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Abstract

We investigate the magnetic fabrics of Impact melt breccia at the Dhala impact structure to understand its emplacement

mechanism. Our results show that the pseudo-single domains of Ti-poor magnetite and Ti-hematite are the prime magnetic

carriers in the impact melt breccia. The magnetic fabrics from most sites reveal a general westward flow of impact melt breccia

(IMB), with magnetic lineations of individual specimens trending between NW and SW. This indicates the emplacement of

IMB in a semi-molten state with temperatures below c. 1500°C, which is the melting point of Ti-magnetite. Occurrence of

poorly sorted clasts implies that IMB was emplaced as surficial flow rather than aerial. The variation in the dips of magnetic

fabrics among individual specimens from a site resembles a pyroclastic flow rather than a ground-hugging volatile- and melt-rich

flow. We, therefore, suggest that the IMB at Dhala was ballistically ejected and then moved in a semi-molten state as surficial

pyroclastic-like flow with temperatures below c. 1500°C. Most flow vectors aligned between NW-SW, may represent a dominant

westward excavation flow of the IMB (rather than radially outward flow), which may be activated by an east-to-west directed

impactor striking at an impact angle below 50°.
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Abstract
We investigate the magnetic fabrics of Impact melt breccia at the Dhala impact
structure to understand its emplacement mechanism. Our results show that
the pseudo-single domains of Ti-poor magnetite and Ti-hematite are the prime
magnetic carriers in the impact melt breccia. The magnetic fabrics from most
sites reveal a general westward flow of impact melt breccia (IMB), with magnetic
lineations of individual specimens trending between NW and SW. This indicates
the emplacement of IMB in a semi-molten state with temperatures below c.
1500°C, which is the melting point of Ti-magnetite. Occurrence of poorly sorted
clasts implies that IMB was emplaced as surficial flow rather than aerial. The
variation in the dips of magnetic fabrics among individual specimens from a
site resembles a pyroclastic flow rather than a ground-hugging volatile- and
melt-rich flow. We, therefore, suggest that the IMB at Dhala was ballistically
ejected and then moved in a semi-molten state as surficial pyroclastic-like flow
with temperatures below c. 1500°C. Most flow vectors aligned between NW-SW,
may represent a dominant westward excavation flow of the IMB (rather than
radially outward flow), which may be activated by an east-to-west directed
impactor striking at an impact angle below 50°.

Key Points:

The general westward trend of magnetic lineations indicates that the IMB flowed
towards the west.

IMB moved in a semi-molten state as surficial pyroclastic-like flow with temper-
atures below c. 1500°C.

The westward excavation flow of the IMB may be activated by an east-to-west
directed impactor striking at an impact angle below 50°.

Plain Language Summary

The study of impact melts concerning their composition, distribution, emplace-
ment, etc., is very common in extra-terrestrial craters. However, on Earth,
impact melts are not well preserved because of weathering and erosion and are
poorly understood. Here, we investigate the magnetic fabrics of IMB at the
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Dhala impact structure to understand its emplacement mechanism. The rock
magnetic studies reveal a general westward flow of IMB having Ti-poor mag-
netite and Ti-hematite as the primary magnetic carriers. This implies that the
IMB was in a semi-molten state during the emplacement having temperatures
below c. 1500°C (melting point of Ti-magnetite). The presence of poorly sorted
clasts suggests that IMB was emplaced as surficial flow rather than aerial, and
the variation in the dips of magnetic fabrics among individual specimens from
a site resembles a pyroclastic-like flow. Therefore, we suggest that the IMB at
Dhala was ballistically ejected and then moved in a semi-molten state as sur-
ficial pyroclastic-like flow with temperatures below c. 1500°C. The dominant
westward excavation flow of the IMB was possibly initiated by an east-to-west
directed impactor striking at an impact angle less than 50°.

Keywords: Impact melt Breccia, Dhala Impact Structure, Magnetic fabrics,
Flow direction, Pyroclastic flow, Impact direction.

Introduction
Meteoritic impact events associated with crystalline or mixed crystalline crust in
the basement produce impact melt (Osinski, 2004). The kinetic energy transfer
from bolide into the target rock causes brecciation and decompression melt-
ing of the target rock (Dressler and Reimold, 2001; Sugandhi and Agarwal,
2022). Most impact melts are found in and around impact structures as crater-
fill deposits, sheet-like bodies, smaller isolated patches, veins, dykes, and melt
fragments in allochthonous breccias (Dressler and Reimold, 2001; French, 1998;
Osinski, 2004).

