J. Earth Syst. Sci. (2021)130:177
https://doi.org/10.1007/s12040-021-01681-4

Ó Indian Academy of Sciences
(0123456789().,-volV)(0123456789(
).,-volV)

Mixed siliciclastic–carbonate debrite–turbidite deposits
in Paleoproterozoic Aravalli Supergroup, Zawar,
Rajasthan, India: Implications on the Aravalli
Basin evolution
AMRITA MUKHERJEE

and H N BHATTACHARYA*

Techno India University, West Bengal, Sector V, Salt Lake, Kolkata 700 091, India.
*Corresponding author. e-mail: hbaruamu@gmail.com
MS received 26 March 2021; revised 7 May 2021; accepted 11 May 2021

The Paleoproterozoic Aravalli Supergroup exposed in the Zawar Pb–Zn mineralized belt of Rajasthan,
India contains a mixed siliciclastic–carbonate horizon (Mochia Formation), which hosts the mineralization. The mixed sediments are underlain by a siliciclastic turbidite unit (Mandli Formation) and overlain
unconformably by a Cuvio-deltaic- to storm-inCuenced siliciclastic platformal deposit (Bowa Formation).
Detailed facies analysis of the mixed siliciclastic–carbonate succession reveals that the sediments were
deposited in a slope-base to basin plane environment by sediment density Cow processes. Petrography of
the siliciclastic–carbonate sediments reveals that micritic carbonates dominate over siliciclastic components in the compositionally mixed layers. The preponderance of micritic carbonate over siliciclastics
indicates the sediments were sourced by an adjacent platform during a sea-level highstand. The sedimentation pattern in the Zawar section of the Aravalli Basin was primarily controlled by the change in
sea level under the inCuences of syn-sedimentary tectonics. The study further reveals the implication of
the sedimentary succession of the Zawar section in the stratigraphy of the Aravalli Basin.
Keywords. Mixed siliciclastic–carbonate deposit; turbidite; debrite; sediment density Cow; sea-level
highstand; rift basin.

1. Introduction
The last two decades have witnessed a renewed
research interest in turbidites because of their
identiBcation as one of the major reservoirs of
hydrocarbons (Lien et al. 2003; Mutti et al. 2009;
Moscardelli et al. 2019). The Bouma sequence of
classical turbidites (Bouma 1962) and deep-sea fan
models (Normark 1970; Mutti and Ricci Lucchi
1978) of turbidite deposition witnessed further
reBnement as a result of new Bndings on sediment
dispersal pattern and Cow dynamics from the
recent turbidite systems (Haughton et al. 2009;

Mutti et al. 2009; Talling et al. 2012; Fonnesu et al.
2018). However, the majority of recent studies on
turbidites have been carried out on Phanerozoic
deposits rather than their Precambrian counterparts (Basilici and Vidal 2018). Further, studies on
turbidites have traditionally focused on siliciclastic
and carbonate end members, whereas mixed siliciclastic–carbonate turbidites have received little
attention (Yose and Heller 1989; Moscardelli et al.
2019; Cumberpatch et al. 2021). In general, like
carbonate turbidites, mixed siliciclastic–carbonate
turbidites are interpreted as the slope or slope-base
apron-type debrite–turbidite deposits (Yose and
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Heller 1989; Tucker 1991; Dorsey and Kidwell
1999; Moscardelli et al. 2019; Cumberpatch et al.
2021). Controversies still exist regarding the understanding of mixing, transfer and emplacement
dynamics of mixed siliciclastic–carbonate sediment
density Cow deposits of deep-water environments
(Colacicchi and Baldanza 1986; Yose and Heller
1989; Swart 1992; Dorsey and Kidwell 1999;
Chiarella et al. 2017; Moscardelli et al. 2019;
Mishra et al. 2020; Cumberpatch et al. 2021).
The Zawar section (Bgure 1) exposes a complete
succession of the Paleoproterozoic Aravalli Supergroup (Mookherjee 1965; Straczek and Srikantan
1966; Roy 1995; Bhattacharya and Bull 2010) and
is well known for its Pb–Zn sulphide ore deposits
(Mookherjee 1964; Talluri et al. 2000; Bhattacharya 2004; Bhattacharya and Bull 2010). The
host rock for the replacement vein-type Pb–Zn
sulphide ores (cf. Bhattacharya and Bull 2010)
has been recognized as a siliciclastic–carbonate
turbidite deposit by Bhattacharya (2004). This
siliciclastic–carbonate succession oAers a rare
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opportunity to study a Precambrian deep-water
mixed sediment density Cow deposit, which is
scarcely documented in published literature. An
attempt has been made in this paper to establish a
correlation between the sedimentation pattern and
relative sea-level change in response to basin tectonics on the basis of detailed facies analysis and
petrography of the mixed siliciclastic–carbonate
deposit. The implication of the studied sedimentary succession in the stratigraphic reconstruction
of the Aravalli Supergroup has also been evaluated.

