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Abstract

Three research teams jointly collected and independently analyzed 306 samples from
Permian and Triassic dikes from the Ukrainian Shield, the southwest portion of the East
European Craton. This paper presents well-documented paleomagnetic results from samples that
are not affected by inclination shallowing, are from a tectonically stable region (Alexandre et al.,
2004), and have good age dates. The results are: andesites, Dec/Inc = 240.1° / -64.4°, k = 96,
alpha-95 = 4.5, N = 12; trachytes, Dec/Inc = 205.6° / -21.4°, k = 23 alpha-95 = 7.0, N = 20.
Argon-argon dating places the andesites in the upper Late Triassic at 202.6-216.9 Ma and the
trachytes in the early Artinskian (mid-Early Permian) at 282.6 + 2.6 Ma. These are the first
paleomagnetic results from these dikes that are based on a fully demagnetized large collection
with good age control. The paleolatitude of andesite emplacement is 46.2°N.

The paleolatitude of the trachytes is 11.1°N. With Gondwana in the paleoposition used by
Muttoni et al. (2003) for about 280 Ma, this paleolatitude of Baltica neither allows Pangaea A,
nor disproves Pangaea B. However, if the Gondwana paleoposition is changed to a paleopole at
30°S, 54.9°E (Torsvik and Van der Voo, 2002), then Pangaea A-type reconstructions become
possible. A more reliable mid-Early Permian paleopole for cratonic Gondwana would provide a

more definitive conclusion.

Keywords: Paleomagnetism; Pangaea: Ukrainian Shield; Permo-Triassic; Baltica

1. Introduction

Paleomagnetic data collected from the Permian and Triassic imply an impossible overlap
between Gondwana and Laurasia by eleven degrees of latitude (Muttoni et al., 2003) when the

continents are longitudinally constrained as in conventional Pangaea reconstructions. To solve
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this conundrum an alternate reconstruction called Pangaea B (Figure 1) has been proposed that
places Gondwana and Laurussia in non-competing areas (Bachtadse et al., 2002; Muttoni et al.,
2009). Pangaea A, the configuration proposed by Alfred Wegener, refined by Bullard et al
(1965), and often cited in textbooks, juxtaposes the northwestern coast of Africa and the
Appalachian mountain belt in North America. In Pangaea B, Western Europe is located to the
north of the north coast of South America instead (Crasquin-Soleau et al., 2001). The Atlantic
Ocean opened in the Jurassic (Schettino and Turco, 2009) and all agree that by that time Western
Europe was longitudinally connected to the north coast of Africa. To arrive at a Pangaea-A type
fit in the Early Jurassic, a dextral mega-shear of some 3500 km is necessary between Gondwana
and Laurussia, for which little geological evidence exists (Torsvik and Cocks, 2004).

The eleven degree overlap could have been caused by inclination shallowing in
sedimentary rocks. Therefore, collecting igneous rocks unaffected by inclination shallowing
could help solve this problem (Rochette and Vandamme, 2004). Non-dipole fields and other
geomagnetic field complexities have also been proffered (Van Der Voo and Torsvik, 2001;
Vizan and Zele, 2007), but this paper proposes the application of Occam’s razor, i.e., identifying
the simplest solution as usually being correct, in the expectation that higher quality
paleomagnetic results collected from critical areas will substantiate the original scheme of
Pangaea A’s reconstruction (VVan der Voo and Torsvik, 2004) and will render the Pangea-B
model unnecessary.

306 Permian and Triassic dike samples were collected from 43 dikes and a couple of their
baked-contact rocks from the Ukrainian Shield in the East European Craton (Fig. 2; Gee, 2004).

This area forms part of the Baltica proto-plate (Mikhailova and Kravchenko, 1986) and is an
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ideal place to sample for paleomagnetic studies because it has been a relatively tectonically

stable area since the Early Permian.

2. Geology and Sampling

The East European Craton (EEC) formed 1.8-1.7 billion years ago when Fennoscandia,
Sarmatia and Volga-Uralia amalgamated. The craton has never been torn completely apart but
has undergone several tectonic processes, such as extension and rifting starting as early as 1.65
Ga. The EEC was later incorporated as Baltica into Rodinia 1.2-0.9 billion years ago
(Bogdanova et al., 2008) and after the breakup of Rodinia, and independent drift during the
earlier Paleozoic, it became part of Laurussia and then Pangaea.