Investigations of terrestrial and extra-terrestrial impact melt have proven to be
critical in understanding impact cratering related processes such as direction of
impact, age of the crater, weathering intensity, geochemical identification of the
impactor, subsurface mineralogy, etc. (e.g., Barlow, 2010; Mader and Osinski,
2018; Osinski, 2004; Osinski et al., 2011; Pierrazzo and Melosh, 2000; Siegert
et al., 2017; Stöffler et al., 2004; Stopar et al., 2014). Furthermore, impact
melts injected into the crater subsurface act as a heat source for hydrothermal
systems (e.g., Osinski et al., 2020, 2013). These systems may remain active for
thousands of years after the impact event and may act as a cradle for new life
and develop economically viable ore deposits (e.g., Grieve, 2005; Kring, 2000;
Osinski et al., 2020, 2013; Reimold et al., 2005). Although the impact melts
are very common at extra-terrestrial craters, on terrestrial craters, the impact
melts are often completely erased by erosion.

The Dhala impact structure (Fig. 1) was formed during Paleoproterozoic times
in the Archean crystalline basement of the Bundelkhand Craton (Pati et al.,
2010, 2008). Within the Dhala impact crater, there are seven outcrops of IMB.
Over the past fifteen years, the shock deformation structures, lithology, radio-
metric dating, petrology, and geochemistry have been well defined (e.g., Agarwal
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et al., 2020; Pati et al., 2019, 2017, 2015, 2010, 2008; Singh et al., 2021a, 2021b).
However, the emplacement setting of the IMB, such as its flow direction, aerial
vs. surface flow, lamellar (melt and volatile-rich) or turbulent flow (like pyro-
clastic), and its solid or fluid state during emplacement, is not well established.
Although Singh et al. (2021a) investigated the flow directions in IMB, they did
not find any consistent trend. To determine the emplacement setting of the
IMB, the present study investigated magnetic fabrics and compared them with
mesoscopic flow indicators.
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Figure 1: Geological map of the Dhala impact structure (after Pati et al., 2008)
presenting major lithologies, impact melt breccia outcrops, and sample locations.
Stereonets demonstrate the principal susceptibility axes (K1, K2, K3) distribu-
tion with their corresponding means (open symbols) and confidence ellipses from
individual sites. The inferred flow direction is marked by black arrow. Inset:
Overall flow direction (black arrow) inferred from cumulative distribution of K1
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of all sites.

Magnetic fabrics studies are a very well-established technique to determine the
flow direction in volcanic and fluvial deposits (e.g., Alva-Valdivia et al., 2017;
Cañón-Tapia et al., 1997, 1996, 1995; Guimarães et al., 2018; Liu et al., 2001;
Papanna et al., 2014; Tarling, D.H., and Hrouda, 1993). This is because the
magnetic carriers align themselves along the flow direction due to the viscous
drag, rendering a preferred orientation of the magnetic fabrics (e.g., Cañón-
Tapia and Mendoza-Borunda, 2014; Tarling and Hrouda, 1993). Most studies
have shown that mean K1 is parallel with the flow directions (e.g., Cañón-Tapia
and Castro, 2004; Cañón-Tapia et al., 1996, 1995; Guimarães et al., 2018); and
relatively lesser number of studies have shown the parallelism of either mean K2
(e.g., Ellwood, 1978; Khan, 1962); or mean K3 with the flow direction (e.g., Alva-
Valdivia et al., 2017; Gil-Imaz et al., 2006). In each of these cases, the alignment
of different principal magnetic susceptibility axes with the flow direction is owed
to the mineralogy and the domain size of the magnetic carriers. Thus, before in-
terpreting the flow directions in an area, it is crucial to characterize the magnetic
mineralogy and domain size, and to compare the orientation of the susceptibility
axes with the geological flow indicators like elliptical vesicles, alignment of the
lithic clasts, etc., wherever available (Agarwal et al., 2016; Cañón-Tapia and
Castro, 2004; Cañón-Tapia et al., 1995; MacDonald and Palmer, 1990).