2. Geological setting
The Paleoproterozoic sediments with minor basal
volcanics of the Aravalli Supergroup rest unconformably on the basement gneissic complex ([2.5
Ga), and were multiply deformed and metamorphosed under low greenschist facies conditions
(Roy 1988). The Aravalli sediments are considered
to be continental rift-Blled deposits along the

Figure 1. Geological map of the Zawar area, showing regional distribution of the mixed siliciclastic–carbonate horizon (Mochia
Formation). Location of Zawar in India is shown in the inset map.
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northwestern fringe of the Indian Precambrian
Shield (Roy and Paliwal 1981; Banerjee and
Bhattacharya 1994; Sinha-Roy 2004; Bhattacharya
and Bull 2010; McKenzie et al. 2013; Absar and
Sreenivas 2015; Wang et al. 2019). Turbidites form
an important litho-unit in the Aravalli Supergroup
(Poddar and Mathur 1965; Roy and Paliwal 1981;
Roy and Jakhar 2002; Bhattacharya and Mukherjee 2020). The enormously thick ([2000 m) turbidite deposits are exposed in different sections in
the Aravalli basin (Roy and Paliwal 1981) and are
named as the Tidi Formation (Zawar section),
Udaipur Formation (Udaipur section) and Jharol
Formation (west of Rishabhdev Lineament section), respectively, within the Aravalli Supergroup
(Banerjee 1971; Roy and Paliwal 1981; Roy 1988;
Roy and Jakhar 2002; Bhattacharya and Mukherjee 2020). The Zawar section of the Aravalli basin
(Bgure 1) exposes a Pb–Zn sulphide hosting,
90–170 m thick siliciclastic–dolomitic carbonate
succession (Mochia Formation of Roy 1995), which
are also interpreted as turbidite deposits (Bhattacharya 2004). The siliciclastic–carbonate succession overlies a 160–210 m thick succession of
conglomerate–greywacke–phyllite (Mandli Formation of Straczek and Srikantan 1966; Roy 1995).
Bhattacharya and Bull (2010) identiBed three
facies types in this succession namely, laminated
mudstone facies, sandstone–mudstone interbedded
facies and conglomerate–sandstone interbedded
facies, and interpreted them as a syn-rift coarsening and thickening upward siliciclastic turbidite
horizon (for details, see Bhattacharya and Bull
2010). This siliciclastic turbidite horizon (Mandli
Formation) is much older than the Tidi Formation
turbidites (Bhattacharya and Bhattacharya 2005).
The siliciclastic–dolomitic carbonate succession
(Mochia Formation) is overlain unconformably by
an 80–150 m thick mature siliciclastic succession
of quartz–pebble conglomerate–quartz arenite,
deposited in a storm-induced platformal setting
(Bhattacharya and Bhattacharya 2005), known as
Bowa Formation (Straczek and Srikantan 1966;
Roy 1995). The Pb–Zn sulphide hosting siliciclastic–dolomitic carbonate succession rocks of the
Mochia Formation has been assigned various
Beld terminologies such as ‘impure dolomite’
(Mookherjee 1965), ‘gritty dolomite’ (Roy and
Jakhar 2002), without exploring the detailed
anatomy of the sediments. These ore-bearing siliciclastic–dolomitic carbonate sediments form a
regionally extensive unit in the Zawar mineralized
belt (shown as Mochia Formation in Bgure 1), with
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strike continuity of more than 20 km and thick
ness ranging between 90 and 170 m. The best
sedimentary attributes are preserved in the
Mochia–Balaria hills sections (Bgure 1), covering
the top of the Mochia–Balaria ridge and its
northern slope. In other sections, the sedimentary
features are sporadic and variably reconstituted
during deformation and low-grade metamorphism.
Section measurement in other parts of the belt was
not possible due to frequent repetition of beds and
their over-thickening because of deformation.
There are intercalations of thinly-layered sulphide
bearing carbonaceous mudstone in the siliciclastic–carbonate sediments (Bhattacharya and Bull
2010), with 1–6 m thickness and *200 m strike
continuity. In Baroi section, a *15 m thick carbonate-free pebbly greywacke body with sheared
contacts, occurs near the base of the mixed siliciclastic–carbonate succession. Unfortunately, a
near-vertical attitude of the beds does not allow
correlation between the contemporary proximal
and distal sedimentary packages and hence the
study mostly depends on the temporal changes of
litho-assemblages (Bgure 2).

3. Materials and methods
The present study is based on the detailed geological map of the Zawar area published by Roy
(1995), with minor modiBcations (Bgure 1). Traverses are taken across and along the litho successions exposed in Mochia–Balaria, Baroi and
Zawarmala sections (Bgure 1) to record the
stratigraphic order of different sedimentary units,
their contact relationships and sedimentologic
attributes on the outcrop scale. The outcrops of
the mudstone–greywacke–conglomerate association (Mandli Formation), mixed siliciclastic–
carbonate sediments (Mochia Formation) and
quartz-pebble conglomerate–sandstone association
(Bowa Formation) are studied in detail. The
total thickness (160 m) of the mixed silici
clastic–carbonate horizon exposed across the
Mochia–Balaria hill is measured (Bgure 2),
strictly avoiding repetitions related to deformations. The mixed siliciclastic–carbonate sediments
are sampled from outcrops showing observable
variations in mineralogy, texture, and structure
for petrographic analysis. Depending on observable variations on the outcrop scale, seven sedimentary facies types are identiBed within
the mixed siliciclastic–carbonate horizon, which
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Figure 2. Stratigraphic column showing the Bning and thinning upward architecture of the different facies types of the mixed
siliciclastic–carbonate sediments (Mochia Formation), exposed along X–Y line shown in Bgure 1.

constitute a thinning and Bning upward facies
architecture (Bgure 2). The petrographic data
and the detailed facies attributes of the studied
sediments along with the contact relationships
with the underlying and overlying stratigraphic
units are interpreted in terms of a sedimentary
basin evolution model with stratigraphic and
paleogeographic perspectives.

