Ultra-low paleointensities from East European Craton, Ukraine support a globally anomalous palaeomagnetic field in the Ediacaran
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Summary
The time-averaged geomagnetic field is generally purported to be uniformitarian across Earth history – close to a geocentric axial dipole, with average strength within one order of magnitude of that at present. Nevertheless, a recent palaeointensity study performed on a slow-cooled intrusive has reported that the field was approximately ten times weaker than present in the mid-Palaeozoic (~410-360 Ma). Here we present the first whole-rock paleointensity determinations of Ediacaran age outside of Laurentia. These were obtained by the Thellier-Coe, Wilson and microwave methods for basaltic rocks of 560-580 Ma age of the Ediacaran traps, southwestern margin of the East European Craton, Ukraine. All five four studied sites showed extremely low instantaneous field values ​​of (3–7) T with corresponding VDMs of (0.4–1)×1022 Am2. Summarizing all available data, the Ediacaran field appears to be anomalously characterized by ultra-low dipole moment and ultra-high reversal frequency. According to some geodynamo models, this state could indicate a weak dipole field regime prior to the nucleation of the solid inner core. However, given that ultra-low field intensities have also been detected in the Devonian, and that virtually no palaeointensity data exist for the intervening ~150 Ma, the date of inner core nucleation remains extremely uncertain. Our new evidence of persistent ultra-weak magnetospheric shielding in the Ediacaran may be considered consistent with the recently hypothesised link between enhanced UV-B radiation in this interval and the subsequent Cambrian evolutionary radiation. 
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Introduction
The main characteristics of the geomagnetic field observed on the surface of the Earth (geometry, intensity, reversals and their frequency) reflect deep geodynamical processes. Paleomagnetic studies that explore the evolution of these parameters with time are important sources of information about these processes. The Ediacaran period spans the interval from 635 Ma to the beginning of the Phanerozoic (541 Ma) and is known as a very important period in the diversification of Earth’s life. The potential implications of our findings for this diversification will be shortly debated in the section Discussion.
Importantly, this period was synchronous with incompatible palaeomagnetic directions in the Ediacaran as reported by a number of studies and used to argue for rapid plate motion (McCausland et al., 2007), and / or true polar wander (Kirschvink et al., 2005). However, Abrajevitch and Van der Voo, 2010 concluded, on the basis of analyses of paleomagnetic pole positions at that time, that the behaviour of the Ediacaran field was “highly irregular” and potentially alternated between an axial and equatorial dipole. Bazhenov et al., 2016 studied Upper Ediacaran sediments from the western South Ural and revealed a high-temperature, dual-polarity characteristic component (ChRM) with very high reversal frequency exceeding 20 reversals per million years. Estimations of this reversal frequency were based on the consideration of the most conservative sedimentation rate so it gives the low limit of the reversal rate. The authors emphasized that mean directions were nearly antipodal and argued that this indicated that the ﬁeld was dipolar when not in the reversing state. They also raised the question of the field intensity and proposed that low dipole field strength should correlate with high reversal rates, harking back to Cox’s hypothesis on the existence of correlation between the intensity of VDM and the frequency of reversals (Cox, 1968). This idea has also been employed to link transitions from periods of prolonged stability to periods of rapid polarity reversals with onset of low field intensity (Biggin et al., 2012; Tauxe et al., 2013). The inverse relationship between the rate of reversal and paleointensity suggested by Cox, 1968 was debated in a number of studies, among which we note Valet, 2003; Tauxe, 2006; Tarduno et al., Rev. Geophys., 2006, Olson et al., 2010. Shcherbakov and Sycheva, 2013 made a detailed statistical consideration of the Cox’s hypothesis, based on the analysis of all available paleointensity data for the time interval (5–100) Ma. Their analysis indeed provided a broad support for a negative correlation between the rate of reversal and paleointensity, but it must be admitted that the confidence level of this hypothesis occurred to be only 70%. However, we point out that this analysis was carried out for an apparently strong axial dipole field epoch and that it might not be applicable to periods of extreme low intensity and/or non-axial ﬁeld morphology. A very recent study by Kulakov et al. (2019) has claimed to find a stronger basis than ever before for the inverse relationship between dipole moment and reversal frequency across the Cretaceous and Jurassic periods.
The importance of accounting for the geometry and intensity of the geomagnetic field with respect to organism evolution and environment changes was pointed out by Starchenko and Shcherbakov, 1991 and Vogt et al., 2007. In particular, they demonstrated that the most dangerous situation develops at times when low field intensity combines with a magnetic pole position at low latitudes opening wide particle-entry regions and provoking penetration of solar protons of several tens of MeV into Earth’s atmosphere. This may happens either during a central phase of reversal or during such a time as the  equatorial dipole was dominant.
The preliminary evidence on low or ultra-low field in Ediacaran were presented by Bono and Tarduno, 2015; Bono et al., 2016, 2017, Tarduno et al., 2018;  Shcherbakova et al., 2018. An extended paper reporting details of this study was published later by Bono et al., 2019.
Another interesting aspect of the discovery of low field intensity concerns the problem of the time of formation of the solid core of the Earth which is a critical moment in Earth history since its subsequent growth is likely to have provided the main sources of energy for the current geodynamo process (Landeau et al., 2017). Estimates of the time of formation of the inner core in different models stretch from early Archean to about 500 million years (Buffett et al., 1992; Glatzmaier & Roberts, 1997; Labrosse & Macouin, 2003; Aubert et al., 2009, Driscoll, 2016). Because of the radical shift in outer core energetics implied by the formation of the solid inner core, it seems likely that it would be accompanied by some change in geomagnetic field behavior. The predicted nature of this palaeomagnetic signature is not clear however, with some modeling studies favouring a sharp increase in the magnetic field strength (Driscoll, 2016) while others emphasise changes mainly to the geometry of the field (Landeau et al., 2017). Nevertheless, it is clear that paleomagnetic and paleointensity data have the potential to provide valuable constraints on the timing of inner core nucleation. In line with this idea, Bono et al., 2019 linked the discovery of ultra-low field period in the Ediacaran to the terminal decline of the geodynamo immediately prior to the nucleation of the inner core.
Here we present new high-quality results of rock magnetic, paleomagnetic and paleointensity studies on Ediacaran rocks of the East European Craton, Ukraine. Being the first Ediacaran palaeointensity measurements from outside of Laurentia, and the first whole-rock measurements anywhere in the world, they are crucial to demonstrating the existence of extremely low field intensity globally during the time period of 580-560 Ma.
General geology
Ediacaran rocks in Ukraine are subdivided into the Volyn, Mogyliv-Podilsky and Kanyliv series (Stratyhrafiya…, 2013) of sedimentary and volcanogenic rocks (Fig.1). From the late Riphean, the Volyn-Podolia plate developed as a platform structure of aulacogen type.
Sedimentary and volcanogenic rocks of 300-500 m thickness of the Ediacaran Volyn series lie on the top of the Polissya series and overlap with volcanogenic sediments of the Mogyliv-Podilsky series. The basalts of the Volyn series and their equivalents occur on the western margin of the East European Craton and occupy an area of approximately 200 000 km2 in SW Belarus, N Moldova, NE Romania and E Poland (Stratyhrafiya…, 2013). The Ediacaran volcanic activity was intermittent in character and so the basaltic sheets are interbedded with tuff and sedimentary layers of different types.
In Ukraine, a thick effusive-pyroclastic trap formation of the Volyn series consist of the Brody, Gorbashy, Zabolottya, Babyne and Ratne suites (Fig. 1d). While a lack of surface exposure limits assessment of the stratigraphic position of the basalts, these three upper suites correlate well with each other across boreholes. These suites may be traced across tens of kilometers and form trap ranges of a plateau-basalt type at different stratigraphic levels. In Ukrainian territory, basaltic rocks are represented most fully around Rivne city where they trace 125 kilometers in a N-W direction as an elongated strip of width 12-14 kilometers in the South and up to 22 kilometers in the North (Fig.1 c).
Age of rocks and a summary of previous paleomagnetic investigations
Outcrops of trap basalts in Ukraine are exposed in quarries in localities close to the villages of Berestovets, Bazaltovoye, Velikiy Midsk, Ivanchi and Rafalovka (Fig.1c). Stratigraphically, the Ediacaran age of the Volyn series is supported by the presence of complexes of acritarchs and filamentous algae in deposits of the Volyn and Mogyliv–Podilsky series which is consistent with the generally accepted concept of the Ediacaran composition of the territory of the East European Craton. The most reliable isotopic age determinations from Volyn basalts are provided in Table 1.
Table 1. Results of determinations of the radiometric dating of Ediacaran Volyn series rocks.
	Stratigraphy of the Ediacaran Volyn Series.
Place of suite / Name of suite
	Method
	Age (Ma)
	Author

	Poland Sławatycze series a counterpart of the Volyn series
	U-Pb 
	551±4
	(Compston et al.,1995)

	Near to Rafalovka / Ratne suite
	U-Pb
	576±14
	(Shumlyanskyy & Andréasson, 2004) 

	Rafalovka quarry / Ratne (Luchichiv) suite
	40Ar/39Ar
	580±9
	(Elming et. al., 2007)

	Policy-2 (Ivanchi) quarry / Ratne (Luchichiv) suite
	40Ar/39Ar
	561±13
	(Elming et. al., 2007)

	Near to Rafalovka / Ratne (Luchichiv) suite
	U-Pb
	573 ± 14
571 ± 13
	(Shumlyanskyy et al., 2016)

	Belarus Rataichitsi suite a counterpart of the Babine and Luchichiv suites
	U-Pb
	545 ± 3
	(Nosova et al., 2005)

	Belarus counterpart of the Ratne suite
	U-Pb
	557 ± 9
	(Kuzmenkova et al., 2011)



