
sedimentary rocks were removed before ~385 Ma. Heavy mineralogy 
and geochemistry indicate derivation of Late Devonian sandstones from 
first-cycle sources in exposed Svecofennian basement and rapakivi 
granites lying to the west (Terekhov et al., 2017). Available evidence 
indicates that Caledonian foreland basin sediments thinned eastward 
across Finland and did not extend into the Onega region of Russia. 

Palaeozoic strata in Estonia accumulated to a maximum thickness of 
0.8–1.0 km (Kirsimäe et al., 1999) in the Permian (Preeden et al., 2009). 
Present-day thicknesses of Palaeozoic sedimentary cover are 0.5–0.8 km 
(Poprawa et al., 1999) and indicate post-Permian denudation of 
200–300 m of cover. For the early Carboniferous IMP at Mishina Gora, 
south-east of the Gulf of Finland, dt is estimated at 220 m; this constrains 
the maximum post-impact depth of erosion in missing Devonian- 
Carboniferous sedimentary cover. As the present sedimentary 
sequence has a thickness of 460–530 m (Masaitis, 1999) then the total 
thickness of the Palaeozoic cover at the time of impact was <680–750 m. 
Limited burial is supported by minor illite diagenesis in Early Cambrian 
clays in Estonia (Kirsimäe et al., 1999) 

Early Palaeozoic sedimentary rock units decrease in thickness 
northward across Estonia towards Finland (Poprawa et al., 1999). 
Maximum burial temperatures of <35–50 ◦C in Finland are indicated by 
(i) acritarch colour-alteration in Early Cambrian clays and sandstones in 
Finland at the Lappajärvi IMP (Slater and Willman, 2019), similar to 
Estonia (Talyzina, 1998), and (ii) limited thermal alteration of Cambrian 
and perhaps older microfossils in the Iso-Naakkima IMP (Elo et al., 
1993). The maximum former thickness of Palaeozoic sedimentary cover 
at sites across southern Finland was <0.68–1.0 km. IMPs are not rec
ognised in Finland during the interval 510–245 Ma (Table 1), consistent 
with protection of the basement surface beneath cover rocks. 

4.4. Mesozoic 

Important inferences about the distribution and thickness of sedi
mentary cover and depths of erosion in basement and cover through the 
Mesozoic may be derived from IMPs in southern Finland. Two IMPs of 
Triassic age are known: Karikkoselkä (Schmieder et al., 2010; Schwarz 
et al., 2015) and Paasselkä (Schwarz et al., 2015). Two IMPs date from 
the Late Cretaceous: Lappajärvi (Schmieder and Jourdan, 2013) and 
Suvasvesi North (Schmieder et al., 2016b) (Table 1). The Karikkoselkä 
and Lappajärvi impact targets each retained Early Cambrian to Middle 
Ordovician sedimentary cover at the time of impact (Pesonen et al., 
1999; Schmieder et al., 2008; Slater and Willman, 2019). Siltstone and 
sandstone fragments of unknown age are recorded from impact breccias 
at Paasselkä (Abels et al., 2002; Buchner et al., 2009). In contrast, no 
pre- or post-impact sedimentary cover rocks are known from the IMP at 
Suvasvesi North (Pesonen et al., 1999; Werner et al., 2002). Similarly, 
the target for the Early Cretaceous IMP at Dellen, eastern Sweden, was 
likely the exposed basement (Mark et al., 2014). The sedimentary rocks 
preserved in IMPs indicate that (i) western and southern Finland 
retained Early Palaeozoic cover through the Mesozoic, whereas (ii) in 
eastern Finland, Early Palaeozoic cover persisted in the Triassic, but the 
basement was re-exposed by the Late Cretaceous. 

