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Abstract 

In order to better constrain the Neoproterozoic paleogeographic reconstruction of 

continents and to improve the understanding of the snowball Earth hypothesis, 

paleomagnetic investigations were carried out in the Aksu area of the northwestern 

Tarim basin. Forty-eight sites of samples were collected from the Sugetbrak and 

Chigebrak formations. Twenty-four sites of sandstone and volcanic rock from the 

Sugetbrak Formation revealed stable characteristic remanent components (ChRm) 

isolated between 500 and 680°C. The computed magnetic directions from these 

components are consistent and significantly distinguished from those of younger ages. 

Both normal and reverse polarities have been observed, and a positive fold test is 

revealed after bedding corrections at 95% confidence level. Anisotropy of magnetic 

susceptibility measurements shows primary sedimentary fabrics with weak anisotropy 

degrees. A paleomagnetic pole is calculated at 19.1°N, 149.7°E, k = 11.2, A95 = 9.3° 

with n = 24, yielding a paleolatitude of ~27°N for the sampling area. The 

chemo-stratigraphic correlation of this section with reference ones reveals an average 

age of ~595 Ma. A new paleogeographic reconstruction has been attempted showing 

general low paleolatitude positions for the Australia, South China and Tarim blocks at 

about 600Ma. This observation provides new evidences for the snowball Earth 

hypothesis.  

Keywords: Paleomagnetism; Aksu; Tarim; Paleogeographic reconstructions; 

Snowball Earth; Neoproterozoic 
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1. Introduction 

About 50 years ago, scientists noted for the first time some major differences 

between Neoproterozoic glacial deposits and Cenozoic glacial deposits (Harland and 

Bidgood, 1959; Harland, 1964a, 1964b). Firstly, the Neoproterozoic record indicates 

global-scale glaciations and secondly, paleomagnetic studies yielded low latitudes for 

these continents (e.g. Bidgood and Harland, 1961). These phenomena led Harland 

(1964a) to postulate that there existed a “great Infra-Cambrian glaciation” in the 

Earth’s history. Due to the development of paleomagnetism and improvement of 

analyzing techniques in rock magnetism, many studies were carried out to test the 

low-latitude glaciations (Morris et al, 1977; McWilliams and McElhinny, 1980; Zhang 

and Zhang, 1985; Schmidt et al., 1991). All these studies seem to confirm low-latitude 

glaciations during the Neoproterozoic. Meert and Van der Voo (1994) assessed the 

quality of the paleomagnetic results that support the existence of low-latitude 

glaciations and found that the majority of them had a low reliability for a variety of 

reasons. Within the same time, “the great Infra-Cambrian glaciation” slowly evolved 

into the snowball Earth hypothesis (Kirschvink, 1992; Hoffman et al., 1998; Hoffman 

and Schrag, 2002). This hypothesis implies that the Earth experienced several 

complete freezes in its history. The three most acceptable episodes are the Sturtain, 

Marinoan, and Gaskiers (Hankalchough in Tarim) glaciations (Grey et al., 1998; Xiao 

et al., 2004; Condon et al., 2005). However, the existence of these low latitude global 

glaciations relies upon a small number of high quality paleomagnetic data, such as 

those from the Elatina Formation in Australia (Schmidt and Williams, 1995; Sohl et al., 
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1999). More paleomagnetic data from the other blocks are needed to verify low 

latitude glaciations, and forwardly, to test the snowball Earth hypothesis. For this 

reason, and also to better constrain the paleogeography reconstructions, 

paleomagnetic studies have been carried out in the Tarim Basin where the 

Neoproterozoic glacier deposits have been well documented (Gao and Zhu, 1984; Gao 

et al., 1985).  

 

2. Geological setting and paleomagnetic sampling 

 

The Aksu area is located in the northwestern part of the Tarim Basin, NW China 

(Figure 1a). The stratigraphic succession includes the Mesoproterozoic Aksu group of 

metamorphic rocks, the Lower Neoproterozoic Qiaoenbrak Formation, the 

Yuermeinak Formation, the Upper Neoproterozoic Sugetbrak Formation, the 

Chigebrak Formation and the Cambrian Yuertus Formation (Figure 1b). Continental 

and marine glacial deposits are observed in the Yuermeinak and Qiaoenbrak 

formations (Gao and Zhu, 1984; Gao et al., 1985; Figure 1b). Terrestrial clastic, 

shallow marine carbonated rocks, with minor interbedded basaltic flows, characterize 

the late Neoproterozoic strata. Several tectonic episodes have occurred in this area 

since the Neoproterozoic, one of them, an early Permian event possibly related to the 

accretion of Tarim into the southern margin of the Asian plate, influenced the whole 

north margin of the Tarim block (Watson et al., 1987). Angular stratigraphic 

unconformities have been observed between the Lower and Upper Cambrian, as well 
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as the Lower Permian and Devonian sediments (XBGM, 1967). The collision between 

India and Eurasia in Cenozoic times also is responsible for the tectonic reactivation of 

this area. Li et al (1991) had published few paleomagnetic results, however, their 

samples have suffered severe remagnetization due to the Devonian and Permian 

magmatic events. 

The Sugetbrak Formation is subdivided into the Upper and Lower part members 

(Figure 1b). The Lower Sugetbrak Formation is composed from bottom to top of 

layered red sandstone (32 m thick), layered quartz sandstone (30 m thick), and another 

red sandstone (46 m thick); the Upper Sugetbrak Formation is composed of gray 

calcirudite (22 m thick), quartz sandstone (10 m thick) and red sandstone (29 m thick), 

The overlaying Chigebrak Formation is composed of layered gray stromatolitic 

dolomite (141 m thick, Gao et al., 1985). In Area II (Figure 1a), 80-100m thick 

interbedded basaltic flows were locally found at the boundary between the Upper and 

Lower Sugetbrak formations. 

No direct bio-stratigraphic age has been obtained from the Sugetbrak Formation. 