Stratigraphic and radioisotopic (Table 1) constraints clearly indicate that the Volyn basalts are Ediacaran in age and restrict the timing of their formation to 580-545 Ma (ignoring the errors of the age determinations). For the sites under consideration (Rafalovka and Policy-2), this estimated age constraint is even more narrow, ranging from 561 to 580 Ma.
Over the last 20 years, rocks from the northwestern part of the Volyn series have been extensively used for paleomagnetic studies (Iosifidi et al., 2000, Glevasskaya et.al., 2000, 2006; Nawrocki et al., 2004; Elming et al., 2007). These have the unique combination of being exposed at quarries and being sampled by hundreds of boreholes allowing interregional correlation of specific lavas and copper deposits to be performed (Glevasskaya et al., 2006). These studies have revealed at least 8 magnetozones and it has been noted that the presence of six magnezones (four of reverse polarity, two of normal polarity, and one of transitional polarity of the field) in the Rafalovka region suggests an unstable geomagnetic field at that time (Glevasskaya et al., 2006).
Because of a restricted number of locations with available rock sections, sampling for paleomagnetic investigations was often performed in the same quarries. From samples of the Ratne suite basalts, a stable primary characteristic component (ChRM) of NRM with high unblocking temperatures (530-570)°C was separated (Glevasskaya et.al., 2000, 2006; Iosifidi et al., 2000, Nawrocki et al., 2004; Elming et al., 2007) and paleopoles calculated. However, prior to this study, no paleointensity determinations have been made from these rocks.
According to the results of previous paleomagnetic studies, the most attractive units for paleointensity experiments are traps of Ratne suite lying on the tuff stratum of Babyne suite. This thick basaltic outcrop consists of several lava flows separated by lava breccias and thin tuff interlayers. The thickness of each lava flow changes in the range 10-60 m and the full thickness of the Ratne suite reaches 150 m in the most complete part of the sections exposed by boreholes. Low-titanium basalts of the lower part of Ratne suite seems to be most preferable for paleointensity determinations due to the following reasons:
a) their stratigraphic positions are established reliably and correspond to the conventional Ediacaran stratigraphy schemes on the territory of the East European Craton;
b) there is a set of consistent isotopic data determining their age as 580-545 Ma;
c) characteristic component (ChRM) of natural remanent magnetization (NRM) of these rocks is stable and demonstrated primary (see, e.g. Elming et al., 2007, Nawrocki et al., 2004). 
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Figure 1. a) Geographic position of the East European platform showing the boundaries of different crustal segments and territory of Ukraine. b) Location of the Volyn-Podolia plate and its framing in the western part of Ukraine; the gray rectangle shows the location of the studied area. c) Geology and locations of the sampling sites of Ediacaran traps. d) Summary stratigraphic scheme of the lower Vendian of the Brest-Volyn structural-facial zone according to (Stratyhrafiya..., 2013); the stratigraphic positions of the sites are displayed on the right. The stratigraphic position of VM site regarding to RA-1-RA-3 sites is shown approximately. The scale on this diagram is arbitrary.
Palaeomagnetic sampling and laboratory techniques
Sampling was performed in quarries located in two different regions (Fig.1, c). Two quarries (Policy-2 and Rafalovka with a distance between them approximately 2 km) located near the village Ivanchi (51.244ºN, 26.016ºE, section 1, Policy-2 and 51.228ºN, 26.051ºE, section 2, Rafalovka) were sampled in the northern area. The locations of these sections are very close to those used by Elming et al., 2007, namely, our section 2 entirely coincides with their site 2 , while our section 1 is located approximately one km to the North from their site 1, Ivanchi.
The stratigraphic positions of basalts and tuffs in the two quarries are shown in Fig.2. For the Rafalovka quarry, samples were taken from underlying tuffs of the Babyne suite (sites RAt1 and Rat2) and from a vertical wall of thickness about 5 m which is a lower part of the first basalt flow (the Ratne suite, site RA-1). The other three sites from the Ratne suite were taken from the Policy-2 quarry, namely: from the second basalt flow of thickness about 10 m (site RA-2), from the red tuffs between the second and third basalt flows (site RAt2-3) and from the third basalt flow of thickness about 5 m (site RA-3).
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Figure 2. Stratigraphic position of the traps of Policy-2 and Rafalovka quarries (adopted from Glevasskaya et.al., 2006).
In the southern area (20 kilometers to the south) samples were collected near the village Velikiy Midsk, from a single basalt flow in the northern side of a flooded quarry (51.093ºN, 26.086ºE, site VM). Sampling was made along a subhorizontal ~30m profile. VM-basalts belong to the Ratne suite and their stratigraphic positions approximately correspond to basalts of Policy-2 (Fig. 1). There are no separate isotopic age determinations for VM basalts.
The samples were collected using a portable drill and oriented with magnetic and sun compasses. The magnetic and solar directions (where available) agree well with each other. A correction taken from the International Geomagnetic Reference Field has been applied to the field measurements to offset the present-day local magnetic declination from 4ºE. The drilled cores were sliced into standard 2.2 cm specimens (2-4 specimens from each core). Non-oriented offcuts were used for paleointensity determination.
All directional palaeomagnetic measurements were carried out inside a magnetically shielded room in the laboratory of the Institute of Geophysics of the National Academy of Sciences of Ukraine in Kiev. Standard stepwise thermal (TD) and alternating field (AF) demagnetization procedures were applied, and measuring of the magnetic susceptibility (k) after each heating step was performed to monitor possible mineralogical changes. The TD procedure was performed in steps of 10-50 °C up to 600-670 °C using the MMTD80, AF demagnetization was done in steps of 10-20 mT up to 100 mT with an LDA-3A demagnetizer. The magnetization of specimens and the anisotropy of magnetic susceptibility (AMS) were measured using a JR-6 spinner magnetometer and by a MFK1 Kappabridge, respectively.
The vectors of characteristic remanent magnetization (ChRM) were isolated by both TD and AF procedures. Demagnetization results were processed by multicomponent analysis of the demagnetization path (Kirschvink, 1980), using Remasoft 3.0 software (Chadima and Hrouda, 2006), magnetic anisotropy parameters were calculated with the Aniso programme (Jelínek, 1977).
Thermal paleointensity experiments and accompanying studies of the magnetic and thermomagnetic properties of the rocks were conducted in the paleomagnetic laboratory of GO Borok of the Institute of the physics of the Earth RAS. The temperature stability of the magnetic properties of the rocks and their Curie temperatures Tс were estimated from thermomagnetic curves of strong-field magnetization Msi(T) recorded during heating to temperatures Ti in an external 450 mT field. The Curie temperatures were determined from the maximum in the first derivative in the curve Ms(T) in accordance with the guidelines presented in (Fabian et al., 2013).
For each studied core sample, magnetic susceptibility, hysteresis loop parameters such as coercive force Bc, remanent coercive force Bcr, strong-field magnetization Ms and residual strong-field magnetization Mrs were measured at room temperature T0 on a variable field translation balance (VFTB). Then the characteristic parameters Mrs/Ms and Bcr/Bc were calculated to assess the domain state (DS) of ferromagnetic grains by the Day plot construction (Day et al., 1977). The DS was also evaluated by the thermomagnetic criterion (Shcherbakova et al., 2000) which measures the tail of partial thermoremanent magnetizations pTRM(Т1, Т2), (Т1< Т2) remaining after pTRM heating to the upper temperature Т2 of the interval of its creation.
Scanning electron microscope (SEM) backscatter electron images were made and chemical composition of separate magnetic grains was determined on the Tescan Vega ІІ LMU scanning electron microscope (TESCAN, Czech Republic) equipped with energy dispersive spectrometer INCA Energy 450 (Inca Oxford Instruments, England). The X-ray diffractometry of the separated magnetic fraction of both the initial and annealed specimens was conducted at room temperature on the STADI–MP powder diffractometer (STOE, Germany).
Three different methods were used for determining paleointensity: Thellier–Coe, Wilson and Microwave-IZZI. The Thellier–Coe determinations including the pTRM-check procedure (Prévot et al., 1985) were conducted in air using two devices. First, they were performed with the completely automatized three component thermomagnetometer with a sensitivity of 10–8 Am2, second, with a small furnace placed in a magnetic screen. In the latter case, the magnetization was measured by the JR6 magnetometer with a sensitivity of 10–10 Am2. Each Thellier experiment generally included 15–20 temperature steps and 5–8 pTRM-check heatings.
Wilson’s method (Wilson, 1961) was also applied to a select number of samples, using the 3D-VSM. For this technique, the curve produced by continuous thermal demagnetisation of the NRM is plotted against a full thermal remagnetisation curve of TRM in laboratory fields from 5 to 20 μT to find the temperature interval where the shape of the two curves is the most similar and used to calculate the palaeointensity. The similarity of NRM and TRM curves provides a strong argument in favour of the thermoremanent nature of the NRM and the Wilson method has an advantage of being independent of domain state. The temperature intervals (T1, T2) in the Thellier–Coe and (T1wl,T2wl) Wilson paleointensity experiments were chosen as close as possible to the temperature interval where the characteristic magnetization component (ChRM) was isolated during the determination of the paleomagnetic directions.
Each microwave palaeointensity (Hill and Shaw, 1999) measurement was performed on an ~5mm cylindrical sample using the University of Liverpool’s third generation “Tristan” microwave system incorporating 3 x SQUID magnetometers. All microwave experiments followed the IZZI protocol (Tauxe and Staudigel, 2004). Samples were subjected to high frequency (14 GHz) microwaves with progressively increasing power/duration in a succession of alternating zero-field and in-field steps. Each experiment also included 4-5 pTRM-checks. The laboratory field used in the in-field steps varied between values of 3 and 20 µT and was applied in directions that differed from the direction of the sample’s ChRM by 45° to 90° to be able to detect multidomain effects (Yu and Tauxe, 2005).