Sarmatia can be divided into the VVoronezh Massif in the north and the Ukrainian Shield
in the south (Glasmacher et al., 2004). The Voronezh massif and the Ukrainian shield have been
joined together since the Achaean (Shchipansky and Bogdanova, 1996). From the Carboniferous
to Permian Period, there were compressional events and earlier-formed basins inverted. During
the Permo-Triassic, there was weak rifting in those basins, which resulted in basaltic magmatism
(Nikishin et al., 1996).

43 trachytic and andesitic sites, where each site is assumed to be a separate cooling unit,
were drilled all along the eastern side of the Ukrainian shield. The collection was divided into
three batches and these were measured by the different groups of researchers from the U.S.,

Russia and Ukraine.

3. Mineralogy
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A scanning electron microscope (SEM) from the University of Michigan Electron
Microbeam Analysis Laboratory was used to verify the presence of iron oxides whose
unblocking temperatures were revealed by thermal demagnetization. Three representative
samples were examined: one andesite sample whose main magnetic carrier is (titano-)magnetite
(Fig. 3); one andesite sample whose main carriers are (titano-)magnetite and hematite (Fig. 4);
and one trachyte sample whose main carriers are hematite (Fig. 5). Interestingly, the andesites
contained Fe-oxides with up to 42 percent titanium. The effects of the titanium content and the
contributions of the grains observed with the SEM to the paleomagnetism of the samples are
most likely not important, because (1) the Ti-content is rather high and (2) these grains are too
large ( greater than 20 um) to be stably magnetized as single- or pseudo-single domain grains.
The high titanium content would lower the unblocking temperatures (Fig. 6) and indeed we see a
little of that in the thermal demagnetization plots, but not to any significant extent.

However, we can deduce from the rather fresh appearance of the Fe-oxides in the
andesites as well as the trachytes that hydrothermal alteration of the samples has not been severe

and that evidence for oxidation to maghemite (e.g., shrinkage cracks) is not readily observed.

4. Paleomagnetic and Age Dating Methodologies

In the laboratory the cylindrical field-drilled paleomagnetic samples were sawed to two
specimens with 2.2 cm height. The specimens were labeled “A” for the innermost portion of the
samples and “B” for the outermost portion nearest the rock’s originally exposed surface. The
samples were then cleaned with a damp towel and dried. Afterwards, a sample’s orientation line

and its number were painted with non-magnetic, white, heat-resistant glaze. Samples that
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cracked during any of the preparations were molded back together with non-magnetic alumina
cement.

The samples studied at the University of Michigan were stored and treated inside the
magnetically shielded room of its paleomagnetic laboratory, to minimize the acquisition of
viscous magnetization overprinting. The natural remnant magnetization (NRM) of the samples
was measured using a three-axis 2G magnetometer. The specimens were thermally demagnetized
in an ASC TD-48 oven in the shielded room where the residual field did not exceed 200 nT.

Measurements were processed with a Labview module called MichCryo7 that plots the
data as vector endpoints (Zijderveld, 1967) and in stereonets. The magnetization directions were
calculated using the computer program Super-IAPD (Torsvik, 2000), which uses principal
component analysis (Kirschvink, 1980). Vectorial trajectories were analyzed, except in cases
where endpoints plotted along great circle paths, in which case the software program PaleoMac
(Cogné, 2009), which includes stable-endpoint observations (McFadden and McElhinny, 1988),
was used. After characteristic directions and site means were obtained with Super IAPD and
Fisher (1953) statistics, paleopoles were calculated with Paleomac.

age dating and mineral separation used standard techniques. Before packing
in Al-foil, mineral separates were hand-picked under a binocular microscope and all samples
were rinsed in alternating acetone and distilled water. The sample packets were stacked and
loaded in a sealed Al-capsule with Cd-shielding for irradiation in the 5C site at the McMaster

Nuclear Reactor facility, Hamilton, Canada. The samples were irradiated at McMaster for

16h40m at 3 MW (50 MWH) with nominal neutron flux of 4 x 10e13 — ; nominal temperature

in the irradiation site is <50°C (M. Butler, pers. comm.). Production of isotopes from Ca and K

were determined by irradiation of CaF and K2SO4 salts; values of — = 0.000169, — =
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0.000736, and —= 0.032593 were used. Neutron fluence was monitored with Tinto biotite of

