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ABSTRACT

The controversial late Ediacaran to Cambrian paleogeography is largely due to the paucity and low reliability of available paleomagnetic poles. 
Baltica is a prime example of these issues. Previously published paleomagnetic results from a thick clastic sedimentary pile in the White Sea 
region (northern Russia) provided valuable Ediacaran paleontological and paleomagnetic data. Until recently, Cambrian-age rocks in northern 
Russia were known mostly from boreholes or a few small outcrops. A recent mining operation in the Winter Coast region exposed >60 m of 
red sandstone and siltstone of the Cambrian Brusov Formation from the walls of a diamond pit. Paleomagnetic data from these rocks yield two 
major components. (1) A single-polarity A component is isolated in ~90% of samples between 200 and 650 °C. The corresponding pole (Pole 
Latitutde, Plat = 20°S; Pole Longitude, Plong = 227°E, α95 = 7°) agrees with the Early Ordovician reference pole for Baltica. (2) A dual-polarity 
B component is identified in ~33% of samples, mostly via remagnetization circles, isolated from samples above 650 °C. The corresponding 
pole (Plat = 12°S; Plong = 108°E, α95 = 5°) is close to other late Ediacaran data but far from all younger reference poles for Baltica.

We argue for a primary magnetization for the B component and the secondary origin of the other Cambrian poles from Baltica. This in turn 
requires a major reshuffling of all continents and blocks around the North Atlantic. The early stages of Eurasia amalgamation and models 
for the evolution of the Central Asian Orogenic Belt require revision.
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INTRODUCTION

A general rule is that the older the rocks, the more difficult, on average, 
it is to extract a reliable paleomagnetic signal due to a more protracted 
history over which different processes can lead to heating and alteration. 
This unofficial opinion is supported by the distribution of paleomag-
netic data that are used for construction of global apparent polar wander 
paths (APWPs). This distribution is clearly not uniform; there are dis-
tinct minima, for example at the Devonian-Carboniferous boundary (see 
Torsvik et al., 2012, fig. 3 therein). The end of the Ediacaran Period and 
the beginning of the early Cambrian is another problematic interval that 
can be illustrated by Siberian paleomagnetic data. In Siberia, many good 
middle Cambrian and younger data are available, while numerous studies 
of late Ediacaran–early Cambrian rocks resulted in either an uncontest-
able polarity scale or unambiguous poles (Kirschvink and Rozanov, 1984; 
Pisarevsky et al., 1997; Torsvik et al., 1998; Khramov, 2000; Gallet et al., 
2003; Pavlov et al., 2004; Shatsillo, 2006; Shatsillo et al., 2015).

Moreover, this confusing pattern is not a Siberian peculiarity; similarly 
contradictory data are found for the late Ediacaran–Cambrian of Baltica 
(Meert, 2014; Meert et al., 2007) and Laurentia (Abrajevitch and Van 
der Voo, 2010). The fact that Cambrian-age rocks on Baltica are rare 
aggravates the situation and no Cambrian poles are available for this 
craton (based on the most recent time scale). In 2001, the first Cambrian 
poles from northern and southern Sweden (Torsvik and Rehnström, 2001) 
extended the APWP and placed Baltica at high southern latitudes in the 
late Ediacaran and Cambrian (Şengör et al., 1993; Kheraskova et al., 
2003; Meert and Lieberman, 2004). This simple explanation was soon 
contested by late Ediacaran poles that positioned Baltica close to the 
equator (Popov et al., 2002, 2005; Iglesia Llanos et al., 2005; Levashova 
et al., 2013; Fedorova et al., 2014).