In the present study, we investigate the flow directions of IMB at all six outcrops.
Larger outcrops have more than one sampling site to average out local variations,
such that we have a total of 11 sampling sites (Fig. 1, Table 1). We combined
magnetic fabric results from these 11 sites and the mesoscopic flow indicators
from 5 sites (10 specimens) to infer the flow direction and emplacement of the
impact melt breccia.

Table 1: Summary of rock magnetic results. N- number of cores. Km- mean
bulk susceptibility, P’- corrected degree of magnetic anisotropy, and T- shape
factor of AMS ellipsoid. Int- intensity, D°- declination, I°- inclination, and
Conf°- confidence angles of the maximum (K1) and minimum (K3) principal
susceptibility axes. See supplementary table 1 for individual specimens.

Outcrop Site N Km (10-3 SI) P’ T K1 K3

Int. D° I° Conf° Int. D° I° Conf°
IM1 Site 1 10 0.692 1.020 0.705 1.005 254.2 4.5 51.7/7.0 0.991 105.2 84.7 25.1/5.2

Site 2 7 0.602 1.015 0.398 1.006 325.2 54.5 18.6/6.4 0.992 142.5 35.3 9.9/6.4
Site 3 3 0.689 1.012 -0.462 1.007 305.3 33.3 9.1/0.0 0.995 120.4 56.6 12.4/1.0

IM2 Site7 4 0.682 1.020 0.392 1.006 315.2 53.2 59.9/1.4 0.989 165.5 32.8 7.8/1.4
Site 8 5 0.805 1.014 0.139 1.005 309.4 26.8 22.7/6.4 0.995 143.1 62.5 45.8/11.7

IM3 Site 10 4 0.938 1.020 0.591 1.007 257.1 13.5 15.8/5.1 0.990 149.5 51.5 18.7/5.3
Site11 5 1.085 1.020 -0.081 1.010 298.2 45.3 6.7/4.0 0.991 147.8 40.8 13.1/2.3
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Outcrop Site N Km (10-3 SI) P’ T K1 K3

IM4 Site 14 5 0.889 1.015 0.317 1.005 217.1 19.4 21.3/5.4 0.995 125.4 4.8 35.1/6.3

IM5 Site 15 4 1.724 1.006 0.023 1.002 265.8 35.6 31.3/3.7 0.998 25.1 34.4 34.4/7.1

IM6 Site 18.1 9 1.862 1.015 0.088 1.006 249.7 4.3 13.6/9.6 0.993 342.9 37.3 12.8/6.2
Site 18.2 5 1.403 1.005 -0.060 1.001 128.9 68.3 21.6/9.7 0.997 344.8 17.9 24.1/8.8

Geological setting
The Paleoproterozoic Dhala impact structure (c. 2.5 to 1.7 Ga old) is located in
the Shivpuri district of Madhya Pradesh, India (N25°17’59.7” and E78°08’3.1”).
It was identified as an eroded remnant of the impact crater based on a variety
of shock deformation features (Pati et al., 2008). It is the largest and oldest
impact structure currently known in the Indian subcontinent, covering 64 km2

area and 11 km in diameter (Pati et al., 2017, 2008). The topography of the
area is gradually undulating, with a prominent, flat-topped central elevated
area in the central part (Fig. 1). The crystalline basement of the Bundelkhand
craton formed the target lithology and is mainly composed of granitoids (2563
+ 6 Ma age) with a 12.36 m thick suevite horizon (Pati et al., 2019). It is
overlain by IMB comprising clasts of quartz, feldspar, zircon, and some opaque
mineral together with larger fragments of partially to completely melted target
granitoid (Pati et al., 2019; Singh et al., 2021a). The clasts are embedded in
a fine-grained matrix of mainly quartz and feldspar. The IMB shows signs of
post-impact hydrothermal alteration like sericitization, chloritization, etc. (Pati
et al., 2017, 2010). A 1.8 m thick layer of suevite occurs above the IMB.

