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The Neoproterozoic Sindreth Basin, NW India, and its surrounding area represent a half graben structure
situated between the undeformed Malani Igneous Suite (MIS) in the west and a corridor of coeval
Cryogenian ductile deformation, anatexis and granite intrusion in the east. The main lithologies observed
in the basin are conglomerate, fanglomerate, debris ﬂow and lake deposits derived from a nearby
continental provenance, intercalated with concurrent maﬁc and felsic lava ﬂows. Based on geological
traverses across the strike of the basin, we propose a three-fold classiﬁcation comprising Lower Clastic
Unit and an Upper Clastic Unit and a Bimodal (basalt–rhyolite) Volcanic Unit separating the two. Tilting
due to basin inversion and faulting has been observed; however, the rocks are unmetamorphosed and
show undisturbed primary sedimentary features. The stratigraphic record of the basin is characteristic
for deposition and magmatism in a fault-related continental setting. Implications of the ﬁndings have
been discussed in the context of Neoproterozoic crustal dynamics in NW India. This study provides
conclusive evidence for a continental setting for Sindreth Basin evolution and contests the recent
models of active subduction setting (either back-arc basin or accretionary sediments over a subduction
zone).
Keywords. Sindreth Basin; continental setting; basin evolution; NW India; Malani Igneous Suite.

1. Introduction
The late Neoproterozoic Sindreth Basin in
northwest India has been the focus of geologic
attention in geodynamic reconstructions of the
northern Indian block during Rodinia to
Gondwana transition (Dharma Rao et al. 2012).
The N–S trending Sindreth Basin (ﬁgure 1) is
characterized by weakly folded and tilted sedimentary and volcaniclastic deposits and associated

bimodal (basalt, rhyolite) volcanics (Chore and
Mohanty 1998; Roy and Sharma 1999). Geological
setting and basin evolution models are contradictory and range from rifted continental crust
(Chore and Mohanty 1998; Roy and Sharma 1999),
back-arc setting (van Lente et al. 2009) and ocean
ﬂoor stratigraphy (Dharma Rao et al. 2012). Due
to the importance of this unique geological archive
and the contrary interpretations, we have revisited the area and carried out a detailed logging of
1
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Figure 1. Regional geological setting of the NW Indian block; map based on Gupta et al. (1997), the Geological Map of
India (Geological Survey of India 1998) and de Wall et al. (2014).

stratigraphic units in Sindreth Basin. Field observations and microscopic analyses have been utilized
to identify the provenance for the clastic units.
The ﬁndings have been integrated to infer the
possible paleotectonic environment of sedimentation and the structural evolution of the Sindreth
basin. In an area of pervasive erosion the Sindreth Basin rocks oﬀer a unique opportunity to
reconstruct the late Neoproterozoic environmental
and structural conditions of basin formation and
evolution; a period of global scale plate break-up
and reorganization.