It may, however, be estimated by litho-stratigraphic correlation. The investigation on 

the Neoproterozoic stratigraphy carried out in 70 and 80’s revealed that the 

Neoproterozoic sedimentary strata well exposed in the Aksu area in the northwestern 

Tarim Basin could be correlated with those of the Quruqtagh area of the northeastern 

Tarim Basin (Figure 1c; Gao et al., 1985). The Yuermeinak Formation, overlain by the 

Sugetbrak Formation is a diamictite that is regarded as being synchronous with the 

Tereeken diamictite in the Quruqtagh area (Gao et al., 1985; Figures 1b and 1c).  
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Chemo-stratigraphic and sedimentary features of the Tereeken diamictite suggest a 

Marinoan age for the Tereeken glaciation (Xiao et al., 2004). Thus the Sugetbrak 

Formation can be considered as the strata that deposited after the Marinoan glaciation. 

We collected paleomagnetic samples of the Sugetbrak Formation from two 

separate study areas (Figure 1a). In both areas, the deformation is weak; the rocks do 

not exhibite any obvious schistosity. The strata exposed in Area I, about 40 km in the 

southwest of Aksu city (Figure 1d), are monocline, however, variable beddings are 

observed in Area II, about 100 km in the southwest of Aksu city (Figure 1e). 

 

Figure 1 

 

Forty-eight sites were drilled using a portable gasoline-powered drill. In Area I, 

we collected 6 sites of gray limestone from the Chigebrak Formation, 4 sites of red 

sandstone and 6 sites of yellow sandstone from the Upper Sugetbrak Formation, 8 

sites of red sandstone from the Lower Sugetbrak Formation. In Area II, we collected 2 

sites of red sandstone and 8 sites of yellow sandstone from the Upper Sugetbrak 

Formation, 4 sites of volcanic rocks and 10 sites of red sandstone from the Lower 

Sugetbrak Formation. Each site is composed of 6 to 10 cores oriented by both 

magnetic and solar compasses, when it was possible. The difference between two 

azimuth measurements is about 3.5±2.0° and this mean value is used to the orientation 

corrections for those measured only by magnetic compass as well as for the trends of 
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the beddings. In this paper, site names initiated with X, S, 5 refer to the samples 

collected in 2001, 2003, 2005, respectively. 

 

3. Paleomagnetic analyses 

 

3.1 Laboratory measurement and directional analytic techniques 

In the laboratory, drilled cores are prepared into standard specimens with 2.5 cm 

in diameter and 2.2 cm in length. Several methods were applied to magnetic 

mineralogical investigations: the acquisition of Isothermal Remanent Magnetization 

(IRM) by IM30 pulse magnetizer, thermal magnetic experiments by KLY3S kappa 

bridge susceptibility-meter coupled with a CS3 furnace, the measurements of 

Anisotropy of Magnetic Susceptibility (AMS) by KLY3 kappa bridge 

susceptibility-meter in Laboratoire de Magnetisme des Roches d’Orléans (LMRO), 

magnetic hysteretic curves in Laboratoire de Paleomagnétisme of Institut de Physique 

du Globe de Paris (IPGP) at Saint Maur. Both thermal and alternating field (AF) 

demagnetization methods were applied to clean the magnetic remanence. The 

majority of sandstone specimens were measured in LMRO with JR5A spinner 

magnetometer; the remaining samples were measured in IPGP with a 2G cryogenic 

magnetometer for comparison reason. Almost all of the limestone specimens were 

measured in IPGP with a 2G cryogenic magnetometer because of its low magnetic 

remanent intensity. No significant difference was found between the results of these 

two laboratories. The magnetic remanent components were isolated using the 
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principal component analysis method (Kirschvink, 1980), the mean directions were 

computed using Fisher spherical statistics (1953) which included in PMGSC (V4.2) 

offered by R. Enkin. The reconstruction map of continents was made using GMAP 

software provided by T.H. Torsvik. 

 

3.2 Magnetic mineralogical analyses 

Area I 

The paleomagnetic collection from this area is essentially composed of limestone 

of the Chigebrak Formation and sandstone of the Sugetbrak Formation (Table 1), their 

magnetic behaviors are very different, and so they will be separately discussed. 

For the limestone of the Chigebrak Formation, isothermal magnetization 

measurements show linear increase of IRM up to about 1.5 Tesla without total 

saturation, indicating predominant high coercive magnetic minerals (Figure 2a). 

Weak and noisy susceptibility intensity has been measured during the heating process 

of the thermal magnetic experiment (Figure 2b), a rapid increase of magnetic 

susceptibility took place at about 600-550°C during the cooling, which indicates a 

mineral oxidation during the thermal experiments (the inlayed figure in Figure 2b). 

Pyrite may be the origin of newly formed magnetite. The magnetic hysteretic curves 

show also almost linear relation between the applied magnetic field (H) and induced 

magnetization up to 1.2 Tesla. As no low magnetic coercive minerals have been 

identified by either IRM or hysteresis courves, the relative drop of magnetic 

susceptibility at about 580°C may be produced by newly formed magnetite (Figure 
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2b), and the concentration of magnetic remanent minerals in the limestone should be 

low. 

For the sandstone of the Sugetbrak Formation, IRM measurements show a 

relative rapid increase of remanent magnetization at the weak applied field but without 

a total saturation at about 1.5 Tesla, indicating the existence of both low and high 

magnetic coercive minerals in samples (Figure 2d). Thermal magnetic experiments 

revealed a slight continuous drop of magnetic susceptibility at about 580°C, and then 

there is another drop after 600°C, identifying the existence of both magnetite and 

hematite (Figure 2e). The magnetic hysteretic curves show a linear relationship 

between the applied magnetic field and induced magnetic moment without any 

saturation tendency at about 1.1 Tesla (Figure 2f), confirming that hematite should 

play a dominant role for the magnetic remanent carriers as usually observed in the red 

beds (Butler, 1998). 

 

Area II 

As the paleomagnetic collection from this area is composed of sandstone and 

basalt (Table 1), their magnetic mineralogical investigations will be described 

separately. 