The suevite is unconformably overlain by sediments of the Dhala Formation,
which is equivalent to the Semri Group of the Vindhyan Supergroup (Pati et
al., 2019). It comprises interbanded arkosic sandstone, grit, siltstone, shales,
and conglomerate pockets, with synsedimentary deformation structures (Reddy
et al., 2015). The depositional age of the Dhala Formation is c. 1.7 Ga (Ray
et al., 2003; Sarangi et al., 2004), which indicates the impact event occurred
between 1.7-2.5 Ga (Pati et al., 2010). The rocks of the Dhala Formation are
unconformably overlain by Kaimur sandstone (Sumen sandstone) belonging to
the Kaimur Group of the Vindhyan Supergroup. It is partially covered by
lateritized conglomerate.

The Dhala impact structure contains monomict lithic breccia that covers about
45 km2 in the outermost annular zone of the structure. Along the inner margin
of this monomict lithic breccia unit, patchy outcrops of IMB (�2.4 km3) occur
over a distance of about 6 km in a semi-circular pattern between the villages of
Maniar and Pagra (Pati et al., 2015, 2008).
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Methodology
To analyze the microscopic and magnetic properties of the IMB, we obtained
46 oriented cylindrical drill cores (1’ ’ in diameter and 4-5’ ’ long) from 11 rock
magnetic sites using a portable hand drill. To assess the local variations in the
flow directions within each outcrop, large IMB outcrops were divided into two to
three rock magnetic sites (Table 1). The location of the IMB was selected from
the earlier reports (e.g., Pati et al., 2019, 2017, 2008), and all the drill cores
were collected from the rocks where the melt was free from the large clasts. We
avoided fractured and weathered outcrops. The cylinders were oriented using a
magnetic compass before being removed from the rocks. The cylinders were cut
into specimens (61 nos.), which are 2.54 cm in diameter and 2.2 cm in length.

Magnetic fabrics analyses
Anisotropy of magnetic susceptibility (AMS) was measured for each core using
KLY-4S Kappabridge of AGICO (Brno, Czech Republic) at the Department
of Geology and Geophysics, Indian Institute of Technology, Kharagpur, India.
Standard rock magnetic parameters, namely, the mean bulk susceptibility (K),
corrected degree of magnetic anisotropy (P’), and mean of the shape factor of
AMS ellipsoid (T), were obtained using Anisoft- 5.1.08 (Chadima and Jelinek,
2009; Tarling and Hrouda, 1993). The orientations of principal susceptibility
axes, K1 � K2 � K3, were calculated from their respective declination (D°) and
inclination (I°). The K1 axis and the K1 K2 plane represent the magnetic lin-
eation and the magnetic foliation, respectively. The magnitudes of the principal
susceptibilities are used to calculate the mean susceptibility (Km), the corrected
degree of magnetic anisotropy (P’), and the shape parameter (T) according to
the Eqs. (1) – (3) (after Tarling and Hrouda, 1993; Jelínek and Kropáček, 1978).
Dispersion in K1 and K3 at each site is represented by the confidence angles (af-
ter Jelínek and Kropáček, 1978). The data were processed, and the mean was
calculated through Anisoft- 5.1.08 (Chadima and Jelinek, 2009; Tarling and
Hrouda, 1993).

𝐾𝑚 = 𝐾1 + 𝐾2 + 𝐾3/3 (1)

𝑃 ′ = 𝑒𝑥𝑝.[{2[(𝜂1 − 𝜂𝑚)2 + (𝜂2 − 𝜂𝑚)2 + (𝜂3 − 𝜂𝑚)2]}
1/2

] (2)

𝑇 = (2𝜂2 − 𝜂1 − 𝜂3 )/(𝜂1 − 𝜂3 ) (3)

Here, �1 = ln K1, �2 = ln K2, �3 = ln K3 and �m = (�1.�2.�3)1/3.

Thermomagnetic measurements
Temperature-dependent low field magnetic susceptibility measurements have
been done using a Kappabridge (KLY-4S), equipped with a CS-3 furnace and a

7



CS-L cryostat, between temperatures of -194 °C and a maximum of 700°C at the
Department of Applied Geology, Karlsruhe Institute of Technology, Germany.

The measurements were carried out in two parts. In the first part, the samples
were cooled using liquid nitrogen to -194°C, and the bulk susceptibilities of the
samples were measured as they gradually warmed up to room temperature. The
liquid nitrogen was flushed out using blasts of argon. In the second part, the
samples were heated at a rate of 10°C/min up to 700°C and then cooled back
to room temperature. The bulk susceptibility was measured during the entire
cycle of heating and cooling. Possible oxidation of the sample while heating was
minimized by flushing out air from the sample holder using argon flowing at 50
ml/min.