410.3 Ma (Rex and Guise, 1995). We incorporated a conservative 1% error in J-value for all
unknowns.

Samples were analyzed in the “°Ar/*°Ar Geochronology Laboratory of the Norwegian
Geological Survey (NGU). Gas from irradiated samples was released in a step-wise fashion from
a resistance furnace. Furnace conditions are similar to those described in Eide et al. (2002). Gas
released from a sample at a single temperature step was cleaned in the extraction line for 11
minutes using two pairs of SAES AP-10 getters, mounted in isolated sections of the line, each
maintained with their own vacuum pumps. The purified gas was then analyzed on a MAP 215-50
mass spectrometer. Data for blanks, monitors and unknowns were collected on a Johnson
electron multiplier with gain setting at 1, while the magnet was automatically scanned over
masses 35 through 41 in a cycled, 'peak-hop' mode. Masses 37 through 40 were each measured
in ten cycles and 10 counts per mass per cycle; mass 36 was measured with 20 counts per cycle.

Dynamic blank measurements on mass 40 indicate a stable background (1.0 x 10™
ccSTP). Background levels (blanks) for the furnace were measured at 100 to 200°C temperature
increments prior to each sample analysis. Furnace blanks were maintained at levels of < 1.1 x 10°
11 ¢cSTP for mass 40 and 3 - 5 x 10™ ccSTP for mass 36 at temperatures of 500 through
1000°C; blanks increased to 3.0 x 10™* ccSTP for mass 40 and 1.1 x 10™ ccSTP for mass 36 at
high temperatures (1200-1400°C). Background levels of masses 37 and 39 did not change
signficantly from dynamic blank levels at any temperature (1 x 10™ ccSTP for mass 37; <5.3 x
10 ¢ccSTP for mass 39). Background levels for mass 38 were < 3 x 10™* ccSTP at all
temperatures. At experimental temperatures between 600 and 1000°C, furnace blanks for mass

40 typically were <1% of the sample signal size.
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Data from unknowns were corrected for blanks prior to being reduced with the IAAA
(Interactive Ar-Ar Analysis) software package (Visual Basic programming for PC Windows)
written by T.H. Torsvik and N.O. Arnaud and based in part on equations in Dalrymple et al.
(1981) and McDougall & Harrison (1999). Data reduction in IAAA incorporates corrections for
interfering isotopes, mass discrimination (measured with an air pipette), error in blanks and

decay of

5. Age Dating Results

Eight andesite and one trachyte sample yielded hornblende crystals irradiated for age
dating. Of the eight andesite samples, five gave meaningful results; these results are summarized
in Table 3. The dating places the andesites in the Late Triassic at 202.6-216.9 Ma. One
characteristic andesite age spectrum (sample M1234), which corresponds to site K111-K117, is
shown in Figure 7 and its isochron is shown in Figure 8.

Notice that the three steps at about 209 Ma in Figure 7 represent 79% of the argon
released and that they form an accurate and unambiguous plateau. The other four andesite
sample ages all have similarly good behavior; they all fall within ten million years of 209 Ma
and thus help verify that the andesites are Late Triassic in age.

On the other hand there was only one trachyte sample (from site M1171) that yielded a
suitable potassic mineral for age dating. Its age spectrum is shown in Figure 9 and its K/Ca ratio
is shown in Figure 10. The age of 282.6 £ 2.6Ma indicates that the trachytes are mid-Early
Permian (Artinskian) in age.

The ages, along with the paleopoles calculated from the results of the andesites and

trachytes (to be discussed next), can be used to refine the Eurasian APWP and indicate that the



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

continent moved significantly northward in the Early Permian to Late Triassic interval, which is

what was expected.

6. Andesites: Paleomagnetic Results

The andesites were collected from blocky, solid, and relatively unaltered dikes, thus
making them suitable for paleomagnetism. Thermal demagnetization showed that most of the
samples had no overprint magnetizations that may have been introduced by alteration or growth
of viscous remanence. A typical example of a thermal demagnetization of an andesite sample
with a nearly univectorial decay is shown in Figure 11 and reveals the characteristic steeply up
and southwesterly direction of this suite of dikes.