The original depths of the two Triassic IMPS constrain the maximum 
remaining depths of Palaeozoic sedimentary rock at the time of impact 
to 170–490 m (Table 2). As the original thickness of Early Palaeozoic 
cover in Estonia amounted to 250–400 m (Kirsimäe et al., 1999), the 
remaining Late Palaeozoic sedimentary cover in southern Finland was 
already thin by the Triassic. Significant thinning of Late Palaeozoic and 
older cover rocks likely occurred during Permian epeirogenic uplift; 
when fault and shear zones were reactivated in southern Finland 
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(Preeden et al., 2009). 
At the Lappajärvi IMP, the Palaeozoic sedimentary overburden had 

been reduced to a thickness to ~170 m by the time of impact at 78 Ma. 
No traces of pre-existing Mesozoic sedimentary rocks are reported from 
the Cretaceous IMPs; there was no thick Mesozoic sedimentary cover on 
this part of the shield. The Triassic and Late Cretaceous impacts were 
separated in time by ~160 Ma but today the IMPs remain at similar 
elevations (100–130 m a. s. l.). Post-impact erosion depths for Mesozoic 
IMPs are estimated at <250 m in basement and cover (Table 1), similar 
to the estimate for the Late Cretaceous Lappajärvi IMP. Hence, Mesozoic 
erosion was limited in its depth and confined mainly to older sedimen
tary cover. Unlike in southern Sweden (Lidmar-Bergström et al., 1997), 
the basement in south-western Finland remained protected from 
Mesozoic deep weathering beneath sedimentary cover. Low erosion 
rates indicate little, if any uplift of southern Finland in the Mesozoic. 

4.5. Cenozoic 

No IMPs of Cenozoic age are known in Finland. Post-impact erosion 
depths at Lappajärvi constrain Cenozoic erosion depths in that part of 
western Finland. The inclined surface of U2 defines the flanks of the SFD 
(Fig. 1A). Projections indicate that erosion in basement increased 

northwards from the Gulf of Finland. On the crest of the SFD, the depth 
of missing basement is 100–200 m, roughly equivalent to post-impact 
erosion depth at Lappajärvi. A Cenozoic planation surface, U4, cross- 
cuts U2 (Fig. 3). This surface rises slightly above 200 m a.s.l. and is in
clined gently south-eastward. U4 carries kaolinitic deep weathering 
with D/H and 18O/16O ratios consistent with formation at temperatures 
of 13–15 ◦C, similar to Eocene and Miocene palaeotemperatures at 
60–70◦ N (Gilg et al., 2013). Alternatively, the Litmanen kaolin in south- 
central Finland has yielded previously three K–Ar dates of 1189 ± 18 to 
1151 ± 22 Ma for subsidiary illites (Sarapää, 1996). Whilst these dates 
are consistent with inheritance of weathering from U1b, survival of the 
weathering requires near-zero erosion depths in the late Mesoproter
ozoic and Neoproterozoic, a scenario which is inconsistent with the 
erosion and burial history presented here. Geochemically-immature 
sandy weathering covers are reported on U4 in eastern and northern 
Finland (Hall et al., 2015) and indicate that the final shaping of U4 was 
likely under humid temperate conditions in the Neogene. 

The preservation of U2 on the flanks of the SFD requires geologically- 
recent re-exposure. Losses of several tens of metres of Early Palaeozoic 
sedimentary rock from U2 around the Baltic Sea Basin have been 
attributed to erosion beneath Pleistocene ice sheets since 1.2 Ma (Hall 
and van Boeckel, 2020). This erosion may have included the re-exposure 

Fig. 6. Low temperature thermochronology and the 
erosion and burial history of southern Finland. Un
conformities, impact structures and cooling ages from 
published thermochronology. Data from Murrell and 
Andriessen (2004) (red) and Kohn et al. (2009) 
(green). Pale brown shading denotes periods with 
burial of basement from W to E across southern 
Finland. Schematic post-1.7 Ga burial and erosion 
curve. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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of the well-preserved crater at Söderfjärden (Fig. 1B). On the crest of the 
SFD, the FIS modified and locally reshaped basement surfaces, for 
example in the Finnish Lake District (Punkari, 1994), mainly through 
the removal of saprolite, forming a new unconformity, UQ, presently 
buried by unconsolidated Quaternary sediments. 