To the sandstone samples, several representative specimens were chosen for the 

magnetic mineralogical experiments. Isothermal magnetization measurements show a 

rapid increase of IRM up to about 200 mT, then continue with a linearity increase until 

to about 1.5 Tesla without total saturation, indicating possible existence of both high 
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and low magnetic coercive minerals (Figure 2h). Thermal magnetic experiments 

reveal a sharp drop of magnetic susceptibility at about 100°C, indicating the existence 

of goethite (Figure 2i), and two other rapid drops at about 580°C and 680°C, 

indicating the existence of magnetite and hematite (Figure 2i). The magnetic 

hysteretic curves show a clear curvature change at about 200 mT and the linear 

increase of induced magnetic moment without any saturation at about 1.2 Tesla 

(Figure 2j). The ratios of Js/Jrs at about 0.35 and of Hc/Hrc at about 2.4 have been 

calculated after subtracting the linear proportion of curves. These values show 

characteristics of pseudo single domain magnetite (Dunlop, 1986). The above 

observations indicate that the magnetic remanent carriers of the sandstone are 

magnetite and hematite. 

Concerning the basalt samples, isothermal magnetization measurements show a 

rapid increase at weak applied magnetic fields and attain the magnetic saturation at 

about 200 mT, indicating the predominance of low magnetic coercive minerals 

(Figure 2k). Thermal magnetic experiments reveal a slight drop at about 350-450°C 

showing the possible presence of maghematite (Figure 2l). A sharp drop of magnetic 

susceptibility at about 560-580°C with a Hopkinson peak has been observed 

indicating the existence of low-titanium single domain magnetite (Figure 2l; Dunlop 

and Ozdemir, 1997). The magnetic hysteretic curves characterize the behavior of 

typical low magnetic coercive minerals. The induced magnetic moment is totally 

saturated at about 200 to 300 mT (Figure 2m). The ratios of Js/Jrs and Hc/Hrc vary 

from 0.18 - 0.23 and 2.86 – 3.34, respectively. These values show typical 
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characteristics of pseudo single domain magnetite (Dunlop, 1986). The above 

observations indicate that magnetite is the principal magnetic remanent carrier of the 

basalt samples. 

 

Figure 2 

 

3.3 Magnetic direction analyses 

A pilot study has been carried out by both thermal and AF demagnetization. The 

Natural Remanent Magnetization intensity (NRM) of most basalt samples is about 1 

A/m, which of sandstone samples varies from 0.6 to 11.2 mA/m with an average of 

3.25 mA/m. While to the limestone samples from the Chigebrak Formation, a weak 

NRM has been observed with a mean value of about 9 x 10-4 A/m ranging from 0.15 to 

2.57 mA/m. About 15 steps have been applied to progressive magnetic remanence 

cleaning with intervals varying from 20 to 150°C for thermal demagnetization 

(Figures 3b, 3c, 3d, 3e, 3g and 3h) and 1 to 20 mT for AF ones (Figures 3a and 3f). 

Figures 3a, 3b, 3c, and 3d show samples from Area I (left column), and Figures 3e, 3f, 

3g and 3h show samples from Area II (right column).  

As mentioned above, the limestone of Chigebrak Formation suffered a severe 

mineralogical transformation during the heating process. No stable component could 

be isolated after removing the viscous or unstable component (a drop of 60% of NRM 

at 1 mT or 150°C; Figure 3d), 6 limestone sites of the Chigebrak Formation are, 

therefore, excluded from the following discussion. 
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Concerning sandstone and basalt samples, because both techniques show similar 

results and the thermal one seems more efficient, the latter one has been used as the 

principal magnetic remanence cleaning technique. Most of the measured specimens 

show multi-components and normal polarity (Fig 3), some of them show reversed 

polarity (Figures 3c and 3g). Both polarities have been observed in Site 505. 

 

Figure 3 

 

Several groups of directions isolated from the remaining 42 sandstone and basalt 

sites were distinguished as following: 3 sandstone sites show a site-mean direction 

close to the Present Earth Field (PEF; see Table 1); 4 sandstone sites show dispersed 

high temperature components; 5 yellow and red sandstone sites show weak NRM 

intensity with an average of 9 x 10-4 mA/m and/or viscous remanence, and their NRM 

intensity drops to less than about 50% of NRM after the first demagnetization at 

150°C which is close to the JR-5A sensibility; 5 sites (Sites 529, 530, 533, 514 and 

515 in Table 1) present their site-mean direction with southward declinations and high 

upward inclinations, this direction is consistent with the Permian ones defined in both 

Tarim and Junggar basins by several paleomagnetic studies (e.g. Li et al., 1988; Table 

1); 1 basalt site (Site S18) shows an extremely high NRM of about 20 A/m, the 

direction isolated from the magnetic component is significantly different from the 

other sites (Table 1). The calculation of Koenigsberger ratio of this site, Q value, is 

about 4 times that the other sites, which is suspected to have suffered lightening. The 
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remained 24 sites (12 sites from each area) from both basalt and sandstone of the 

Sugetbrak Formation reveal coherent and stable characteristic magnetic components 

that are significantly different with the well-known paleomagnetic directions of Tarim 

basin since Paleozoic. Almost all of specimens show an eastward declination and 

downward inclination (e.g. Figures 3a and 3b) and few of them present a westward 

declination and upward inclination (e.g. Figures 3c and 3g). 

 

Table 1 

 

Area-mean directions have been firstly computed before and after bedding 

corrections (Table 1): for Area I, Dg = 39.9°, Ig= 51.5°, kg = 36.6, a95g = 7.3° 

(diamond symbols in Figure 4a) and Ds = 86.0°, Is = 41.3°, ks = 37.4, a95s = 7.2° with 

n = 12 (diamond symbols in Figure 4b); for Area II: Dg = 82.0°, Ig = 46.6°, kg = 4.1, 

a95g = 24.4° (circle symbols in Figure 4a) and Ds = 92.8°, Is = 48.5°, ks = 8.9, a95s = 

15.4° with n = 12 (circle symbols in Figure 4b). Because of weak bedding variation, 

the directional statistic parameters remain constant for Area I after bedding 

corrections. However, Area II reveals a significant improvement of directional 

clustering after bedding corrections with respect to before ones. Moreover, due to the 

insignificant angular difference of 8.0±12.1° (Debiche and Watson, 1995) between 

the directions after bedding corrections from Areas I and II and the short distance of 

about 60 km apart of these two areas, a total average of 24 sites has been calculated as 

well (MeanA in Table 1): Dg = 59.5°, Ig = 51.2°, k = 6.3, a95 = 12.7° and Ds = 89.0°, Is 
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=44.8°, k = 14.4, a95 = 8.1° with n = 24 (Stars in Figures 4a and 4b, respectively). 