4. Facies analysis
Seven facies types have been identiBed in the
mixed siliciclastic–carbonate succession, which
constitutes a thinning and Bning upward succession (Bgure 2). The facies types are clastsupported conglomerate facies, sandy-micritic
matrix-supported conglomerate facies, massive
sandstone–micrite interbedded facies, massive
to normally graded micritic sandstone–micrite
interbedded facies, planar laminated sandstone–micrite interbedded facies, micritic silty
mudstone–micrite interbedded facies and

laminated carbonaceous siliciclastic mudstone
facies. The conglomeratic facies types occur as
separate lenticular bodies at the base of the
mixed siliciclastic–carbonate succession all along
the contact with greywacke–phyllite succession
(Mandli Formation). The repetition of the massive sandstone–micrite interbedded facies constitutes a relatively thicker part, in comparison
with other sections, in the Zawarmala and west
of Mochia sections.
The concepts (Mutti et al. 2009; Talling et al.
2012) that are developed in explaining the
depositional mechanisms of siliciclastic sediments
from sediment density Cows are utilized here to
interpret the similar attributes of the studied
mixed siliciclastic–carbonate sediments. Moreover, the experiments carried out by Schieber
et al. (2013) have established that the particle
behaviour during deposition of Bne-grained siliciclastic and carbonate sediments remains more
or less the same. The following are the description of the facies types along with their
interpretations.
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Figure 3. (A) Field photograph of the clast-supported conglomerate facies (F-1). Carbonate clast is arrow marked. Unsorted
clasts show a strongly oriented fabric. Diameter of the coin is 2.2 cm. (B) Field photograph of sandy-micritic matrix-supported
conglomerate facies (F-2). The carbonate clast is arrow marked. Length of the pen used for scale is 15 cm. (C) Field photograph
of sandy-micritic matrix-supported conglomerate facies (F-2), showing erosional basal contact (marked). The bar-scale is 10 cm
long. (D) Field photograph of thinner equivalent of sandy-micritic matrix-supported conglomerate facies (F-2), which is overlain
by thicker sandy-micrite. The bar scale is 5 cm long.

4.1 Clast-supported conglomerate facies (F-1)
This facies (Bgure 3A) occurs at the base of the
siliciclastic–carbonate succession and overlies the
scoured surface on laminated silty-mudstone of the
carbonate free siliciclastic turbidites of the Mandli
Formation. The top surface of this facies is
approximately Cat. This facies is developed as
lenticular bodies with strike-wise length from 12 to
30 m, with thickness near the central part between
1.5 and 3 m. This conglomerate facies shows clastsupported fabric. The clasts are unsorted and the
sizes vary from 2 to 40 cm. Grading of clast sizes
is absent. Granite, quartzite, vein quartz and
carbonate clasts represent the clast composition.
4.1.1 Interpretation
The matrix poor clast-supported character of this
facies may be interpreted as grain-Cow deposit, as
discussed by Middleton (1969), Walker (1978) and
Lowe (1982). Such deposits are formed from noncohesive high concentration clast dispersion that
resulted from rapid deposition and freezing of the
entire sediment load without selective sorting of
clasts. This facies may also represent a frozen
gravel-rich grain Cow (traction carpet) at the base
of a turbulent Cow that moved further downslope
(Lowe 1982; Nemec 1990). The lenticular shape of

this facies and the scoured basal contact indicate
its emplacement along channels that were developed during early erosion of the underlying siliciclastic turbidites by bypassing sediment density
Cows.

4.2 Sandy-micritic matrix-supported
conglomerate facies (F-2)
Tabular and unsorted conglomerate with carbonate matrix-supported fabric constitute this facies
(Bgure 3B). This facies shows a Cat base and
defused top contact with micritic carbonate.
Locally this facies overlies the clast-supported
conglomerate facies or laminated silty-mudstone of
the carbonate free siliciclastic turbidites of the
underlying Mandli Formation. In some sections,
this conglomerate facies show scoured basal contact (Bgure 3C). The thickness of this facies varies
from 2 to 4 m and strike continuity is traceable for
30–60 m. Angular to rounded clasts varying in size
from 3 to 18 cm Coat within a calcarenite matrix.
Clast compositions include granite, quartzite, veinquartz, mica schist and carbonate. The matrix is
composed of poorly recrystallized micrite containing a variable amount of sand to silt size siliciclastic grains. There are few beds of this facies in
the up-section, which are 4–10 cm thick, with
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dispersed larger clasts of 1–5 cm in diameter
(Bgure 3D).

