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Abstract
Shallow marine sandstone-shale-carbonate sedimentary rocks of the Paleoproterozoic northern Cuddapah basin host copper
(Nallakonda deposit), copper-lead (Dhukonda deposit), and leadmineralization (Bandalamottu deposit) which together constitute
the Agnigundala Sulfide Belt. The Cu sulfide mineralization in sandstone is both stratabound and disseminated, and Pb sulfide
mineralization occurs as stratabound fracture filling veins and/or replacement veins within dolomite. Systematic mineralogical
and sulfur, carbon, and oxygen isotope studies of the three deposits indicate a common ore-fluid that deposited copper at
Nallakonda, copper-lead at Dhukonda, and lead at Bandalamottu under progressive cooling during migration through sediments.
The ore-fluid was of low temperature (< 200 °C) and oxidized. Thermochemical reduction of basinal water sulfate produced
sulfide for ore deposition. It is envisaged that basal red-bed and evaporite-bearing rift-related continental to shallow marine
sediments might have acted as the source for the metals. Rift-related faults developed during sedimentation in the basin might
have punctured the ore-fluid pool in the lower sedimentary succession and also acted as conduits for their upward migration. The
ore-bearing horizons have participated in deformations during basin inversion without any recognizable remobilization.
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Introduction

Proterozoic intracontinental rift basins are the major reposito-
ry of sediment-hosted base metal sulfide deposits (Piranjo
2000; Hitzman et al. 2005; Selley et al. 2005). The Kadaro-
Udokan basin of Siberia (Volodin et al. 1994), Mt. Isa-
McArthur basin of Australia (Large et al. 2004), Selwyn and

Belt-Purcell basins of Canada (Goodfellow 2004; Lydon
2004), and Katangan basin of Central Africa (McGowan
et al. 2003; Selley et al. 2005) are some examples of well-
studied Proterozoic basins with rich base metal sulfide de-
posits. Proterozoic intracontinental rift basins in India are also
well known for their Pb-Zn-Cu sulfide ore mineralization
(Sarkar and Gupta 2012). The Cuddapah basin of southern
India (Fig. 1a), a Paleoproterozoic intracontinental rift basin,
hosts a number of copper-lead sulfide deposits of economic to
subeconomic importance (Nagaraja Rao et al. 1987).

The Agnigundala Sulfide Belt in the northeastern extremity
of the Cuddapah basin represents a well-developed sediment-
hosted, regionally zoned, copper-lead sulfide district with in-
significant zinc content (Fig. 1a). The regional zoning is com-
parable to other well-studied MVT deposits like Vibernum
Trend deposits of Southeast Missouri, USA; Irish Midland
deposits; sediment-hosted Pb-Zn deposits of Western
Australia; and some Zambian copper deposits (Leach et al.
2005 and references therein). The Agnigundala Sulfide Belt
(Fig. 2a) consists of copper mineralization at Nallakonda,
copper-lead mineralization at Dhukonda, and lead mineraliza-
tion at Bandalamottu. This belt shows a combination of ‘sed-
iment-hosted copper sulfide deposits’ of Kirkham (1989) and
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carbonate-hosted breccia-filling and replacement vein-type
lead deposits.

So far as the ‘sediment-hosted sulfide deposits’ of different
parts of the world are concerned, diverse opinions exist re-
garding the timing of mineralization with respect to the for-
mation of host rocks. Proposed models include syngenetic
(Garlick 1961) to early diagenetic (Brown 1974, 1978;
Sweeney et al. 1986) to epigenetic (Brown 1974; Unrug
1988; Annels 1989; McGowan et al. 2003). Evaluation of
the nature of the ore-fluid through fluid inclusion studies is
not possible in most cases due to the fine-grained texture of
the ore and gangue minerals. There is an emerging trend of
convergence in the modeling of such deposits that envisages
intrabasinal origin and migration of the ore-fluid, and their
emplacement in rift-cover or syn-rift sediments during basin

inversion (Piranjo 2000; McGowan et al. 2003; Hitzman et al.
2005; Selley et al. 2005; Hitzman et al. 2010). This paper aims
to reconstruct a comprehensive deposit model of the
Agnigundala Sulfide Belt through sedimentological, structur-
al, mineralogical, and stable isotope studies of the three con-
stituent deposits.