From Table 1, one may easily find that 4 of 24 sites that are included in the global 

average calculation have a relatively weak confidence level with α95 > 20°. This is 

probably due to the influence of secondary components, either PEF or Permian 

direction. A new mean direction has been, therefore, calculated: Dg = 59.2°, Ig = 

50.4°, k = 5.6, α95 = 15.2° and Ds = 89.4°, Is =44.8°, k = 13.7, α95 = 9.1° with n = 20. 

This new mean direction is consistent with the global one (MeanB in Table 1). 

 

Figure 4 

 

The progressive unfolding shows a significant improvement in clustering after 

bedding corrections with respect to before ones for both area-mean directions with 

ratios of Ks/Kg=2.24 and 1.67 (Meana and MeanB in Table 1; Figures 5a and 5b). The 

optimal concentration of direction correction (DC) tilt test are achieved at 108.08±

32.84% and 119.04±36.10% (Enkin, 2003), indicating a positive fold test at the 95% 

confidence level for both mean direction calculations (Figures 5c and 5d). 

McFadden’s method (1990) gives also positive answer to fold test at 99% confidence 

level. 

 

Figure 5 

 

4. Discussions and conclusions 
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Laboratory magnetic mineralogical and directional analyses reveal several 

features of this Neoproterozoic paleomagnetic collection: (1) weak and viscous 

magnetic remanence takes an important proportion (11 sites); (2) the influence of 

posterior tectonic events cannot be neglected. It seems that the late Paleozoic tectonics 

of Central Asia is responsible for sample remagnetization. The Permian 

paleomagnetic direction has been observed in 5 sites and, sometimes, this Permian 

component may be also observed in some samples as middle temperature component 

among lower and higher temperature ones. For instance, the sample 505-43 (Figure 

3g) shows three distinct components: after removing the close-to-PEF lower 

temperature component at about 100°C (probably due to goethite), a stable middle 

temperature component can be isolated from 100 to 400°C, which is typical of the 

Permian direction (e.g. Li et al., 1988; Wang et al., in review), and finally a high 

temperature component from about 500 to 680°C reveals a direction consistent with 

other characteristic remanent magnetization. Before pushing forward the tectonic 

interpretations of these paleomagnetic data, their reliability and remanence age should 

be discussed.  

 

4.1 Reliability of paleomagnetic data 

As mentioned in the geological setting section, the sampling areas experienced 

several important tectonic events since the Paleozoic, for examples, the continental 

accretion of Tarim into the southern margin of the Asian plate (e.g. Watson et al., 

1987), large scale strike-slip relative motion between the Tarim and Junggar blocks 
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(e.g. Wang et al., in review), important deformation along the boundaries of Tarim 

block due to the India-Asia collision (Chen et al., 1993). In order to recognize the 

deformation degree of sampled rocks as well as the possible influence of tectonic 

events on the magnetic remanence, the Anisotropy of Magnetic Susceptibility (AMS) 

measurements have been systematically carried out on specimens. The orientation of 

the principal magnetic fabric axes, namely Kmax (K1), Kint (K2) and Kmin (K3), has 

been measured for each specimen. K1 represents the magnetic lineation and K3 the 

pole of the magnetic foliation. The bulk magnetic susceptibility, excluding the basalts, 

varies from 6 to 526 x 10-6 SI with an average value of 151±142 x 10-6 SI. The 

anisotropy degree (P’) and shape parameter (T) have been calculated. Table 2 and 

Figure 6 present AMS measurement results of the 21 sedimentary sites used to 

calculate the area-mean direction. The P’ value ranges from 1 to 1.12 with the 

majority lower than 1.10 for both areas. The average value is 1.05±0.05 and 1.06±0.06 

for Area I and Area II, respectively (Figure 6a, circles refer to Area I and stars refer to 

Area II). This may imply that the sampled rocks have not been significantly deformed 

by tectonic events. In Area I, most of specimens reveal a positive T value, indicating 

that the magnetic foliation is dominant with respect to the magnetic lineation (Figure 

6a). However, the dominance of magnetic foliation in Area II is less significant than in 

Area I (Figure 6a). The equal-area projections of the principal axes  (Figures. 6b and 

6c) show near horizontal K1 axes and highly inclined K3 axes for the most of 

measured specimens, respectively, indicating a well defined horizontal attitude for the 

initial bedding. Combining the weak anisotropy degree, the planar fabric dominance 
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and the confidently initial horizontal bedding, the fabrics measured from these 

specimens can be considered as primary and sedimentary. 

 

Figure 6 

Table 2 

 

The observations of positive fold test, both normal and reversed polarities, stable 

magnetic remanent carriers and primary sedimentary AMS lead us to conclude that the 

characteristic remanent magnetization isolated from the Sugetbrak Formation of the 

Aksu area is primary. A paleomagnetic pole is, therefore, calculated from 24 sites 

(Table 1): λ =19.1°N, φ =149.7°E, k = 11.2 with A95 = 9.3°, yielding a paleolatitude of 

27.3°±10.0°N at the sampling locality (Table 1). 

 

4.2 Age range of the Sugetbrak Formation 

Though several radiometric attempts have been made to date the basalt interlayer 

at the top of the Lower Sugetbrak Formation, no direct age constraint was obtained. 