4.2.1 Interpretation
Micrite-supported disorganized fabric, tabular
shape and Cat basal contact suggest debris Cow
origin for this facies (cf. Lowe 1982; Postma
1986; Mutti 1992). Unsegregated fabric and the
lack of vertical grading of clast sizes also suggest
en masse settling of cohesive debris Cow as a
tabular sheet-like deposit (Talling et al. 2012).
Locally developed scoured basal contact suggests
that the Cow became temporarily turbulent
through water intake during the initial phase of
the Cow (‘ignitive phase’ of Mutti 1992). Presence of rounded clasts in this facies also suggests
possible recycling of basin marginal Cuvio-deltaic
sediments. The clast-free micrite cap over the
debris Cow deposit possibly represents the settlement of a dilute sediment suspension that was
generated during the Cow (Mulder and Alexander
2001). The presence of this micrite bed above the
debris Cow deposit with gradational contact also
suggests their subaqueous emplacement.
4.3 Massive sandstone–micrite interbedded
facies (F-3)
In this facies, massive arkosic sandstone with
carbonate matrix (5–12%) alternates with massive micrite containing sporadically distributed,
10–15% sand to silt size grains (Bgure 4A). Siliciclastic sandstone and micrite form a couplet
that repeats 20–30 times in the lower part of the
facies succession. The thickness of the sandstone
bed varies from 3 to 22 cm and the micrite bed
ranges between 5 and 40 cm. The couplets continue strike-wise for more than 100 m with local
tearing developed during tectonic deformations.
In the up-section, the thickness of the sandstone
layers decreases steadily, whereas the average
thickness of the micrite layers increases in
younger couplets. The sandstone shows matrixto grain-supported framework. The contact
between the sandstone and micrite is sharp and
planar. A prominent grain-size break is discernable across the contact. The sandstone bed is Catbased and locally loaded. In some beds, the
sandstone is topped by a 2–3 cm thick planarlaminated zone. Out-size clasts are absent in the
sandstone.
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4.3.1 Interpretation
The massive siliciclastic sandstone bed with sharp
and Cat bounding surfaces of this facies may be
interpreted as a high-density turbidity current
deposit (Lowe 1982), where the coarser sediments
were deposited in an incrementally aggraded fashion. The high density resulted from an increased
concentration of coarser sediments near the base of
the Cow. The increased grain concentration and
grain interaction resulted in dampening of the
turbulence of the Cow near the base and prevented
the formation of the other bedforms (cf. Talling
et al. 2012). However, a similar sandstone bed may
also represent an en masse deposit formed from
clean sand debris Cows (Johnson 1970). In a twodimensional outcrop, it is difBcult to distinguish
between these two different depositional mechanisms. The planar-laminated top of some massive
beds may signify repeated collapse of traction
carpet of higher concentration Cows (Sumner et al.
2008) or such planar-laminated coarse sandstone
may also be attributed to deposition from dilute
turbidity current (Mutti 1992) in the upper stage
plane bed regime (Allen 1982). The micrite in this
facies with dispersed siliciclastic sand-silt grains
and lack of grading suggests that the deposition of
micrite took place through en masse freezing of a
Cuid micritic layer. Such a dense Cuid micritic
layer may have generated after settling from a
more dilute suspension, as was envisaged for siliciclastic mud by Paull et al. (2010). The grain-size
break between the sandstone and micrite in the
couplet may represent bypassing of Bner sand-silt
fraction along with a low-density turbulent Cow
(Talling et al. 2012). The gradual decrease in the
thickness of the sandstone layers of the couplets in
the up-section and close association of this facies
with conglomeratic facies perhaps indicates deposition within proximal channels.
4.4 Massive to normally graded micritic
sandstone–micrite interbedded facies (F-4)
This facies is represented by interbedded \1 to
4 cm thick massive to normally graded micritic
sandstone and\1 to 2 cm thick micrite (Bgure 4B).
In different sections, this sandstone–micrite couplet repeats 6–14 times successively. The micritic
matrix content in the micritic sandstone is high, at
places covers up to 15% of the rock and shows
grain- to matrix-supported framework. The micritic sandstone contains few coarse sand-size grains
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Figure 4. (A) Field photograph of massive sandstone–micrite interbedded facies (F-3). The siliciclastic layers are marked as ‘S’
and the carbonate layers are marked as ‘C’. Further details of the sandstone–micrite couplets are shown in inset. White quartz
veins are tension gashes. The length of the hammer used as scale is 33 cm and diameter of the coin is 2.2 cm. (B) Field
photograph of massive to normally graded micritic sandstone–micrite interbedded facies (F-4). Arrowhead indicates normal
grading. The diameter of the coin is 2.2 cm. (C) Field photograph of massive to normally graded micritic sandstone–micrite
interbedded facies (F-4) containing larger grains. The micrite interbeds are laminated. (D) Field photograph of planar laminated
sandstone–micrite interbedded facies (F-5). Top surface of the sandstone is rippled (arrow marked). The micrite layer is massive.
The diameter of the coin is 2.2 cm.

(1–1.5 mm) (Bgure 4C). The basal contact of the
micritic sandstone bed is planar and the contact
with overlying micrite is gradational or sharp. The
micrite interbeds show sharp contact with the
underlying micritic sandstone and are planarlaminated (\1 mm in thickness) (Bgure 4C). The
laminated micrite contains Bne silt and shows
normal grading from Bne silt to carbonate mud.
This facies continues laterally for 30–40 m,
although some couplets show lateral wedging.
4.4.1 Interpretation
This facies with massive to normally graded
matrix-rich sandstone was possibly deposited
incrementally from high-density turbidity current
(Sylvester and Lowe 2004). A higher concentration
of grains near the base of the Cow might have
hindered excess micrite deposition from the Cowing
micrite-carrying turbulent Cow. Deposition took
place at a rate, that did not allow traction to form
other bedforms (Middleton and Hampton 1973).
Gradational contact with the overlying micrite
suggests differential settling of Bner silt grains,

which was followed by segregation of micrite near
the bed that damps turbulence and favoured rapid
micrite deposition (Stow and Bowen 1978; Talling
et al. 2012). Thinness and limited strike continuity
of this facies may represent inner-channel levee
deposits or deposits that formed from locally generated smaller sediment density Cows due to slope
collapse.
4.5 Planar laminated sandstone–micrite
interbedded facies (F-5)
Planar to ripple cross-laminated medium-grained
siliciclastic sandstone and massive micrite constitute this interbedded facies (Bgure 4D). The planar
or planar to ripple cross-laminated sandstones are
3–20 cm thick and the micrite beds are \1 to 3 cm
thick. The planar laminated portion covers the
major part of the sandstone bed. The planar laminations are \1 mm thick and continue laterally
across exposures. The ripples are with high wavelength: amplitude ratio and sinusoidal. The contact
with overlying massive micrite is sharp. The massive
micrite beds are free from any coarse detrital grains.
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4.5.1 Interpretation
The planar-laminated medium-grained sandstone,
which resembles TB division of Bouma Sequence
(Bouma 1962), may have formed through two different processes. According to Lowe (1982) and
Mutti (1992), planar-laminated sandstone may be
the result of deposition from dilute turbidity current under upper Cow regime. Such planar-laminated sandstone may also form from the repeated
collapse of traction carpet of a high-density turbidity current (Sumner et al. 2008). The rippled
top of the laminated sandstone suggests deposition
from a fully turbulent low-density sediment density
Cow (Walker 1965). Starved sinusoidal ripple
attests to a higher rate of suspension fall-out.
Further, the massive character of the micrite
interval also supports the faster rate of carbonate
mud deposition from a denser lower part of a lowdensity Cow. This facies may represent levee
deposits in the channel-levee complex or inner lobe
deposits outside the channel conBnes.
4.6 Micritic silty mudstone–micrite interbedded
facies (F-6)
Less than 1–6 cm thick massive to normally graded
micritic silty-mudstone and \1 mm to 12 cm thick
micrite interbeds constitute this facies (Bgure 5A).
The interbeds are regionally persistent for hundreds of meters and constitute the upper 30–60 m
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of the mixed siliciclastic–carbonate succession.
In some interbeds, the micrite layer is much
thicker than the siliciclastic silty-mudstone layer
(Bgure 5A). Some of the siliciclastic layers are
normally graded (Bgure 5B). The micrite layers are
sharp-based and massive.