2. Regional geological setting
The Sindreth area forms a part of the Neoproterozoic terrane in NW India, located to the
west of the NE–SW trending Aravalli–Delhi Fold
Belt (ADFB), which is the most striking tectonostratigraphic feature in this region (ﬁgure 1). The
oldest magmatic rocks in this western foreland of
the ADFB are represented by the Erinpura granites
(Heron 1953). These S-type granites (Naik 1993)
are ∼850 Ma in age (Singh et al. 2010; Just et al.
2011; Purohit et al. 2012) and are considered to
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represent the latest thermal event related to the
Delhi Orogeny (e.g., de Wall et al. 2014). These
granites usually show well-preserved magmatic fabrics; however, in the Sirohi region the granites are
porphyroblastic with large zoned orthoclase grains
(several cm in size) and strongly foliated with
well-developed gneissic fabric. Locally, mylonitic
to ultramylonitic shear zones have also developed (Just et al. 2011). These shear zones have
been attributed to a younger post-Delhi crustal
convergence (775±26 Ma, Just et al. 2011) that
resulted in imbrication of Erinpura basement and
Sirohi Group sediments (de Wall et al. 2014).
The Sirohi Group comprises carbonate, marl and
pelitic rocks (Sharma 1996, 2004a; Purohit et al.
2012), folded and metamorphosed during the Cryogenian thrust tectonics and intruded by syntectonic
granites, e.g., the Balda Granite (763 ± 22 Ma;
Sarkar et al. 1992). In contrast to this tectonically active corridor along the eastern margin of
the Delhi Fold belt, the broadly coeval Malani
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Igneous Suite (MIS; 770−750 Ma; Gregory et al.
2009) comprises volcano-plutonic rocks with typical magmatic fabrics (Bhushan 2000). This third
largest felsic igneous province in the world (Pareek
1981) covers over 50,000 km2 and in this, eastern
sector is represented by intrusion of the Mirpur
Granite and several dykes into the Erinpura basement (de Wall et al. 2010).
Sindreth Basin is located within the milieu
of metamorphic and magmatic rocks; the Erinpura granite-gneisses, MIS granites and dykes, and
Sirohi Group metasediments that form the basement (ﬁgure 1). Unmetamorphosed and unstrained
clastic and volcanic rocks of the Sindreth Basin
form a N–S trending linear structure that can be
traced over ∼10 km, attaining a maximum width
of about 3 km (ﬁgure 2a). During opening and
subsequent basin inversion the sedimentary and
volcanic sequences have been tilted towards west.
The most prominent topographic features are two
ridges formed by clastic sediments in the east (up

Figure 2. (a) Satellite map of the Sindreth Basin. (b) Schematic geological map (Sharma 2004b). The logged E–W traverse
(details in ﬁgure 3) is shown in red.
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to 410 m above sea level) and rhyolites in the west
(Pamta Rhyolite, ∼600 m above mean sea level),
separated by a ﬂat valley comprising weathered
maﬁc volcanics. The younger sequence of clastics
occurs in an almost peneplained region and can be
observed in a stream section, north of Angor Lake.
A schematic geological map of the Sindreth Basin
is shown in ﬁgure 2(b).
Volcanic activity in the Sindreth Basin has been
constrained between 761 ± 16 and 767 ± 3 Ma
(U–Pb zircon ages; TIMS method) on felsic volcanic rocks interlayered with basalts (van Lente
et al. 2009). This cryogenian age of the Sindreth
Basin has also been conﬁrmed by Dharma Rao
et al. (2012) through U–Pb SHRIMP dating of
zircons from felsic tuﬀs yielding 765 ± 7 Ma and
768 ± 7 Ma ages. Therefore, the geochronological
ages place the Sindreth Basin formation in the
same time bracket as other late-Neoproterozoic
events in the western foreland of the ADFB, e.g.,
Sirohi tectonic and magmatic activity (de Wall
et al. 2014), Mt. Abu intrusion and shear tectonics (Ashwal et al. 2013). Sen et al. (2013) realized
imprints of thermal events with ∼550 Ma and ∼490
Ma in age in feldspars of the Sindreth volcanics.
However, they link these ages to the Malagasy
orogeny, an Ediacaran–Cambrian thermal event in
the Aravalli region (see Collins and Pisarevsky
2005).
The generally well exposed units in Sindreth
Basin were observed along the E–W transect and
a detailed litholog was prepared (ﬁgure 3).

