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Abstract: The Qaidam Block, located at the northern Qinghai-Tibet Plateau, is a pivotal area in
unraveling the closure time of the Kunlun Ocean basin which might have recorded the transformation
process between the Proto-Tethys and Paleo-Tethys Ocean basins. However, the late Triassic position
of the Qaidam Block remains enigmatic, largely due to the scarcity of paleomagnetic data essential
for quantitatively determining its paleolatitude. The widespread presence of the Elashan formation,
particularly along the southern periphery of the Qaidam block, presents good material for conducting
paleomagnetic work. Nevertheless, the primary magnetic carriers preserved within the Elashan
formation might be influenced by multiple tectonic thermal events, particularly those associated with
collisions between southern blocks and the Qaidam Block. Here we present rock magnetism and
magnetic fabrics studies to identify the content and composition of magnetic minerals within the
Elashan formation. The rock magnetic and petrologic results show that the magnetic carriers in the
samples from the Elashan formation are dominated by magnetite with a small amount of goethite,
pyrrhotite, and hematite. The results of Anisotropy in Magnetic Susceptibility indicate that the south
of the Longwalangku section might not be obviously influenced by the tectonic events. Our results
also provided guidance for future paleomagnetic research, emphasizing the importance of conducting
further sampling away from adjacent faults, particularly in the southern Longwalangku area.

Keywords: late Triassic; Elashan formation; rock magnetism; Anisotropy in Magnetic Susceptibility;
Qaidam block; paleomagnetism

1. Introduction

The Qaidam Block (QB) is in a pivotal position that connects the East Kunlun Orogenic
Belt (EKOB) to the south and the Qilian Orogenic Belt to the north [1-4]. EKOB, as a relic of
the Kunlun Ocean basin, was formed by the accretion of a series of continental fragments,
ophiolitic melange, and interoceanic islands from the Paleozoic to early Mesozoic, recording
a complicated transformation process from the Proto- to Paleo-Tethyan Oceans [3,5,6]. The
collision between the North Qiangtang Block (NQB) and the QB caused the destruction of
the Kunlun Ocean basin. The closure time of the Kunlun Ocean should be the middle-to-late
Permian, which was indicated by the angular unconformity between the late Permian of
the upper Gequ Formation and middle Permian of the lower Maerzheng Formation along
the Maerzheng-Bugingshan orogenic zone [7]. However, the late Triassic mafic dikes and
felsic volcanic rocks (228~218 Ma) in the EKOB were characterized with a post-collisional
setting, indicating that the Kunlun Ocean was closed before the Early-Middle Triassic
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or the Late Triassic [5,6,8-11]. These disputes hinder not only the understanding of the
closure time of the Kunlun Ocean basin but also the tectonic evolution from Proto-Tethys
to Paleo-Tethys domains.

Paleomagnetism is one of the most effective methods for paleogeographic reconstruc-
tion. The final collision between the northern and southern blocks of EKOB caused the
closure of the Kunlun Ocean basin. However, the collision time of the North Qiangtang
Block (NQB) and the QB remains enigmatic, largely due to the scarcity of paleomagnetic
data essential for quantitatively determining its paleolatitude. Reliable paleomagnetic
data from the late Permian to late Triassic published recently showed the NOB was lo-
cated at ~1.0° N during 252-247 Ma [12], ~5.4° S during ~250 Ma [13], ~5.6° N during
242-240 Ma [14], and ~37° N during 237-201 Ma (reference site: 36.8° N, 98.0° E) [13,15].
Whereas, reliable paleomagnetic results from the northern block (QB) of the Kunlun Ocean
are relatively scarce [8,15]. Recently, the paleomagnetic results from three different locations
along the southern margin of QB have revealed a similar paleolatitude (14-20° N). The au-
thor suggests the closure time of the Kunlun Ocean is the Early-Middle Triassic [8], which
is based on the 37 paleomagnetic directions. This result hardly fulfills the international
paleomagnetic data evaluation criterion [16]. More Triassic paleomagnetic data are needed.