4.6.1 Interpretation
The massive and normally graded micritic siltymudstone represents an incremental size-segregated accumulation of silt to mud-sized siliciclastic grains with a variable amount of micritic
carbonate from a denser cloud below a low-density turbulent Cow (see Talling et al. 2012). The
rate of deposition was high, preventing the formation of other bedforms (Lowe 1988), or the
deposition took place from a basal denser sluggish cloud of silty mud, which did not allow the
formation of any current generated structure in
the outer basin plane area. The upper micrite
layer is massive and nearly free of any siliciclastic grains and possibly represents quick fallout or en masse freezing of a dense carbonate
mud cloud (Talling et al. 2012). This facies is
interpreted as distal outer fan/basin plane sheet/
lobe deposit. Moreover, the thinness of the beds/
laminations, Bner grain size and vast lateral
continuity of this facies suggests their deposition
in unconBned outer basin plane area.

Figure 5. (A) Field photograph of micritic silty mudstone–micrite interbedded facies (F-6). Some micrite layers (brown) are
much thicker than mudstone layers. Length of the pen used for scale (arrow marked) is 15 cm. (B) Field photograph of micritic
silty mudstone–micrite interbedded facies (F-6). Micritic silty mudstone layers are showing normal grading (arrowhead marked).
(C) Field photograph of laminated carbonaceous mudstone facies (F-7), now gosanized (arrow marked), interbedded with
laminated sandstone–micrite interbedded facies. Length of the hammer used as scale is 33 cm.
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4.7 Laminated carbonaceous siliciclastic
mudstone facies (F-7)
Thinly laminated carbonaceous mudstone (\1 to 3
cm) with intercalations of \1 mm thick pyrite and
sphalerite–galena layers constitute this facies.
Surface exposures of this facies are gosanized at
places (Bgure 5C). This facies is 1–3 m thick and is
traceable along strike for 150–200 m. Some mudstone layers show an accumulation of Bne silts near
the base. Prismatic tourmaline grains are present
in the mudstone layers.
4.7.1 Interpretation
This facies represents the accumulation of hemipelagic basinal mud in reduced pools. Such
reduced carbonaceous mudstone accumulations
possibly represent inter-lobe zones in the basin
plane area. Intercalated sulphide layers represent
an inCux of metal-bearing brine during sedimentation or early-stage diagenesis (Large et al.
1998). The presence of diagenetic tourmaline
grains is considered diagenetic in origin (Bhattacharya and Bull 2010), and signiBes the availability of trapped boron-rich Cuids in the
sediments (Plimer 1988; Deb et al. 1997). Further,
the presence of sulphides and tourmaline also
suggest emanations of metal-bearing hydrothermal
Cuids, possibly from nearby intrabasinal faults that
might have acted as conduits (Bhattacharya and
Bull 2010).
An overall assessment of the facies attributes
detailed above strongly advocates in favour of the
deposition from sediment density Cows at a slopebase to basin plane domain. A relative sea-level rise
due to incremental down sagging of the basin Coor
may also be held responsible for the development of
the Bning-upward stacking pattern of the facies
types (Bgure 2). Furthermore, preponderance of
the micritic carbonate in the facies types points to
an inundated carbonate producing platformal
source that might have been favoured by latitude,
salinity, nutrients and temperature (Grotzinger
and James 2000; Chiarella et al. 2017, 2019).
5. Petrography of the siliciclastic–carbonate
sediments
Reports on modern and ancient mixed siliciclastic–carbonate deposits from deep basinal slopeplane environments that include in-depth analysis
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are scarce (Moscardelli et al. 2019; Cumberpatch
et al. 2021). Moreover, petrographic analysis of
deep-water mixed sediments is rare in the literature (Dorsey and Kidwell 1999; Chiarella and
Longhitano 2012; Longhitano et al. 2014; Chiarella
et al. 2017; Moscardelli et al. 2019). This lack of
focus on siliciclastic–carbonate sediments may be
held responsible for the unavailability of a wellaccepted petrographic classiBcation scheme and
nomenclatures for these lithologies. Dunbar and
Rodgers (1957) coined the term ‘quartzose calcarenite’ for a sandstone compositionally intermediate between sandstone and calcarenite and later,
Pettijohn (1975) proposed the term ‘calcarenaceous ortho-quartzite’ for a sandstone containing
detrital carbonate and quartz. ZuAa (1980)
grouped these mixed siliciclastic–carbonate sediments under the term ‘hybrid arenite’. However,
none of the recent authors used these terms in their
analyses of mixed sediments of shallow or deepwater environments (Dorsey and Kidwell 1999;
Chiarella et al. 2017). Mount (1985) Brst coined the
term ‘mixed siliciclastic–carbonate sediments’ for
sediments that fall between siliciclastic and carbonate end members and proposed a practically
usable composition and a texture-based descriptive
classiBcation for these sediments. In the present
paper, the classiBcation scheme proposed by
Mount (1985) to name the different compositional
and textural variations of the mixed siliciclastic–carbonate sediments are used.
Following Mount (1985), the studied mixed siliciclastic–carbonate sediments are designated as
micritic sandstone, sandy micrite, micritic siltstone, micritic mudstone and micrite. Like other
Proterozoic carbonate sediments, the carbonate
components of the studied mixed sediment are
dolomitized to a varying extent, ranging from
partial dolomite to dolomite of Sibley and Gregg
(1987). The original micritic sediments of the
studied succession are dolomitized to a Bne-grained
mosaic and that helps the preservation of the primary depositional features. Depending on the
degree of dolomitization, the preBx dolo- is added
to the carbonate textural term (cf. Mount 1985)
and the terms xenotopic and idiotopic are used to
describe the dolomite mosaic, the former with
anhedral crystals and the latter with euhedral
rhombic crystals (cf. Tucker 1991). Dolomicritic/
micritic sandstone, sandy micrite, micritic siltstone, micritic mudstone and micrite or dolomicrite are the different petrographic entities
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identiBed in the mixed siliciclastic–carbonate
sediments of the present study.
The dolomicritic sandstone (facies F-3) of the
studied mixed sediments is represented by sandsize moderately sorted quartz and feldspar grains
showing grain- to matrix-supported framework
(Bgure 6A) set in a Bne-grained quartzo-feldspathic
and micritic aggregate matrix. The ratio of
quartzo-feldspathic matrix vs. micritic matrix
varies widely. There are angular to subrounded,
mono- and poly-crystalline quartz grains. Monocrystalline quartz grains show straight or undulose
extinction. Feldspars are angular to subrounded
and fresh. Feldspar grains are mostly potash feldspars, however, albitic feldspar grains are also
present and cover 2–4% of the total feldspar grains.
The micritic matrix is replaced by Bne-grained
idiotopic dolomite (Bgure 6A). In some sections,
micrite has escaped dolomitization.
Sand-size quartz, feldspar, quartzite and calclithite grains with micrite supported framework
represent the sandy micrite (facies F-4) of the
studied mixed sediments (Bgure 6B). The micritic
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matrix suffered patchy dolomitization, which produced Bne xenotopic dolomite grains. The sandsized grains are angular to subrounded and unsorted. Potash feldspar grains dominate the grain
composition with a minor amount of mono- and
poly-crystalline quartz, quartzite and calclithite
grains. The micritic matrix covers nearly 50% of
the sediment and is a matrix-supported framework.
This rock is similar to feldspathic wacke (Pettijohn
et al. 1987), but differs in the matrix composition,
with micrite instead of Bner siliciclastic grains.
Micritic siltstone (coarser fraction of facies F-6)
in the mixed sediments is characterized by siltsized quartz and feldspar grains set in a micritic
matrix (Bgure 6C). Quartz dominates over feldspar
grains and the grains are angular with poor sorting.
Microcrystalline micrite constitutes the matrix and
in some beds, the matrix content is high enough to
form a matrix-supported framework. The micritic
matrix is partly dolomitized with the development
of a few dolomite micro-rhombs. In the case of
micritic mudstone (facies F-6), the sediment is
represented by the cryptocrystalline aggregate of