3. Lithostratigraphy of the Sindreth Basin
The Sindreth Basin contains a bimodal volcanic
sequence within clastic sediments of variable thickness and grain size. Figure 3 shows a detailed
litholog of the Sindreth Basin, constructed on the
basis of ﬁeld observations. Detailed description of
ﬁeld observations is available as supplement to this
paper (see Appendix).
The observed thickness of the basin inﬁll varies
as the thickness of maﬁc and rhyolitic ﬂows as well
as the clastic sediments is highly variable. However,
a maximum thickness of 2600 m has been inferred.
The clastics of the Sindreth Group can be subdivided into a Lower Clastic Unit (LCU) and the
Upper Clastic Unit (UCU) separated by a Bimodal
Volcanic Unit (BVU) in between. Thickness of the
LCU has been estimated to be 195 m. Topographically this unit forms a ∼70 m high ridge at the
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southeastern edge of the Sindreth Basin (ﬁgure 2a)
that can be traced over ∼3 km with a maximum
width of ∼200 m. The beds are moderately to
◦
steeply inclined (40 to vertical) and dip towards
◦
WNW (285 ) direction. Sedimentary structures
are generally absent except locally visible partial
alignment of elongated clasts. The LCU consists
of two consecutive facies, a massive conglomerate
facies at the base grading upwards into a pebbly
coarse-sandstone facies, with the latter being more
prominent. In the massive conglomerate facies a
few felsic intrusions can be found. Other than this,
the LCU shows neither eﬀusive volcanic ﬂows nor
volcanoclastic fragments.
The BVU begins with a felsic tuﬀ layer indicating
an active volcanic setting including phreatomagmatic eruptions. Basaltic ﬂows alternating with
volcanoclastic rocks can be seen in some sections.
However, felsic volcanic rocks (ignimbrites, rhyolites, felsic tuﬀs) are dominant in the upper part.
Width of the unit is variable and controlled by the
thickness of the rhyolitic ﬂow sequence. A maximum stratigraphic thickness of about 1400 m, near
Sindreth village, has been estimated.
The Upper Clastic Unit is exposed along the
western foothill of the Pamta ridge and in a dry
stream bed, close to Angor Lake (ﬁgure 2a, b).
Western boundary of the unit is a tectonic contact with the granitic basement. This part of
the Sindreth lithoproﬁle has an inferred maximum
thickness of about 950 m. In this unit, interbedded clastic sediments and felsic tuﬀs are present
that show westerly dips. The Upper Clastic Unit
is further divided into four lithofacies, namely,
tuﬀ, lithic greywacke, conglomerate and arkose. No
felsic intrusions were found in the UCU.

4. Proposed stratigraphy of the Sindreth
Basin
Until now, the Sindreth Group was subdivided
into two formations, the older Khambal Formation and the younger Angor Formation (ﬁgure 4a;
Chore and Mohanty 1998). Sedimentation in the
Sindreth Basin has been envisaged as more or
less continuous process accompanied by ongoing
maﬁc and felsic volcanics that form intercalations
with the sediments. On the basis of detailed ﬁeld
observation and supportive petrographic data, we
propose to subdivide the Sindreth Basin into lower
and upper clastic units, interrupted by a bimodal
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Figure 3. Litholog of the Sindreth Basin based on the traverse shown in ﬁgure 2(b).
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Figure 4. (a) The conventional stratigraphy of the Sindreth Group (Chore and Mohanty 1998) and (b) the proposed
classiﬁcation.

volcanic succession. The proposed classiﬁcation is
summarized in ﬁgure 4(b).
Geological relationship between Sirohi Group
and Erinpura Granite forming the basement of the
Sindreth sediments continues to be debated. Some
authors favour granite intrusion into the metasediments (Purohit et al. 2012), while others see the
Erinpura Granites as basement for the deposition of Sirohi Group sediments (de Wall et al.
2014). Arguments for granite–metasediments relationship have been reviewed by Roy and Jakhar
(2002, p. 238f), concluding lack of any evidence for
an intrusive relationship of Erinpura Granite with
Sirohi sediments. For inferring intrusive relationship, it is crucial to consider the age of granites
in this terrain, e.g., intrusion of the Balda granite
(763±22 Ma, whole rock Rb–Sr age, Sarkar et al.
1992) into the Sirohi metasediments as reported by
Roy and Sharma (1999) is clearly a younger event
as compared to the intrusion of Erinpura granites.
5. Provenance for Sindreth clastic deposits
Observations in ﬁeld and by thin sections revealed
the composition of the clastic units. By comparing lithic clasts and rock fragments with potential
source rocks from nearby lithologies, the source
rocks of the LCU and the UCU have been identiﬁed. A comparison of the rock fragments of the
clastic units and their possible source rocks is given
in ﬁgure 5.