5. Comparisons with low-temperature thermochronology 

Low-temperature thermochronology (LTT) is an important tool for 
assessing erosion and burial histories on cratons (Kohn and Gleadow, 
2019). Published apatite fission track (AFT) and (U–Th)/He apparent 
cooling ages for Finland range from 1027 Ma to 240 Ma (Fig. 6) and 
include some of the oldest ages recorded from any craton on Earth 
(Hendriks et al., 2007; Kohn et al., 2009; Murrell and Andriessen, 2004). 
The dataset supports prolonged residence in the AFT partial annealing 
zone (PAZ) at ~60–110 ◦C and the (U-Th/He) partial resetting zone 
(PRZ) at ~35–85 ◦C (Kohn and Gleadow, 2019), consistent with slow 
erosion of the craton surface since 1 Ga. The AFT dataset for Finland, 
however, shows significant scatter in ages between sample locations 
over short distances, reaching up to 650 Ma in eastern Finland (Fig. 6). 
Moreover, (U-Th)/He ages always should be younger than paired AFT 
ages due to lower cooling temperatures, but this is often not the case in 
Finland (Hendriks and Redfield, 2005). Several reasons have been sug
gested for such differences in similar settings which include (i) varia
tions in apatite chemistry, especially for gabbros, in which apatites 
usually display higher Cl content coupled with the oldest AFT ages 
(Kohn et al., 2009), (ii) differences in heat flow, rock conductivity or 
heat production (Łuszczak et al., 2017; Veikkolainen and Kukkonen, 
2019) and (iii) the effects of α-radiation-enhanced annealing (Hendriks 
and Redfield, 2005). 

Notwithstanding these uncertainties, models based on LTT data have 
been used to develop detailed models of the cooling history of the craton 
in Finland. Neoproterozoic AFT ages have been related to removal of a 
former Sveconorwegian foreland section, several km thick, which had 
earlier totally reset fission tracks (Murrell and Andriessen, 2004). AFT 
cooling ages between 830 and 600 Ma have been linked to deep erosion 
that led to the formation of U2 (Murrell and Andriessen, 2004). Thermal 
modelling of AFT data from three ~1 km deep drill holes across southern 
Finland has provided estimates that sedimentary detritus derived from 
the Caledonian orogenic belt had buried most of Finland to depths of 
0.5–1.5 km (Larson et al., 1999) or 3 km by the Devonian (Murrell and 
Andriessen, 2004). A phase of Palaeocene cooling is also recognised but 
remains poorly constrained (Murrell and Andriessen, 2004). (U-Th)/He 
thermochronology, however, presents a different scenario in east- 
central Sweden. Surface samples at Forsmark cooled below 70 ◦C be
tween 750 and 530 Ma during the formation of U2 and were not 
reheated thereafter, with a slow exhumation at 2 m/Ma between 500 
and 250 Ma (Page et al., 2007). More generally, LTT data from southern 
Finland has been interpreted as evidence for episodic km-scale burial 
and erosion of sedimentary cover and as an example of a tectonically and 
topographically dynamic craton (Kohn and Gleadow, 2019). 

Regionally extensive unconformities are key time markers for 
interpretation of crustal temperature histories (Gunnell et al., 2007; 
Japsen et al., 2016; Zapata et al., 2019). On the shield in Finland, un
conformities represent different periods when cooling of rocks on un
conformities approached ambient surface temperatures. U1c to U4 
formed after the cessation of significant magmatic activity on the craton. 
Hence, any later resetting requires deep burial by sedimentary rocks. 
Heating above 60–80 ◦C, a minimum for resetting apatite fission tracks, 
requires burial by >4 km of overburden at modern geothermal gradients 
in Finland of 8–14 ◦C/km (Kukkonen and Lahtinen, 2001). U2, formed 
by ~550 Ma, is a key datum due to its extent, near-planar form and 
minor dislocation by later faulting (Puura et al., 1996). Effectively, all 
basement rocks come from 0 to 200 m below U2 (Fig. 3). Hence, the LTT 
samples in southern Finland share a common cooling history from the 
Late Neoproterozoic onwards. 