Figure 6. (A) Photomicrograph of micritic sandstone (facies F-3), the micrite in the matrix is dolomitized, forming tiny idiotopic
dolomite grains. (B) Photomicrograph of sandy micrite (facies F-4), showing sand-size grains of feldspar, quartz with fragments
of siltstone and calclithite (arrow marked) Coating within micritic matrix. Small xenotopic dolomite crystal aggregates developed
as patches within micritic matrix. (C) Photomicrograph of micritic siltstone (coarser fraction of facies F-6) interbanded with
micrite layers. Micritic siltstone layer shows normal grading (arrowhead marked). (D) Photomicrograph of micritic silty
mudstone (facies F-6) interbanded with micrite layer. The mudstone layer shows crude normal grading of Bne silt-size quartz
grains. The micrite layer is pervasively dolomitized with the development of xenotopic micro-crystals of dolomite.
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quartz, feldspar and phylosilicates mixed with
variable amounts of micrite (Bgure 6D). Such
micrites are variably dolomitized. Micrite alternating with micritic siltstone remains intact with a
few grains of dolomite micro-rhombs (Bgure 6C).
There are micritic layers, particularly interlaminated with micritic mudstone, that are totally
replaced by xenotopic dolomite micro-crystals to
form dolomicrite (Bgure 6D).
Petrography of the studied mixed siliciclastic–carbonate sediments reveals that there is both
compositional mixing and strata mixing, as proposed by Chiarella et al. (2017). Mixing of extrabasinal quartz, potash feldspar and quartzite
grains with intrabasinal micritic carbonates in
different proportion represent the compositional
mixing of Chiarella et al. (2017). Further, interbanding of micrite with sandstone, siltstone and
mudstone, strata mixing of Chiarella et al. (2017),
is the result of segregation during sedimentation, as
discussed below. It is also pertinent from the petrographic study that the micrite represents the
main carbonate component in the mixed sediments, unless they are dolomitized. Rare calclithite
grains in the sediments may have derived from
intrabasinal sources, although extrabasinal sources
cannot be ruled out. Further, it is also evident
from the petrography of the mixed sediments that
the dolomitization of micritic carbonates is not
pervasive in nature.