Measurement of magnetic hysteresis
Hysteresis curves were obtained using a vibrating sample magnetometer (VSM)
at Advanced Center for Material Science (ACMS), IIT Kanpur, in a field up to
1.8 Tesla. A MATLAB-based software called HystLab (Paterson et al., 2018)
was used for the paramagnetic correction and to calculate the coercive force (Hc),
the remanent-magnetization (Mrs), and saturation-magnetization (Ms). Rema-
nent coercivity (Hcr) was calculated using the method elucidated by (Tauxe et
al., 1996). The Hcr/Hc and Mrs/Ms ratios were plotted on the Day plot to es-
timate the relative proportions of the single domain (SD), multi-domain (MD),
and pseudo-single domain (PSD) grains (Dunlop, 2002a, 2002b).

Microscopy
After the AMS measurements, at least one oriented thin section from each site
was prepared using the cylindrical specimens. Transmitted and reflected light
microscopy, done on a Leica DM2700P microscope, revealed the magnetic min-
eralogy and different shock deformation features.

1.

Results
(a)

Outcrop and microscopic features
A couple of IMB outcrops (IM2 and IM3) are small hillocks, 5-20 meters high,
while IM1 and IM6 are larger outcrops (over 50 m2), which can be easily dis-
tinguished from the surrounding fractured monomict breccia. IM4 and IM5 are
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merely weathered remnants with small outcrops protruding just a few decime-
tres above the ground. IMB outcrops are reddish to orange in colour and are
marked with circular to elliptical-shaped vesicles (Figs. 2a, b). These vesicles
are millimetre to centimetre in size and are sometimes filled with secondary
minerals such as agate, quartz, calcite, chlorite, and smectite.

IMB comprises quartz, feldspar, and opaque mineral grains in a very fine-grained
matrix. The rock shows the presence of poorly sorted clasts of the basement
granite in thin sections (Fig. 2c) and contains vesicles in both the clasts and
the melt matrix. IMB exhibits remarkable flow texture under thin sections (Fig.
2d) and a general impression of fluidal domains of recrystallized feldspar, quartz,
and some opaque minerals. Armoured lapillies are common in IMB (Fig. 2e)
and are also reported from other impact structures (e.g., Lonar, Ries, Sudbury,
Bosumtwi, and Chicxulub impact structures). The shock metamorphism is
represented in the form of planar deformation features (PDFs) in quartz (Fig.
2f). One to two sets of decorated PDFs are observed at IM2 and IM3.

Cubic and skeletal Ti-magnetite is the primary magnetic carrier (Figs. 2g, h,
and i). A sample exhibits either skeletal or cubic grains, never both. Trellis-
sandwich type ilmenite lamellae are common in cubic Ti-magnetite (Fig. 2g).
These lamellae indicate the oxy-exsolution of Ti-rich magnetite and into ilmenite
and Ti-poor magnetite (e.g., Agarwal et al., 2022; Alva-Valdivia et al., 2017). At
the grain boundaries, along fractures and cavities, the Ti-magnetite is sometimes
altered to Ti-hematite (Fig. 2h). The Ti-magnetite grains are 50 to 200 �m in
size. However, they are often marked with the fracture and the lamellae (Fig.
2g) and behave like smaller grains of PSD.
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Figure 2: (a, b) Outcrops of IMB containing vesicles. (c-f) Cross polarized
images of IMB with poorly sorted clasts-IM1; with fluidal domains of recrystal-
lized feldspar, quartz, and some opaque minerals-IM2; Layered armoured lapilli
with authigenic K-feldspar showing an inward-radiating texture surrounded by
recrystallized quartz-IM3; Two intersecting sets of PDFs in quartz-IM2. (g-i)
Reflected light images showing Ti-magnetite (Ti-Mag) grains with trellis-type il-
menite (Ilm) lamellae-IM4; Cubic Ti-magnetite altered to Ti-hematite (Ti-Hem)
along the borders and fractures-IM4; Skeletal Ti-magnetite-IM6.

1.