The Elashan formation is well exposed along the south of the QB, composed of
mafic-intermediate volcanic rocks, and the age is constrained by Zircon U-Pb geochronol-
ogy (228-218 Ma; see next section), which is a good material to conduct paleomagnetic
work. However, multiple tectonic thermal events related to collisions between the blocks,
including the NQB, South Qaingtang block, and Lhasa Block, amalgamated with the
QB [3,6,13,17-20], which might have affected the primary magnetic minerals in the Elashan
formation. To identify the type of magnetic minerals that persevered in the Elashan for-
mation, the results of rock magnetism, petrology, and demagnetization were analyzed.
Moreover, the magnetic fabrics were used to analyze the influence of tectonic events.

2. Geological Setting and Sampling

The QB is located in the northern Tibetan Plateau (Figure 1a), separated from the Tarim
Block and North China Block by the Altyn Tagh fault to the west and Qilian Orogen to
the north. Most of the area of the QB is covered by thick Cenozoic successions, while the
Elashan formation is mainly exposed along the south of the Qaidam block near the EKOB.

The Elashan formation, formed in the late Triassic [5,9], consists of abundant basalt,
trachyandesite, trachyte, andesite, rhyolite, and pyroclastic rocks. In the Dulan area,
the exposure comprises mainly andesites and interbedded dacite tuff and tuff breccias
(Figure 1c, BGMRQP 1991). The age of the Dulan samples was constrained to be the
middle-to-beginning stage of the late Triassic (ranging from 243 to 235 Ma) by Zircon
U-Pb geochronology [21]. Further results revealed the later age for the Elashan formation
south of the QB. The zircon U-Pb ages of volcanic rocks of the Elashan formation in the
Dulan—Xiangride Basin are 227.9-217.9 Ma [5]. A similar result (228-218 Ma) was reported
by dating the zircon from the mafic dikes (diabase) and felsic volcanic rocks (rhyolitic tuff
and rhyolite porphyry) [9]. Moreover, late Triassic fossils (e.g., N. nathorsti Ertman, N.
carcinoides Harris, and N. carrei (Zeiller) Halle) in argillaceous slate fine sandstone were
identified from the upper part of the Elashan formation [5]. Thus, the Elashan-formation
volcanic rocks were likely formed in the late Triassic.

In this study, we collected a total of 211 oriented ignimbrites samples (15 sites) from
the Elashan Formation in the Dulan area (37.25° N, 96.59° E; Figure 1c). Nine sites were
collected as hand specimens along the section south of the Longwalangku area. The
other six sites were collected by a portable gasoline-powered drill and oriented by a
magnetic and solar compass (Figure 1c). The discrepancy in declination between these two
orienting techniques is insignificant, implying that any local magnetic disturbance can be
considered negligible. In this study, a total of 211 ignimbrite samples were measured for
the anisotropy of magnetic susceptibility (AMS) and are representative samples for rock
magnetism experiments.
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Figure 1. (a) Tectonic outline of the China mainland (modified from [22,23]). And showing the
location of Figure 1b in the red square. (b) Regional geological map showing the location of the
Qaidam Block and surrounding blocks, major faults, and Central China Orogenic Belt (modified
from [24]). (c) A simplified partial geologic map of the Dulan area (modified from [25]) which shows
the locations of the paleomagnetic samples.

3. Laboratory Techniques
3.1. Rock Magnetism

We conducted the rock magnetic experiments in the Paleomagnetic Laboratory of
Northwest University (Xi’an, China). The representative volcanic rock samples were
selected for saturation isothermal remanent magnetization (IRM) and reverse field demag-
netization experiments, the thermal demagnetization of 3-axis IRM, and k-T experiments.
The instruments for IRM and reverse field demagnetization are the ASC IM-10-30 pulse
magnetizer and JR-6A magnetometer. A DC field was applied on the sample stepwise in-
creasing until 2.7 T. According to the saturation state of IRM under different external fields,
the main types of magnetic minerals in the sample can be determined. The Cumulative
log-Gaussian (CLG) curve model was also simulated in this IRM [26]. According to the
characteristic that magnetic minerals with different coercivity have different unblocking
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temperatures, we carried out the 3-axis IRM (the experimental equipment used in this
experiment are the ASC IM-10-30 pulse magnetometer, TD-48 thermal demagnetization
furnace, and JR-6A magnetometer) to obtain the thermal demagnetization curve of the
3-axis IRM. k-T experiments were conducted in the air using an MFK1 susceptibility meter
and its C5-4 temperature control system.