6. Discussion
The studied mixed siliciclastic–carbonate sediments of the Zawar area is unique in the context of
the Aravalli sedimentary succession (Roy and
Jakhar 2002), which records an early intra-continental rift-related volcanically active Cuvio-deltaic
to shallow marine setting that later evolved into a
post-rift passive marginal collapse phase (Bhattacharya 2014a, b; Bhattacharya and Mukherjee
2020). The Zawar section of the Aravalli basin
records the development of syn-rift phase siliciclastic and mixed siliciclastic–carbonate sediment
density Cow deposits (Bhattacharya and Bull
2010), which are otherwise not yet reported from
other parts of the Aravalli basin.
The contrasting stacking patterns of the lower
coarsening and thickening upward (prograded)
siliciclastic turbidite succession and the upper Bning and thinning upward (retrograded) mixed siliciclastic–carbonate debrite–turbidite succession
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record a relatively faster base-level change, from
lowstand to highstand, along with an incremental
change in the rate of down sagging of the basin
Coor and fall in the rate of sediment supply (Martins-Neto 2000; Bhattacharya and Bull 2010).
Hence, the sedimentation pattern in the Zawar
section suggests the development of a more mobile
segment within the comparatively slow-sinking
Aravalli rift basin, particularly near the end of the
syn-rift phase. Furthermore, the studied micritic
carbonate dominated deep marine mixed siliciclastic–carbonate system also indicates the additional inCuence of salinity, latitude, nutrients and
temperature apart from conventional controlling
factors like climate, tectonics, sea-level change
that are important for siliciclastic systems (e.g.,
Chiarella et al. 2017, 2019).
The facies analysis, detailed above, reveals that
the mixed siliciclastic–carbonate sediments include
grain-Cow, debris-Cow and high- to low-density
sediment density Cow deposits. The Bning and
thinning upward facies architecture also reCects
the underBlled character of the basin. Moreover,
the facies analysis also reveals that the mixed
sediments were deposited near the slope-base to
basin plane domains by different processes of sediment density Cow deposition. Petrographic analysis of the mixed siliciclastic–carbonate sediments
reveals that carbonate components dominate over
the siliciclastic components, furthermore, micrite
covers the major part (98%) of the carbonates,
unless they are replaced by dolomite rhombs. It is
also evident that dolomitization is not well pervasive in the mixed siliciclastic–carbonate sediments.
The petrography of the mixed sediments also suggests compositional mixing of carbonate and
siliciclastic sediments (Chiarella et al. 2017).
Moreover, in the case of the observed strata mixing
(Chiarella et al. 2017), the siliciclastic layers contain a variable amount of micritic carbonate. Such
observations advocate in favour of mixing carbonate and siliciclastic sediments in the source area or
due to entrainment during transportation. Both of
these interpretations point to a provenance which
was producing micrite and receiving time-equivalent siliciclastic sediments. Such a provenance
might reasonably be an inundated platform. The
petrography of the mixed siliciclastic–carbonate
couplets further points to a hydro-dynamically
controlled differential segregation of siliciclastic
and carbonate sediments from mixed sediment
density Cows. Such a depositional model differs
from background sedimentation of micritic
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carbonate from low-density sediment density Cows,
which was interrupted by intermittent appearances
of siliciclastic sediment density Cows as envisaged
by Cumberpatch et al. (2021). The carbonate-free
pebbly greywacke band near the base of the mixed
siliciclastic–carbonate succession in the Baroi section may represent a tectonically emplaced slice of
the underlying siliciclastic turbidites during later
deformation.
Depositional models proposed for deep-water
siliciclastic sediment density Cow deposits, particularly deep-sea fan models (Bouma 1962; Normark
1970; Mutti and Ricci Lucchi 1978), may differ
from deep-water resedimented carbonate deposition models (Cook and Mullins 1983; Mullins et al.
1984). However, there is a common agreement that
carbonate turbidites are formed in deep-water as
slope aprons or sheets/lobes on basin planes (Colacicchi and Baldanza 1986; Mullins and Cook
1986; Swart 1992; Argnani et al. 2004; Moscardelli
et al. 2019; Cumberpatch et al. 2021) with internal
complexity and variability (Chiarella et al. 2019),
and represent highstand system tracts (Mullins
1983; Medig et al. 2016). These deposits are fed by
a carbonate depositing platform which acted as a
line source (Johns et al. 1981; Colacicchi and Baldanza 1986; Surlyk and Ineson 1992). In contrast,
siliciclastic turbidites are funnelled through canyons to form deep-water channel-levee and lobe
complexes (Normark 1970; Lien et al. 2003; Mutti
et al. 2009; Talling et al. 2012) and are considered
as lowstand system tracts (Meissnar 1972;
Shanmugam et al. 1985).
According to the aforementioned concepts
regarding the pattern of sedimentation under the
control of sea-level change relative to the shelf, the
lower siliciclastic turbidites represent deposition
during a sea-level lowstand and the studied
micrite-rich mixed siliciclastic–carbonate debrite–
turbidites were deposited during a sea-level highstand. In that case, the contact between the siliciclastic turbidites and the mixed siliciclastic–
carbonate debrites and turbidites represent a
transgressive surface. Moreover, the gravel-sized
carbonate clasts in the basal conglomeratic facies
indicates exposure of lithiBed carbonate deposits of
the platform and their erosion during a sea-level
lowstand. Micrite and Bner siliciclastics dominated
upper half of the facies succession, further suggests
an accumulation of Bner carbonate sediments in
the deeper part of the basin during the maximum
Cooding phase related to a sea-level highstand.
During the Paleoproterozoic, inundated platforms
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were the main repositories of carbonate sediments.
The studied deepwater micrite-rich sediments
might have derived from a micrite-producing
inundated platform. The unlithiBed micritic sediments of the platform were possibly raised by the
basin-ward moving sediment density-Cows, which
may have generated due to the collapse of an oversteepened deltaic deposit. However, mixing of the
time equivalent siliciclastic sediments and carbonate mud from spatially linked contemporaneous
environments on the platform during storms may
also represent another important mixing process of
siliciclastic and carbonate sediments (see Chiarella
et al. 2017; Mishra et al. 2020). Accumulation of
over-steepened storm-surge sediments near the
platform margin is also potential to produce the
sediment density-Cows, which form debrite–turbidite deposits near the slope-base and onto the
basin plane (see Moscardelli et al. 2019). Apart
from basal channel-Bll conglomeratic facies, the
major part of the studied succession contains facies
types with sheet-like geometry and the distinction
between channel-levee complexes and stacked
lobes is not always possible. However, the presence
of sulphide-bearing laminated carbonaceous silty
mudstone lenses between the interbedded siliciclastic–carbonate sediments signiBes the shifting of
lobes on the basin plane. Finally, the regressive
surface developed above the studied highstand
system tract in the study area and an overall
exhumation of the basinal sediments all over the
Aravalli basin lead to the development of a basinwide unconformity (Sinha-Roy et al. 1993), which
is also designated as a top-rift unconformity by
Bhattacharya (2014b) and Bhattacharya and
Mukherjee (2020). Depending on these sequence
stratigraphic and paleogeographic perspectives, a
basin model is reconstructed for the evolution of
the studied mixed siliciclastic–carbonate sediments
and is shown in Bgures 7 and 8. The depositional
model (Bgure 7) is primarily based on the stacking
pattern of the different facies types shown in
Bgure 2 and the petrographic character of the
carbonate sediments in the studied mixed siliciclastic–carbonate succession. Apart from the
control of sea-level change, movement along
intrabasinal faults (related to rifting) might have
played a significant role in sediment accumulation
pattern. The paleogeographic model (Bgure 8)
explains the linked depositional environments for
the development of the mixed siliciclastic–carbonate deposit near the slope break and on the basin
plane.
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Figure 7. A conceptualized depositional and stratigraphic model that explains the evolution of the sedimentary succession of the
Zawar Pb–Zn mineralized belt, under the control of repeated rise and fall of the sea level with time. In this model, the siliciclastic
sediment density Cow deposits (Mandli Formation) represent deposition during a sea-level lowstand, while the mixed
siliciclastic–carbonate sediments (Mochia Formation) developed during a sea-level highstand. The erosional surface above the
HST (Mochia Formation) stands for a top-rift unconformity in the regional context. Furthermore, the stratigraphy of the Zawar
section is compared with the stratigraphy of the Aravalli Supergroup (Roy and Paliwal 1981) of the type area, Udaipur valley.