On close inspection, however, it can be seen from the remanence-versus-temperature
plots (e.g., Fig. 11) that there are actually two magnetic minerals that carry such characteristic
directions. One component unblocks just below about 580°C at which point about 60% of the
remanence is lost, and the other component unblocks below about 675°C (Fig. 11). Both
components have the same characteristic SW and steeply up, or NE and steeply down
magnetization (Figs. 11, 12) and they cannot be distinguished from each other. The unblocking
temperatures indicate that magnetite and hematite are the most likely carriers of these two
components. Site-mean directions of the SW/up and NE/down directions are shown in Figures 13
and 14 and they are interpreted as representing reversed and normal polarity magnetizations.
Where magnetite and hematite both carry the characteristic remanence, not only are their
directions the same, but also their polarity; thus, we have no reason to think that the magnetite
and hematite magnetizations are of different age. A reversal test on the directions of all the sites

(N=12) passes McFadden and McElhinny’s reversal test (1990) with a B level type classification.
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Three of the 15 dikes (and their bakes contacts) have either aberrant mean directions, statistical
parameters that indicate poor clustering (e.g, ags >20), or no measurable remanence above
treatments at

~ 200°C.

The andesite site K 111-117 intruded into Devonian basalts, where samples K 104 — 110
were heated by the intrusion. The baked basalt samples have directions that are statistically
identical to those of the intruding andesite dike (Table 1). In contrast, basalt samples farther
away as well as a trachyte dike located 5 m away from the andesite dike have a different
direction of magnetization; these are represented in Table 1 as sites K 097-103 and K 094-096.
The magnetizations of these sites will be briefly discussed in the next section. Suffice for now to
mention our conclusion that the baked contact test of sites K111-117 and K104-110, plus the
recognition that host rocks farther away from the andesite dike have not been reset, constitute a
fully positive contact test.

As mentioned, “°Ar-*Ar dating of five samples places the andesites at 209.7 + 7.1 Ma
(202.6-216.9 Ma), representing the Late Triassic magnetic field with an overall mean andesite
dike direction of Dec/Inc = 240.1 degrees / -64.4 degrees, k = 96, alpha-95 = 4.5, N = 12, which

indicates a paleolatitude of 46.2°N and a VGP at 50°N, 106.4°E, dp=5.8, dm=7.2 (Fig. 15).

7. Trachytes: Paleomagnetic Results

The trachytes have an aphanitic texture and were not as easily drilled as the andesites
because the former were more friable. Although the samples came from large blocky rock
outcrops, the trachytes were generally more weathered (confirmed later in the demagnetization

characteristics by relatively large overprints). This may well be because the trachytes are
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significantly older than the andesites and may have had a more complex history. The trachytes
formed some seventy million years earlier at around 280-285 Ma and may have suffered
somewhat from the last phases of deformation in the nearby Dniepr-Donets aulacogen and
Donbass fold belt, which started rifting in the Devonian and had periods of extension and
deformation throughout the Late Carboniferous into the Early Permian (Vai, 2003; Saintot et al.
2003; Kostyuchenko et al. 2008). The extension, later compressional inversions, and reheating of
the area, could have affected the magnetization and quality of the trachyte samples, but not the
younger andesites.

The trachyte site K 097 — 103 intruded into the same Devonian basalts, with samples
K094-096, as were collected for a baked contact test with an andesite dike. The directions of the
three samples K 094-096 are very similar to those of the trachyte and appear to reflect a resetting
by the intruding dike. This constitutes a contact test, which is partial-positive because we have no
information on the direction of the country rock away from the intrusion.

The trachytes have characteristic directions that are shallowly up and south-southwest
(100% reversed polarity) as can be seen in Figure 16. The site with samples K97-K103 is
representative of the trachyte characteristics. The remanence contributors are hematite and
magnetite (Fig. 17, 18) , which, importantly, both reveal the same direction. The mean direction
(Tables 1, 2; Figure 18) of 20 (out of 27) trachyte dikes is Dec/Inc = 205.6° / -21.4°, k = 23.0,
alpha-95 = 7.0, N = 20. Excluded from the mean are sites with poor statistical parameters, lack
of characteristic remanence above ~200°C, or highly aberrant directions, as explained in the
footnotes of Table 1.

One of the andesite dikes (K111-K117) intruded into a Devonian basalt, K104-K110, and

one of the trachyte dikes, KO97-K103, intruded into a very nearby Devonian basalt K094-K096.
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The basalts were only five meters apart from each other and it is inferred that the K094-K096
and K104-K110 come from the same Devonian basalt. The K094-K096 has been affected by the
trachyte intrusion of K097-K103 because the K094 and K095 point very shallowly up and
Artinskian directions while the K096 points close to Artinskian directions. Samples K104-K110
have been completely reset by the nearby andesite intrusion of K111-117 and share the similar
directions. Therefore, we believe that the magnetization of the trachytes is primary based on a
positive partial baked contact test.