It was known from boreholes that upper horizons of the predominantly 
late Ediacaran sequence in the White Sea region (northern Russia) may 
be as young as early Cambrian (Grazhdankin, 2003; Alekseev et al., 2005, 
and references therein). After the discovery of Devonian diamondiferous 
kimberlite pipes in this region, mining operations started and penetrated 
several tens of meters into the previously unexposed upper horizons of the 
sequence. We gained access into one of the diamond pits (with permis-
sion from the SeverAlmaz Company), and collected a limited number of 
samples from the Brusov Formation. This paper is based on paleomagnetic 
data from this section and their implications.
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GEOLOGICAL SETTING AND SAMPLING

The study area is on the northern rim of the East European Platform 
(Baltica) to the east of the White Sea (Fig. 1) and ~300 km away from the 
Timanian margin of Baltica, where deformation is generally thought to 
have occurred in the late Ediacaran (Kuznetsov at el., 2007, 2010). The 
most recent studies, however, indicate that the provenance signal from the 
Timanian orogen appeared in these sediments by the middle Cambrian, 
suggesting that the deformation may be a bit older than late Ediacaran 
(Kuznetsov et al., 2014; Slama and Pedersen, 2015; Zhang et al., 2015). 
The lack of observed deformation in the study area for the late Ediacaran 
and Cambrian indicates that there was no relative motion between the 
White Sea area and the rest of Baltica.

According to geologic and geophysical data, the nonexposed basement 
comprises mostly Paleoproterozoic complexes (Mintz et al., 2015); this is 
further substantiated by 1.9–1.7 Ga xenocrystic zircons that dominate in 
the Devonian kimberlites (Griban’ et al., 2012). Borehole and geophysical 
data indicate that the basement is unconformably overlain by sediments 
that are correlated with Mesoproterozoic and early Neoproterozoic rocks 
of the southern Urals (Maslov, 2004). This section is covered without 
angular unconformity, but most likely with stratigraphic disconformity 
by the ~1000-m-thick late Ediacaran–early Cambrian sequence that 
comprises the Ust’-Pinega, Mezen and Padun Groups, which are further 
subdivided into a number of formations (Fig. 2; Alekseev et al., 2005; 
Grazhdankin, 2003, 2014; Kuznetsov et al., 2014). This sequence can be 
generally characterized as follows.

1. The entire sequence is composed of clastic rocks and clays, many 
of which are red.

2. There are numerous tuff horizons in the upper Ust’-Pinega and 
Mezen Groups that can be used as markers (e.g., Aksenov and Volkova, 
1969), but no marker horizons of other types are present.

3. Various Ediacaran fossils and microfossils are found at many lev-
els in the upper Ust’-Pinega and Mezen Groups, whereas the fauna in 

the Padun Series is impoverished (Fedonkin et al., 2007; Ivantsov et al., 
2004; Grazhdankin, 2014).

4. Magmatic zircons in tuff beds from the middle Ust’-Pinega Series 
yielded an U-Pb age of 558 ± 1 Ma (the age is in Grazhdankin, 2014).

5. A U-Pb age of 555.3 ± 0.3 Ma was obtained from the basal Zimne-
gory (Martin et al., 2000; note that this age was recently recalculated to 
552.85 ± 0.77 Ma using new decay constants by Schmitz, 2012; however, 
we retain the original age for uniformity in this paper as not all ages have 
been recalculated).

6. Magmatic zircons in tuff beds from the lowermost Mezen Group 
yielded a U-Pb age of 550.2 ± 4.6 Ma (Iglesia-Llanos et al., 2005).

The late Ediacaran–early Cambrian sequence was intruded by numer-
ous kimberlite pipes in the Middle–Late Devonian (Golubkova et al., 
2013). A thin sedimentary veneer, mostly of poorly indurated sandstones, 
was formed in this area in the late Carboniferous–early Permian. The entire 
Ediacaran–Permian sedimentary section dips gently to the east-southeast 
and is commonly regarded as the western limb of the Mezen syncline.