3.2. Magnetic Fabric

Magnetic fabric is represented by the maximum (K1), the middle (K2), and the mini-
mum (K3) axes of the magnetic susceptibility ellipsoid. The main susceptibility axes are
determined by many important magnitude parameters, including the average magnetic
susceptibility (Km) [27], anisotropy degree (Pj) [28], shape factor (T) [29], magnetic foli-
ation (F) [30], and magnetic lineation (L) [31]. The magnetic fabric was measured at the
State Key Laboratory of Continental Dynamics, Northwest University (Xi’an, China). All
samples underwent an anisotropy of magnetic susceptibility (AMS) measurement using
an MFK1-FB Kappabridge susceptibility meter (Test field strength 300 A*m~!, detection
limit 2 x 1078 SI, test accuracy 1%) from Advanced Geoscience Instruments Company
(AGICO), Czech Republic, at room temperature (operating frequency 975 Hz). The results
were analyzed in Anisoft version 6 software.

3.3. SEM and EDS

To further illustrate the textural relationships and diagenetic conditions of the magnetic
minerals, the SEM (scanning electron microscope) with EDS (Energy Dispersive Spec) was
utilized to directly observe and analyze the polished thin sections of the representative
samples at the State Key Laboratory of Continental Dynamics, Northwest University.

3.4. Demagnetization

Thermal demagnetization experiments were carried out in a magnetically shielded
laboratory at the Paleomagnetic Laboratory of Northwest University (Xi’an, China). The
thermal demagnetization experiment was performed using the TD-48 thermal demagnetiza-
tion furnace. And the magnetic remanence was measured by the 2G-755 superconducting
magnetometer. The demagnetized directions were displayed by vector analysis in the
orthogonal vector diagrams [32].

4. Results
4.1. IRM

The IRM acquisition curves of the Elashan formation are shown in Figures 2 and 3.
The remanent magnetization of five samples grows steadily before 0.15 T and reaches
saturation before 2.5 T. According to the results, our samples could be divided into two
types: Type A (22DL07, 22DL08, and 22DL09; Figure 2) reached 90% saturation faster and
can be modeled by two coercivity components; Type B (22DL05 and 22DL06; Figure 3)
reached 90% saturation relatively slowly and has three components. According to the
coercivity spectrum, the results of the lower coercivity component (component 1; <80 mT),
the intermediate coercivity component (component 2; <300~500 mT), and the high coercivity
component (Component 3; >1000 mT) were obtained to analyze the information of carrying
magnetic minerals. Component 1 contributes up to ~85% of the whole SIRM in Type B and
~95% in Type A. Component 2 is only obtained by analyzing Type B, which contributes
up to ~8%. Each sample contains a small amount of the high coercivity magnetic carriers.
Therefore, we infer that the low coercivity components predominate in the samples from
the south of the Longwalangku area.
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Figure 2. The IRM for the representative samples on Type A from the Elashan Formation. Acquisition
curves of IRM and back-field demagnetization curves of IRM (a,d,g); LAP curves (b,e,h) and GAP
curves (¢ f,i) from Cumulative Log Gaussian analysis.
1.0 1.2
1.0 @) b) i (©)  50.1mT(83%) GAP
s = Comp1 - 1 o Rawdata
Comp2 .04 B Comp 1
E 0.8+ E 0.8 _Svmﬁgc . Comiz
Sum of Comy - Comp 3
E 0.6 - E 0.6 5 0.8 s Sum of Comp.
N = S
= = S0.6 E
0.4 £o.
5 § 0.4 CH
=) 0.4
0.2 5
z 22DL05 z i e
0.0 l IRM,,,,=0.25A/m . 02 o 4 ’
-0.2 : : : : : 0.0 ‘ el 0.0 - S
00 05 10 15 20 25 1.0 1,5 20 25 3.0 0 1§, 20 253 3.0
Flied(T) 10 Log applied field (mT) 12 Log applied field (mT)
1.0 (@) ) _tar “® 45.7mT(86% GAP
=t E SR Lo ] o v dan
%o Eos S : oy
5 = e Sum of Comp. E Comp 3
2 0.6 = 0.6 2 0.8 e Sum of Comp.
=i = B g
= = £
0.4 E 0.6
§ Ch 7 0.4
z 024 z : o
22DL06 o0 o
0.0 IRM,,,,=0.99A/m 0.2 o0 I
—— 512.9mT(9%) > L
-0.2 . . . . ‘ 0.0 ‘ —_— 0.0 —
00 05 10 15 20 25 1.0 15 20 25 30 1.0 1.5 2.0 25 3.0
Flied(T) Log applied field (mT) Log applied field (mT)