Cuddapah basin

The Cuddapah Supergroup represents a Paleo- to
Mesoproterozoic (1800–1575 Ma: Crawford and Compston
1973) sedimentary basin that formed in an intracontinental rift
system (Crawford and Compston 1973; Nagaraja Rao et al.
1987; Saha 2002; Saha and Chakraborty 2003). Extension-
related block faulting in Archean granite-greenstone basement
(Kaila et al. 1979; Kaila and Tewari 1985) underlying the
Cuddapah basin controlled the sediment dispersal pattern.
The eastern margin of the Cuddapah basin (Fig. 1b) is trun-
cated by a thrust across which Archean rocks overrode the
Cuddapah basin (Meijerink et al. 1984). The sediments and

�Fig. 1 a A generalized geological map of the Cuddapah basin, showing
the different lithounits (modified after Lakshminarayana et al. 2001). The
study area in the northeastern extremity is a part of Cumbum Formation
within the Nallamalai Fold Belt. b A schematic cross section of the
Cuddapah basin along an east-west line through the central part of the
belt (marked X-Y in a)
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Fig. 2 a Geological map of the Agnigundala Sulfide Belt. b Geological map of Nallakonda-Dhukonda area. c Geological map of Bandalamottu area



intercalated volcanics are undeformed in the west but intense-
ly deformed near the eastern margin. The litho-succession of
the Cuddapah Supergroup is subdivided into two main facies
sequences (Nagaraja Rao et al. 1987). The lower sequence is
represented by a continental red-bed succession of
conglomerate-sandstone-shale and shallow marine
sandstone-shale-carbonates with or without evaporites that
are intercalated with volcanic rocks. The upper sequence is
represented by shallow marine carbonate-shale-calcareous
shale and sandstone succession with thin intercalation of py-
roclastics (Lakshminarayana et al. 2001). The lower succes-
sion, which is characterized by abrupt facies changes, is a syn-
rift facies sequence deposited during the most active stages of
extension and subsidence (Lakshminarayana et al. 2001). The
presence of evaporites in this succession (Phansalkar et al.
1991) reflects sedimentation during low sea-level stands and
scavenging of calcium from basinal volcanic flows by circu-
lating sea water (cf. Hitzman et al. 2010).

The upper succession is a post-rift or rift-sag facies se-
quence deposited during the thermal subsidence phase of ba-
sin evolution (Lakshminarayana et al. 2001). As the younger
sedimentary rocks directly overlie the basement, enlargement
of the Cuddapah basin with time is envisaged (Chaudhuri
et al. 2002). Sedimentation in the Cuddapah basin terminated
as the basement granite gneiss, and the Nellore Greenstone
Belt rocks overrode the sediments to form Nallamalai Fold
Belt in the east (Saha 2002; Saha and Chakraborty 2003)
around 1575 Ma (the age of the syn- to post-kinematic
Vellaturu and Ipur granites according to Crawford and
Compston 1973). Collins et al. (2015), using detrital zircon
U-Pb (LA-ICP-MS) and Lu/Hf isotope data, bracketed the
depositional age of Nallamalai Group between 1659 ± 22
and ~ 1590 Ma. The stratigraphic succession of the sedimen-
tary units (formations) with interpretation in terms of environ-
ment of deposition is summarized in ESM Table 1.

Similar rift-cover sequences have been reported as host rocks
formany sediment-hosted sulfide deposits theworld over (Plimer
1986; Sawkins 1989; Plumb et al. 1990; Blake and Stewart 1992;
O’DeaandLister 1997;Hustonet al. 2006, 2016).However, there
are few cases where the rift-fill sequences host the mineralization
(Lydon 2004; Bhattacharya andBull 2010).