5.1 Lower Clastic Unit
In the conglomerate facies, rock fragments of
quartzite and metapelites constitute the highest
share. They can be associated with the typical
rocks of the Sirohi Group, which are the only
metasedimentary source in the Sirohi region. It
is noticeable that granitic rock fragments and
granitic feldspar are absent in the conglomerate
facies. Weathering and decomposition of feldspars
seem unlikely in this case, as sediments are highly
immature and most minerals (including micas) are
preserved. Therefore, a granitic source contribution for the conglomerate facies of the LCU can be
excluded. However, large feldspars were observed
in the pebbly coarse-sandstone facies at the very
top of the unit. They mark the ﬁrst appearance of
a granitic source. Except for the mentioned rhyolithic intrusions, the LCU shows neither eﬀusive
volcanic ﬂows nor volcanoclastic fragments. This
indicates that deposition of the LCU was prior to
the volcanic activity which dominated the further
genesis of the Sindreth basin.
5.2 Upper Clastic Unit
The rock fragments in the UCU are highly variable
in composition and include contribution from metapelites and quarzites of Sirohi Group, fragments
of bimodal volcanics (basalt, rhyolite, felsic tuﬀs),
and also from Erinpura and MIS-type granites.
Fragments of Erinpura and MIS-type granites
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Figure 5. Provenance analysis of LCU and UCU. The left column shows thin sections of the Sindreth clastic units, while
the inferred source rocks are shown on the right. mc: microcline; or: orthoclase.

can be distinguished on account of diﬀerences in
the quartz fabrics (recrystallized in Erinpura and
magmatic in MIS-type granite) and in feldspar proportions (ﬁgure 5). Microcline is characteristic of
Erinpura-type granite, whereas, MIS-type granite
provenance is indicated by orthoclase.

6. Tectonic imprint in the Sindreth Basin
In addition to the lithological variations, the
structural elements in the Sindreth Basin have also
been recorded during the ﬁeld campaigns. The ﬁndings are compiled in a general proﬁle (ﬁgure 6) and

detailed features are highlighted in ﬁgures 7 and 8.
All units show a tilt of strata towards west with
minor variation in the dip angle, except for the
westernmost sector and local deviations in the
easternmost parts of the exposed basin inﬁll. Characteristics of these marginal parts where Sindreth
strata are in tectonic contact with the basement
rocks are explained in the following.
Arkosic and siltic layers in the western sector
of the UCU show accommodation of compressional stresses by faulting, fault-related folding and
low-angle thrusting (ﬁgure 7). During compression, layer-parallel reverse movement on W-dipping
strata has caused fault-related bending and
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Figure 6. Cross-section through the Sindreth Basin (UCU: Upper Clastic Unit, BVU: Bimodal Volcanic Unit, LCU: Lower
Clastic Unit). Structural data give dip direction and dip angle of bedding and faults. Box refers to ﬁgure 7(a) which represents
structural features of the upper part of the UCU in more detail.

Figure 7. Structural details in the UCU, for location see ﬁgure 6(a) structural features and orientation (dip direction and
dip angle of bedding and faults), some details are also documented in ﬁeld photos I and II. (b) Fault kinematic analysis
◦
(TectonicsFP, version 1.7.8) for reverse faulting in (theta = 30 ) this upper section of the UCU. Projection into the lower
hemisphere.

stacking of strata. As these structures could not
accommodate further compressional forces, low
angle thrusts have been developed which crosscut and translate the folded strata. Striations
and slickensides on low-angle thrust planes (mean
lineation: 275/41), as well as, the direction of
ﬂexural slip geometry of fault-related folds indicate a relative movement towards the east. However, locally backthrusts and pop-up structures

are also developed (in ﬁgure 7a). Fault kinematic
analysis allows the determination of principal
stress directions (σ1 = P , σ2 = I, σ3 = T ) and indicate Δ that reverse faults in the UCU are caused
by WNW to ESE directed compressional stresses
(mean vector: P = 280/13 = σ1 ) (ﬁgure 7b).
At the eastern margin, the contact of the
Sindreth strata to the Erinpura basement is steep
and clastics as well as volcanic units are transected
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Figure 8. Structural map of the eastern margin of the Sindreth Basin. Schmidt net projection with great circles and poles of
LCU bedding planes, projection into the lower hemisphere. Field photos (I, II; exposures marked in map) document faulting
in the LCU near the major boundary thrust between the BVU and the LCU.