Palaeodirectional results
The natural remanent magnetization (NRM) of basalts from Policy-2 and Velikiy Midsk quarries after the TD procedure reveals a low unblocking temperature Tb component (100-350 °C), which was strongly dispersed and a high temperature ChRM-component with Tb above 500 °C (Fig. 3a) or higher, in the temperature interval (570-640) °C (Fig. 3b). Accordingly, the stepwise AF demagnetization reveals the high coercivity stable component with a median destructive field (MDF) of 15-30 mT (Fig. 3c).
The volcanic tuffs (site RAt2-3) lying between the middle (RA-2) and the upper (RA-3) basaltic layers (site Policy-2) have an order of magnitude smaller values of magnetization and magnetic susceptibility and their NRM comprises two distinct components. The direction of the low unblocking temperature component (100-350 °C) is close to that of the present Earth field (PEF). The mean direction of the high-temperature (ChRM) component unblocks above 500-525 °C with a tail to 640-650 °C (Fig. 3d) and lies between the directions of the underlying (RA-2) and overlapping (RA-3) basalt flows.
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Figure 3. Plots of the progressive thermal (a, b, d, e, f, g, h) and alternating field (c) demagnetization of basalts (a, b, c, e, f, h),tuffs (d, site RAt2-3) and baked tuffs (g, site RAc) from Policy-2,Rafalovka and VM quarries. On the plots: to the left - orthogonal projections of demagnetization paths (Zijderveld diagrams) on horizontal and vertical planes; to the right up -orthogonal projections of demagnetization paths (Zijderveld diagrams) on horizontal and vertical planes: to the right down - NRM intensity (M/Mmax) and magnetic susceptibility (k) decay during demagnetization.
A comparison of the mean directions of the second (lower) basalt flow RA-2, tuff RAt2-3 and the third (upper) basalt flow RA-3 shows a change of inclination from higher to moderate negative values. The underlying basalt flow RA-1 has a positive polarity while the overlying units RA-2, RAt2-3 and RA-3 have negative polarities. Note that basalt flows RA-1 and RA-2 show almost opposite dual polarities. A comparison of the mean directions of the negatively directed basalt flow RA-2, tuff RAt2-3 and the upper basalt flow RA-3 show a change of inclination from higher to moderate directions. The difference in the directions does not exceed 40  so this shift is most likely due to the paleosecular variations and/or reflects instability of the field in time. 
The ChRM components of basalt specimens from site RA-1 display a positive inclination (Fig. 4B) and unblocks above 500-525 °C (Fig. 3f). The ChRM vectors in samples from the baked underlying tuff (site RAc) taken from the basalt boundary have similar unblocking temperatures, but in some samples the complete demagnetization of NRM happens only at 640 °C (Fig. 3g). The mean ChRM direction in the baked tuff (site RAc) is similar to that of the uppermost RA-1 basalt layer, evidently due to the remagnetization of the upper surface layer.
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Figure 4. Stereographic projections of mean palaeomagnetic directions of СhRM component (see Table 2): (A) Policy-2 quarry (circles, sites RA-3, RAt2-3, RA-2) and Velikiy Midsk quarry (circle, site VM); (B) Rafalovka quarry (circles, sites RA-1, RAc, RAt2, RAt1). The results of other authors are given by: squares – Elming et al., 2007, rhombs – Iosifidi et al., 2000, star – Nawrocki et al., 2004. Solid (open) symbols correspond to projection onto the lower (upper) hemisphere, dash circles are given if α95° ≥ 5.
The underlying green (site RAt2) and red tuffs (site RAt1) have NRMs and magnetic susceptibility values approximately two orders of magnitude lower than the uppermost basalt (RA-1 site). The ChRMs of the tuffs lies in the range (500-600) °C and have positive inclinations which considerably differ from the ChRM-directions of the uppermost baked tuff contact RAc and basalt layer RA-1 (Fig. 4B). Remembering that the baked contact (RAc) and overlapping basalt (RA-1) have very close directions, we can claim that this sequence of tuffs and basalt layer constitutes a positive contact test.
The thermal and AF demagnetization curves of basalt specimens from the Velikiy Midsk quarry (site VM) are similar to the curves of basalt from Policy-2 and Rafalovka. The ChRM components are clearly isolated in the temperature range 540-580°C, the mean direction is close to direction of RA-2, the lower basalt unit in Policy-2 quarry (table 2a, fig.4A). Where AF demagnetization was performed, the high coercivity component with a median destructive field about 20 mT shows a mean direction (n=12; D°=24.4; I°= -75) close to the ChRM direction isolated from thermal demagnetization.
Measurements of anisotropy of magnetic susceptibility (AMS) of all studied sites have shown that the mean degree of anisotropy of samples for each site is less than 5% and only very few samples have AMS close to 7 %.
In Fig. 4B we present previous paleomagnetic results from Rafalovka quarry. Our data fit well with the directions obtained by Elming et al., 2007, Table 2 in the cited paper being also close to the directions reported by Nawrocki et al., 2004 and the directions in the abstract of Iosifidi et al (2000). All these directions have positive inclination.
The summary of site-mean palaeomagnetic directions obtained by results of thermal demagnetization and the corresponding statistical parameters are presented in  table 2a.

Table 2a. Site-mean palaeomagnetic directions and statistical parameters (thermal demagnetization).
	Site
	Location/
rocks
	Sample numbers
	NRM,
(A/m)
	Magnetic susceptibility, SI
	n
	D°
	I°
	k
	α95°

	Velikiy Midsk quarry, 51.093° N, 26.086° E

	VM
	basalt
	VM-01 – VM-22
	0.5 – 4.1
1.7
	0.03 – 0.05
0.038
	21
	30.6
	-77.2
	120
	2.9

	Policy-2 quarry, 51.244° N, 26.016° E 

	RA-3
	basalt
	RA 68 –RA-77
	0.6 – 2.5
1.3
	0.04 – 0.07
0.05
	4
	17.6
	-53.8
	110
	2.8

	RAt2-3
	tuff
	RA-59 – RA-67
	0.08 – 0.27
0.17
	0.003 – 0.009
0.006
	9
	29.5
	-65.4
	160
	4.1

	RA-2
	basalt
	RA-44 – RA-58
	0.07 – 4.1
2.1
	0.004 – 0.05
0.04
	16
	49.4
	-81.4
	153
	3.0

	Rafalovka quarry, 51.228° N, 26.051° E

	RA-1
	basalt
	RA-31 – RA-43
	1.14 – 2.5
1.5
	0.04 – 0.07
0.05
	13
	294.7
	82.8
	29
	7.9

	RAc
	baked contact 
	RA-23 – RA-30
	0.7 – 1.2
0.8
	0.009 – 0.013
0.0011
	10
	293.9
	72.9
	289
	2.8

	RAt2
	green tuff
	RA-12 – RA-22
	0.016 – 0.055
0.026
	0.0006 – 0.019
0.0012
	11
	157.1
	66.8
	12
	14

	RAt1
	red tuff
	RA-01 – RA-10
	0.01 – 0.02
0.015
	0.0006 – 0.001
0.0008
	8
	156.3
	76.0
	5
	29.6

	NRM is natural remanent magnetization  range and mean values; magnetic susceptibility range and mean values; n is number of samples which yielded the ChRM-component; D° is declination; I° is inclination; k is the precision parameter; α95° is half-angle of cone of 95% confidence, in degrees. 



Summary of all available in literature palaeomagnetic data from basalts sampled in Volyn traps quarries in NW Ukraine altogether with the results reported in this study are shown in Table 2b.

Table 2b. Palaeomagnetic data from basalts sampled in Volyn traps quarries in NW Ukraine and calculated site means.

	Quarries location

	Laboratory/Site
	n/N
	D
	I
	α95°
	K
	Plat
	Plong
	A95
	Reference 

	Velikiy Midsk
	
	
	
	
	
	
	
	
	

	
	VM
	21
	30.6
	-77.2
	2.9
	120
	29.0
	12.1
	5.2
	this study


	Policy-2  (Ivanchi)
	
	
	
	
	
	
	
	
	

	
	Luleå, upper basalt
	20
	32.7
	-59
	2.7
	152
	5.1
	1.3
	3.5
	Elming et al., 2007

	
	Kiev, upper basalt
	6
	29
	-55
	6.9
	95
	0.6
	2.9
	8.2
	Elming et al., 2007

	
	St.Petersburg,
upper basalt
	12
	22.9
	-57.0
	5.3
	68
	1.2
	8.1
	6.6
	Iosifidi et al., 2000

	
	RA-3,
upper basalt 
	4
	17.6
	-53.8
	2.8
	1097
	-3.1
	11.5
	3.3
	this study

	
	
Mean,
upper basalt 

	
4*
	
25.4
	
-56.3
	
4.9
	
347
	
0.9
	
5.9
	
6.0
	

	
	Luleå, lower basalt
	7
	23.1
	-81
	5.4
	128
	35.1
	17.9
	10.2
	Elming et al., 2007

	
	Kiev, lower basalt
	12
	42.6
	-83
	7.2
	38
	40.2
	12.3
	8.3
	Elming et al., 2007

	
	St.Petersburg,
lower basalt
	5
	114.1
	-82.7
	4.9
	251
	55.1

	2.7

	9.5

	Iosifidi et al., 2000

	
	RA-2,
lower basalt
	16
	49.4
	-81.4
	3.0
	153
	38.9

	9.6
	5.7


	this study

	
	
Mean,
lower basalt
	
4*
	
53.2
	
-83.3
	
5.8
	
254
	
42.3
	
11.6
	
11.3
	

	Rafalovka
	
	
	
	
	
	
	
	
	

	
	Luleå,
basalt
	16
	264.9
	72.4
	2.6
	202
	38.9
	342.7
	4.3
	Elming et al., 2007

	
	Kiev,
basalt
	7
	276.1
	76.6
	5.3
	131
	47.1
	347.1
	9.4
	Elming et al., 2007

	
	St. Petersburg
basalt
	17
	283
	75.3
	4.2
	75
	49.2
	342.2
	7.3
	Iosifidi et al., 2000

	
	Poland,
basalts and tuffs
	29
	269
	66
	2.4
	117
	36
	333
	3.5
	Nawrocki et al., 2004

	
	RA-1+RAc
	23
	294.1
	78.4
	4.8
	41
	54.9
	349.0
	8.8

	this study

	
	RA-1+RAc
	2*
	294.1
	77.9
	
	
	54.8
	347.3
	
	this study


	
	Mean,  Rafalovka

	 
5*
	
275.4
	
73.9
	
5.4
	
201
	
44.8
	
342.5
	
9.2
	

	n is the number of samples which yielded the ChRM-component; N is number of sites included in the calculated mean; D, I, mean declination and inclination, respectively; α95°cone of confidence at a 95% probability level, in degrees; Plat, Plong, latitude and longitude of the palaeomagnetic pole; A95, confidence circle of the pole at a 95% probability level, in degrees; the site mean directions represented the data from the basalt flows (see References); site means used for calculation of palaeomagnetic mean poles are shown in bold type. *Level of the mean calculation. 