The studied section encompasses the upper part of the ~200-m-thick 
Brusov Formation, which is the uppermost unit in the Padun Group. The 
youngest isotopic age of 550.2 ± 4.6 Ma is from magmatic zircons within a 
tuff bed at the base of the Mezen Group (Fig. 2; Iglesia-Llanos et al., 2005). 
The geochronological sample is located ~400–500 m below the sampled 
Brusov beds. Additional paleontological age constraints include the occur-
rence (~250–350 m below our samples) of Sabellidites cambriensis tubes 
(Alekseev et al., 2005). This fossil is very common in upper Ediacaran and 
lowermost Cambrian strata of Baltica (Kirsanov, 1968; Sokolov, 1968; 
Orlowski, 1985, 1989; Ivantsov, 1990), especially in the lower Cambrian 
Lontova Formation in the vicinity of Saint Petersburg (Yanishevsky, 1926). 
The Sabellidites cambriensis zone straddles the Precambrian-Cambrian 
boundary in the GSSP (Global Boundary Stratotype Section and Point), 
succession of Newfoundland (Landing et al., 1989). Somewhat upsection, 
but still ~200 m below our samples, vertical tubes of Skolithos or Rosselia 
types as much as 10 mm in diameter and 150 mm in depth were found with 
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some Diplocraterion traces (Grazhdankin and Krayushkin, 2007). The 
problematic tubular fossil, Platysolenites antiquissimus Eichwald 1860 
is thought to be an agglutinated foraminifer (Lipps and Rozanov, 1996; 
Streng et al., 2005; McIlroy et al., 2001) and occurs in the middle part of 
the Padun Series (Alekseev et al., 2005). This fossil is confined to the lower 
Cambrian (Lontova Horizon) in Baltica (Rozanov, 1983). No identifiable 
fossils were found in the Brusov Formation; the data here strongly indicate 
that it is early Cambrian in age or younger (see following discussion).

During diamond prospecting in this region, many kimberlite bodies 
were penetrated by boreholes, in which were found numerous carbonate 
debris and blocks to several meters in size that were trapped in the kim-
berlite pipes during emplacement. Conodonts from different carbonate 
blocks vary in age from the late Tremadocian (Early Ordovician) to the 
Rhuddanian (early Silurian) (Tolmacheva et al., 2013); Popov and Gor-
jansky (1994) reported upper Cambrian brachiopods from other pipes.

In northern Russia, the entire Ediacaran–Cambrian terrigenous 
sequence and its members thicken to the east and northeast (Maslov et 
al., 2008). Detrital zircon studies of the Brusov Formation show a typi-
cal Baltic provenance without an input from the Timan orogen, which is 
northeast of our study area (Kuznetsov et al., 2014, 2015). In contrast, the 
younger deposits, from the middle Cambrian on, show thickening to the 
west, and the provenance signal in the Sablino Formation from an area 
south of Ladoga Lake (at ~60°N, 32°E) shows a considerable input of 
Timanian origin (Kuznetsov et al., 2011). These observations indicate that 
our study area belonged to the northeastern (Timanian) passive margin of 

Baltica, where the disintegrated cratonic rocks were delivered from south to 
west. During the early-middle Cambrian, the Timanian orogeny took place 
as a result of the collision of Baltica and the Arctida continent (Kuznetsov 
et al., 2014). Combining all available data, for example, the lack of carbon-
ates and the Timanian provenance signal in the Brusov rocks indicate that 
they are most probably of the early–early-middle Cambrian age.

The diamond pit of the SeverAlmaz Company (red rectangle in Fig. 
1B) penetrates ~60 m into the Brusov Formation rocks surrounding the 
pipe. (All stratigraphic positions herein are in meters above sea level). 
These sandstones and siltstones, mostly red, are flat-lying. The sediments 
form an eruptive breccia with a few meters to few tens of meters wide 
contact zone with sharp external boundaries. The brecciated sediments 
show no evidence of hydrothermal or metasomatic alteration; in particular, 
no veins of any composition were found in either the kimberlite or host 
sediments. The Brusov rocks are poorly lithified and commonly water 
saturated; as a result, the pit is ~100 m in depth and 2 km in diameter. 
We limited our collection of paleomagnetic samples to well away from 
the contact with the kimberlite pipe.

Outside of the inner brecciated zone, small volumes of deformed 
sediments that are considered soft-sediment slumps are found among 
flat-lying beds at different stratigraphic levels. The only sampled slump 
(5 samples) is a small 1.0 × 0.5 m section where the sandstone beds gen-
erally dip to southwest.