However, a chemo-stratigraphic investigation on the same section of the Sugetbrak 

Formation in Area I have been carried out allowing estimating the formation age. The 

characteristic δ13C curve presents two negative and two positive carbon excursions 

that are comparable to that of the Doushantuo Formation of South China (Figure 7, 

modified after He et al., in press). The negative excursion at the boundary between the 

Lower and Upper Sugetbrak Formation is interpreted as the mark of a cap carbonate 
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associated with the glaciation (He et al., in press). Two SHRIMP U-Pb zircon ages of 

551.1±0.7 Ma and 635.2±0.6 Ma yielded from the top and bottom of the Doushantuo 

Formation constrain the duration time of the Doushantuo Formation (Condon et al., 

2005), which suggests that the Duoshantuo Formation lasted about 80 Ma. This also 

suggests a similar duration for the Sugetbrak Formation. According to this correlation, 

we take the middle age of Doushantuo Formation, ~595 Ma, as the average age of the 

Sugetbrak Formation and, consequently, as the age of the paleomagnetic pole 

determined here.  

 

Figure 7 

 

4.3 Implications for the snowball Earth hypothesis and continent reconstruction 

According to this paleomagnetic study and others of similar age, such as Australia 

(590~610 Ma for the Elatina Formation; Sohl et al., 1999), South China (599±4 Ma 

from the lower part of the Upper Sequence of the Doushantuo Formation, Barfod et al., 

2002; Macouin et al., 2004), and India (comparable to the Elatina Formation pole; De, 

2003; Macouin et al., 2004), a new paleogeographic reconstruction at about 600 Ma is 

made for these blocks (Figure 8a). This new paleogeographic reconstruction suggests 

that the Tarim Block was located to the north of Australia and, if taking the error bars 

into consideration, probably still in the Kimberley-Tarim connection that was firstly 

proposed by Li et al (1996; 2001) mainly on geological evidences, then confirmed by 

the paleomagnetic study of Aksu dyke swarm (Chen et al., 2004). The main arguments 
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for the Kimberley-Tarim connection are: 1. The ages of 798~811 Ma of the Kimberley 

rocks (Pidgeon et al., 1989; Li et al., 2003) are not statistically different from that of 

the Aksu dykes (785±31 Ma, Zhang, personal communication). This may imply that 

these rocks could be related to the same magmatic event. 2. In addition to this 

widespread magmatism, the Neoproterozoic Sturtian tillites and overlaying 

sedimentary succession in the Kimberley Proterozoic Basin (Plumb, 1996; Corkeron 

et al., 1996; Grey and Corkeron, 1998) are also comparable to those of the Tarim Basin 

(Gao and Zhu, 1984; Gao et al., 1985; Brookfield, 1994). Concerning the 

paleoposition of SCB, as it is beyond the scope of this study, we just put the possible 

latitudinal positions in Figure 8 (see Li et al., 1999; 2004 for detailed discussion). 

The configuration at about 600 Ma (Figure 8a) is quite similar to that given in 

Chen et al (2004, Figure 8b). It is worth to note that a new SHRIMP U-Pb age of 

785±31 Ma has been obtained from the Aksu dyke swarm recently (Zhang, L.F., 2006; 

personal communication). Therefore, this new age is used to the paleogeographic 

reconstruction. Figure 8b shows the corresponding modification of Chen’s 

reconstruction based on reliable paleomagnetic data from MDS of Australia (755±3 

Ma; Wingate and Giddings, 2000) and the Liantuo Formation of South China (748±12 

Ma; Evans et al., 2000). Although more detailed geochronological work is still needed 

to better constrain the age of the paleomagnetic data, these paleogeographic 

reconstructions at about 760 and 600 Ma are acceptable. 

Conversely to the above paleogeographic reconstructions, the paleomagnetic 

results obtained for the ~740 Ma Beiyixi volcanic rocks from the northeastern Tarim 
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Basin (Huang et al. 2005; Xu et al., 2005) reveals an equatorial paleolatitude of their 

sampling locality, even in the south of Australia (Figure 8c, see their Figure 7). Taking 

into account the paleomagnetic data of Chen et al. (2004), Huang et al. (2005) propose 

a scenario in which the Tarim Block would be a continental fragment rifted along 

Western Australia during the break-up of the Rodinia supercontinent at about 820-750 

Ma. This implies that the Tarim Block moved independently about 4000 km from the 

north to the south of Australia during this period.  

Several hypotheses can be invoked to explain this contradiction. (a) As suggested 

by Huang et al (2005), the Tarim Block was rather mobile during this period. It 

experienced a motion from the north to the south of Australia during 800-750 Ma and 

then rifted back from the south to the north of Australia before 600 Ma. It is rather 

difficult to understand the geodynamic mechanism responsible for this kinematic 

history. (b). The Tarim Block is probably formed by two independent tectonic units as 

suggested by geochronological study of the magmatic rocks from Central Tarim (Guo 

et al., 2005). The sampling zones of the two studies are located at about 800 

kilometres apart on each of these two tectonic units that might have experienced quite 

distinct Proterozoic histories. (c). As the paleomagnetic collection of Huang et al 

(2005) from the Beiyixi volcanic rocks was taken along a monoclinal series in a small 

area (less than 1 km2), the samples may have suffered posterior tectonic events and 

remagnetization, the paleomagnetic results may, therefore, reflect a local tectonic 

phenomenon. Furthermore, neither fold test nor reversal one has been documented in 

that study. If this is the case, Tarim was kept in connection with Australia until at least 
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600 Ma. The principal feature of these two reconstructions at ca.760Ma and ca.600Ma 

suggests that these continents have slowly shifted from north to south during this 

period and the continental mass occupied an equatorial paleolatitude at the end of the 

Neoproterozoic. According to neighbouring geographic relationship, it seems that 

Tarim was quite close to both Australia and SCB forming a wide landmass with other 

major continents, and had experienced the similar kinematics history with Australia 

and South China until the end of the Neoproterozoic. The break-up of Tarim-Australia 

probably took place after 600 Ma. Further work on different type rocks of various ages 

is needed to enlarge the database and to make more comprehensive understandings. 