Using this larger directional data covering all available results yields the between-site dispersion of the site-mean VGPs S = 23 .

Considering the ages of the flows (table 1) and their stratigraphic positions (figure 1d), two paleomagnetic poles were calculated. One for the directions of Rafalovka quarry (39.81N, 20.40E, α95=38.29° at 580±9Ma) and one for the combined directions of the Policy-2 and Velikiy-Midsk quarries. (19.27N, 9.82E, α95=21.69° at 561±13 Ma). These poles fall in a time period where directions have been described as chaotic (Abrajevich and Van der Voo, 2010) and to be handled with caution (Meert,2014). Accordingly, the poles in this study do not coincide with poles of similar age from the Fen Complex (Meert et al., 1998) and the Alno complex (Piper, 1981; Meert et al., 2007). However, they are similar to the slightly older (608Ma) pole of the Egersund dykes (Walderhaug et al., 2007) that has been classified as highly reliable pole in Meert, 2014 and could be used as an anchor point for an APWP using the poles of this study. In contrast, the positions of published poles with slightly younger ages (Popov et al., 2002, 2005; Iglesia Llanos et al., 2005) and a high quality ‘B’ classification in Meert, 2014 are not close to the poles in this study. Fitting a reasonable APWP for Baltica to these data remains a complex task.
Magnetic properties
Mineralogy and domain structure.
The magnetic properties of most of samples selected for the final palaeointensity dataset proved to be rather similar. Strong field thermomagnetic curves Msi(T) differ only slightly from each other, exhibiting a good thermal stability of the ferrimagnetic minerals with typical near-magnetite Curie temperatures 570-590 °С (Fig. 5,a1-f1). Exceptions to this were samples RA-24, RA-26 and RA-28 (Fig. 5,d1,e1) from the baked contact RAc, which show higher Tc ≈ 650 °С evidently due to a high degree of oxidation of the magnetite phase resulting in increases of Tc. A small progressive decrease of Ms(Tr) intensity with heating steps observed on some samples from sites RA and VM is most likely related also to the progressive low-temperature oxidation of magnetite or/and its conversion to hematite. This is supported by results of the X-ray structural analysis which shows the presence of near-magnetite, near-hematite and near-ilmenite phases with the cell parameter a0 =0.8383-0.841, 0.5034-5051, 0.5081-5086 nm, correspondingly (Table 3) within the fresh samples. However, after heating to 600 °С the magnetite cell parameter of some samples slightly decreases or a second spinel phase with lower a0 = 0.836-0.837 nm appears confirming that during heating the grains were subjected to some degree of single-phase oxidation. After heating to 600 °С, samples often showed a decrease of magnetite content and increase of hematite evidently due to magnetite to hematite transformation. The occurrence of the near-ilmenite phase points to the presence of magnetite-ilmenite exsolution structures. This conclusion agrees well with the electronic microscope observations which reveals TM grains exsolved into ilmenite lamellae and magnetite cells (Fig. 6a and 6b). The presence of some (titano)maghaemite in those samples with irreversible thermomagnetic curves cannot be ruled out. 
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Figure 5. Illustration of magnetic properties and results of thermal palaeointensity experiments with samples from studied sites. Rafalovka: (a1-a4) – sample RA-69, flow RA-3; (b1-b4) – s. RA-55, flow RA-2; (c1-c4) – s. RA-41, flow RA-1, (d1-d4) – s. RA-28 & (e1-e4) – s. RA-26, baked  contact RAc: Velikiy Midsk: ( f1-f4) – s. VM-13. (a1-f1) – Strong field thermomagnetization curves obtained in B = 450 mT by heating to incrementally higher temperatures, vertical lines indicate the maximum temperatures for a given temperature loop. Thellier-Coe-procedure: (a2-f2) – Arai-Nagata diagrams; the filled and open circles show the positions of the representative and pTRM check points, respectively. The least square dashed line marks the interval of estimation of Banc; (a3-f3) – orthogonal vector projection plots constructed on the Thellier-procedure data (in sample coordinates). Solid and open symbols denote horizontal and vertical projections, respectively. Wilson method: (a4-f4) – the thermomagnetic curves NRM(T), TRM(T) and TRM*(T) (the dotted, the full and dashes lines, respectively). All these curves are normalized to the corresponding NRM value measured at room temperature. Insets present the diagrams NRM(T) vs TRM(T) following Muxworthy, 2010.
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Figure 6. SEM backscattering images. a) Sample VM-10; b) sample RA-24. Examples of TM grains exhibiting typical magnetite-ilmenite exsolution structure resulting from high-temperature oxidation, the image was taken after etching the thin section by HCl. c) Sample VM-10, coarse low-temperature oxidized TM grain with ulvospinel content x  0.5 as determined by the microprobe analysis. 
The domain state (DS) of samples was estimated from the distribution of the ratios Mrs/Ms and Bcr/Bc on the Day plot (Fig. 7a) and from the thermomagnetic criterion (Fig. 7b-7e). The distribution of the representing points on the Day plot breaks up into two distinctive clusters. While specimens from the site RAc (baked tuff contact layer) fall into the small pseudo-single-domain (PSD) grain region, the representative points for basaltic specimens from other sites lie along a rather narrow line between the SD and MD regions suggesting the presence of coarse vortex-state grains or a mixture of coarse MD and fine SD grains (Dunlop, 2002). The electron microscopy studies of thin sections of samples from these sites detected mostly coarse grains. Some of these were strongly high-termperature oxidized titanomagnetite grains containing near-magnetite-ilmenite exsolution structure (Fig. 6a and 6b). Other coarse grains exhibited low-temperature oxidation patterns (Fig. 6c) evident in a number of visible shrinkage cracks (Petersen and Vali, 1987). Since the high-temperature oxidized grains had an effectively reduced domain state relative to the low-temperature grains, we expect these to contribute significantly more to the remanence of the samples.
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Figure 7. Estimation of the domain structure of grains. a) Day plot. (b-e) Application of the thermomagnetic criterion for samples RA-41 and VM-10. Full lines are the continuous temperature curves of the pTRMs(T1,T2), (T1<T2) after switching off the field Blab = 100 μT at T1 and cooling to Tr, followed heating to T2 and cooling from T2 to Tr; all are made in zero field. The arrows point the direction of temperature change. Vertical lines with double-side arrow above mark the temperature interval where pTRM(T1,T2) was created. (g,h,i) Examples of hysteresis loops (magnetization in Am2/kg vs field in mT)
The disadvantage of using hysteresis parameters for estimations of DS is that they reflect mostly the presence of coarse PSD-MD grains whereas carriers of NRM are strongly biased to SD and small PSD grains. The best tool to detect their contribution to NRM is the application of the thermomagnetic criterion (providing that the NRM is a TRM). For this reason, the estimations from the Day plot were complemented by the thermomagnetic criterion which can quantitatively characterize DS by the parameter A = tail[pTRM(Т1,Т2)]/pTRM(Т1,Т2). According to (Shcherbakov et al., 2001), an A < 0.04 indicates that the sample contains predominantly SD grains; the range 0.04 < A < 0.15 corresponds to PSD (likely vortex-state) particles; a large tail A > 0.15 indicates the presence of MD grains.
All high-temperature pTRMs showed a pronounced SD or mixed SD-PSD behavior with small pTRM tails (Fig. 7c, 7d, 7f) while low-temperature temperature pTRMs may demonstrate substantial PSD-MD tails (Fig. 7b, 7e). Remembering that reliable Thellier determinations can be obtained namely on SD-PSD particles carrying a TRM (Shcherbakov & Shcherbakova, 2001), this observation supports the potential usefulness of studied samples for paleointensity determination 
Table 3. The notation Fract(%) gives the weight content of the corresponding phase in per cents. 
	VM-03
	RA-28
	RA-41
	RA-55
	RA-69

	Phase: 1 spinel 
Cell. A: 8.3876152 
Fract(%): 82.47
	Phase: 1 
Cell. A: 8.3830919 
Fract(%): 63.19
	Phase: 1 
Cell. A: 8.3927374 
Fract(%): 77.32
	Phase: 1 
Cell. A: 8.4095669 
Fract(%): 45.47
	Phase: 1 
Cell. A: 8.3844576 
Fract(%): 70.36

	Phase: 2 ilmenite 
Cell. A: 5.0808749 
Cell. C: 14.034049 
Fract(%): 14.58
	Phase: 2 ilmenite 
Cell. A: 5.0860133 
Cell. C: 13.954499 
Fract(%): 5.72
	Phase: 2 ilmenite 
Cell. A: 5.0802846 
Cell. C: 14.033818 
Fract(%): 12.64
	Phase: 2 spinel 
Cell. A: 8.3863983 
Fract(%): 26.91
	Phase: 2 ilmenite 
Cell. A: 5.0620317 
Cell. C: 13.960697 
Fract(%): 8.42

	Phase: 3 hematite 
Cell. A: 5.0417500 
Cell. C: 13.754854 
Fract(%): 2.94
	Phase: 3 hematite 
Cell. A: 5.0340738 
Cell. C: 13.744457 
Fract(%): 31.09
	Phase: 3 hematite 
Cell. A: 5.0462680 
Cell. C: 13.803430 
Fract(%): 10.03
	Phase: 3 ilmenite 
Cell. A: 5.0773544 
Cell. C: 14.034931 
Fract(%): 23.11
	