Due to the mechanical weakness of the Brusov red sediments, we had 
to sample wherever we could, often just one or two samples at a point. 
The samples were oriented with a magnetic compass, and global position-
ing system readings of each sampling point were recorded as well as the 
stratigraphic thickness between the adjacent samples. Then (with the aid 
of mine servicemen) all sampling data were transformed into elevation 
above sea level with an accuracy of ±0.2 m and a sampling log was con-
structed. In total, 115 samples are unevenly spread over a 60 m interval; the 
uppermost ~10 m of the section proved to be too weathered for sampling. 
For convenience and statistical comparisons, the set of 115 stratigraphi-
cally ordered samples was divided into 6 nonoverlapping subsets of ~20 
samples that were treated as sites (from bottom to top, D1–D6; Table 1).

PALEOMAGNETIC METHODS AND RESULTS

Two 20 mm cubic sister specimens were cut from the samples when 
possible. Individual specimens from each sample were subjected to step-
wise thermal demagnetization up to 700 °C in a homemade oven with a 
residual field of ~10 nT. Magnetization intensities were measured with 
Czech spinner magnetometers JR-4 and JR-6 within Helmholtz coils 
to reduce the ambient field at the paleomagnetic laboratory (Moscow, 
Russia). After examining demagnetization data, the remaining 75% of 
the collection was repeatedly demagnetized with the aid of a standard 
ASC-TD-48 oven and measured on a 2G Enterprises 755R cryogenic 
magnetometer placed in a magnetically shielded room in the Paleo-
magnetic Laboratory of the University of Florida (Gainesville, Florida, 
USA). Demagnetization data were analyzed using orthogonal vector plots 
(Zijderveld, 1967) via principal component analysis (Kirschvink, 1980). 
Component directions and remagnetization circles were combined as 
suggested by McFadden and McElhinny (1988). For statistical analysis, 
the best defined component and/or remagnetization circle from each pair 
of sister specimens was used. Paleomagnetic analysis and calculations 
were carried out with the PaleoMac software (Cogné, 2003).

A weak scattered component is removed from many samples after heat-
ing to between 200 and 250 °C. That low-temperature component is most 
probably of viscous origin and will not be considered further in our discus-
sion. Most of the natural remanent magnetization (NRM) in the redbeds 
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is represented by a well-defined component (A) that persists from 200 to 
650 °C. This component was identified in 112 of 116 samples. In many 
samples, the corresponding linear segments on orthogonal plots decay 
toward the origin without any clear great-circle trajectories (Figs. 3A–3C). 
In other samples, remagnetization circles are clearly visible, with most 
of angular shift occurring above 600 °C (Fig. 3D). Component A has the 
same polarity everywhere and forms a distinct cluster. When component 
A directions are transformed to virtual geomagnetic poles, and the stan-
dard 45° cutoff is applied, 10 outliers are removed. The six site means 
are statistically identical, very tightly clustered, and show no systematic 
shift through the section; two overall means on the sample and site level 
differ by <1° (Table 1).

We sampled a limited slump, and both sample and site directions of 
component A in this structure and flat-lying beds are better grouped in 
situ than after tilt correction (Figs. 4A, 4B; Table 1); the concentration 
parameter ratios are 1.17 and 1.87 for samples and sites, respectively. 
Thus the tilt test (McElhinny, 1964) is inconclusive. Neither component B 
directions nor remagnetization circles could be recovered from the slump.

After removal of component A above 620–630 °C, a component B 
with very different direction can be reliably isolated from seven samples 
only (Figs. 3C, 3E). Its wider presence, however, is indicated by remag-
netization circles that are determined in an additional 33 samples. All 
directly isolated component B directions have easterly declination and 
shallow inclination, thus indicating a single (eastern) polarity for all these 