Argon-argon dating of one sample places the trachytes at 280-285.2 Ma (Figure 9). Six
steps in the argon release spectrum are chronologically very close to each other and differ by less
than ten million years. Thus the mid-Early Permian geomagnetic field is interpreted to have a
direction of Dec/Inc = 205.6° / -21.4°, k = 23.0, alpha-95 = 7.0, N = 20, which suggests a
paleolatitude of 11.1° for the Ukrainian sampling area and a VGP at 47.5° N, 179.2° E, dp=3.9,

dm=7.4.

8. Discussion

The site-mean directions of the andesite and trachyte dikes have been combined into
overall mean directions (Table 2), from which paleopoles have been computed (using Paleomac;
Cogné, 2009). Our new poles were compared to those of the apparent polar wander path (APWP)
of Baltica (Figure 19; Torsvik et al., 2008).

We argue that these new paleopoles are reliable representations of the geomagnetic field
at the time these dikes cooled upon intrusion. The sampling area is thought to have been
tectonically stable since the Early Permian, there is no indication of inclination error or

significant anisotropy of the dike material, there is a positive reversal test and a positive partial
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contact test for the Late Triassic and the mid-Early Permian respectively, and the
demagnetization trajectories give no indication of contamination by partially overlapping
overprint components. The magnetic carriers are magnetite and hematite, which could indicate
post-intrusion oxidation, but the directions of the magnetizations carried by these minerals are
invariably the same within measurement error.

The corresponding paleolatitudes at 11.1°N for the trachytes and 46.2°N for the andesites
mean that Ukraine moved from a southerly, near-equatorial latitude in the Early Permian to a
much more northerly latitude by the Late Triassic. Permian fossils verify that Ukraine was in a
warm, equatorial climate at that time (White 1904).

In terms of the paleomagnetic implications from these new results, they allow more
latitudinal room for a mid-Early Permian Pangaea A type fit because the trachyte result places
Baltica in a somewhat more northerly position than previous poles indicated. A recent study of
Early Permian (Asselian, ~293Ma) sedimentary strata in the Donbas Foldbelt determined a
paleolatitude of 16°N (Meijers et al., 2010). If these sedimentary rocks suffered some inclination
shallowing, this paleolatitude would possible be on the low side and a correction for the
shallowing would increase the paleolatitude.

Our Permian results satisfy four Q criteria while the Triassic satisfy six. The Permian
rocks have well determined rock ages, a sufficient number of samples, adequate demagnetization
and no resemblance to later paleopoles. They pass a partial baked contact test, which does not
contribute to Q, and have inferred but not proven structural control. Thirdly, there are generally
no normal-polarities observed in Early Permian strata, and our rocks are no exception. On the
other hand, our results are unlikely to have suffered from inclination shallowing. To be on the

conservative side, we claim a Q = 4 for our 282 Ma (mid-Early Permian) rocks.
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The Triassic rocks satisfy six Q criteria, they have well determined rock ages, a sufficient
number of samples, adequate demagnetization, one or more magnetic reversals, a positive
contact test, and no resemblance to later paleopoles. Not satisfying the Q criteria are
considerations of complete structural control. The Late Triassic results are not affected by

inclination shallowing.

9. Conclusions

New paleomagnetic results show that Ukraine was at 11.1°N and possibly as northerly as
18°N (Meijers et al., 2010). With Gondwana in the paleoposition used by Muttoni et al. (2003)
for about 280 Ma, the paleolatitude of 11.1°N of Baltica neither allows Pangaea A, nor disproves
Pangaea B. However, with the slightly higher paleolatitude for Baltica than that used by Muttoni
and colleagues (~9°N for Ukraine), and using the Gondwana paleopole at 30°S, 54.9°E from
Torsvik and Van der Voo (2002), then Pangaea A-type reconstructions become possible, because
the latter Gondwana pole allows more room for a Pangaea A type fit, as shown in Figure 20.