U1b formed at ~1.5 Ga but it is not represented by AFT ages in 
southern Finland despite standing at a similar erosional level to U2 and 
younger basement unconformities (Fig. 3). Whilst this non- 
representation may be attributed locally to Mesoproterozoic reheating 
by granite and dyke intrusion, large areas of southern Finland are 
remote from such intrusions (Fig. 1B). Moreover, resetting by Meso
proterozoic and later deep burial appears unlikely as the total thickness 
of sedimentary overburden and Postjotnian diabases removed since the 
Mesoproterozoic is estimated to have reached only 0.5–2.0 km outside 
Jotnian basins (Puura et al., 1996). Erosion depth indicators formed 
before the Sveconorwegian Orogeny, namely the IMP at Keurusselkä 
(Raiskila et al., 2011) and the kimberlite dykes at Kuhmo (Dalton et al., 
2020), suggest 0.8–1.2 km of rock loss after 1.2 Ga. The illite clays on 
U1c in southern Finland are equivalent in age to the later phases of the 
Sveconorwegian Orogeny. The clays were deposited in a shallow marine 
basin and lack diagenetic overprinting (Elminen et al., 2018), consistent 
with shallow burial of the basement in the early Neoproterozoic and 
later. There is presently little independent evidence for burial to depths 
of >4 km necessary to reset apatite fission tracks after formation of U1b 
and U1c. 

U2 represents the culmination of Neoproterozoic erosion after for
mation of U1c and its burial. The absence of IMPs dated to 1151 to >720 
Ma is consistent with protection of basement by thin sedimentary cover. 
Estimated erosion depths between 680 and 550 Ma amounted to 
<500–650 m. Reported LTT cooling ages are scattered throughout the 
Neoproterozoic (Fig. 6). Simple cooling requires removal of sedimentary 
cover because U1c and U2 remain at a similar erosion level in the 
basement. Modelled cooling from ~110 ◦C at ~830 Ma, passing through 
the upper limit of the partial annealing zone (PAZ) at ≥60 ◦C at ~600 
Ma requires overburden thicknesses of 3–5–5 km at present geothermal 
gradients (Murrell and Andriessen, 2004). This scenario is problematic 
as (i) evidence is lacking for burial of U1c to depths >1 km in and after 
the Neoproterozoic, (ii) closely-spaced localities apparently passed 
through the PAZ at widely different times in terrain without evidence of 
differential tectonics and (iii) rocks in southern Finland passed through 
the PAZ long before 680 Ma and probably before the formation of U1c. 

Few reported LTT ages correspond with the onset of burial of U2 at 
550 Ma, consistent with rock cooling before the final stages of its for
mation. Cooling ages between 527 and 426 Ma, however, are anomalous 
in being younger than U2. A possible explanation is that these rocks 
were reheated beneath Caledonian foreland basin sediments but to 
temperatures below the 110 ◦C necessary for complete resetting (Larson 
et al., 1999). However, the former overburden thicknesses of 0.5–1.5 km 
(Larson et al., 1999) or 3 km (Murrell and Andriessen, 2004) modelled 
using LTT for these sediments in Finland are at the upper end or above 
the <0.68–1.0 km thicknesses suggested by unconformities, IMPs and 
other geological indicators. 

Similar overestimation of former sedimentary cover thickness may 
apply across the axis across the former Caledonian foreland basin to the 
west. AFT models have provided estimates of overburden thicknesses at 
>2.5 km, and reaching 4 km (Larson et al., 2006), or 6 km (Samuelsson 
and Middleton, 1998) over a 300–600 km wide swath in western and 
southern Sweden, but these estimates remain controversial (Hendriks 
and Redfield, 2005, 2006) and are much greater than the thicknesses of 
sedimentary cover estimated in this study for southern Finland. A crit
ical constraint is provided by the Siljan IMP (Fig. 1A), the largest in 
western Europe. The Siljan impact is dated to the Early Devonian (~400 
Ma; (Jourdan et al., 2012), during the Caledonian orogeny (~420–350 
Ma). The impact target included Silurian to Early Devonian sedimentary 
rocks that are preserved within the Siljan IMP (Juhlin et al., 2012). 
Application of the empirical relationship used for IMPs in Finland to the 
Siljan impact is not straightforward due to the poor constraints on D 
(53–91 km; (Holm et al., 2011)) and dt (>0.6 km; (Holm et al., 2011)) at 
Siljan but the estimated rock thicknesses lost to post-impact erosion are 
up to 680–1140 m. The total stratigraphic thickness for the Cambrian to 
Early Devonian cover preserved within the Siljan structure has been 
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estimated as >460–500 m (Juhlin et al., 2012). Assuming this thickness 
was typical for the surrounding basement at the time of impact, accu
mulation of further sedimentary cover in the late Palaeozoic was 
restricted to a maximum thickness of 220–680 m. Despite significant 
uncertainties, the preserved thicknesses of sedimentary cover at Siljan 
and the estimated depths of rock removed by erosion since the Siljan 
impact indicate that the Caledonian foreland basin in west-central 
Sweden was significantly shallower than previously suggested. 