few samples. During demagnetization (Figs. 3D, 3F), vector end points 
move eastward to the isolated B directions along most remagnetization 
circles, and therefore indicate an eastern polarity of this remanence. In 
a few cases, sample directions trend toward the end point in an opposite 
direction (Fig. 3H) that we ascribe to component B being of western 
polarity in these samples. When directly determined and inferred polarities 
of component B are compiled into a stratigraphic log, their distribution 
proves to be rather regular, with the eastern polarity zone in the 30–40 
m interval, western polarity zone in the 40–50 m interval, and eastern 
polarity zone in the uppermost 50–67 m interval (Fig. 5C). There are two 
out-of-order samples that appear to disturb the simple pattern (question 
marks in Fig. 5C). As these samples are stratigraphically separated by 
<0.5 m but are from remote parts of the pit, this change of polarity may 
be due to an imprecise correlation across the field area. The presence 
of 3 polarity zones within the 35-m-thick section may indicate a fairly 
high reversal rate, but more definite correlations with Ediacaran–early 
Cambrian magnetostratigraphy from in the Urals and Siberia (Meert et 
al., 2016; Bazhenov et al., 2016; Shatsillo et al., 2015) are premature.

For two sites (Table 1; Fig. 5A), we calculated the component B site-
mean direction by combining vectors and planes (McFadden and McEl-
hinny, 1988). For the remaining sites, where remagnetization circles only 
are recognized, their intersections agreed with the corresponding site 
mean for component A. This is not surprising, as remagnetization circles 
tend to intersect closer to the least-dispersed paleomagnetic components 
(Halls, 1976). Thus the only way to extract any information on the pos-
sible direction of component B in such sites is to compute the average 
great circles and utilize them at the next level of statistical treatment. The 
overall mean of component B was thus computed for 2 site means and 4 
average great circles at the site level, and for 5 B components and 29 unit 
remagnetization circles at the sample level. Both mean directions are very 
similar, but the confidence circle for the former is much larger (Table 1).

Demagnetization data unambiguously indicate that both A and B com-
ponents reside in hematite, which may account for their imperfect separa-
tion. Another reason for the low success rate for B component is that many 
samples acquire spurious remanence above 620 °C, often terminating 
demagnetization in both laboratories. The lack of rock-magnetic data in 
our study may seem uncommon, but a recent study of chemical remanent 
magnetization (CRM) of artificial and natural samples provided a wealth 
of new data but were unable to outline any robust criteria to discriminate 
between CRM and detrital remanent magnetization (DRM) in redbeds 
(Jiang et al., 2015). Jiang et al. (2015) noted that blocking temperature 
spectra may be used to discriminate between remanence mechanisms in 
redbeds because CRM samples tend to have a gradual intensity decay 
starting around 200 °C, whereas DRM samples tend to have a more dis-
crete unblocking spectra at temperatures above 600 °C. Jiang et al. (2015) 
argued that this behavior could potentially prove useful in determining 
the type of remanence preserved in redbeds. Unfortunately, our experi-
ence shows that the above rule cannot be universally applied, as we can 
demonstrate both patterns in completely remagnetized redbed collections. 
In particular, both CRM- and DRM-type plots of NRM intensity versus 
temperature (not illustrated) are present among the Brusov redbeds with 
predominating well-defined component A. We note the unique opportunity 
afforded to us during this study allowed us only limited sampling before 
the mining operations took place.

INTERPRETATION AND DISCUSSION

The paleomagnetic pole (Pole Latitude, Plat = 19°S; Pole Longitude, 
Plong = 227°E, α

95
 = 4.7°) for component A is very close to the Early 

Ordovician (480–470 Ma) reference poles (Fig. 6), implying a similar age 

TABLE 1. PALEOMAGNETIC RESULTS ON THE EARLY CAMBRIAN 
BRUSOV FORMATION

Identification M N1 N2 D°
(°)

I
(°)

k α95
(°)

Component A

D1 FM 20 15 165.1 60.2 29 7.2
D2 FM 20 19 175.2 58.4 25 6.9
D3 FM 20 16 165.1 64.1 63 4.7
D4 FM 20 20 173.1 63.3 67 4.0
D5 FM 20 18 166.4 63.3 34 6.0
D6* FM 15 13 183.7 61.6 34 7.2
Slump-IS FM 6 5   20.0 87.9 64 9.6
Slump-TC FM 6 5 254.0 53.4 51 10.8
A samples* FM 115 101 171.7 61.6 36 2.4
A sites FM (6) (6) 171.6 62.0 388 3.4