Figure 8. A reconstructed paleogeographic model for the
evolution of the studied mixed siliciclastic–carbonate sediments of the Zawar area. 1. Alluvial fan, 2. Fluvio-deltaic
deposits, 3. Shore-face siliciclastic deposits, 4. Micrite depositing carbonate shoals, 5. Accumulation of mixed siliciclastic–
carbonate sediments through storm surges, 6. Accumulation of
near slope-base debris Cow dominated sediments (debrites),
and 7. Accumulation of basin plane Bner sediment density Cow
deposits.

Development of the studied mixed siliciclastic–
carbonate sediment density Cow deposits above
carbonate free siliciclastic sediment density-Cow
deposits further suggests a change of provenance
with time, which is possibly controlled by basintectonics. However, due to lack of paleo-Cow indicators, the situation becomes difBcult to decipher
whether these siliciclastic and mixed siliciclastic–
carbonate systems were parallel, perpendicular or

oblique to each other. A linear fault-controlled
trough perhaps matches well with the sediment
accumulation pattern in which, the older siliciclastic turbidite deposits are the results of longitudinal canyon-fed sediment density-Cows and
the late mixed siliciclastic–carbonate debrite–
turbidites are fed laterally by linear source along
the faulted platform margin.
Accumulation of metal-bearing hydrotherms
onto the basin Coor during sedimentation or during
early diagenesis also supports a syn-sedimentary
fault-controlled tectonic set-up (see Goodfellow
et al. 1993; Large et al. 1998; Bhattacharya and
Bull 2010), where faults might have acted as conduits for exhalations of metal-bearing basinal
Cuids.

7. Conclusion
The studied Pb–Zn sulphide bearing Paleoproterozoic carbonate succession of the Zawar section
of the Aravalli Supergroup represents mixed siliciclastic–carbonate lithologies in which micritic
carbonate dominates over siliciclastic components.
Both compositional mixing and strata mixing of
carbonate-rich and silicate-rich layers are common
in the siliciclastic–carbonate succession. The
micritic carbonate is dolomitized to a variable
extent. Facies analysis of the Bning and thinning
upward succession reveals that the mixed sediments represent sediment density Cow deposits of
slope-base to basin plane environments. The Bning
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and thinning upward facies architecture and
dominance of micritic carbonate in the upper half
of the succession indicate derivation of the mixed
sediments from an adjacent platform that was
receiving time equivalent siliciclastics and micritic
carbonates during a sea-level highstand. Storms
may have played an important role in the mixing of
contrasting sediments that fed the deep basinal mixed siliciclastic–carbonate debrite–turbidite
deposits. Syn-rift intrabasinal faults were possibly
responsible for the relatively faster sinking of
the basin, which resulted in a retrogradational
succession.
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