Rock magnetic properties
(a)

Hysteresis and Day plot
Most of the hysteresis curves are wasp-waisted (Figs. 3a-e), indicating typical
low-coercivity ferromagnetic grains. All the sites lie in the PSD region of the
Day diagram (Fig. 3f), which suggests a combination of SD and MD behaviour
(Dunlop, 2002a). Site 18.1 has the highest single domain component (c. 40%),
while site 1 and site 8 have the highest multi-domain component (c. 90%).
Mrs/Ms varies from 0.05 to 0.18, and Hcr/Hc from 1.93 to 2.74 (Fig. 3f),
revealing the dominance of PSD behaviour. Such PSD behaviour is typical for
Ti-magnetite grains of size 50 to 200 �m, as are observed under the microscope
(Fig. 2g, h). Low saturation and coercivity ratios in the hysteresis curves
indicate Ti-poor titanomagnetite.
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Figure 3: (a-e) Typical hysteresis curves of the Dhala impact melt breccia sam-
ples demonstrating variation in magnetization (M) with respect to the magnetic
field (H). The wasp-waisted curves indicate the dominance of Pseudo single do-
main behaviour (f) Day plot (Day et al., 1977; Dunlop, 2002a) elucidating the
dominant magnetic domain type in each sample by plotting the ratio of Mrs
and Ms against the ratio of Hrs and Hs. The SD, MD, and PSD stand for single
domain, multi-domain, and pseudo-single domain, respectively.

Thermomagnetic behaviour
During the low-temperature experiments, the susceptibilities in all the three
thermomagnetic curves start to increase gradually from -175°C, achieving a
maximum at around -53°C and then subsequently decreasing (Fig. 4). This
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may be due to the presence of a metastable ferromagnetic phase in these curves.
The subtle peak at -53°C in IM4 is another indication of this metastable phase.
Anomalously high susceptibility before -175°C is a measurement artifact from
the Kappabridge.

The heating part of the high-temperature curves shows a significant decline in
susceptibility between 0° and 100°C, revealing a possible secondary metastable
phase with the Currie temperatures (Tc) around 100°C. The second drop in
susceptibilities occurs between 550°-600°C in IM1, IM2, and 500°-600°C in IM4,
indicating the Tc of titanomagnetite. The variation in Tc of the titanomag-
netite may be due to dissimilar proportions of Ti and varying degrees of alter-
ations (e.g., Alva-Valdivia et al., 2019b). All the thermomagnetic curves are
irreversible, perhaps due to the presence of metastable phases which transform,
during the heating, to ferromagnetic phases with higher susceptibility. The
thermomagnetic curve of IM1 exhibit significant noise indicating, in general,
low magnetic susceptibility (0.602 to 0.692), which is also evident in the AMS
results (Fig. 4, Supplementary Table 1).
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Figure 4: Variations in normalized magnetic susceptibility (A.U. - arbitrary
units) with temperature (°C) in the representative samples of Dhala impact
melt breccia. Susceptibility is normalized with respect to susceptibility at room
temperature. The green curve is obtained during the low-temperature experi-
ment, while the red and blue curves are obtained during the heating and cooling
phases of the high-temperature experiment, respectively.
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AMS results
The bulk magnetic susceptibility ranges between 0.5 × 10-3 and 2.5 × 10-3 SI
units, thus indicating ferri + paramagnetic contribution (Supplementary Table
1). At a few sites (2, 3, 11, and 18.1), the principal susceptibility axes are
well-clustered with a triaxial distribution (Fig. 1). The triaxial arrangement
is weaker for sites 8, 10, 14, and 15. The magnetic fabrics at these sites vary
from mostly oblate (sites 2, 8, 10, and 14) to almost neutral (sites 15 and 18.1)
to prolate (sites 3 and 11). Contrary to the triaxial arrangement, sites 1, 7,
and 18.2 present well-foliated oblate to neutral magnetic fabrics with K1 and
K2 falling in a girdle (Table 1). P’ ranges from 1.002-1.033, indicating a weakly
anisotropic fabric (Supplementary Table 1).

Km and the P’ do not show any relationship and are independent of one another
(Supplementary Fig. 1a). For example, the Km remains almost constant as
the P’ increases for sites 1 and 18. Most probably the corrected degree of
anisotropy (P’) is controlled by the paramagnetic minerals. This control is
further substantiated by the linear relation between T and P’ (Supplementary
Fig. 1b).