Pole: lat 18.7°S, long 227.5°E, α95 = 4.7°

Component B

D1 AGC 20 3c 195.5 –13.1 11.7
D2 MM 20 1d3c 130.0 –19.1 52 11.6
D3 AGC 20 7c 203.9 –26.4 11.7
D4 AGC 20 4c 180.1 –31.7 11.7
D5 AGC 20 8c 201.2 –22.9 4.7
D6 MM 15 4d2c 108.9 –20.3 22 15.0
B samples MM 115 5d29c 108.7 –15.4 9 8.6
B sites MM (6) (2d4c) 106.7 –14.2 19 17.4

Pole: lat 13.5°S, long 118.7°E, α95 = 12.7°

Note: Sites are numbered from bottom to top as described in the text. All data 
are in situ except for Slump-TC. M—method used for calculation a result; FM—
Fisher statistics (Fisher, 1953); MM—combined paleomagnetic directions and 
remagnetization circles (McFadden and McElhinny, 1988); AGC—average remag-
netization circles (shown in italics for visibility). Slump-IS—in situ; Slump-TC—tilt 
corrected. As no direct counterpart for concentration parameter is available for 
the latter type of data, the corresponding cells are left empty, and the confidence 
circles are computed with the aid of PaleoMac software (Cogné, 2003). N1—num-
ber of samples (sites) studied; N2—number of samples (sites) used for calculation 
of a result and the type of data used: d—directions (shown for MM results only); 
c—remagnetization circles. D—declination; I—inclination; k—concentration 
parameter; α95—confidence circle (Fisher, 1953).

*Samples from the slump are not included.
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of this remanence, in accord with the conclusion by Popov et al. (2002, 
2005) for older members of the same sequence. Based on the details of 
the remagnetization process and the results of the tilt test, we provision-
ally conclude that component A postdates deformation.

The paleomagnetic pole (Plat = 12°S, Plong = 108°E, α
95

 = 4.4 º; Fig. 
6) for component B differs considerably from all Phanerozoic reference 
data for Baltica. The B pole on the global projection, however, may look 
suspiciously close to the tip of the Devonian spur (400–380 Ma) on the 
Baltic APWP (Fig. 5), but the angular difference is significant. No traces of 
synemplacement alteration related to kimberlite intrusions were reported 
from the study area and so there is no evidence to support a mid-Paleozoic 
overprinting in the area. In contrast, the B pole is close to the latest Edia-
caran poles from the White Sea area (Popov et al., 2002, 2005; Iglesia 
Llanos et al., 2005) and the Uralian eastern margin of Baltica (Levashova 
et al., 2013; Fedorova et al., 2014).

Although not compelling, this evidence favors a large time span 
between the acquisition of components A and B. We provisionally con-
clude that the Brusov Formation accumulated mostly during the Terre-
neuvian Epoch (ca. 541–521 Ma).

A dual-polarity magnetization is often regarded as a sign of primary 
magnetization, despite several cases of dual-polarity overprinting (John-
son and Van der Voo, 1986, 1989). In addition, the stratigraphic restriction 
of polarity zones through the section also points to the primary origin of 
component B. The paleomagnetic poles of components A and B are in 
good agreement with the Ordovician reference and late Ediacaran poles 
for Baltica. This allows us to suggest that component B is primary and 
component A is of secondary origin.

There is a dearth of Cambrian age poles from Baltica and the data 
give conflicting results. Results from the Andrarum Shale and Tornetrask 
Formation (500 and 535 Ma) suggest a high-latitude position for our study 

area in Baltica (~54°; Torsvik and Rehnström, 2001). A pole from the 
early Cambrian Nexø Sandstone in Denmark (ca. 540 Ma; Lewandowski 
and Abrahamsen, 2003) yields a lower latitude position (~20°) for Baltica, 
albeit higher than our results. Our new datum places the study location 
near the equator (2° ± 3°, S or N). These results highlight the issues related 
to the APWP for Baltica (see Meert, 2014) in that seemingly reliable 
poles indicate either very fast plate motion or unusual configurations of 
the geomagnetic field.