 

Figure 8 

 

In summary, this paleomagnetic study yields a reliable paleomagnetic pole for the 

Neoproterozoic Sugetbrak Formation based on (1) well defined and stable magnetic 

remanent carriers; (2) the presence of both polarities; (3) positive fold test; (4) 

negligible deformation demonstrated by AMS measurements and (5) consistent 

magnetic directions shown by both sedimentary and volcanic rocks from two distant 

areas. An age of about 600 Ma is estimated for this pole by the isotopic correlation 

with the type section of South China. This pole corresponds to a paleolatitude of 27°N 

for the Tarim Block at the corresponding period. Combining these results with those of 

similar age from Australia, South China, and India, a new paleogeographic 

reconstruction at about 600Ma was built up that shows a rather low paleolatitude for 
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such a large landmass. If a so large scale freezing observed on this landmass in this 

period, this phenomenon may be global, which presents new evidence for the 

snowball Earth hypothesis. The comparison of this reconstruction with those drawn at 

about 760 Ma and 740Ma suggests at least three possibilities for the kinematic history 

of the Tarim Block in the Neoproterozoic time can be discussed. Therefore, more 

paleomagnetic data with good geochronological control are needed to better constrain 

the paleogeographic reconstructions and the kinematic history of the Tarim Block in 

Neoproterozoic time. 
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Figure and table captions 

 

 

 

Figure 1. (a). Topographic map of Aksu area and study area. (b). Stratigrsphic column 

of the Asku area. (After Gao, et al., 1985; Zhang,et al., 1999), The thickness 

is not implied. (c). Stratigraphic correlation chart of Aksu and Kuruqtagh 

areas, Tarim basin. The dash lines show discontinuity of strata. (d). 

Succession of the section in Area I showing the paleomagnetic sampling 

details as well as the bedding attitudes of the Sugetbrak Formation and its 

underlying and overlying strata. (e). Simplified geology map of Area II 

showing the paleomagnetic sampling details. Thick black line shows the 
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road, thin black lines show major faults. Z: Sinian group. Cam: Cambrian. Q: 

the Quaternary Formation. 

 

 

 

 

 

Figure 2. Magnetic mineralogical analyses. The upper row, (a), (d), (h) and (k), 

concerns IRM measurements; the middle row, (b), (e), (i) and (l), results 

from thermo magnetic experience; the lower row, (c), (f), (j) and (m), is 

representative magnetic hysterestic curves. The left two columns are 

samples from Area I, they are samples of Chigebrak Formation (left) and 

samples from the Sugetbrak Formation (right). The right two columns are 

samples of the Sugetbrak Formation from Area II, they are sedimentary 
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samples (left) and basalt samples (right). 

 

Figure 3. Typical orthogonal vector plots (Zijderveld, 1967). Directions are plotted in 

tilt-corrected bedding. Black/white circles represent vector endpoints 

projected onto the horizontal/vertical plane. Numbers on the plots indicate 

particular temperature steps. NRM: natural remanent magnetization. Left 

column concerns samples from Area I, the right from Area II. 
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Figure 4. Equal-area projection of mean-site directions in geographic and stratigraphic 

coordinates. Diamond symbols stand for the directions from Area I and 

circle symbols from Area II with larger diamond and circle for their mean 

directions, respectively. Star: global stands for the average direction of 24 

sites. Number 1, 2 and 3 show reverse, normal and their mean directions of 

Site 505, respectively.  
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Figure 5. Enkin (2003) DC fold test. (a) and (b). Progressive unfolding showing a 

significant clustering of magnetic directions after bedding corrections with 

24 sites and 20 sites; (c) and (d). DC Slope: 110.0 ± 31.94% untilting, 

showing a positive fold test with 24 sites, and 119.04±36.10% untilting, 

showing a positive fold test with 20 sites. 



 35

 

Figure 6. Results of AMS measurements. (a) Plots of anisotropy degree (P’) vs 

anisotropy shape (T) of magnetic susceptibility for Area I (circle) and Area 

II (star), respectively. (b) and (c) Equal-area projection of K1 and K3 

directions of the sedimentary sites included in area-mean direction 

calculations (see Table 2 for P’ and T definitions). 
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Figure 7. δ13C isotope line of the Sugetbrak Formation in Area I correlated to the δ13C 

line of the South China Block (Modified after He et al., 2006).  

 

Figure 8. (a) (b) and (c) Paleogeographic reconstruction maps of Antarctica, Australia, 

Tarim, South China and India at ca. 600 Ma (after Macouin et al., 2004), ca. 

760Ma (after Chen et al., 2004) and ca. 740Ma (after Huang et al., 2005) .  
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Table 1.  

Summarized paleomagnetic results of this study  

Site 
 

Lith 
 

Slong Slat n/N Polarity Dg Ig Ds 
 

Is k α95 Strike Dip Plat Plong Comment 
 

Area I 

 X17 Upper Red sandstone 80°02′08″ 41°01′03″ 8/8 N 48.2 49.1 85.2 35.9 67.3 6.8 49 40 16.4 157.6  

 X18* Upper Red sandstone 80°02′08″ 41°01′03″ 0/6  – – – – – – – –   Viscous 

 X19 Upper Red sandstone 80°02′08″ 41°01′03″ 8/8 N 40.9 47.3 74.8 39.6 95.4 5.7 46 35 25.7 161.7  

 X20 Upper Red sandstone 80°02′08″ 41°01′03″ 7/8 N 44.3 43.7 78.8 38.3 173.1 4.6 54 38 22.2 160.1  

 X21 Lower Red sandstone 80°02′28″ 41°01′12″ 5/6 N 38.9 41.4 77.2 39.7 27.3 14.9 56 42 24 160.2  

 X22 Lower Red sandstone 80°02′28″ 41°01′12″ 8/8 N 47.5 52.5 99.3 30.7 78.2 6.4 54 55 4 151.5  

 X23* Lower Red sandstone 80°02′28″ 41°01′12″ 0/6  – – – – – – – –   Dispersed 

 X24a Lower Red sandstone 80°02′28″ 41°01′12″ 5/6 N 52.6 35.9 86.9 27.0 14.7 20.6 61 52 11.6 161.1  

 524 Lower Red sandstone 80°02′05″ 41°01′06″ 6/7 N 24.3 73.1 112.7 52.3 144.1 5.6 48.5 42 6.4 131.2  

 525 Lower Red sandstone 80°02′05″ 41°01′06″ 3/7 N 12.9 39.5 56.8 50.6 52.4 17.2 48.5 42 44 163.2  

 526 Lower Red sandstone 80°02′05″ 41°01′06″ 6/7 N 43.7 50.0 84.9 37.2 573.2 2.8 48.5 42 17.2 157.1  
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Site 
 