Although contributions from an octupole field cannot be ruled out, we now prefer to
favor the idea that more reliable paleomagnetic directions can solve the Pangaea problem in the
near future. Clearly, a more reliable mid-Early Permian paleopole for cratonic Gondwana would

be desirable.
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456

Table 1. Site-mean magnetization directions and statistical parameters

Table and Figure Captions.

Site n z GPSlat(N) GPSlong(E) D° I° k a95°
Andesites and one baked contact (site K104-K110)

K001-K009 9 9 47°48.104’N 38°01.020’E 2265 -61.3 1864 3.8
K010-K016 7 6 47°32.154’N 37°47915°E 2211 -58.6 1049 6.6
K017-K023 7 7 47°31.749°N 37°44960°E 571 69.2 1114 57
K031-K037 7 7 47°39.730’N 37°46.548°E 605 60.3 1723 4.6
K038-K044 6 6 47°43.659°N 37°47.571’E  55.6 517 7176 25
K045-K051# 7 4  47°36.234°’N 37°57461’E 1728 76.6 3395 5.0
K076-K084 8 8 47°13.179°N 37°05966’E  267.8 -63.1 1364 4.8
K085-K091 6 5 47°13.215°N 37°05957°E 2532 -640 5199 3.6
K092-K093* 2 2 47°13215’N 37°05.985°’E  235.1 -59.8 825 27.8
K111-K117 7 7 47°39.627°N  37°57.358°E  236.7 -71.7 934 7.0
K178-K184**# 7 0 47°18.251’N 37°47.097°E

M1200 7 6 47°31.737°N 37°44968E 565 659 925 7.0
M1208 7 6 47°39.763’N 37°46.407E 63.3 66.8 1270 6.0
M1223 7 7 47°13.265°N 37°05.852’E  262.1 -645 1182 56
K104-K110 6 6 47°39.655°'N 37°57.265’E 2246 -67.1 2404 3.9
Site n z GPSlat(N) GPSlong(E) D° I° k 095
Trachytes

K052-K058* 4 3 47°37.408'N 37°52321’E 3244 700 113 385
K059-K065 6 4 47°37.388’N  37°52.252°E  199.3 -36.0 56.1 124
K097-K103 7 7 47°39.655°N 37°57.265’E 2132 -38.6 1442 5.0
K118-K124* 6 6 47°39.732’N 37°58.105°E  288.4 3.6 54 28.7
K125-K130* 4 3 47°39.732’N 37°58.105’E 228 687 121 37.1
K131-K137* 7 3  47°39.690°'N 37°57.948°E 2124 -32.7 55 58.8
K138-K142 5 4  47°19.169°’N 37°45434°E 2032 -7.2 73.0 10.8
K143-K149 7 4  47°19218'N 37°45.610’'E  204.7 3.1 205.8 6.4
K150-K156 7 7 47°19.216’N  37°45.680’E  218.0 -12.0 1009 6.0
K157-K163 7 5 47°19.176’N  37°45.711’E  215.0 -44 183 18.4
K164-K171 8 7 47°19.031’N 37°45915’E 2195 -75 36.2 10.2
K172-K178 7 6 47°18.828'N 37°46.401’E  217.3 -6.8  36.7 11.2
K185-K191* 7 4 47°18.225°N 37°46.984’E 2139 5.9 12.7 26.9
K192-K198 7 6 47°18.490°’N 37°50.582°E  196.7 -21.1 1403 5.7
K199-K204 5 5 47°18.597°N 37°50.555’E 1949 -174 934 8.0
K205-K211 6 6 47°18.691’N 37°50.698’E  188.6 -16.2 1595 5.3
K212-K218** 7 0 47°39315°N 37°58.353’E

M1171 7 6 47°18.992°’N 37°49.132°E  217.6 -40.7 1094 6.4
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457
458

459

460

461

462

463

464

465

466

467

468

469

470

471

M1178 7 6 47°20.848N 37°52367E  197.6 -144 87.3 7.2
M1185 7 6 47°20531°’N 37°51.677’E  217.0 -26.5 1409 5.7
M1192 7 7 47°20.55°N  37°51.748E  206.8 -37.1 1017 6.0
D1-HT 10 7 47°20'N 37° 52'E 205.8 -24.0 222 13.1
D3* 7 4 47°20'N 37° 51'E 1954 -18.0 158 23.8
D9* 7 5 47°37.383’N 37°52250’E 2019 -375 108 24.4
D10-5d1 7 6 47°39.683’N 37°57950’E 1804 -26.2 149 18.2
D13 6 5 47°18.680°'N 37°50.645’E  193.6 -26.2 540.7 3.3
D14-HTC 6 6 47°39.303’N 37°58.297°E  203.5 -43.1 2051 47
D11&D12 5 4 47°19210°N 37°45.713’E 2186 -184 2750 5.6