Two important differences emerge when LTT scenarios for Finland 
are compared to other geological evidence. Firstly, Proterozoic un
conformities are not clearly represented in LTT models despite post- 
formational maximum burial depths of <1 km. Secondly, the apparent 
thickness of former overburden is overestimated in AFT models. Sedi
mentary overburden thicknesses were far below the 4 km depths 
necessary for resetting of apatite fission tracks. For Proterozoic un
conformities in Finland, overestimation is by a factor of 4; for U2, 
overestimation is by a factor of 2 or more. 

6. Discussion 

6.1. Tiered unconformities 

The sequence and timing of erosion and burial indicated by un
conformities, IMPs and other geological proxies in this study generally 
conforms to previous reconstructions of the geological history and po
sition of the shield in Finland (Kohonen and Rämö, 2005) from the 
Mesoproterozoic onwards (Fig. 2). The main uncertainties in the timing 
of events relate to the ages of sedimentary outliers, particularly non- 
fossiliferous sandstones, and IMPs that currently lack secure dating 
(IMPs 1, 10 and 12). U1b, the sub-Jotnian unconformity (Lundmark and 
Lamminen, 2016), and U2, the sub-Ediacaran to sub-Ordovician un
conformity (Lidmar-Bergström, 1993; Lidmar-Bergström and Olvmo, 
2015), are found widely across Fennoscandia (Fig. 1A). The early Pro
terozoic unconformity, U1a (Pokki et al., 2013b), and the early Neo
proterozoic unconformity, U1c (Elminen et al., 2018), appear to be of 
more regional significance. Triassic to Jurassic (U3a) and Late Creta
ceous (U3b) unconformities found in southernmost Sweden (Japsen 
et al., 2016) are not clearly represented in southern Finland, likely due 
to the later persistence here of Early Palaeozoic cover rocks. U4 devel
oped after re-exposure of basement on the SFD and so is broadly 
equivalent to etchsurfaces recognised across Fennoscandia that were 
initiated in the Late Cretaceous and that continued to develop by 
weathering and erosion in response to uplift, doming and tilting through 
the Palaeogene and Neogene (Ebert et al., 2011; Lidmar-Bergström, 
1995; Lidmar-Bergström and Olvmo, 2015). Quaternary glacial erosion 
shaped the youngest unconformity (UQ) and represents a brief but sig
nificant erosional phase (Hall and van Boeckel, 2020). 

Tiered basement unconformities of widely different ages are typical 
of many of the Earth’s shields and platforms. Craton surfaces in Western 
and South Australia carry exhumed and buried Neoproterozoic, Late 
Cambrian and Late Palaeozoic unconformities (Baillie et al., 1994; Eyles 
and de Broekert, 2001) and exhumed early Mesozoic planation surfaces 
and later Cretaceous to Palaeogene epigene planation surfaces (Twidale, 
2000; Twidale et al., 2020). On parts of Laurentia, now in North 
America, the unconformity stack includes the continent-wide, sub-
Ordovician “Great Unconformity” (Peters and Gaines, 2012), the 
sub-Carboniferous unconformity in eastern Canada (Peulvast et al., 
1996) and the exhumed sub-Eocene and epigene Neogene surfaces in the 
Canadian Arctic (Bird, 1967). On the fragment of Laurentia in 
north-west Scotland, the stack includes sub-Torridonian (Stewart, 
1972), sub-Cambrian (Parnell et al., 2014) and sub-Triassic un
conformities and younger epigene surfaces (Godard, 1965). On the 
Neoproterozoic basement platform in north-east Scotland, tiered un
conformities include sub-Devonian, sub-Triassic and sub-late Cretaceous 
palaeosurfaces (Hall, 1991). On the Variscan platform in Brittany, 
France, six separate post-191 Ma planation surfaces are recognised, with 

the older unconformities exhumed after two phases of burial in the 
Jurassic and Late Cretaceous (Bessin et al., 2015). Post-Triassic erosion 
on the granite batholith of SW England has been similarly limited in 
depth below the sub-Triassic unconformity (Gunnell, 2020). Tiered 
basement unconformities indicate that, in common with the craton in 
Finland, these shields and platforms experienced multiple mega-cycles 
of uplift, limited denudation close to base level and burial. 