Lith 
 

Slong Slat n/N Polarity Dg Ig Ds 
 

Is k α95 Strike Dip Plat Plong Comment 
 

 527 Lower Red sandstone 80°02′05″ 41°01′06″ 6/7 N 49.0 56.7 94.2 38.2 22.6 14.4 48.5 42 10.9 150.9  

 528 Upper Yellow 
Sandstone 80°02′05″ 41°01′06″ 3/6 N 50.2 60.4 95.0 40.6 106.6 12.0 45.5 39 11.4 149.1  

 529* Upper Yellow 
Sandstone 80°02′05″ 41°01′06″ 7/7  172.7 −44.2 224.8 −64.3 32.3 10.8 45.5 39   Permain 

 530* Upper Yellow 
Sandstone 80°02′05″ 41°01′06″ 5/6  159.6 −48.6 228.5 −69.0 74.8 8.9 37.5 41   Permian 

 531 Upper Yellow 
Sandstone 80°02′05″ 41°01′06″ 4/6 R 196.8 −59.9 263.8 −57.7 36.6 15.4 47.5 37 37.3 174.8  

 532* Upper Yellow 
Sandstone 80°02′05″ 41°01′06″ 0/7  – – – – – – – –   Dispersed 

 533* Upper Yellow 
Sandstone 80°02′05″ 41°01′06″ 7/7  161.5 −56.2 250.1 −75.8 72.4 7.1 47.5 37   Permian 

 534* Chigebrak Gray 
Limestone 80°02′17″ 41°01′01″ 0/7  – – – – – – – –   Viscous 

 535* Chigebrak Gray 
Limestone 80°02′17″ 41°01′01″ 0/7  – – – – – – – –   Viscous 

 536* Chigebrak Gray 
Limestone 80°02′17″ 41°01′01″ 0/7  – – – – – – – –   Viscous 

 537* Chigebrak Gray 
Limestone 80°02′17″ 41°01′01″ 0/7  – – – – – – – –   Viscous 
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Site 
 

Lith 
 

Slong Slat n/N Polarity Dg Ig Ds 
 

Is k α95 Strike Dip Plat Plong Comment 
 

 538* Chigebrak Gray 
Limestone 80°02′17″ 41°01′01″ 0/7  – – – – – – – –   Viscous 

 539* Chigebrak Gray 
Limestone 80°02′17″ 41°01′01″ 0/7  – – – – – – – –   Viscous 

 

 Average   12   39.9 51.5   36.6 7.3      

        86.0 41.3 37.4 7.2      

 

Area II 

 X31a Lower Red sandstone 79°27′37″ 40°52′37″ 4/6 N 42.1 71.0 126.0 49.9 15.1 24.4 64 44 −2.7 123.6  

 X32 Lower Red sandstone 79°27′50″ 40°52′13″ 5/6 N 148.0 −21.2 131.0 52.8 37.2 12.7 265 85 −3.1 118.6  

 S17 Lower Basalt 79°25′13″ 40°50′41″ 6/6 N 84.0 71.8 116.2 51.2 76.7 7.7 51 26 3.5 129.2  

 S18* Lower Basalt 79°25′13″ 40°50′41″ 5/6  206.6 38.2 197.8 10.7 31.3 13.9 78 33   Lightening 

 S20 Lower Basalt 79°25′13″ 40°50′41″ 4/7 N 28.5 67.1 93.6 72.2 62.6 11.7 72 23 31.6 118.7  

 S21 Lower Basalt 79°25′16″ 40°50′37″ 5/7 N 20.6 55.2 58.0 68.4 110.0 7.3 72 23 49.6 133.7  

 S22* Lower Red sandstone 79°29′11″ 40°55′00″ 0/7  – – – – – –     Viscous 
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Site 
 

Lith 
 

Slong Slat n/N Polarity Dg Ig Ds 
 

Is k α95 Strike Dip Plat Plong Comment 
 

 S23 Lower Red sandstone 79°29′08″ 40°54′58″ 4/6 N 98.8 10.1 101.6 22.4 60.4 11.9 152.5 16 −1 153  

 S27* Lower Red sandstone 79°25′17″ 40°56′17″ 4/6  11.3 42.3 31.1 54.5 51.8 12.9 56 21   PEF 

 S28a Lower Red sandstone 79°25′17″ 40°56′17″ 4/6 N 52.0 51.2 76.9 48.0 21.4 20.3 56 21 27.9 153.8  

 505 Lower Red sandstone 79°24′23″ 40°56′55″ 3/6 N 114.0 44.6 124.7 41.1 161.0 9.7 102.5 12    

    2/6 R 298.1 −34.5 305.5 −30.4   102.5 12    

    5/6 M 115.8 40.6 125.1 36.8 112.0 7.3 102.5 12 −10.2 130.5  

 506* Lower Red sandstone 79°24′23″ 40°56′55″ 3/6  18.4 45.5 25.6 63.9 111.0 11.8 96.5 19   PEF 

 509a Upper Red sandstone 79°27′34″ 40°53′14″ 4/6 N 95.0 55.2 62.2 48.1 18.7 21.8 273.5 26 38.8 162  

 510* Upper Red sandstone 79°27′34″ 40°53′14″ 0/6  – – – – – –     Viscous 

 511* Upper Yellow 
Sandstone 79°27′34″ 40°53′14″ 0/6  – – – – – –     Viscous 

 512* Upper Yellow 
Sandstone 79°27′34″ 40°53′14″ 4/6  347.5 42.5 343.3 31.8 107.1 8.9 228.5 12   PEF 

 513* Upper Yellow 
Sandstone 79°27′34″ 40°53′14″ 0/7  – – – – – –     Viscous 

 514* Upper Yellow 
Sandstone 79°27′34″ 40°53′14″ 6/7  164.9 −70.2 153.0 −54.3 35.9 11.3 227.5 17   Permian 