In the case of our new data, one may suspect very strong inclination 
shallowing. The corresponding pole, however, is close to the late Edia-
caran poles from the west Urals, where Levashova et al. (2013) argued for 
negligible to minor inclination shallowing. Thus, inclination shallowing 
cannot account for the paleolatitudinal differences between our study and 
previous Cambrian-age studies from Baltica.

The ca. 500 Ma Andrarum pole from southern Sweden (Torsvik and 
Rehnström, 2001) is based on 10 samples from a limited stratigraphic 
interval and is not confirmed by a field test. The older ca. 535 Ma Torne-
trask pole from northern Sweden (Torsvik and Rehnström, 2001) seems 
more reliable and is based on a dual-polarity remanence isolated from 
six sites. The pole from the early Cambrian Nexø Sandstone resembles 
Permian poles from Baltica, but Lewandowksi and Abrahamsen (2003) 
argued that a pervasive remagnetization of the Nexø is unlikely because 
there was no remagnetization of other rock units in the same region. Our 
new result also suffers from a lack of field tests for primary remanence. 
In summary, none of the Cambrian-age paleomagnetic poles seems overly 
reliable. The strongest support for a primary magnetization in the Brusov 
samples is based on the fact that this pole does not match any younger 
reference poles for Baltica (Fig. 6).

We provide yet another rationale in support of a primary magnetization 
in the Brusov rocks. A paleomagnetic study of Middle–Late Devonian 
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Figure 6. The Phanerozoic apparent polar wander path of Baltica (black oblique crosses and green connecting line) with ages in Ma (Torsvik 
et al., 2012). Red stars denote the early Cambrian Brusov poles for component B (E and W are eastern and western polarity, respectively); 
blue star (A), same for component A. Orange circles—late Ediacaran poles for Baltica [Popov et al., 2002, 2005 (P2, P5); Iglesia-Llanos et al., 
2005 (IL); Levashova et al., 2013 (L); Fedorova et al., 2014 (F)] presented in both polarity options. Green filled circles—the Cambrian Andrarum 
(AN) and Tornetrask (TT) poles with associated confidence circles (Torsvik and Rehnström, 2001) in commonly used polarity option. Red 
filled circles—the same after polarity switch. 

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/8/5/564/3041767/564.pdf
by guest
on 01 February 2021



LITHOSPHERE  |  Volume 8  |  Number 5  |  www.gsapubs.org� 571

Ediacaran-Cambrian paleogeography of Baltica  |  THEMED ISSUE

dikes from the northern Kola Peninsula showed that most of the dikes are 
remagnetized, and the overall mean of that overprint agrees well with the 
ca. 190 Ma reference pole for Baltica (Veselovskiy et al., 2016). Moreover, 
multiple manifestations of this remagnetization are found throughout 
Fennoscandia on different age rocks, including the Andrarum and Tor-
netrask poles (Fig. 6; for more detail, see Veselovskiy et al., 2016). Thus, 
the Andrarum, Tornetrask, and Nexø poles are all somewhere along the 
younger APWP for Baltica (see Fig. 6), whereas the Brusov pole is unique.

If the assumption of the secondary origin of the Cambrian Andrarum and 
Tornetrask and Nexø results (Torsvik and Rehnström, 2001; Lewandowski 
and Abrahamsen, 2003) is accepted, the Ediacaran–Cambrian paleogeo-
graphic evolution of the circum–North Atlantic region needs to be substan-
tially revised. The high-latitude position of Baltica in the early Ediacaran 
(616 Ma) is based on a single pole from the Egersund dikes (Walderhaug et 
al., 2007). The Ediacaran pole from northern Finland (Hailuto pole; Klein 
et al., 2015) places northern Baltica (common point at 65.3°N, 41.0°E) in 
subtropical latitudes, presumably in the Southern Hemisphere (~25°). The 
600–570 Ma age of this pole, as noted by Klein et al. (2015), is inferred 
rather than geochronologically dated. The periequatorial latitudes in the 
late Ediacaran (555–545 Ma) are the most robust results from Baltica. Our 
new results from the Brusov Formation extend this low-latitude paleoge-
ography into the early Cambrian. Baltica moved to higher latitudes by the 
Early Ordovician. More detailed paleogeography of the North Atlantic 
bordering landmasses (Laurentia, Siberia) is beyond the scope of this paper.