	
	
	
	Phase: 4 hematite 
Cell. A: 5.0507131 
Cell. C: 13.822997 
Fract(%): 4.51
	Phase: 4 hematite 
Cell. A: 5.0474405 
Cell. C: 13.829768 
Fract(%): 21.32


Paleointensity determinations
Results of paleointensity determinations
The classical Thellier-Coe method of palaeointensity determination is a sequence of paired heating-cooling steps to a set of increasing temperature Ti, i = 1...n. Here the first heating-cooling step to Ti took place in zero field, the second heating was also performed in nonmagnetic space followed by cooling in the laboratory field, Blab. This value was set to 10 μT for the majority of the experiments but values of 30, 20, 15 or 5 μT were also used for verification purposes. The Wilson method was performed with a sister-cube of each specimen investigated
Selection criteria for Thellier-type experiments (both thermal and microwave) followed precisely those also employed by Shcherbakova et al. (2017) taking their lead from the SELCRIT2 criteria (Biggin et al. 2007). In brief: 1. n, the number of fit points on the Arai-Nagata plot ≥ 4. 2. FRAC, the NRM fraction used (Shaar & Tauxe 2013) ≥ 0.25. 3. β, the relative standard error on the slope of the best-fitting line ≤ 0.1. 4. q, the quality factor (Coe et al. 1978) ≥ 1. 5. K’, the curvature factor (Paterson, 2011) of the best-fit segment of the Arai-Nagata plot ≤ 0.5. 6. MAD, the maximum angular deviation of the selected component ≤ 15◦. 7. α, the angle between the origin-anchored and floating fit (Selkin et al. 2000) ≤ 15◦ . 8. DRAT, the maximum difference ratio measured from pTRM checks ≤ 15 per cent. 9. CDRAT, the cumulative DRAT calculated from summing from all pTRM checks ≤ 16 per cent 10. DRATTAIL, the equivalent of DRAT for pTRM tail checks (note that these were only performed in a minority of our experiments) ≤ 10 per cent. Selection criteria for Wilson-type experiments are following Muxworthy (2010). 
Palaeointensity experiments were performed on 37 samples of Rafalovka sites and 16 samples from Velikiy Midsk site. From these, 25 determinations from Rafalovka sites and 15 determinations from Velikiy Midsk site passed the criteria listed above. The results are presented in Table 4 altogether with the determinations obtained by Wilson’s method. As is seen, there is a rather good agreement between the paleointensity determinations obtained by these two different methods. The three columns (2-4) in Fig. 5 demonstrate examples of Arai-Nagata, orthogonal and Wilson’s plots for samples representing each of investigated sites. For all samples in Fig. 5 no significant sample alteration was observed over the entire temperature fit intervals as indicated by positive pTRM checks. Most samples also have a minor low-temperature secondary component as shown in the orthogonal plots in Fig. 5, so these temperature intervals were not taken into account. 
Approximately one third of the RA-site samples investigated were rejected. Reasons for rejection varied. Examples where the Arai-Nagata plots were non-linear despite an apparently single directional component are shown in Figure 8. 
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Figure 8. Examples of rejected determinations.
Microwave palaeointensities have been performed on 56 specimens. Of those, 8 showed a magnetisation that was two orders of magnitude stronger than the magnetisation of other samples of the same flows, presumably due to a remagnetisation of the samples during shipment. Of the remaining 48 samples, 12 gave results that passed all selection criteria and were accepted (Table 4, Table 5). About one third of the results that were not accepted failed the experiment because the sample fragmented during microwave treatment and it was not possible to reach a large enough number of successive measurement steps for the line fit. However, the accepted palaeointensities are in very good agreement with the results from both the Coe-Thellier and Wilson methods.
For all sites investigated, mean site intensities of the palaeofield were calculated averaging between 16-52 specimen results. All these determinations indicate a very low field intensity within the range 3-7 µT between 560-580 Ma. Virtual dipole moment (VDM) values for each site were calculated using paleoinclinations determined from the thermal demagnetization analyses. Our site mean results are summarized in Table 5.
The quality of the determined palaeointensity results was assessed using QPI criteria (Biggin and Paterson, 2014) for each cooling event (Table 6). The stratigraphic constraints and the uncertainty of < 10% for the radiometric dates of the units were both arguments for a positive score of the AGE criterion. Following Paterson et al. (2010), to get the STAT criterion, the quotient of standard deviation and mean is required to be ≤ 25%. Although this definition makes it very hard to achieve STAT for results with low palaeointensity estimations, the excellent quality of results in this study allowed STAT to be awarded for 1 of the 4 sites. With reasonably reversible thermomagnetic curves and the baked contact test, TRM was given to the sites RA-2 and RA-1/RAc. The negative TRM scores for the sites RA-3 and VM are pointers to the fact that according to the thermomagnetic curves, some maghemitisation could not be ruled out for these sites although we do not expect that the palaeointensities would be significantly affected. The scoring of the QPI criteria of ALT, MD and TECH could all be justified by the use of multiple methods and the application of selection criteria that only accepted intensity estimates that were not biased by alteration or multidomain behaviour (DRAT/CDRAT/beta/k’). Low γ values of 1-5% of the microwave experiments and AMS measurement show that the intensity results were not biased by anisotropy. The use of different laboratory fields and the consistency of results of thermal and microwave methods argued that there were no nonlinear TRM effects or cooling rate effects (see e.g. Dunlop and Ozdemir, 1997). The consistency between microwave and thermal methods lead to the conclusion that cooling rate effects were also negligible for site RA-3, where no microwave result passed the formal selection criteria. Therefore ACN was given to all sites. LITH was awarded to the combined sites of RA-1 and RAc as they consist of both basalt and baked tuff lithologies. The criterion MAG was scored positively as all raw measurement data (of the thermal and microwave Thellier type experiments) are available on the MagIC database (http://earthref.org/MAGIC/). The overall QPI scores for the intensity results of this study are 6-8 (Table 6) demonstrating the excellent quality of the presented results.

Table 4. Results of palaeointensity experiments on specimen level. For explanation of the given criteria of Thellier type results, readers are referred to the text. Values in the column T1-T2 are given in °C and J for thermal and microwave experiments respectively. Criteria of Wilson results (RSE, R2 and D) follow Muxworthy (2010).
	Sample
	Blab
	T1-T2
	NP
	GAP
	Q
	F
	Banc
	beta
	FRAC
	d(CK)
	DRAT
	CDRAT
	α
	MAD
	k'
	Banc*
	RSE
	R2
	D

	Site Velikiy Midsk, basalts

	VM-22 _jr6-r
	20
	400-570
	7
	0.77
	9.1
	0.784
	5.9
	0.066
	0.717
	9.48
	11.59
	4.71
	6.23
	4.71
	-0.29
	 
	
	
	

	VM-22B
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	5.66
	0.0069
	0.9865
	0.0638

	VM-19
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	6.24
	0.0065
	0.9877
	0.1249

	VM-18-r
	20
	400-600
	11
	0.869
	33.4
	0.958
	10.42
	0.025
	0.93
	8.07
	7.47
	10.51
	2.42
	3.92
	0.13
	 
	
	
	

	VM-18a
	20
	300-630
	13
	0.885
	91
	0.918
	8.66
	0.009
	0.893
	4.22
	4.21
	0.17
	1.94
	1.48
	0.00
	7.47
	0.0020
	0.9961
	0.0858

	VM-18-mw1  
	10
	105-255
	5
	0.627
	8.1
	0.547
	7
	0.042
	0.434
	1.29
	1.93
	0.87
	2.60
	0.93
	0.19
	 
	
	
	

	VM-18-mw2  
	5
	105-355
	6
	0.758
	42.3
	0.845
	5.8
	0.015
	0.676
	7.47
	5.77
	8.61
	4.94
	3.03
	0.07
	 
	
	
	

	VM-18-mw4  
	3
	110-350
	6
	0.779
	23.4
	0.858
	6.9
	0.028
	0.623
	8.92
	4.16
	-7.6
	1.87
	1.38
	-0.11
	 
	
	
	

	VM-17(1)-r
	10
	400-600
	11
	0.869
	21.7
	0.881
	4.3
	0.035
	0.715
	6.49
	6.76
	0.43
	2.61
	2.92
	-0.25
	4.50
	0.0124
	0.9541
	0.0616

	VM-17
	30
	400-575
	7
	0.752
	44.2
	0.903
	5.63
	0.015
	0.453
	8.87
	9.65
	14.15
	0.48
	1.37
	-0.02
	 
	
	
	

	VM-16(1)-r
	10
	400-570
	13
	0.848
	30.9
	0.892
	3.94
	0.025
	0.687
	5.29
	5.51
	7.34
	1.78
	1.69
	-0.11
	5.64
	0.0049
	0.9767
	0.0620

	VM-16
	30
	300-575
	8
	0.808
	20.8
	0.973
	5.25
	0.038
	0.813
	8.72
	8.83
	12.6
	1.13
	1.97
	0.02
	 
	
	
	

	VM-15
	30
	300-575
	8
	0.832
	38.6
	0.949
	8.09
	0.021
	0.773
	3.48
	3.54
	4.89
	0.51
	1.24
	-0.03
	5.79
	0.0023
	0.9982
	0.0934

	VM-15-mw2  
	10
	105-350
	6
	0.735
	12.5
	0.893
	6.9
	0.052
	0.6
	5.62
	5.17
	6.44
	3.39
	3.50
	-0.21
	 
	
	
	

	VM-13a-r
	20
	400-625
	12
	0.88
	54.5
	0.972
	8.65
	0.016
	0.899
	2.53
	2.39
	1.7
	0.84
	0.83
	0.09
	 
	
	
	

	VM-13_jr6
	20
	400-570
	7
	0.738
	18.4
	0.935
	8.2
	0.038
	0.781
	2.62
	2.59
	-3.37
	0.76
	1.32
	0.02
	 
	
	
	

	VM-13
	30
	400-575
	7
	0.799
	26
	0.898
	8.43
	0.028
	0.766
	0.75
	0.81
	-1.7
	1.90
	1.35
	0.10
	6.80
	0.0038
	0.9958
	0.0952