by faults of diﬀerent orientation (ﬁgure 8). The
contact between the basement and the LCU is not
well exposed as it is covered by alluvial deposits
due to the high diﬀerence in topography between
the more resistant LCU in the west and the peneplained Erinpura basement in the east. A local
exposure of the contact could be documented at
◦
◦
24 50 7.20 N, 72 47 29.06 E. A major fault marks
the contact of LCU to the pebbly coarse sandstone and the overlying BVU and runs concordant
with the NNE–SSW strike of these main units.
Slickensides give indication for dip-slip to oblique
slip with reverse kinematics and throughout the
whole units there are many indications for local
faults (see ﬁgure 8I, II). As can be inferred from

satellite images there are several oﬀsets of this
major fault system by sets of NW–SE trending
faults. Slickensides indicate a major component of
strike-slip movements, small amounts of vertical
oﬀsets are indicated by stair-stepping normal faulting. Overall, the fault pattern in these compact
and stiﬀ conglomerates is more complex as compared to the above described western sector with
ﬁner-grained, well-bedded strata. Exposures of the
LCU pinch out to the SW of the Sindreth village.
Here, volcanoclastics, rhyolitic and maﬁc ﬂows of
the BVU are tilted into an almost vertical position
and the structural trend is changing from a NNE
to SE direction. This change in the general strike
is also observed in the top of the conglomerates

90

Page 10 of 17

J. Earth Syst. Sci. (2017) 126:90

facies and the gritty strata of the LCU and becomes
obvious in the stereographic projections shown in
ﬁgure 8.

7. Paleoenvironment and tectonic setting
The fault related half graben opening of the
Sindreth Basin sets the onset for sedimentation of
the LCU. On the basis of poor sorting, presence
of sub-angular boulders and virtual absence of sedimentary features, the conglomerates of the LCU
are interpreted to have been deposited as talus
derived from an elevated source area (ﬁgure 9a).
Absence of sedimentary depositional features and
presence of large ﬂoating clast population suggest
debris ﬂow deposition by incremental aggradation
of individual surge (Major 1997; Sohn et al. 1999)
that washed away the large clasts of the previous ﬂow. Massive and ungraded nature, poor
sorting and muddy matrix are characteristics of

debris ﬂow with high mechanical strength due to
grain friction (Johnson 1970). Clast imbrications
and lack of inverse grading can be explained by
reduction of clast collision due to a highly viscous matrix (Sohn et al. 1999). As subaqueous
deposition seems unlikely for such a highly viscous ﬂow, the conglomerate of the LCU is therefore
likely to represent alluvial conditions. Decrease in
grain size towards the top may reﬂect increasing
distance from the source or less pronounced topography but do not mark a change in depositional
environment.
Volcanic eruptions dominated the prevalent
environment following the deposition of the LCU.
In the initial phase, basaltic lava ﬂows and volcanoclastics ﬁlled the depressions formed within the
basin (ﬁgure 9b), while rhyolitic lava was extruded
in the next phase, covering the basaltic ﬂows
(ﬁgure 9c).
Concurrent with felsic volcanism, the UCU
sediments were deposited in the Sindreth Basin.