6.2. Ultra-slow cratonic erosion 

Tiered basement unconformities U1 to U4 span 1.5 Ga yet differ in 
elevation by 0–200 m from the present land surface. Average erosion 
rates in basement were near zero in areas, like Kurikka, where U1b and 
U2 are preserved in the present topography. Over a similar period of the 
Proterozoic, average exhumation rates on Kola were 1–2 m/Ma (Vese
lovskiy et al., 2019). In eastern Finland and at Alnö, Sweden, maximum 
average erosion rates in basement since ~580 Ma were <1 m/Ma. On 
the crest of the SFD (Fig. 3), projections of U2 indicate that up to 200 m 
of basement is missing since exhumation in the Late Cretaceous, repre
senting a maximum average erosion rate of 2.5 m/Ma. The former 
Palaeozoic sedimentary cover across southern Finland reached its 
maximum thickness of 0.68–1.0 km in the Permian and was eroded 
thereafter at average rates of 2–4 m/Ma. On the Kola peninsula, north- 
west Russia, sedimentary outliers and kimberlite and carbonatite in
trusions constrain average post-Devonian erosion rates in basement and 
cover to similar rates of <3–6 m/Ma (Hall, 2015). At Lappajärvi, an 
estimated 170 m of sedimentary cover has been removed from the IMP 
since 78 Ma, an average erosion rate of 2.2 m/Ma (Table 2). The pre- 
Cenozoic averages include long periods of zero erosion during burial 
and mask episodically slightly higher rates during periods of minor 
uplift (Fig. 6). 

Erosion rates on other craton surfaces are starting to be documented. 
On the western Canadian shield, AHe thermochronology indicates 
erosion rates in basement of ≤2.5 m/Ma since 1.7 Ga (Flowers et al., 
2006). Similar erosion rates since 1.5 Ga are indicated by U-Pb ther
mochronology on volcanically exhumed lower crustal fragments in 
Montana, USA (Blackburn et al., 2012). On the eastern and northern 
Canadian shield, Phanerozoic erosion rates in basement and cover 
derived from IMPs are 2–8 m/Ma (Peulvast et al., 2009). Typical 
Cenozoic erosion rates on cratons derived from geological, geomor
phological and dating evidence are 2–20 m/Ma (Beauvais et al., 2016; 
Beauvais and Chardon, 2013; Vasconcelos and Carmo, 2018). Hence, 
whilst average rates of erosion on the craton on southern Finland are 
ultra-slow, and amongst the lowest reported on Earth, they are compa
rable to other cratons. 

6.3. Persistence of other geological markers for slow erosion 

Limited depths of long-term erosion in basement can account for 
several distinctive geological features of the craton. Fracture sets 
generated through brittle deformation in western Finland and eastern 
Sweden at ~1.7 Ga carry multiple generations of Proterozoic and 
younger mineral coatings (Blyth et al., 2000, 2004; Drake et al., 2020; 
Karhu, 2000). Phanerozoic mineral coatings indicate phases of fracture 
reactivation and fluid circulation at depths of up to 1 km in response to 
far-field tectonic forces (Saintot et al., 2011), Permian magmatism 
(Holm et al., 2010), and burial by sedimentary cover (Drake et al., 2020; 
Sandström and Tullborg, 2009). The preservation of Early Cambrian 
sandstone dykes formed on U2 (Friese et al., 2011) and mineral coatings 
in basement fractures derived from former Early Palaeozoic cover, such 
as asphaltite derived from Alum Shale (Sandström et al., 2006) and 
calcite formed after dissolution of Ordovician limestones (Hall et al., 
2019a) provide evidence of geologically-recent re-exposure of basement 
on U2. Low Cenozoic erosion rates across Finland are consistent with the 
widespread preservation of Palaeogene and Neogene saprolite (Gilg 
et al., 2013; Hall et al., 2015; Perttunen, 1970; Vartiainen, 1980) and 
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associated supergene mineralisation (Tuisku, 2010). Slow erosion has 
also allowed the survival of Palaeogene deep groundwater and its 
associated microbiomes in western Finland (Kietäväinen et al., 2014; 
Rajala et al., 2015) and eastern Sweden (Drake et al., 2018). In less 
stable settings, similar subsurface markers for slow cratonic change were 
erased by Phanerozoic erosion. 