Baltica is a key element in the amalgamation of northern Eurasia, as 
are the elements of the Uralian and Central Asian orogenic belts. A num-
ber of conflicting tectonic models for the formation of Eurasia have been 
published. Models proposed by Şengör et al. (1993, 2014) and Şengör and 
Natal’in (1996; herein the SN model) are common starting points in the 
discussion. The major feature of the SN model is the presence of the Kip-
chak arc, which is presumed to have rifted from Baltica and Siberia in the 
Ediacaran (ca. 600 Ma). Multiple episodes of complex deformation of this 
arc in the Paleozoic eventually led to the present-day structure of Central 
Asia. The SN model includes a multitude of tectonic elements with different 
kinematics and evolutionary histories, eventually coalescing into Eurasia. 
Testing this model with paleomagnetic data is a daunting task, requiring 
scores of high-resolution paleomagnetic data. Even the robust Permian data 
set cannot be used for a rigorous test of the SN model yet, but is generally 
compatible with the final stages of tectonic evolution of Central Asia pre-
dicted by this model (Levashova et al., 2003). For older epochs, the avail-
able paleomagnetic data are too few and scattered to allow for such testing.

Fortunately, the SN model contains crucial starting assumptions, as 
emphasized by Şengör and Natal’in (1996). The most important initial 
constraint for the evolution of the Altaids is the assumption that the Sibe-
rian and Baltic cratons were united as a single mass along their present-
day northern margins during the earliest Ediacaran and, according to the 
SN model, essentially retained the same relative positions until the Early 
Ordovician. In that model, rifting of the Kipchak arc commenced during 
the early Ediacaran (ca. 600 Ma). This hypothesis was tested by Windley 
et al. (2007), who compared the then-available reconstructions of northern 
continents and concluded that all are incompatible with the SN model. 
Although these reconstructions are incompatible with the SN model, they 
are also incompatible with each other. Hence the conclusion by Windley 
et al. (2007) simply highlights the controversial paleogeographies of the 
Ediacaran–Ordovician interval.

Since 2007, new Ediacaran and early Cambrian paleomagnetic data 
have allowed for further testing of the SN model. According to Walderhaug 
et al. (2007), Baltica was at high latitudes in the early Ediacaran, but its 
orientation differs considerably from that predicted by the SN model; still, 
the difference is not prohibitive (Fig. 7A). More problematic for the SN 

model is that both geological data and the results of detrital zircon studies 
from different formations from northern and northeastern Baltica indicate 
that the Baikalides in the SN model could not be the craton margin, from 
which the Kipchak arc was rifted. In particular, there is no provenance 
signal from the Timanides in the rocks as young as the earliest Cambrian 
Brusov Formation (Kuznetsov et al., 2014); such a signal first appears 
in middle Cambrian sediments (ca. 520 ± 5 Ma; Kuznetsov et al., 2011; 
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Miller et al., 2011; Slama and Pedersen, 2015). Consequently, the part of 
Baltica margin from which the Kipchak arc originated becomes so small 
that any connection between this arc and the Baltica craton is problematic.

The Ediacaran pole from northern Finland (Klein et al., 2015) and 
especially the late Ediacaran and early Cambrian data from northern 
and eastern Russia place Baltica at low latitudes to the north and west 
of Siberia (assuming one polarity option). All these locations are incom-
patible with the SN model (Fig. 7B). Although Baltica moved to higher 
latitudes by the Early Ordovician, its return to exactly the same position as 
in the early Ediacaran appears unlikely. So, instead of simple and elegant 
paleogeography predicted by the SN model, the current paleomagnetic 
data from Baltica require a more complicated scenario. Any new tectonic 
model must include space for the Arctida landmass to collide with Bal-
tica during the latest Neoproterozoic or Cambrian during the Timanian 
orogeny (Kuznetsov et al., 2007, 2014; Filatova and Khain, 2010). With 
these additional constraints, such a complicated early history of the Altaids 
deprives the SN model of its simple appeal and begs the question, what 
are the Ediacaran–Cambrian relationships between Baltica and Siberia?
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