Figure 9. Proposed evolution of the Sindreth Basin as a schematic cartoon.
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The lower part of the UCU is dominated by
up to meters-thick siliciﬁed tuﬀs sequences and
minor intercalations of greywackes, followed by
a sequence of well-bedded lithic greywackes and
mudstones with minor intercalations of tuﬀ. This
sequence is indicative of subaqueous deposition
as siliciﬁed tuﬀs clearly represent a low-energy
depositional milieu, strongly inﬂuenced by the
adjacent volcanism (ﬁgure 9d). In contrast to
the intercalated greywacke, the well-bedded lithic
greywacke (much coarser in grain size) occurs
as the dominant lithology. Due to their welldeﬁned bedding, normally graded nature with
lower beds containing medium gravel, erosional
base contacts and rip-oﬀ clasts of underlying tuﬀs,
they are interpreted as concentrated density ﬂows
(Mulder and Alexander 2001). They can be distinguished from other subaqueous density ﬂows such
as turbidites (sensu stricto) which usually do not
transport grains greater than sand size and hyperconcentrated density ﬂows which have little to no
grading and are less erosive due to hydroplaning
(Mulder and Alexander 2001). Towards the top
of the UCU, sediments are poorly stratiﬁed and
have a low lateral extent but high facies variability
(ﬁgure 9e). In particular, this includes tuﬀs with
interbedded shales and crudely-stratiﬁed immature density ﬂows as well as conglomerate with
higher textural maturity (rounded quartz clasts).
In total, the UCU shows a high facies variability, partly even in the sub-meter scale, between
low-energy depositional environments (shale/tuﬀ),
density ﬂows and higher energy environments capable of depositing conglomerates. Abrupt changes
in maturity of few meter-thick sediment layers
point out that the system was highly vulnerable
to minor ﬂuctuations. These features are indicative for a lacustrine or marginal marine setting,
with sedimentary input from a continental source
due to the presence of various metasedimentary
and granitic fragments. However, as any indications for marine conditions on a local or regional
scale are absent and in view of the palaeoenvironmental interpretation of the LCU, a lacustrine
setting seems the most likely paleoenvironment for
the UCU. As the UCU represents the youngest
observable deposits in the Sindreth Basin, potential further basin sedimentation remains unknown
(ﬁgure 9f).
In summary, we propose a fault-related basin
formation with initial alluvial fanglomerate and
conglomerate, followed by a lacustrine facies, which
gradually received an increasing terrigeneous
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clastic input. Tilting of the strata during basin
inversion has protected the Sindreth units from
erosion and thus this basin serves as an archive
for reconstruction of the geological environment
during the onset of the Malani magmatic activity. Felsic melts have also intruded as rhyolitic
dykes after faulting and tilting of the strata during basin inversion using the major structural grain
in the eastern region of the Sindreth Basin as
pathways (ﬁgure 8). The dykes reach into the
Erinpura granitic basement and dykes of parallel
trend can be traced further to SE towards a village called Dhanta (Dhanta dyke swarm) and have
been mapped in a previous study (Sharma 1996).
Those dykes are interpreted as latest felsic phase in
the geological history of the Malani Igneous Suite
(Sharma 2004b).
Our ﬁndings are in agreement with the work of
Chore and Mohanty (1998) and Roy and Sharma
(1999), who also found evidence for a continentalrift-related setting for the Sindreth Basin. In
contrast, Dharma Rao et al. (2012) interpreted
the stratigraphic sequence as a typical record
of imbricated ocean plate stratigraphy related
to Cryogenian subduction-accretion. They report
“20 m thick basal pillow basalt capped by ∼5 m
thick-bedded chert, limestone and quartzite, covered and engulfed by a 10 m thick, arc-derived
volcanoclasticmaﬁc mudstone” and interpreted a
shallow marine environment, e.g., an intraoceanic
seamount. Top of the sequence should be a 50 m
thick well-bedded sandstone turbidite which these
authors have interpreted to have been deposited
in a trench. Dharma Rao et al. (2012) did not
provide any information on location or coordinates for these critical sections described in their
paper. Even after several ﬁeld traverses across
the Sindreth Basin, we did not ﬁnd any
evidence of such an ocean ﬂoor stratigraphic succession. This also questions the model of a
Cryogenian magmatic arc setting proposed by
these authors.
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Appendix: Description of the Sindreth
lithostratigraphy
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A2. Bimodal Volcanic Unit (BVU)
A2.1 Maﬁc volcanics

A1. Lower Clastic Unit (LCU)
A1.1 Conglomerate facies
Generally, the conglomerate of the LCU is very
poorly sorted with a wide spectrum of clasts varying from sand to boulders (up to 50 cm; ﬁgure
A1-a). The components are angular to subrounded
and comprise usually metasedimentary rocks of
the Sirohi Group (carbon phyllite, mica-schist,
quartzite) and milky quartz, most likely derived
from quartz veins within these units (ﬁgure A1-b).
Although the composition and clast size of the conglomerate is highly variable throughout the whole
unit, some parts of the conglomerate are monomict
as they are almost exclusively composed of large
clasts of angular carbon phyllites (ﬁgure A1-c). The
components are supported by a red-violet coloured
matrix which consists of ﬁne-to-medium grained
sand and detritic ferruginous material. The conglomerate is amalgamated, as individual beds are
usually not distinguishable. A rare phenomenon is
the presence of lenticular sandstone bodies (ﬁgure A1-d). Those wedge out laterally and show
a thickness up to 10 cm and an extent of up
to 1 m.