Figure 3. The IRM for the representative samples on Type B from the Elashan Formation. Acquisition
curves of IRM and back-field demagnetization curves of IRM (a,d); LAP curves (b,e) and GAP curves
(c,f) from Cumulative Log Gaussian analysis.
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4.2. Thermal Demagnetization of Three-Axis IRM

The three-axis IRM curves of the Elashan formation show that the soft components
have a predominant role in the magnetic minerals and are unblocked at ~560-580 °C
(Figure 4). The hard and medium components have a similar contribution in the 22DL05
and 22DL06. The hard component curve of 22DL05 has decreased abruptly below 120 °C,
which suggests that there may be a small amount of goethite [33]. The hard component
curves of 22DL05 and 22DL06 gradually decreased and reached zero at 680 °C, which
suggests that there may be a small amount of hematite. The samples 22DL07 and 22DL08
might have some iron-sulfides (e.g., pyrrhotite, melnikovite) because of the slight decrease
of the medium component at the range of 300-330 °C. In the hard and medium component
curves of 22DL09, they completely unblocked at ~610 °C, which indicated that a small
amount of maghemite existed in the samples. Hence, we inferred that the magnetic minerals
in the samples were composed of magnetite, goethite, maghemite, pyrrhotite, and hematite.
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Figure 4. Thermal demagnetization of the IRM in three orthogonal axes for the representative samples
from Elashan formation.

4.3. k-T

The k-T curves we obtained (Figure 5) from the representative samples mainly in-
cluded three types: (1) The heating and cooling curves were basically reversible, indicating
that there may be less mineral phase transformation during the experimental process.
Magnetic susceptibility significantly decreased in the initial heating process, which may
be caused by goethite or paramagnetic minerals unblocked. There was an increase before
420 °C and a rapid decrease after ~580 °C, and the heating curves finally decreased to
zero until 680 °C. (2) The cooling curves are clearly higher than the heating curves below
~530 °C in the 22DL06, indicating the thermal alteration of other Fe-bearing minerals to a
new magnetite phase during heating. An increased phase in the heating curves of 22DL06
occurred between 240 and 300 °C. This may be due to the dehydration of lepidocrocite
(y-FeO(OH), homogeneous and polymorphic with goethite) and its transformation into
maghemite [34,35]. In addition, the heating curves of 22DL06 have a slight increase at 400
and 500 °C. The transformation from clay minerals or iron sulfides into magnetite might
cause susceptibility to increase during the temperature increase [36,37]. (3) There is a dis-
tance between the cooling curve and heating curve before 550 °C in the 22DL09, indicating
that new minerals with higher susceptibility were generated during the heating process.
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from Elashan formation.

4.4. Magnetic Fabric

The Flinn diagram is the initial expression of the magnetic susceptibility ellipsoid [38].
Most of the sampling points fall in the right area of the line (F = L) in the Flinn diagram,
which shows that the magnetic susceptibility ellipsoid is a flattened situation (Figure 6a),
and the development of magnetic foliation is stronger than magnetic lineation. Similarly,
the majority of sample shape factors (T) are greater than 0, which also indicates a flattened
magnetic susceptibility ellipsoid. The value of the anisotropy degree (Pj > 1) shows that the
result in this study is consistent with the characteristic of the undeformed clastic rocks [39]
(Figure 6b). The anisotropy degree is positively correlated with magnetic foliation, not
with magnetic lineation (Figure 6¢,d), which indicates that the anisotropy degree was
controlled by the magnetic foliation. The average magnetic susceptibility (Km) is affected
by magnetic minerals, which reflects the comprehensive characteristics of the magnetic
susceptibility for magnetic minerals [29]. The average magnetic susceptibility (Km) also
can reflect the type of magnetic minerals. The Km of Elashan formation samples is low
with an average value of 238.5x10~° SI. Therefore, the paramagnetic minerals also exist in
our samples. The intrusion mode of volcanic rocks can be distinguished by the parameter
f (f =K1//K2K3)) [40,41]. Almost all samples indicated the characteristic effusive rock
(f <1.04).
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between the L and Pj; (e): the relationship between the F and Ej3; (f): the relationship between the F
and Eps; (in (a,b), the red points represented Oblate and the blue points represent Prolate).