6.4. Challenges for low temperature thermochronology in cratonic settings 

LTT has become a standard tool for estimating integrated long-term 
denudation rates on cratons. Interpretations based on thermochronol
ogy often invoke craton burial by sedimentary rocks several km-thick to 
account for Phanerozoic cooling ages (Japsen et al., 2016; Kohn and 
Gleadow, 2019). Large parts of Finland were covered by sediment 
derived from erosion of the Sveconorwegian and Caledonian orogenic 
belts. The geometries of IMPs, diagenetic effects and stratal thicknesses 
south of the Gulf of Finland indicate, however, that foreland cover 
thicknesses were <1 km, thinning eastward. This indicates that available 
AFT thermochronology in Finland overestimates overburden thickness 
by factors of at least 2–4. 

Similar disparities exist for overburden losses when LTT is compared 
with other geological proxies for Phanerozoic erosion on other cratons in 
SE Australia (Webb, 2017), NE Brazil (Peulvast et al., 2008) and E 
Argentina (Demoulin et al., 2005). Large overestimates of Cenozoic 
erosion rates are also apparent when LTT results are compared with 
absolute dates for minerals in Cenozoic weathering profiles on cratons in 
West Africa (Beauvais and Chardon, 2013) and in Brazil (Vasconcelos 
and Carmo, 2018). The reasons for overestimation of denudation by LTT 
in such cratonic settings are unclear. Radiation damage affects both the 
AFT and (U-Th)/He thermochronometers in slowly-cooled settings 
(McDannell et al., 2019). Burial leads to enhanced heat retention and 
flow beneath cover rocks (Łuszczak et al., 2017). On the Gawler Craton, 
South Australia, AFT and U–Th–Sm/He data have yielded a range of 
apparent single grain ages across samples and within individual samples 
(Reddy et al., 2015) on a craton with multiple tiered unconformities that 
was buried for long intervals after first exposure in the Mesoproterozoic 
(Twidale et al., 2020). AFT data provide evidence for Late Cretaceous- 
early Palaeogene thermal refraction driven by circulation of heated 
(~60–110 ◦C) groundwater beneath the former sedimentary cover of the 
Eromanga Basin aquifer system (Boone et al., 2016). On these cratons 
and platforms, long residence times within the PAZ and PRZ have led to 
pervasive, subtle but little understood effects on the kinetics of 
annealing and diffusion. 

In southern Finland, the surface of the craton has remained close to 
its present erosion level since 1.5 Ga; the residence time for rocks at or 
below PAZ and PRZ temperatures is long. Sedimentary cover provided a 
<1 km-thick insulating blanket to the craton for much of Proterozoic 
and Phanerozoic. Evidence for widespread thermal refraction at tem
peratures of 60 to 200 ◦C (but mainly <100 ◦C) below former Phaner
ozoic sedimentary cover is provided by mineral coatings on basement 
fracture surfaces in south-western Finland (Sahlstedt et al., 2013) and 
eastern Sweden (Sandström and Tullborg, 2009) and by calcite–
sphalerite veins in Silurian limestones in Estonia (Eensaar et al., 2017). 
Additionally, radiogenic heat production is spatially variable in Finland 
(Veikkolainen and Kukkonen, 2019) and radiation damage effects are 
widespread in apatites (Hendriks and Redfield, 2005; Kohn et al., 2009). 
Successful application of LTT models under these circumstances remains 
challenging. New LTT approaches may be required, including analyses 
of individual crystals of apatite (Fox et al., 2017). New LTT models, 
including emerging THe and ZHe models (Baughman and Flowers, 
2020), can be tested on cratons where erosion and burial histories are 
relatively well-constrained by other geological proxies, as in Finland 
(Fig. 6). 