In between the ridges of the LCU and the rhyolites,
the maﬁc volcanics form a depression. Outcrops
are usually related to quarries. The maﬁc volcanics
comprise basaltic ﬂows (ﬁgure A3-a) and maﬁc
volcanoclastics (ﬁgure A3-b). While maﬁc volcanoclastics are frequent in the basal parts of the
sequence, the share of volcanoclastics decreases and
basaltic ﬂows dominate following up the stratigraphy. The maximum inferred stratigraphic thickness
of the maﬁc volcanics is about ∼500 m. The maﬁcs
are tilted in west direction (mean dip direction of
285◦ ), but show no evidence of further deformation. Epidote and olivine can be abundant, but are
predominantly present as xenolithic agglomerates.
The ﬂows width lies in the range of 20–50 cm. Vesicles can be common and are usually unﬁlled. Some
ﬂows show spheroidal weathering (ﬁgure A3-c)
which at places give a pillow-like appearance. However, also in the ﬁeld it is evident that the rounded
structures are secondary weathering eﬀects (ﬁgure A3-d). According to geochemical analyses (van
Lente et al. 2009), the basalts show a tholeiitic
signature.

A2.2 Rhyolites
A1.2 Pebbly coarse-sandstone facies
The pebbly coarse-sandstone facies represents the
upper 25 m of the unit (ﬁgure A2-a). This facies is
intermittently interbedded with the conglomerates
and shows a gradual increase in proportion towards
the top of the LCU. The deposit cannot be conﬁned
to one speciﬁc grain size, but rather shows a variation of dominance of coarse sandstone and domination of ﬁne pebble (ﬁgure A2-b). The geometry of
the individual layers is sheet like, with a thickness
generally <50 cm. The components are angular
to subrounded and include quartz, feldspar, platy
muscovite (up to 5 mm) and rock fragments. These
comprise metasedimentary rocks (carbon-phyllite,
mica-schist and quartzite), milky quartz and granites. The fabric is supported by a pale siliciclastic
matrix. Radiometric analysis by Somani et al.
(2012) and Scharfenberg et al. (2015) in the coarsesandstone facies revealed an augmented naturalgamma ray activity due to an enrichment of
uranium.

The rhyolites are the most signiﬁcant topological
feature in the Sindreth area. The felsic volcanics
form a 250-m high north–south trending ridge
(ﬁgure A4-a). The rhyolites have their maximum
extension close to Sindreth with their maximum
stratigraphic thickness of about 900 m. They thin
out to north and are tectonically reduced to the
south. The rhyolitic sequence varies strongly in its
occurrence. However, it is possible to diﬀerentiate two main types: one shows small phenocrysts
with a pale pinkish matrix (ﬁgure A4-c), while
the other type is characterized by an almost granitoid texture showing large phenocrysts (up to
1 cm) and a dark red matrix (ﬁgure A4-b). The
rhyolitic ‘layers’ show with 10 cm up to a couple of meters, a huge variance in their thickness
and dip with steep angles to west direction. The
whole sequence shows a quite regular joint pattern with predominantly subparallel joints dipping in west direction with 40◦ –60◦ . There is
strong indication from magnetic fabric analyses
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Figure A1. Conglomerates of LCU. (a) Unsorted, angular clasts of diﬀerent size. (b) Rock slab showing polymictic clasts,
milky quartz is well rounded. (c) Monomictic parts showing large angular fragments of metasediments. (d) Intercalated
sandstone beds.