4.5. SEM and EDS Analyses

According to the SEM image observation with EDS analysis, iron oxides could be
found in the samples from the south of the Longwalangku section (Figure 7). The size of
iron oxides is ranged from 13 to 130 um. Most of them are exhibiting euhedral to irregular
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shapes (Figure 7). However, it was found that some iron sulfide adhered to iron oxide
minerals (EDS Spot 1, Figure 7). Combined with the results of rock magnetism in the
previous sections, a slight decrease in the medium component of the 3-axis IRM curves
from samples 22DL07 and 22DL08 is observed in the temperature range of 300-330 °C. As
a preliminary inference, we suggest that the iron oxide and iron sulfide minerals may be
magnetite and pyrrhotite. The boundary of the iron oxide minerals and matrix is distinct.
The phenomenon of oxidized edges is not observed among the numerous results of SEM,
and cracks also do not widely exist. Therefore, the samples are less affected by thermal
erosion and tectonic activity.
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Figure 7. Scanning electron microscope (SEM) images and the results of the energy dispersive
spectroscopy (EDS) analyses of the samples from the Dulan area.

4.6. Demagnetization

The information of magnetic carriers in the samples could be displayed by the zi-
jderveld diagrams and the intensity of the demagnetization behaviors curves. Fifty-five
paleomagnetic core specimens from six sites were demagnetized to obtain the directions
and normalized intensity behaviors curves. The demagnetization of the south of the
Longwalangku area was characterized by two components, including a high-temperature
component (HTC) and a low-temperature component (LTC) (Figure 8). The LTC was
removed by approximately 400 °C and the HTC was isolated between 450 and 580 °C
(Figure 8). After tilt correction, the HTCs were concentrated in a similar direction.

In normalized intensity behaviors curves, the remanent intensity showed a relatively
stable trend of rise, which means that two different components existed. The stable rise of
the remanent intensity is consistent with the results of the zijderveld diagrams. However,
several lines decrease during the NRM to 150 °C, which might be caused by the unblocking
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of goethite. The curves rapidly approached the original point after 500 °C and reached it at
~580 °C in the zijderveld diagrams. Meanwhile, the intensity decreased quickly and almost
decayed to near zero at ~580 °C, which indicates the existence of magnetite. However, other
magnetic minerals could not be identified from the zijderveld diagrams and the normalized
intensity of the demagnetization behaviors curves.

(a) 500 N, UP o (b) a5 N,UP o (C) 55 N, UP "

23DL0207
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= \ NRM
/Lot ¥\
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e

@ Horizontal
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—
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Temperature (°C)
Figure 8. (a-g) Representative thermal demagnetization results. All results are shown in geographic
coordinates. In the orthogonal vector plots, filled (open) circles depict the horizontal (vertical)
component; in the stereonet insets, filled (open) circles depict projections on the lower (upper)
hemisphere. The red/blue lines in orthogonal vector plots were used for fitting the high/low-
temperature components. (h) The normalized magnetic moment versus temperature of samples from
Elashan Formation.

5. Discussion

The formation of Elashan volcanic rocks might be attributed to the magmatic activity
generated by the collision of southern plates from the QB, which caused the destruc-
tion of the Kunlun Ocean basin [2,3,42]. Multiple tectonic thermal events particularly
associated with collisions involving the southern blocks of the Qaidam Block have been
identified [3,6,13,17-20]. For instance, the granites (late Permian to Triassic) are widely
exposed in the Dulan area, the southern part of the QB, according to the regional geological
investigation [25], hinting that tectonic thermal events might be affected by the magnetic
remanence signals carried by the magnetic minerals near the Dulan area. The magnetic
fabrics in volcanic rocks primarily originate during lava eruption, which could be over-
printed by tectonic events [43]. Therefore, ascertaining the magnetic mineral assemblages of
samples and the influence of tectonic events by analyzing magnetic fabrics from the Elashan
Formation is fundamental for obtaining a reliable interpretation of remanent magnetization.