The mean magnetic lineation, represented by mean K1, trends between NNW
and SSW at all sites except for 18.2 (Table 1, Supplementary Fig. 2) and has
shallow to steep plunge (4° to 68°). Except at sites 8, 14, and 15, K3 are well
clustered with a confidence angle below 25°. K3 trends towards SE for all sites
except for 15 and 18.1 and are shallow to steeply plunging, 5° to 85° (Table 1).
Thus, the mean magnetic foliation trends almost NE-SW with shallow to steep
dips.

1.

Discussions
(a)

Westward flow directions from the mag-
netic fabrics

Microscopic, thermomagnetic, and magnetic fabrics reveal that the PSD grains
of Ti-poor magnetite and Ti-hematite are the magnetic carriers in the IMB
(Figs. 2g and h). Ti-magnetite grains are often decorated with trellis-type
lamellae of ilmenite (Fig. 2g). The skeletal Ti-magnetite grains (Fig. 2i) and
the dendritic and spherulitic texture of silicates (Fig. 2e) indicate rapid cooling
and crystallization from the impact melt (Agarwal et al., 2017; Alva-Valdivia
et al., 2019a; Osinski, 2004). In contrast, the cubic grains of Ti-magnetite
demonstrate slower cooling. This may be due to variable cooling rates at various
IMB outcrops.
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The mesoscopic flow indicators in 10 specimens collected from 5 different sites
were compared with the orientations of K1, K2, and K3 to identify the principal
susceptibility axis that defines the flow direction in IMB. In all the compared
cases, K1 aligns with the flow indicators. At all sites except (15 and 18.1),
the magnetic foliation strikes almost NE-SW. While the K1 trends generally
westward (ranging between NW to SW) at all sites except site 18.2, where it is
oriented towards SE (Supplementary Fig. 2). We, therefore, suggest that the
general flow direction of the IMB was westward.

Within most IMB outcrops, the K1 orientation shows some misalignment, in-
dicating variation in the flow directions. These may be due to slight changes
in the slope, flow velocity, and trajectory (e.g., Cañón-Tapia et al., 1996, 1995;
Guimarães et al., 2018; Henry et al., 2003; Knight and Walker, 1988; Zhang et
al., 2011). Site 18.2 from outcrop IM6 presents K1 towards SE (Supplementary
Fig. 2), which is quite different from the westward K1 at site 18.1 of the same
outcrop. The two sites were only a few meters apart. We owe the anomalous
orientation of mean K1 (declination of 129°) at site 18.2 to the fact that the
magnetic fabrics are almost neutral with mean T = -0.06 as the mean intensities
of K1 and K2 are the same (Table 1, Supplementary Table 1). The K1 and K2
are thus, interchangeable. Mean K2 trends almost westward. The orientation
of K1 and K2 are thus, switched at site 18.2 compared with 18.1 due to the
neutral fabric and interchangeability of the two axes (Table 1, Supplementary
Table 1).

Singh et al. (2021a) have examined the magnetic fabrics from the five IMB
outcrops, which correspond to our IM1, IM2, IM3, IM4, IM5, and IM6. They
most probably considered IM4 and IM5 as one. Their Km and P’ values are
close to ours. Moreover, in a few cases, their K1 parallels the geological flow
indicators, which is consistent with our results. However, they describe the
magnetic fabrics as poorly defined and scattered without any consistency. It
is likely that a large clast population in their samples may have affected the
magnetic fabrics, as is common with volcanic pyroclastic deposits (e.g., Alva-
Valdivia et al., 2017; Cañón-Tapia and Mendoza-Borunda, 2014).

Ballistic ejection followed by surficial pyroclastic
flow emplacement
Impact melt formation and its subsequent emplacement are the primary charac-
teristics of hypervelocity impacts events (Dressler and Reimold, 2001; Osinski
et al., 2011). Therefore, the origin and emplacement of impact melt are crucial
for planetary exploration. In the present investigation of the IMB, the mag-
netic lineations are well developed, and interpreted flow directions are generally
westward. We thus, propose that, during the emplacement, the IMB was in
the semi-molten state with at least some crystallized Ti-magnetite grains, and
the temperature was below the melting point of Ti-magnetite, c. 1500°C. If
the IMB had been completely molten without magnetic crystals and the solidi-
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fication started after the emplacement, there would not have been a consistent
trend of magnetic lineation. Furthermore, if the grains in IMB were already
solid before emplacement, there would not be microscopic flow textures, and
the magnetic foliation and lineation would be chaotic.