	VM-13-mw1  
	10
	110-440
	5
	0.593
	7.1
	0.699
	10.6
	0.059
	0.357
	3.06
	3
	-5.22
	5.27
	2.63
	0.20
	 
	
	
	

	VM-13-mw2  
	5
	160-580
	4
	0.528
	5.6
	0.71
	11.3
	0.067
	0.416
	5.08
	2.91
	-2.44
	5.07
	3.78
	-0.19
	 
	
	
	

	VM-12
	30
	300-575
	8
	0.81
	25.2
	0.94
	3.69
	0.03
	0.851
	12.5
	13.2
	15.41
	3.97
	6.62
	-0.10
	6.32
	0.0042
	0.9826
	0.0803

	VM-11
	10
	300-525
	9
	0.865
	32.5
	0.809
	4.03
	0.022
	0.533
	8.74
	10.03
	5.64
	4.96
	5.99
	0.07
	6.20
	0.0075
	0.9770
	0.1303

	VM-10(2)
	15
	300-550
	9
	0.835
	18.2
	0.915
	4.06
	0.042
	0.734
	11.58
	12.22
	8.31
	5.73
	4.89
	-0.10
	6.26
	0.0099
	0.9601
	0.0944

	VM-10(1)-r
	30
	300-545
	6
	0.766
	19.8
	0.934
	4.44
	0.036
	0.567
	5.92
	6.27
	11.88
	2.32
	4.66
	-0.06
	5.36
	0.0081
	0.9735
	0.1372

	VM-08
	20
	400-625
	12
	0.89
	39
	0.962
	10.26
	0.022
	0.921
	2.72
	2.51
	1.24
	2.72
	3.52
	0.09
	7.21
	0.0013
	0.9984
	0.0847

	VM-04-r_jr6
	20
	400-630
	10
	0.846
	20.8
	0.882
	4.28
	0.036
	0.672
	7.29
	8.08
	13.2
	4.21
	5.00
	-0.15
	6.85
	0.0069
	0.9811
	0.1174

	VM-04-r
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	2.05
	0.0107
	0.9516
	0.0549

	VM-03a
	30
	400-575
	10
	0.789
	30.8
	0.875
	9.09
	0.022
	0.692
	1.05
	1.15
	-1.58
	3.05
	2.00
	0.15
	 
	
	
	

	VM-03_jr6
	20
	400-630
	10
	0.521
	14
	0.986
	8.32
	0.037
	0.962
	15.64
	14.65
	13.02
	0.48
	1.02
	0.18
	 
	
	
	

	VM-03
	30
	350-575
	9
	0.664
	32.2
	0.984
	8.33
	0.02
	0.747
	2.17
	2.13
	1.45
	0.67
	1.07
	0.17
	6.46
	0.0031
	0.9970
	0.0776

	VM-02(2)
	10
	400-620
	15
	0.909
	34.8
	0.915
	10.68
	0.024
	0.875
	4.88
	3.65
	2.24
	0.47
	0.65
	-0.12
	12.40
	0.0040
	0.9935
	0.0916

	VM-02(1)
	5
	400-550
	8
	0.82
	13.7
	0.888
	10.92
	0.053
	0.903
	1.64
	0.77
	0.74
	0.31
	0.52
	-0.24
	8.24
	0.0034
	0.9953
	0.1023

	VM-02-mw1  
	10
	85-160
	4
	0.589
	12.3
	0.494
	6.7
	0.024
	0.356
	2.22
	3.74
	2.52
	10.97
	3.44
	-0.11
	 
	
	
	

	VM-02-mw5  
	5
	85-290
	6
	0.763
	11.8
	0.855
	7
	0.055
	0.483
	20.21
	13.77
	12.32
	1.91
	2.14
	0.18
	 
	
	
	

	VM-02-mw8  
	15
	80-185
	5
	0.695
	13.6
	0.837
	6.1
	0.043
	0.624
	8.05
	8.92
	15.69
	0.18
	4.02
	-0.09
	 
	
	
	

	VM-01(1)-r
	10
	350-580
	19
	0.853
	37.1
	0.958
	6.48
	0.022
	0.786
	5.6
	4.91
	-1.92
	1.18
	1.25
	-0.01
	7.17
	0.0088
	0.9787
	0.1541

	VM-01
	20
	400-625
	12
	0.874
	23.5
	0.919
	5.77
	0.034
	0.704
	10.51
	10.99
	8.57
	1.39
	3.39
	-0.14
	
	
	
	

	 

	Sample
	Blab
	T1-T2
	NP
	GAP
	Q
	F
	Banc
	beta
	FRAC
	d(CK)
	DRAT
	CDRAT
	α
	MAD
	k'
	Banc*
	RSE
	R2
	D

	Flow RA-3 ss (77-68) basalts  Policy-2 quarry
	 
	 
	 

	RA-76(3)
	5
	450-550
	7
	0.793
	16.6
	0.715
	4.36
	0.034
	0.569
	5.6
	5.9
	13.45
	3.41
	3.78
	-0.18
	4.65
	0.0067
	0.9808
	0.1213

	RA-73(2)
	10
	500-620
	8
	0.718
	25.4
	0.671
	5
	0.019
	0.64
	4.06
	5.42
	10.91
	0.81
	2.07
	0.04
	5.69
	0.0009
	0.9992
	0.0926

	RA-72
	10
	350-585
	9
	0.773
	47.5
	0.909
	6.01
	0.015
	0.765
	1.54
	1.45
	-2.07
	2.49
	3.20
	0.05
	5.44
	0.0027
	0.9970
	0.0812

	RA-72(0.25)
	25
	450-620
	8
	0.779
	51.3
	0.842
	6.22
	0.013
	0.609
	4.09
	4.71
	0.72
	0.91
	2.04
	0.05
	
	
	
	

	RA-71
	10
	300-585
	9
	0.759
	32.1
	0.91
	5.53
	0.022
	0.782
	4.46
	4.29
	-5.53
	3.25
	3.78
	-0.16
	4.70
	0.0039
	0.9940
	0.0992

	RA-69-r
	10
	300-620
	11
	0.83
	40.6
	0.979
	6.77
	0.02
	0.937
	10.92
	9.24
	3.99
	5.67
	6.57
	0.14
	5.67
	0.0041
	0.9933
	0.0972

	RA-69-1
	10
	300-585
	10
	0.753
	83.7
	0.967
	6.71
	0.009
	0.908
	2.37
	2.03
	-1.13
	2.26
	2.34
	0.08
	
	
	
	

	RA-68-r
	10
	400-555
	6
	0.769
	7
	0.841
	4.06
	0.092
	0.695
	2.22
	2.45
	2.24
	2.51
	2.18
	-0.16
	4.52
	0.0014
	0.9992
	0.0808

	Flow RA-2 ss (59-44) basalts Policy-2 quarry

	RA-57(2)-r
	10
	500-580
	5
	0.719
	4.7
	0.558
	9.31
	0.085
	0.324
	9.18
	12.05
	7.78
	1.77
	1.15
	-0.46
	 
	 
	 
	 

	RA-57(1)
	10
	470-540
	5
	0.712
	5.4
	0.627
	7.85
	0.083
	0.649
	11.42
	14.32
	3.68
	0.62
	0.80
	-0.44
	 
	 
	 
	 

	RA-56-4-r
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	10.93
	0.0046
	0.9916
	0.1522

	RA-56-2(3)
	7
	400-530
	8
	0.812
	8.9
	0.73
	7.61
	0.067
	0.758
	8.89
	8.24
	2.76
	1.36
	2.88
	-0.35
	11.16
	0.0068
	0.9814
	0.1500

	RA-56-2(2)
	10
	400-520
	7
	0.8
	6.3
	0.625
	6.47
	0.08
	0.565
	4.42
	5.94
	-3.33
	2.52
	1.11
	-0.49
	 
	 
	 
	 

	RA-56
	10
	400-530
	7
	0.814
	6.4
	0.528
	6.72
	0.068
	0.504
	2.05
	3.23
	0.54
	6.32
	2.19
	-0.30
	 
	 
	 
	 

	RA56-mw3  
	10
	80-280
	7
	0.756
	20.8
	0.735
	8
	0.027
	0.688
	3.45
	3.67
	4.65
	0.32
	1.70
	-0.07
	 
	 
	 
	 

	RA-55-r
	10
	400-570
	7
	0.806
	10.5
	0.807
	8.87
	0.062
	0.732
	7.86
	7.29
	9.43
	1.26
	1.08
	-0.34
	12.85
	0.0021
	0.9983
	0.1672

	RA-55(1)
	10
	450-540
	8
	0.844
	10
	0.665
	9.39
	0.056
	0.598
	6.06
	6.64
	5.11
	0.31
	0.43
	-0.40
	 
	 
	 
	 

	RA-52
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	7.94
	0.0048
	0.9905
	0.1221

	RA-52(3)
	10
	400-550
	6
	0.694
	11.8
	0.788
	4.19
	0.047
	0.604
	10.16
	11.9
	13.2
	2.16
	2.21
	0.02
	 
	 
	 
	 

	RA52-mw3  
	5
	80-305
	7
	0.808
	8.4
	0.894
	8.5
	0.086
	0.456
	15.27
	8.65
	1.68
	4.40
	5.53
	0.19
	 
	 
	 
	 

	RA-51-r
	5
	400-510
	4
	0.561
	5.9
	0.52
	5.12
	0.05
	0.508
	5.7
	7.66
	-5.05
	2.58
	2.80
	0.30
	7.90
	0.0071
	0.9799
	0.1050

	RA-50
	10
	500-555
	4
	0.564
	2.8
	0.449
	9.54
	0.089
	0.539
	7.66
	12.35
	2.55
	1.38
	1.64
	0.37
	11.04
	0.0022
	0.9955
	0.1305

	RA-50(2)
	10
	500-600
	9
	0.857
	15.2
	0.638
	9.31
	0.036
	0.629
	8.98
	10.3
	-3.23
	0.68
	0.87
	0.26
	 
	 
	 