5.1. The Magnetic Mineral Assemblage

The results of the IRM curves and CLG model analysis revealed that the magnetic
minerals in the Elashan formation are predominated by low coercivity minerals, while the
medium and high coercivity of magnetic minerals are also present in the samples. Moreover,
the soft components, as a primary role, unblocked at ~560-580 °C, exhibited by the three-
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axis IRM curves. Additionally, the heating curves decayed to zero at approximately 580 °C
in the k-T curves. Furthermore, the demagnetization behaviors revealed that the HTC of
55 samples gradually decayed towards the origin within a temperature interval ranging
from 500 to 580 °C. Hence, magnetite is a predominant magnetic mineral in samples from
the south of the Longwalangku section. In the initial heating process, a notable decrease in
the magnetic susceptibility of the k-T curves was observed, likely attributed to the goethite
or paramagnetic minerals unblocked within that temperature range. Moreover, in the
22DL05 sample, the hard component curve experienced an abrupt decrease below 120 °C,
and an obvious decline in the normalized intensity during the NRM to 150 °C was observed;
all these signals hint at the potential existence of a minor quantity of goethite. Regarding
pyrrhotite, the results of EDS indicate the presence of iron sulfide minerals within the
samples. Additionally, a slight decrease in the medium component of the three-axis IRM
curves was observed at the temperature range of 300-330 °C from the samples 22DL07 and
22DL08, suggesting the existence of pyrrhotite.

According to the analysis of the demagnetization, rock magnetic, and petrologic results,
we inferred that the magnetic minerals in the volcanic rocks of the Elashan formation are as
follows: (1) Magnetite, as the main magnetic carriers, carried the stable high-temperature
component. (2) Other magnetic minerals with a lower content in the samples cannot be
ignored (goethite, pyrrhotite, and hematite).

5.2. Analysis of Magnetic Fabrics

Two methods have been proposed to discern the primary fabric or secondary fabric:
(1) The lower value of the anisotropy degree (Pj < 1.2) is indicative of a primary mag-
netic fabric [39,44,45]. (2) An examination of microstructures to rule out the presence
of fracturing, crystal plasticity, and recrystallization phenomena [46]. In this study, the
site-mean values of Pj from the Elashan formation exhibited slight variation, ranging from
1.0095 to 1.0282 (Table 1). Additionally, the anisotropy degree (Pj) displayed no discernible
correlation with the average magnetic susceptibility (Km) (Figure 9a). Moreover, the spec-
imens consist of rhyolite or dacite rock fragments fused with tuff by the observation of
thin sections. The deformation characteristics, such as fracturing, crystal plasticity, or
recrystallization resulting from post-magmatic transformation, were not observed in these
samples (Figure 9b). In paleogeographic coordinates, the points of K1, K2, and K3 have an
unobvious concentration phenomenon in the stereonet plots (Figure 10a). Therefore, we
propose that this section was not significantly affected by multiple tectonic thermal events.

Table 1. Magnetic parameters of sites-mean from the Elashan formation after correction for bed-
ding orientation.