N = Total number of samples collected per site

n = Number of samples demagnetized

z = Number of samples used for calculation/analysis
declination correction of 7.2° has been applied to all results
* = sites with k lower than 10, or alpha-95 higher than 20 ° have been excluded and entered in italics
** = sites where the magnetization was eliminated for >95% at <200°C, entered in italics
# = sites with mean directions that are very aberrant, entered in italics

H = hematite, M = magnetite

Site K024-K030 had mislabeled samples so it was not measured.

Table 1. Site-mean directions obtained from thermal demagnetization plot results: D° =

declination angle, 1° = inclination angle, k = precision parameter k, ogs° = radius of 95%
confidence around mean direction, n = Number of samples demagnetized; z = Number of
samples used for calculation/analysis; *= sites with k lower than 10, or alpha-95 higher than 20°
have been excluded and entered in italics; **= sites where the magnetization was eliminated for
>95% at <200°C, entered in italics; # = sites with mean directions that are very aberrant, entered

in italics. A declination correction of 7.2° has been applied to all results.
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472  Table 2. Mean Directions, paleopoles

VGPLat VGPLlong VGP VGP
Mineralogy D° I° k 09s° N (9) (°) dp dm
Andesite (reversed) 2414 -654 751 7 7
Andesite (normal) 58.4 62.8 128.7 6.8 5
Andesite (combined) 240.1 -64.4 96 4.5 12 50N 106.4 E 5.8 7.2
Trachyte 205.6 -21.4 23 7 20 475N 179.2 3.9 7.4

473
474 Overall mean directions of the andesite and trachyte collections and paleopoles with the semi-

475  major and sem-minor axes of the oval of 95% confidence (dp, dm). Other explanations as in

476  Table 1.

477
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Table 3. Results of the 40Ar-39Ar age dating of hornblendes from one trachyte sample

478

(M1171) and eight andesite samples. For M1171, two steps are not enough to calculate an

479

isochron. For M1199, the steps do not overlap, so an acceptable isochron cannot be calculated.

480

The steps for M1207 and M1216 yielded several ages ranging over half a billion years and could

481

not be used.
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Figure 1. Pangaea B (top), changing into Pangea A (bottom) along an WSW-ENE dextral

Late Permian

30°long.
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Muttoni et al. 2003

megashear of some 3500 km length between Laurussia and Gondwana (from Muttoni et al.,

(2003).



East European

491
492

522

50°

46°

48°

44°

467

42

493
494
495  Figure 2. Geographical map of the East European Craton (Danisik, 2008) and geologic map of

496 its Ukrainian Shield (Meijers, 2010). The Ukrainian shield, the sampling area, is in the southwest

497  half of Sarmatia and has been circled with an oval.
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Figure 3. An SEM scan of a representative andesite thin section with a titanomagnetite

containing cations totaling 23 weight % titanium and 76 weight % iron for the bright grain on the
bottom of the center. No shrinkage cracks in the analysis show that there has been no alteration
(maghemitization). There are no lamellae present, which further demonstrate that there was no

alteration (exsolution/oxidation).

26



509 K18_05 20.0kV 50um ——
510

511 Figure 4. An SEM scan of a representative andesite grain with 43 weight % titanium and 57

512 weight % iron. No shrinkage cracks in the analysis show that there has been no alteration. The
513  bright grain in the center, which was analyzed, is representative of the potential magnetic carriers
514  (Fe-oxides).
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519 Figure 5. An SEM scan of a grain in a representative trachyte sample with 4 weight %

520 titanium and 96 weight % iron. No shrinkage cracks in the analysis show that there has been no
521  alteration.
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Figure 6. From Akimoto 1957. A diagram showing how substituting titanium into the

magnetite lowers the Curie temperature. The 43% titanium and 57 % Fe corresponds to an
unblocking temperature of about 300°C. This would not have any effect on the sample as those
grains with such a high titanium content would be instantaneously remagnetized by the VRM.