6.5. The cratonic regime in Finland 

Ultra-slow erosion of the craton in southern Finland is consistent 
with the tectonic and thermal stability provided by a 250–300 km deep 
keel of lithosphere (Artemieva, 2003). The protracted burial of southern 
Finland, together with the ~120 Ma duration of the Early Palaeozoic 
marine transgression, protected the shield surface from erosion for ~1.0 
Ga (Fig. 6). The narrow elevation range of the stacked unconformities in 
southern Finland indicates that the episodic load on the craton from 
successive sedimentary covers was released after erosion through 
isostatic rebound and repeatedly returned the shield surface to 
approximately its previous erosional level. Periods of exposure, each 
culminating in formation of an unconformity, were relatively brief 
(Fig. 6). U1c and U2 were formerly covered by marine sediments, 
indicating an original position at base level. U4 stands only ~200 m 
above present sea level. There is little evidence for high relief on the 
craton after downwearing of the rapakivi granite intrusions at 1.5 Ga. 
Hence, persistent low relief has kept erosion rates low during periods of 
basement exposure. The shield surface in Finland provides evidence of a 
long evolution under a cratonic regime (Fairbridge and Finkl, 1980), 
where long-term tectonic stability led to ultra-slow erosion rates in 
basement and cover and prolonged but shallow burial. 

7. Conclusions 

Multiple tiered unconformities are recognised on the craton of 
southern Finland that formed after its stabilisation at ~1.65 Ga. Impact 
structures dating from 1.2 Ga had target surfaces in basement and 
sedimentary cover. For dated structures with impact melt rocks and 
breccias at known depth, the original elevation of the target surface is 
reconstructed, and the depth of post-impact erosion is calculated. Mes
oproterozoic and younger erosion rates were ultra-slow at <2.5 m/Ma. 
During long periods of burial, the sedimentary overburden did not 
exceed ~1 km in thickness. This finding is incompatible with low- 
temperature thermochronology models that predict resetting of cool
ing ages under sedimentary cover that was several km thick following 
the Sveconorwegian and Caledonian orogenies. Decoupling of cooling 
patterns from exhumation on cratons may result from the effects of 
radiogenic heat production, radiation damage, insulation by sedimen
tary cover and circulation of heated groundwater. The cratonic regime 
in southern Finland involved long-term tectonic stability, prolonged but 
episodic shallow burial and ultra-slow erosion. 
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fracture mineralization in the stable cratonic northern part of the Baltic Paleobasin: 
sphalerite fluid inclusion evidence. Geol. Foeren. Stockholm Foerh. 139, 52–62. 

Elminen, T., Zwingmann, H., Kaakinen, A., 2018. Constraining the timing of brittle 
deformation and sedimentation in southern Finland: implications for Neoproterozoic 
evolution of the eastern Fennoscandian shield. Precambr. Res. 304, 110–124. 

Elo, S., Kuivasaari, T., Lehtinen, M., Sarapää, O., Uutela, A., 1993. Iso-Naakkima, a 
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Wennerström, M., 2008. Paleomagnetic evidence for Mesoproterozoic-Paleozoic 
reactivation of the Paleoproterozoic crust in southern Finland. Geol. Surv. Finland 
Spec. Pap. 47, 215–252. 

Miller, E.L., Kuznetsov, N., Soboleva, A., Udoratina, O., Grove, M., Gehrels, G., 2011. 
Baltica in the Cordillera? Geology 39, 791–794. 

Mordberg, L.E., Nesterova, E.N., 1996. Palaeozoic bauxite deposits of North Onega basin, 
Russia: evidence as to genesis. Transactions of the Institution of Mining and 
Metallurgy. Sect. B. Appl. Earth Sci. 105, 200–205. 

Murrell, G.R., Andriessen, P.A.M., 2004. Unravelling a long-term multi-event thermal 
record in the cratonic interior of southern Finland through apatite fission track 
thermochronology. Phys. Chem. Earth, Parts A/B/C 29, 695–706. 
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Mesoproterozoic 40Ar/39Ar age for a melt breccia from the Keurusselkä impact 
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