Agnigundala Sulfide Belt

The Agnigundala Sulfide Belt occurs near the northeastern tip
of the Cuddapah basin and forms a part of the Cumbum
Formation of Nallamalai Group constituting the Nallamalai
Fold Belt (Fig. 1a). Shale (now phyllites) with interbedded
sandstones (now quartzites) and dolomites, representing the
post-rift sediments, is the main litho-types of the mineralized
belt (Fig. 2a). The red-bed-bearing lower volcano-
sedimentary succession, which is buried under the post-rift

sediments, is not exposed in the mineralized belt. The rocks
of the belt are multiply deformed and witnessed low-grade
greenschist facies metamorphism. The deformation and meta-
morphism is coeval with the thrust lying in the east along the
margin of the Cuddapah basin (Narayanswami 1966; Kaila
and Tewari 1982; Chatterjee et al. 2000; Saha 2002; Saha
and Chakraborty 2003). The rocks are intruded by ~
1575 Ma syn- to post-kinematic Ipuru-Vellaturu granite bod-
ies (Rb-Sr model age of Crawford and Compston 1973).

Three important localities in the Agnigundala Sulfide Belt
(Fig. 2a) where Cu-Pb sulfide mineralization has attained eco-
nomic importance are Nallakonda (3.5 Mt at 1.82% Cu),
Dhukonda (2.6 Mt at 1.6% Cu and 0.5 Mt at 8.98% Pb), and
Bandalamottu (10 Mt at 6.6% Pb) (Sivadas et al. 1985). All
three deposits have undergone multiple phases of deforma-
tion, as indicated by the presence of multiple structural fabrics.
The local stratigraphy of the deposits differs according to the
relative abundance of different rock types.

Regionally developed folding in the Nallakonda area is
defined by the quartzite bands and forms doubly plunging,
tight, and overturned folds (Fig. 2b). The map-scale folds on
quartzite at Dhukonda are either tight isoclinal or reclinedwith
younging direction toward the core of the folds (Fig. 2b). The
regional fold of the Bandalamottu mine area is a second-
generation overturned fold developed on bedding and early
foliation. Late subhorizontal folds are developed on the west-
ern limb of the fold (Fig. 2c). A fracture cleavage, developed
at high angle to both bedding and early foliation planes, is
axial planar to the late folds. These foliations are best devel-
oped within the dolomites.

A generalized cross section of the regional structural pat-
tern (Fig. 3) reveals that the intensity of the thrust-related
deformation decreases from the east to the west (Chatterjee
et al. 2000). The tight reclined folds near the eastern shear
contact gradually become overturned toward the
Bandalamottu area. In both the Dhukonda and Nallakonda
areas, the tight isoclinal to reclined folds with younging to-
ward core are developed in the lower limb of a regionally
developed westerly closing nappe structure (Fig. 3). The
Bandalamottu fold is an overturned anticlinal fold whose east-
ern limb is straight and maintains parallelism with the attitude
of the thrust plane of the eastern contact (Fig. 3). The western
limb of the Bandalamottu fold, making an obtuse angle with
the thrust plane, is further deformed, with development of
subhorizontal folds. Near the eastern contact, the younger
granites (Ipur Granite) are emplaced along the axial zone of
the anticlinal structure (Fig. 3).

Host sediments and depositional setting

Despite polyphase deformation and low greenschist facies
metamorphism, the sediments of Agnigundala Sulfide Belt
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have retained many of their primary characteristics and are
still amenable for sedimentological analysis. The succession
in the studied area (Fig. 4) comprises 20-m- to more than 100-
m-thick mudstone intercalated with 10- to 50-m-thick sand-
stone and dolomite units. The sedimentary units show lateral
facies variation.

Several multistoried sandstone bodies are present in the
study area and contain well-preserved primary sedimentary
structures. The sandstones are trough cross-stratified
(Fig. 5a) with the size of the troughs decreasing toward the
top of the sandstone beds. The grain size of the sandstone units
also decreases upward from very coarse sand to fine sand. In
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Fig. 3 A generalized cross
section of Agnigundala Sulfide
Belt depicting the regionally
developed westerly closing nappe
structure. Constructed on the
basis of attitude of bedding and
primary sedimentary attributes of
sandstone bands. Younger granite
(Ipur Granite) is emplaced along
the core of the Ipur anticlinal fold.
Archean basement rock overrode
the Cuddapah rocks across the
basin marginal thrust in the east

Fig. 4 Lithology of Dhukonda, Nallakonda, and Bandalamottu deposits and their correlation



most of the cases, foresets are bounded by reactivation sur-
faces. Apart from trough cross stratification, the sandstone bed
at Dhukonda is also characterized by symmetrical wave rip-
ples with flat tops. The crest lines are usually straight or slight-
ly curved. Interference ripples or ladder back ripples (Fig. 5b)
are present locally. Bidirectional and bipolar cross stratifica-
tion is also present and indicates reversal of paleo-current
direction. The fine-grained sandstone at Bandalamottu is char-
acterized by plane beds with parting lineation, at places bidi-
rectionally cross stratified and wave ripple laminated.