	 

	RA-49
	5
	400-540
	7
	0.788
	12.9
	0.751
	6.95
	0.046
	0.711
	12.34
	9.61
	0.45
	0.48
	1.07
	-0.03
	8.97
	0.0037
	0.9946
	0.1332

	RA-47-2
	10
	400-570
	7
	0.809
	13.6
	0.662
	7.27
	0.039
	0.534
	7.14
	8.72
	-5.25
	12.71
	7.81
	0.02
	9.03
	0.0046
	0.9913
	0.1352

	RA-44-r
	10
	450-555
	5
	0.727
	7.5
	0.756
	4.19
	0.073
	0.55
	2.28
	2.79
	-0.32
	0.64
	1.95
	-0.31
	8.90
	0.0044
	0.9925
	0.1375

	RA-44(2)
	10
	450-550
	5
	0.65
	23.8
	0.686
	3.94
	0.019
	0.438
	11.39
	15.44
	15.51
	0.65
	2.28
	0.07
	8.81
	0.0030
	0.9919
	0.1172

	 

	Sample
	Blab
	T1-T2
	NP
	GAP
	Q
	F
	Banc
	beta
	FRAC
	d(CK)
	DRAT
	CDRAT
	α
	MAD
	k'
	Banc*
	RSE
	R2
	D

	Flow RA-1, samples (43-31), basalts, Rafalovka quarry

	RA-43
	10
	400-585
	8
	0.844
	17.8
	0.885
	2.79
	0.042
	0.491
	7.9
	8.6
	8.93
	1.64
	2.63
	0.21
	4.35
	0.0030
	0.9912
	0.1314

	RA-42(2)
	10
	400-580
	8
	0.829
	10.9
	0.862
	3.04
	0.065
	0.333
	7.98
	8.85
	2.04
	4.47
	3.43
	0.43
	2.25
	0.0081
	0.9736
	0.0833

	RA-41
	10
	400-555
	6
	0.721
	13.2
	0.933
	2.9
	0.051
	0.695
	8.65
	8.9
	7.99
	1.81
	1.35
	0.27
	3.49
	0.0029
	0.9915
	0.0887

	RA-39
	10
	350-540
	6
	0.772
	11.4
	0.678
	2.97
	0.046
	0.293
	10.71
	15.16
	14.64
	8.86
	4.02
	-0.11
	4.31
	0.0052
	0.9727
	0.0854

	RA-39-1
	10
	400-540
	5
	0.739
	13.1
	0.816
	2.99
	0.046
	0.32
	1.92
	2.25
	2.58
	3.26
	5.30
	0.06
	 
	 
	 
	 

	RA-36
	20
	400-560
	6
	0.779
	10.6
	0.871
	2.87
	0.064
	0.521
	9.68
	10.99
	10.2
	3.74
	3.17
	0.15
	4.43
	0.0022
	0.9954
	0.1152

	RA-32-r
	10
	400-540
	5
	0.704
	15
	0.636
	2.47
	0.03
	0.422
	4.95
	7.56
	6.3
	9.18
	3.44
	-0.03
	5.57
	0.0021
	0.9958
	0.0771

	RA-32(4)
	10
	400-555
	6
	0.754
	11.5
	0.906
	3.1
	0.059
	0.564
	7.25
	7.64
	5.59
	5.43
	5.00
	0.20
	 
	 
	 
	 

	RA-32(3)
	10
	400-550
	10
	0.87
	24.6
	0.899
	3.51
	0.032
	0.57
	6.61
	6.94
	12.43
	2.38
	2.36
	0.12
	 
	 
	 
	 

	RA-32(2)
	10
	350-540
	6
	0.737
	10.1
	0.913
	3.14
	0.067
	0.611
	9.86
	10.31
	11.28
	0.41
	1.15
	0.26
	 
	 
	 
	 

	RA-31
	10
	400-585
	8
	0.834
	31.8
	0.872
	2.98
	0.023
	0.604
	5.19
	5.7
	7.86
	2.08
	1.47
	0.00
	3.51
	0.0047
	0.9907
	0.0712

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	2.72
	0.0113
	0.8837
	0.1086

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	3.60
	0.0134
	0.9289
	0.1201

	baked contact RAc,  samples (30-23),  baked tuffs,  Rafalovka  quarry

	RA-28-r
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	5.26
	0.0068
	0.9831
	0.0754

	RA-26
	10
	350-600
	10
	0.831
	21.2
	0.856
	5.85
	0.034
	0.688
	2.61
	2.63
	0.21
	1.89
	1.42
	0.19
	7.12
	0.0025
	0.9936
	0.0712

	RA-24
	10
	300-570
	9
	0.86
	12.1
	0.528
	8.88
	0.038
	0.435
	2.36
	3.35
	-9.43
	14.30
	4.20
	0.34
	3.44
	0.0077
	0.9791
	0.0667

	RA-24(2)
	10
	300-580
	10
	0.881
	17.5
	0.691
	3.68
	0.035
	0.585
	1.53
	2.09
	-5.19
	1.23
	0.76
	0.29
	 
	 
	 
	 

	RA-24(3)
	10
	450-585
	7
	0.772
	6.8
	0.772
	5.78
	0.088
	0.644
	2.98
	3.34
	-2.96
	2.86
	3.20
	-0.04
	 
	 
	 
	 

	RA-24(4)
	10
	300-600
	12
	0.888
	34.5
	0.906
	3.6
	0.023
	0.906
	3.49
	3.62
	-9.60
	2.41
	4.10
	0.04
	 
	 
	 
	 

	RA24-mw1  
	10
	110-270
	6
	0.779
	7.4
	0.472
	4
	0.049
	0.435
	7.61
	14.96
	-1.55
	1.87
	1.49
	0.18
	 
	 
	 
	 




Table 5 Site mean paleomagnetic data from the investigated collection (separated by used methods and as mean for all three used different methods). Mean values and QPI scores are calculated once for each individual cooling unit.
	Site
	Suite
	Rocks
	Palaeodirections
	Method
	Paleointensity (mean for site)
	VDM (mean for site) ×1022Am2
	QPI

	
	
	
	Nd
	Dec°
	Inc°
	k
	α95°
	
	N/n
	Banc µT
	Banc St.err. µT
	Banc St.err. %
	Banc St.dev. µT
	VDM 
	VDM St.err.
	VDM St.dev. 
	

	VELIKY MIDSK quarry 51.093°N, 26.086°E

	VM
	Ratne suite
	Basalt
	21
	30.6
	-77.2
	120
	2.9
	Thellier-Coe
	15/24
	6.99
	0.50
	7.10
	2.43
	0.97
	0.07
	0.34
	6

	
	
	
	
	
	
	
	
	Wilson
	15/18
	6.48
	0.47
	7.24
	1.99
	0.90
	0.06
	0.28
	

	
	
	
	
	
	
	
	
	Microwave
	4/9
	7.59
	0.65
	8.60
	1.96
	1.05
	0.09
	0.27
	

	
	
	
	
	
	
	
	
	Mean
	15/51
	6.92
	0.31
	4.45
	2.20
	0.96
	0.04
	0.30
	

	POLICY-2 quarry 51.244°N, 26.016°E

	RA-3
	Ratne suite
	Basalt
	4
	17.6
	-53.8
	109.7
	2.8
	Thellier-Coe
	6/8
	5.58
	0.36
	6.52
	1.03
	1.03
	0.07
	0.19
	7

	
	
	
	
	
	
	
	
	Wilson
	6/6
	5.11
	0.22
	4.35
	0.55
	0.95
	0.04
	0.10
	

	
	
	
	
	
	
	
	
	Microwave
	-
	-
	-
	-
	-
	-
	-
	-
	

	
	
	
	
	
	
	
	
	Mean
	6/14
	5.38
	0.23
	4.28
	0.86
	1.00
	0.04
	0.16
	

	RA-2
	Ratne suite
	Basalt
	16
	16
	-81.4
	153
	3
	Thellier-Coe
	9/15
	7.12
	0.52
	7.28
	2.01
	0.95
	0.07
	0.27
	7

	
	
	
	
	
	
	
	
	Wilson
	9/10
	9.75
	0.52
	5.30
	1.64
	1.30
	0.07
	0.22
	

	
	
	
	
	
	
	
	
	Microwave
	2/2
	8.25
	0.25
	3.03
	0.35
	1.10
	0.03
	0.05
	

	
	
	
	
	
	
	
	
	Mean
	9/27
	8.18
	0.42
	5.11
	2.17
	1.09
	0.06
	0.29
	

	RAFALOVKA quarry 51.228°N, 26.051°E

	RA-1
	Ratne suite
	Basalt
	13
	294.7
	82.8
	29
	7.9
	Thellier-Coe
	7/11
	2.98
	0.08
	2.56
	0.25
	0.39
	0.01
	0.03
	8

	
	
	
	
	
	
	
	
	Wilson
	7/7
	3.95
	0.40
	10.10
	1.06
	0.53
	0.05
	0.14
	

	
	
	
	
	
	
	
	
	Microwave
	-
	-
	-
	-
	-
	-
	-
	-
	

	
	
	
	
	
	
	
	
	Mean
	10/27
	4.00
	0.36
	9.03
	1.53
	0.53
	0.05
	0.20
	

	RAc
	Babin suite
	Baked tuff
	10
	293.9
	72.9
	289
	2.8
	Thellier-Coe
	2/5
	5.56
	0.96
	17.32
	2.15
	0.81
	0.14
	0.31
	

	
	
	
	
	
	
	
	
	Wilson
	3/3
	5.27
	1.06
	20.15
	1.84
	0.77
	0.15
	0.27
	

	
	
	
	
	
	
	
	
	Microwave
	1/1
	4.00
	-
	-
	-
	0.58
	-
	-
	

	
	
	
	
	
	
	
	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	



Here Nd is the number of samples used for the determination of paleodirections, Dec◦ is declination, Inc◦ is inclination, k is the precision parameter, α95◦ is 95 per cent confidence cone. Results of palaeointensity determinations are presented in the remaining columns: N is sum of samples used for these determinations, n provide the numbers of determinations with sister-cubes, passing selection criteria provided in the text. Banc and s.d. are the site mean palaeointensities for three methods and standard deviations and Banc/s.d is their ratio (per cent). Only one VDM and mean intensity is calculated for the flow RA-1 and the baked contact (site Rac) as they both record the same cooling event. For explanation of the QPI criteria, readers are directed to the main text and Biggin & Paterson (2014).