Moreover, the grain that was analyzed is not representative of the whole sample.
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Figure 7. The plateau age of 209.2 + 2.0 Ma (1 sigma, with and without J uncertainty) comes

from steps 7-10 at 920-1073°C where 79.2 % of the argon is released in these three stages.
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Figure 8. The isochron has an age of 208.9 + 2.1 Ma (with and without one sigma of

uncertainty). The sum of squares at 1.99 means it is a statistically good isochron. There is a

40/36 intercept of 296.5 + 3.6 Ma (overlapping atmospheric level at 95 % confidence level).
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Figure 9. Six step isochron of the trachyte for an age of 280-285.2 Ma. The weighted mean

average for steps 6 and 7 (987-1055°C) has 82.7 % of accumulated released. This
correlates to an age of 282.6 + (0.5 Ma) 2.6 Ma (one sigma, without and with J uncertainty).
Although the J uncertainty is high—about one percent—the steps are stable and the

paleomagnetism of the region clearly points to a Permian direction.
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Figure 10. This graph of the K/Ca and 38 ArCI/39ArK content has a drop between steps 8-

10, which correlates to the drop in the same steps of the isochron.
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Figure 11. In this case a very small overprint can be seen from 0-250°C and was clearly not
an ancient component. The rest of the sample has two components—a LTC and a HTC—the
former’s temperature steps are from 250-580°C and the latter’s from 580-670°C. As a result, the
LTC’s carrier is mostly magnetite while the HTC’s carrier is mostly hematite. The LTC and
HTC components in this sample are steeply southwesterly and up; they have similar directions

and the HTC was arbitrarily chosen.
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Figure 12. This plot of sample KO14B (andesite) represents the easily interpretable samples

from the dataset. Note that the decay is almost univectorial but actually consists of two
components. One component exists from 0-560°C and the other from 580-670°C. The first
component’s carrier is magnetite because unblocking in that temperature interval represents
magnetite while the second one is hematite because it decays by 670°C. This sample and other
samples from this site have little to no alteration and both components lie steeply up in the
southwest direction. Either the higher or lower temperature component could have been used
because they have similar declinations and inclinations but the higher one was arbitrarily chosen.

Many of the andesites behaved in this fashion.
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Figure 13. A plot of all the andesite reversed polarity site means. Mean declination = 241.4,

mean inclination = -65.4, K=75.1,a95=7.0, N =7.

36



604
605

606

607

608
609

180
Figure 14. A plot of all the andesite normal polarity site means. Mean declination = 58.4,

mean inclination = 62.8, K =128.7,a95=6.8, N = 5.
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Figure 16. A plot of all the trachyte site means. Mean declination = 205.6,

mean inclination = -21.4, K =23.0, a95 = 7.0, N=20.
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Figure 17. The plot of sample K102 (trachyte) represents the samples that required more

complicated analysis than other plots. There are two components in this sample and the lower
component from 0-200°C represents secondary magnetization because it points approximately in
the same direction as the present day magnetic field of the Ukrainian shield (northerly and
down). There are two other components from 300-580°C and 580-670°C which represent the
characteristic magnetization and which is south-southwesterly and intermediately up. Most
trachyte samples were similarly affected by a present day magnetic field overprint. Both the LTC
(likely carried by magnetite below 580°C) and HTC (hematite) components have the same

directions within error.
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Figure 18. KO098A (trachyte) shows a complex magnetic history in that it has three

components. There is an overprint from the present day magnetic field removed below 200°C,
and two upward and southwesterly components that are the magnetizations acquired during
formation. The first southwesterly component (LTC) is removed from 200-575°C and the HTC
one from 620-680°C. Therefore, the 200-575°C component is mostly magnetite while the HTC is

hematite. The HTC and LTC have similar directions.
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Figure 19. APWP from Torsvik (2008). The VGPs are plotted against the APWP for Baltica.
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Figure 20. Paleogeographical map of data fitted for Pangaea.
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Figure 21. This plot of sample K126 (trachyte) represents a demagnetization that could not be

interpreted in terms of Permian geomagnetic field directions. The magnetization of the sample
starts dropping immediately at heating and decays steadily until 580°C at which point there is
less than five percent magnetization left. The carrier of the magnetization is likely magnetite.
There were several trajectories that varied widely in direction. The higher temperature trajectory
in this sample did not correspond to the other higher temperature trajectory in other samples
from the trachyte dikes. In fact, this whole site had oddly behaving trajectories and was not used

for the study.
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