Figure A2. The pebbly coarse-sandstone, forming the uppermost part of LCU.

that at least part of the rhyolites represent dyke
intrusions which will be investigated in more detail
in further studies. In the ﬁeld it is hardly possible
to discriminate if the Pamta ridge is an amalgam of rhyolitic ﬂows and later intruded felsic
dikes.

A3. Upper Clastic Unit (UCU)
A3.1 Tuﬀ facies
The tuﬀs are bright greenish-gray in colour, very
ﬁne grained and massive. They are usually siliciﬁed
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Figure A3. Maﬁc volcanics. (a) Massive basaltic ﬂows. (b) Volcanoclastics are frequent in the basal parts of the sequence.
(c and d) Vesicles and spheroidal weathering can be observed in some basaltic ﬂows.

and can form small ridges (∼15 m) which are
aligned parallel to the general striking (N–S). The
pale volcanic ash is often interlayered by small
bands of darker shale giving a laminated appearance. The ﬁligree bedding shows synsedimentary
brittle deformation (ﬁgure A5-a). The thickness of
the tuﬀ layers can reach up to a few meters. In
between these laminated beds, massive strata also
can occur. These have cherty appearance due to
intense siliﬁcation (ﬁgure A5-b). In the lowermost
∼750 m part of the Upper Clastic Unit, the tuﬀ
beds are rarely interrupted by sand layers. With
the onset of coarse sedimentation, the ash layers
become less dominant and most often form beds
with thickness <20 cm, although they may reach a
few meters in the later parts of the sections. The
felsic volcanics alternate with greywackes, arkoses
and conglomerates.

coarser (pebble) grained, massive bottom layer,
which gradually passes into ﬁne-sandstone towards
the top (ﬁgure A6-a, b). Individual sequences
reach a thickness of 20–50 cm and show a gentle wavy erosional base contact. The grading of
the greywackes becomes weaker in upper parts of
the unit. The sequences show amalgamation, so
that distinction of individual layers is not possible. Components are subangular to subrounded
and comprise quartz, feldspar and rock fragments,
which include metapelite, quartzite, siliciﬁed tuﬀ,
Erinpura- and Mirpur-type granite, basalt, rhyolite and rip-up clasts of rhyolitic tuﬀ. Quartz grains
show a higher grade of rounding than other components. The greywackes show a siliciclastic matrix.
The sequences are intercalated by thin layers
(generally <20 cm) of tuﬀ or shale.

A3.2 Lithic greywacke facies

A3.3 Conglomerate facies

The lithic greywacke facies is characterized by
yellow-brown normally graded sandstones with a

The conglomerate of the Upper Clastic Unit is
brown-yellow in colour and poorly sorted with
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Figure A4. (a) The rhyolites build up the signiﬁcant ridge of the Sindreth Basin. Rhyolites with (b) larger and (c) smaller
phenocrysts can be distinguished.

Figure A5. (a) Filigree laminated and (b) massive tuﬀ layers are dominant in the lower UCU.
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Figure A6. Graded sandstones of the lithic greywacke facies.

Figure A7. (a) Conglomerate facies and (b) arkose facies of UCU.

grain sizes ranging from pebbles to cobbles
(ﬁgure A7-a). Most of the clasts larger than 2 cm
are rounded to well-rounded and comprise mostly
milky quartz and quartzite, but also granite, rhyolite, basalt and rip-up clasts of tuﬀ. The deposits
are massive and show normal gradation from coarse
sand to pebbles/cobbles. Individual sequences commonly range between 0.5 and 1 m. In contrast
to the greywackes, the matrix is not siliciﬁed and
rather soft. Imbrication fabrics are rarely preserved
and do not deliver trustful paleocurrent directions. Apart from that, the conglomerate is lacking
sedimentary features.
A3.4 Arkose facies
The arkose facies comprises well sorted massive,
brown-red sandstone (ﬁgure A7-b). The layers
show a maximum thickness of 2 m and are intercalated by conglomerate, lithic greywacke and tuﬀ.
They consist of quartz, feldspar and micas, the

latter being concentrated at surfaces parallel to
bedding. The cementing material is silicic and components are subrounded to rounded. Sedimentary
structures are absent.
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