Table 6. QPI criteria
	Site
	QPI criteria
	Sum

	
	AGE
	STAT
	TRM
	ALT
	MD
	ACN
	TECH
	LITH
	MAG
	

	VELIKY MIDSK
	
	
	
	
	
	
	
	
	
	 

	VM
	1
	0
	1
	1
	1
	1
	1
	0
	1
	6

	    POLICY-2
	
	
	
	
	
	
	
	
	
	 

	RA-3
	1
	1
	0
	1
	1
	1
	1
	0
	1
	7

	R A-2
	1
	0
	1
	1
	1
	1
	1
	0
	1
	7

	  RAFALOVKA
	
	
	
	
	
	
	
	
	
	 

	RA-1+RAc
	1
	0
	1
	1
	1
	1
	1
	1
	1
	8



Discussion
All absolute paleointensity methods assume that the NRM of the studied rocks is of thermal origin. Magneto-mineralogical studies reported above provide evidence in favor of this suggestion. Strong field thermomagnetic curves Msi(T) (Figs 5a1-5f1) suggest, that while there may be some minor low temperature oxidation, the predominance is of near-magnetite grains resulting from the high temperature oxidation occurred at the time of rock formation. Direct electron-microscopic observations confirm this suggestion revealing abundant exsolution structures with micron sized lamellae and cells (Fig. 6). According to Gapeev & Tselmovich, 1983, 1986, generation of thick lamellae with sizes ≈ 1 m (or more) provides evidence for oxy-exsolution of primary TM formed during the initial cooling of subaerial basalts between 700 and 900 C which supports the primacy and thermal origin of the NRM, hence, the reliability of the results reported here.
The palaeodirectional provide additional reasons to claim that the ChRM component isolated in basalt samples is primary. First of all, it is a positive contact test for basalts and tuffs of the Rafalovka quarry, second, the dual polarity magnetizations of the studied objects. This observation can be enforced by  the close similarity of the paleomagnetic directions identified here with the results of other authors.
The most striking result of our paleointensity determination experiments is that all four studied sites display an extremely low field intensity with VDMs varying from 0.4 to 1 (×1022 Am2) (Fig. 9) which are lower than the current field strength by an order of magnitude. Our results agree with data on the ultra-low dipole moment reported by Bono et al., 2019 for slow cooling Sept-Iles intrusive suite.  Noteworthy that their data were obtained on single crystals what allows to regard them as averaging the paleosecular variations. At the same time, our data are obtained with rocks of lava flows from entirely different East European Craton, Ukraine by three different methods (classical Thellier-Thellier, Wilson and microwave). In other words, data obtained from two different cratons by four different methods give very similar results what proves their high reliability.  
Considering the directional data presented in the section “Palaeomagnetic results”, we see that they break up into two bipolar sets (Table 2a) although there is a noticeable scattering (Fig. 4). Similar behavior was found by Bono and Tarduno, 2015 for the Sept Iles rocks where two antipodal polarities with an unusually high angular dispersion S = 26  were determined.
Evidence for reversal hyperactivity in the time period 555-540 Ma was summarized by Meert et al. (2016) with rates potentially peaking in excess of 15 Ma-1. The question of whether the field was still dominated by an axial dipole away from (very frequent) reversal transitions remains an open one. Some authors argue that the consistency of poles indicates a uniformitarian field morphology (e.g. Bazhenov et al., 2016; Bono & Tarduno, 2015) whereas Abrajevitch and Van der Voo (2010) concluded that the time-averaged field alternated between axial and equatorial dipole state. 
Notwithstanding the debate over field morphology, the ultra-low dipole moment and hyper-reversing behaviour may correspond to numerical geodynamo models operating in a weak-field state, argued to dominate immediately prior to inner core nucleation (Driscoll, 2016). The existence of a hyperactive weak field regime prior to inner core nucleation was also allowed by the analysis of Landeau et al., 2017 although they preferred an uniformitarian scenario whereby the dynamo remained in a strong-field state throughout the last 2 Gyr. In this case, dipole moment would barely change in response to inner core nucleation which must instead be detected via changes in the time-averaged octupole component. 




[image: ]
Figure 9. Data on VDM available in the World Data base on palaeointensity for the Devonian – Late Proterozoic. (1) – this study; (2) – Bono et al., 2019; (3) – Hawkins et al., 2019; (4) – Shcherbakova et al., 2017; (5) – Yu and Dunlop, 2002; The data by McClelland and Briden, 1996 and Salminen et al., 2006 for Karelian rocks of about 700 Ma age were excluded from consideration as there is a serious danger of obtaining false results because of carriers of NRM in these rocks are low-temperature oxidized titanomagnetite grains which are prone to secondary remagnetization and further oxidation during the Thellier experiments.

In engaging with the inner core nucleation debate, it should be mentioned that ultra-low field intensities are not unique for the Ediacaran. Indeed, Shcherbakova et al., 2017 and later Hawkins et al., 2019 reported the VDM intensities as low 0.4 to 1 (1022 Am2) (Fig. 9) and potentially anomalous directional behavior in the Devonian though it must be admitted that the raw field values there contain both ultralow and rather higher intensities and all data reported there are not time averaged but instantaneous ones. Based on these observations, Shcherbakova et al., 2017 hypothesized that this could be associated with the epoch of intermittence between the weak- and strong-field regimes manifesting solid core emergence as late as in the Devonian which is consistent with some published thermal models (Davies et al., 2015). 
Accounting for both the Devonian and Ediacaran data, the interpretation of the paleomagnetic and paleointensity records in relation to the time of solid core onset and, in general, in relation to the entire history of the geomagnetic field remains unsettled and will be subject to the outcomes of future studies. In particular, it is highlighted that recognized intervals of (ultra-) low dipole moment and reversal hyperactivity in the Jurassic, Devonian and Ediacaran are spaced approximately 200 million years apart as are the superchrons that occur subsequent to each. This timescale makes it seem plausible that the anomalous Ediacaran field behavior is entirely unrelated to inner core nucleation but rather is the manifestation of variable mantle forcing of the geodynamo across the core-mantle boundary. Bono et al. (2019) hypothesized that Ediacaran inner core nucleation essentially initiated this cycle but the near absence of reliable palaeointensity estimates earlier in the Neoproterozoic currently prevents this hypothesis from being tested.
Last but not least, the potential impact of such a peculiarly weak and, possibly, non-axial geomagnetic field in the evolution of Earth’s life requires urgent assessment. Ediacaran biota includes the oldest preserved multicellular organisms which radiated in a rather short period between approximately 575 and 541 Ma (Landing et al., 2015; Kolesnikov et al., 2015; Landing et al., 2013). This period preceded stage 1 of the “Cambrian Evolutionary Radiation”, featuring the development of vertical burrowing of soft bodied organisms (Meert et al., 2016).
[bookmark: _GoBack]The possible link between the anomalous strength and configuration of the geomagnetic field and evolution of the biota already been addressed in a number of papers (Starchenko & Shcherbakov 1991; Vogt et al. 2007; Bono and Tarduno, 2015, Meert et al., 2016; Shcherbakova et al., 2017, Bono et al., 2019)  but the discovery of two independent sets on ultra-low field (Bono et al., 2019 and the data reported here) advances further the idea that geomagnetic conditions may have changed sufficiently dramatically during Earth’s geological history to have radically affected the environment. The combination of the ultra-low dipole moment and hyper-reversing behaviour may have an important impact on the life evolution in the Ediacaran due to the peculiarity of the geomagnetic field geometry during the central phase of reversals whan magnetic poles are located close to the equator, This  configuration would bring enormous radiation into the upper atmosphere and encourage magnetic storms in which the perturbation field would have been much larger with respect to the main field. Furthermore, Earth’s diurnal rotation would produce huge daily variations of the geomagnetic field with possible significant influence on the living organisms. In any case, our new data adds further weight to the hypothesis that flourishing of the multi-cell organisms and animal phyla in the Ediacaran and Cambrian might owe something to the existence of a long-term radically different geomagnetic field configuration within the Ediacaran.
Conclusions
1. Multi-method paleointensity determinations, satisfying modern set of criteria, for Ediacaran basaltic rocks of the Ukrainian shield, 560-580 Ma age have been obtained. The most important result of these determinations is that all five fore studied sites display an extremely low field intensity with VDMs varying from 0.4 to 1 (1022 Am2) which are an order of magnitude lower than the current dipole moment. VGP positions from these sites break up into two nearly antipodal bipolar sets with a noticeable scattering.
2. Analyzing all available data, the Ediacaran field can be characterized by ultra-low intensity, antipodal paleodirection clustering, high reversal rate or hyperactivity. The same conclusions were made reachedbefore by Bono et al., 2019 but now we have independent evidence from whole-rock palaeointensities recovered from rocks from an entirely different craton. These features could correspond to a weak dipole field mode predicted by (Driscoll, 2016) emerging before the nucleation of the solid core. However, this begs the question, why was the field comparably apparently also anomalously weak 150-200 Myr later in the Devonian? Until, we have more data confirming the hypothesis of Bono et al. (2019) that a 200 Myr cycle commenced in the Ediacaran, we cannot rule out a considerably earlier or later date of inner core nucleation.
3. The peculiar geomagnetic field intensity and configuration in the Ediacaran could have promoted penetration of powerful influx of solar protons into Earth’s atmosphere, thereby potentially increasing surface radiation and mutagenic processes in living organisms. Its timing just before the Cambrian evolutionary radiation is intriguing and worthy of future research. 
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