 515* Upper Yellow 79°27′34″ 40°53′14″ 5/7  143.0 −69.9 152.2 −59.8 33.8 13.4 260.5 11   Permian 
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Site 
 

Lith 
 

Slong Slat n/N Polarity Dg Ig Ds 
 

Is k α95 Strike Dip Plat Plong Comment 
 

Sandstone 

 516 Upper Yellow 
Sandstone 79°27′34″ 40°53′14″ 5/7 N 61.0 20.3 53.7 21.5 27.3 14.9 233.5 19 34.4 186  

 517 Upper Yellow 
Sandstone 79°27′34″ 40°53′14″ 5/7 N 110.3 3.0 109.3 17.0 25.6 15.4 220.5 15 −8.5 150.1  

 518* Upper Yellow 
Sandstone 79°27′34″ 40°53′14″ 0/6  – – – – – –     Dispersed 

 520 Lower Red sandstone 79°25′36″ 40°56′26″ 6/6 N 38.8 42.5 46.9 45.8 50.7 9.5 64.5 9 49.3 174.1  

 521* Lower Red sandstone 79°25′36″ 40°56′26″ 0/6  – – – – – –     Dispersed 

 

 Average   12   82.0 46.6   4.1 24.4      

        92.8 48.5 8.9 15.4      

 

Total average (Areas I and II) 

 MeanA Areas I + II  24   59.5 51.2   6.3 12.7      

        89.0 44.8 14.4 8.1   19.1 149.7 (A95 = 9.3°) 

 MeanB Areas I + II  20   59.2 50.4   5.6 15.2      
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Site 
 

Lith 
 

Slong Slat n/N Polarity Dg Ig Ds 
 

Is k α95 Strike Dip Plat Plong Comment 
 

        89.4 44.7 13.7 9.1      

Sites with * were excluded from average direction calculation of MeanA. Sites with * and a were excluded from average direction calculation of MeanB. Abbreviations: Lith, 
lithology; Slong/Slat, longitude and latitude of sampling site; n/N, number of samples used to calculate mean direction/number of demagnetized samples; N, R and M, magnetic 
normal, reversal and mixed polarities, respectively; Dg, Ig, Ds, Is, k and α95, declination and inclination in geographic and stratigraphic coordinates with statistic precision and the 
radius that mean direction lies within 95% confidence, respectively; Plat/Plong, latitude and longitude of paleomagnetic pole with A95, 95% confidence. 

 

Table 1. Summarized paleomagnetic results of this study. 

Sites with * were excluded from average direction calculation of MeanA. Sites with * and ª were excluded from average direction calculation of 

MeanB. 

Abbreviations: Lith, lithology; Slong/Slat, longitude and latitude of sampling site; n/N, number of samples used to calculate mean 

direction/number of demagnetized samples; N, R and M, magnetic normal, reversal and mixed polarities, respectively, Dg, Ig Ds, Is, k and α95, 

declination and inclination in geographic and stratigraphic coordinates with statistical precision and the radius that mean direction lies within 95% 

confidence, respectively; Plat/Plong, latitude and longitude of paleomagnetic pole with A95, 95% confidence. 
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Table 2.  

Anisotropy of magnetic susceptibility data for the sites that are include in mean direction calculations  

Site Lithology P T K1 
 

K3 

  
Dec 

 
Inc 

 
Dec Inc 

X17 Red sandstone 1.04 0.71 165.7 6.9 151.4 80.4

X19 Red sandstone 1.05 0.68 60 7.1 218.8 79.8

X20 Red sandstone 1.04 0.67 36.8 4 251.6 84.1

X21 Red sandstone 1.07 0.68 71.8 10.6 302.2 73.8

X22 Red sandstone 1.02 0.64 107.3 11.4 218.3 71.4

X24 Red sandstone 1.04 0.23 131.6 13.4 247.4 66.3

524 Red sandstone 1.02 −0.29 239 0 329 20 

525 Red sandstone 1.02 0.39 252.8 4.8 114.8 73.7

526 Red sandstone 1.01 0.09 46 12.2 237.2 75.2

527 Red sandstone 1.02 0.32 75.8 4.8 177 81 

528 Yellow 
Sandstone 1.02 0.59 221.2 12.5 208 73 

531 Yellow 
Sandstone 1.01 −0.1 74 24.5 334.5 20.5

X31 Red sandstone 1.01 0.21 138.8 20.8 280.8 34.8

X32 Red sandstone 1.05 −0.05 211.8 18.2 219.4 61 

S23 Red sandstone 1.04 0.66 113.1 5 202.3 83 

S28 Red sandstone 1.11 0.04 160.3 73.2 303 11.8

505 Red sandstone 1.09 −0.16 265.3 77 116.5 6.7 

509 Red sandstone 1.01 0.3 184.2 4.2 165.2 80.8

516 Yellow 
Sandstone 1.04 0.47 265.4 6.4 172.4 77.4

517 Yellow 
Sandstone 1.01 −0.07 193.2 5.4 198.8 60.8

520 Red sandstone 1.09 0.59 106.7 69.2 180.8 5.5 

P = exp{2[(ln K1 − lin Km)2 + (ln K2 − lin Km)2 + (lin K3 − ln Km)2]1/2}, and 
T = [2 ln(K2/K3)/ln(K1/K3)] − 1, where K1, K2 and K3 are principal axes of the magnetic fabrics and Km is 
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their average. K1: magnetic lineation; K3: pole of the magnetic foliation; Dec, Inc: declination, 
inclination, respectively, in degrees. 

 

Table 2 Anisotropy of magnetic susceptibility data for the sites that are include in 

mean direction calculations. 

P' = exp 2 (ln K1 − linKm )2 + (ln K2 − linKm)2 + (linK3 − ln Km)2[ ]1/ 2{ }, and 

T = 2ln(K2 / K3) / ln(K1 / K3)[ ]−1 , where K1, K2 and K3 are principal axes of the 

magnetic fabrics and Km is their average. K1: Magnetic lineation; K3: Pole of the 

magnetic foliation; Dec, Inc: declination, inclination, respectively, in degrees. 