Kmean

Sites (10-6ST) K1/Dec K1/Inc K2/Dec K2/Inc K3/Dec K3/Inc L F Pj f
22DL01 185.44 136.30 29.58 190.51 27.08 181.38 41.32 1.0064 1.0122 1.0193 1.0125
22DL02 180.82 208.23 24.01 159.86 22.46 159.85 49.03 1.0068 1.0143 1.0221 1.0139
22DL03 165.91 206.85 29.46 190.43 20.23 155.42 47.65 1.0063 1.0118 1.0186 1.0122
22DL04 203.04 232.53 48.98 222.29 21.30 79.46 29.08 1.0082 1.0186 1.0282 1.0173
22DL05 179.02 206.08 24.40 99.15 20.68 216.45 52.10 1.0073 1.0110 1.0188 1.0128
22DL06 120.78 215.92 21.81 188.85 19.05 157.85 54.78 1.0063 1.0150 1.0225 1.0136
22DL07 165.36 165.89 26.60 238.42 29.02 164.23 39.68 1.0123 1.0100 1.0231 1.0173
22DL08 180.65 169.43 29.59 224.32 30.26 99.78 39.87 1.0042 1.0086 1.0134 1.0085
22DL09 164.97 196.37 42.00 204.65 23.84 109.81 34.68 1.0070 1.0083 1.0156 1.0111
23DL01 184.89 230.42 47.60 145.08 21.96 218.97 28.83 1.0044 1.0061 1.0106 1.0074
23DL02 172.34 223.28 20.32 126.93 23.65 176.57 52.83 1.0055 1.0059 1.0116 1.0085
23DL03 186.97 178.68 51.12 102.29 15.47 212.67 30.11 1.0050 1.0063 1.0115 1.0082
23DL04 181.54 179.45 41.54 231.26 29.95 192.92 28.93 1.0055 1.0064 1.0122 1.0088
22DL05 222.03 242.24 34.57 154.97 26.15 178.15 34.88 1.0046 1.0061 1.011 1.0077
22DL06 134.98 186.19 33.74 246.81 23.58 79.57 42.45 1.0035 1.0059 1.0095 1.0064
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Figure 9. (a) The relationship between the Pj and Kmean. (b) Microscopic images of representative
samples from Elashan formation. Qtz = quartz; PI = plagioclase.
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Figure 10. (a): Characteristic of magnetic fabric for the south of Longwalangku section; (b) K1 (red),
(c) K2 (green), and (d) K3 (blue) for all specimens of Elashan formation in the Dulan area.

The relationship between the directions of primary magma flows and the results of
the Anisotropy of Magnetic Susceptibility (AMS) analysis, specifically K1 and K3, has been
documented in several studies [44,47-51]. For instance, AMS measurements conducted
in the Deccan volcanic province from Western India suggest that the studied dykes pre-
dominantly exhibit a sub-vertical-to-inclined flow, with occasional sub-horizontal or lateral
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flow patterns [52]. Although a clear fluxion texture and distinct plagioclase were observed
in our samples (Figure 9b), the ignimbrite may not accurately record the advantageous
direction by analyzing the AMS results in the southern Longwalangku area. The influence
of the magma viscosity, flow velocity, and end turbulence of lavas might be affected by the
direction of K1. Therefore, the reliable magma flow direction of this section could not be
reconstructed well.

The mean directions of K1 and K3 are 300.0°£11.7° and 67.1° £71.0°, respectively. The
inclination of K1 shows a proximity towards being horizontal-to-sub-horizontal, and the
inclination of K3 approaches 90° (Table 1). According to the characteristics of the magnetic
fabric from the south of the Longwalangku section in the paleogeographic coordinates, the
direction of the K3 was close to the intermediate and the K1 was near the horizontal-to-sub-
horizontal [41,53] (Figure 10a). As mentioned above, the AMS results of volcanic rocks from
the south of the Longwalangku section indicated that the Pj of the majority of samples are
low (<1.15) and the development of magnetic foliation is stronger than magnetic lineation.
Therefore, we inferred that the primitive magma flow may be in a flat state.

In the southern part of our sampling area, a normal fault crosses the Elashan Formation,
suggesting that this fault formed in the post-late Triassic [25]; this fault may have formed
after the Elashan Formation. By comparing the mean Pj of Section 1 (22DL01-22DL05) with
Section 2 (22DL06-22DL09, 23DL01-23DL06), we can see that Section 1 (~1.021) is slightly
higher than Section 2 (~1.015). To avoid the impact of this fault on the demagnetization
data, we suggest that future paleomagnetic work should choose the sites in the northeast,
as far away from this fault as possible.

6. Conclusions

In this study, we conducted a series of experiments, including rock magnetism, petrol-
ogy, and AMS, on the volcanic rocks from the Upper Triassic Elashan Formation to analyze
the composition of the magnetic minerals and magnetic fabric. The rock magnetism and
EDS show that magnetite is the main magnetic mineral carrier, with a small amount of
goethite, pyrrhotite and hematite. Oxidized edges are not obviously observed based on
the SEM images. The magnetic fabric showed the characteristics of the primary fabric.
According to the distribution of Anisotropy in Magnetic Susceptibility, the formation of
a normal fault, near the sampling section, may have formed later than the Late Triassic,
and future paleomagnetic work should choose the sites in the northeast, as far away from
the adjacent fault area, in the south of the Longwalangku area, as possible. Therefore, we
suggested that the section in the Dulan area is suitable for further paleomagnetic work.
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