The strong clustering of the principal susceptibility axes, observed at a few sites
(sites 2, 3, 10, 11, and 18.1 in Fig. 1) indicates a laminar flow, whereas the
weak clustering at a few sites (sites 8, 14, and 15 in Fig. 1) reveals turbulent
flow (e.g., Cañón-Tapia et al., 1996, 1995; Henry et al., 2003). At the same
time, the poorly sorted clasts noticed in the thin sections (Fig. 2c), which are
the typical features of IMB (e.g., Pati et al., 2017), suggest a surficial flow of
the IMB rather than its airborne emplacement (Osinski et al., 2011). We draw
this conclusion based on several studies of impact melt at Ries Crater, Germany,
which argue that the impact melt containing poorly sorted clasts is the typical
characteristic of the emplacement as a surface flow after the ballistic ejection
(e.g., Bringemeier, 1994; Osinski et al., 2011). Besides Ries crater, surficial flows
after the ballistic ejection are a common occurrence at several other terrestrial
impacts structures, such as the Haughton structure, Canada (Osinski et al.,
2005), Barringer, USA (Grant and Schultz, 1993), and Lonar, India (Maloof et
al., 2010).

After the initial ballistic ejection, the semi-molten IMB moved as surface flow,
either similar to pyroclastic flows or as ground-hugging volatile- and melt-rich
flows (e.g., Bringemeier, 1994; Osinski et al., 2011). In the case of volcanic
deposits, melt-rich flows such as the flood basalts are characterized by steeply
plunging K3 and shallow dipping magnetic fabrics (e.g., Emry et al., 2014; San-
gode et al., 2017); in contrast, pyroclastic flows have variably plunging K3 with
magnetic fabrics presenting a range of dip amounts (e.g., Alva-Valdivia et al.,
2017; Cañón-Tapia and Mendoza-Borunda, 2014). Similar to the pyroclastic
deposits, the IMB also shows variably plunging K3 (Table 1). It is, therefore,
likely that the emplacement of the IMB was more similar to pyroclastic flows
than ground-hugging flows.

Westward direction of impact
All the IMB outcrops at the Dhala impact structure are located NE to W of
the central elevated area (Fig. 1). There is no IMB outcrops in E and S
directions. This may be due to an east-to-west directed impactor, as oblique
impacts are known to produce an asymmetrically stronger distribution of the
ejecta and melt in the downrange (e.g., Osinski, 2004; Pierrazzo and Melosh,
2000). However, this asymmetric distribution may also be a consequence of
the deep erosion suffered by the Dhala impact structure. Another argument in
favour of the westward impact direction is that oblique impacts (impact angle
< 50°) create downrange momentum-driven asymmetric flow, which is contrary
to radially outward with symmetric flow fields in a vertical impact (Anderson
and Schultz, 2006; Pierrazzo and Melosh, 2000). The IMB presents consistent
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westward flow vectors suggesting asymmetric excavation flow fields towards the
west. This indicates that the impactor at Dhala travelled from east to west and
struck at an impact angle below 50°.

Conclusions
The present study combines mesoscopic and magnetic fabrics studies from the
Dhala impact structure to investigate the emplacement setting of the IMB. The
general trend of magnetic lineation is westward, indicating that the IMB flowed
towards the west. The magnetic fabrics dips vary among individual specimens
from a site, indicating the IMB moved as a pyroclastic-like flow with a temper-
ature below c. 1500°C (melting point of Ti-magnetite). The presence of poorly
sorted clasts indicates the IMB emplacement as surficial flow. We conclude that
the IMB was in a semi-molten state after the ballistic ejection and moved as
the surficial pyroclastic-like flow rather than a volatile- and melt-rich ground-
hugging flow. Based on the interpreted flow vectors, we suggest that the Dhala
impact structure was formed by east to west directed impactor that struck an
angle of less than 50°.
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