The sandstones are calcareous subfeldspathic arenites to
quartz arenites with well-rounded quartz grains (Fig. 6a).
Monocrystalline quartz dominates over polycrystalline quartz.
Potash feldspar grains outnumber the plagioclase feldspar
grains. Alteration of the plagioclase to a carbonate-sericite
assemblage is more pronounced than kaolinitization of the
potash feldspars. Tourmaline, zircon, and muscovite occur as
minor components.

Different generations of cements with varied compositions
are present in the sandstones. Authigenic overgrowth of pot-
ash feldspar is common (Fig. 6b) along with minor quartz
overgrowth. Carbonate, silica, and sulfide cements have filled
the available pore spaces in sandstones. Replacement of
quartz grains by sulfide cements (Fig. 6a) is a common tex-
tural feature in sandstones.

The sandstone is followed upward by shale and dolomite
successively. Shale contains abundant but thin sandstone part-
ings. The upper dolomite is best developed at Bandalamottu
but is absent at Dhukonda. The upper dolomite contains alternat-
ing light gray and pink bands. The pink dolomite bands contain
microbial laminations and are locally stromatolitic. The dolomite
is again followed upward by thick shale. A persistent 40-cm- to
2-m-thick magnetite-bearing banded chert layer (banded iron
formation?) occurs within this top shale unit.

The depositional setting is interpreted to be mud-
dominated one with intermittent sandstone and dolomite.
Primary structural organization in the sandstone units, which
include planar bed with parting lineation at the base; trough
cross-stratification near the middle; and bidirectional (appar-
ently bipolar) cross-stratification, interference ripples, and
wave ripples near the top, are interpreted to indicate a marine
peritidal environment (Klein 1975; Prothero and Schwab
1997). The wave ripples indicate deposition of the sediments
above the fair weather wave base. Textural maturity of the
sandstones also lends support to a nearshore platformal depo-
sitional setting. The microbially laminated dolomites are
interpreted as intertidal deposits. Shale units in the study area
do not contain any structures characteristic of exposure but are
carbonaceous and pyritic. Such facies can be deposited from
the suspension in the reducing low energy zone below the
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Fig. 5 Field photograph of
sandstones of Dhukonda deposit.
a Trough cross-stratification in
sandstone with upward (arrow
marked) decreasing trough sizes.
Pen size 14.2 cm. b Wave ripples
with sinuous flat topped crests.
Note ladder back ripples along the
troughs between wave ripples.
Pen size 16 cm

Fig. 6 Photomicrograph of mineralized Nallakonda sandstone. a Coarse-
grained quartz arenite with well-rounded quartz grains. Grain boundaries
are defined by early diagenetic ferruginous coatings. Note the corroded
margin (arrow marked) of quartz grain developed due to replacement by

sulfide (here chalcopyrite and bornite) cement (dark), Nallakonda deposit.
b Subfeldspathic arenite showing potash feldspar overgrowth (dark ar-
row) on detrital potash feldspar grain (white arrow), Nallakonda deposit



effective wave base or mud line. This type of deposit is known
to be associated with the carbonate layers and chert bands
(Selley 2000). Some of the mudstones/shales, however, might
have been deposited in shallower (intertidal) setting.

Mineralization

Nature of mineralization

TheAgnigundalaSulfideBeltconsistsof threesignificantdeposits
at Dhukonda, Nallakonda, and Bandalamottu (Fig. 2a). Regional
structural interpretations and stratigraphic correlation indicate that
mineralization at the Nallakonda and Dhukonda occurs in sand-
stones and dolomite which forms the lower limb of a regionally
developed westerly closing nappe structure (Fig. 3). At
Bandalamottu, themineralizedhorizonisdeformedandparticipat-
ed in regional folding (Fig. 3). Sediment-hosted copper-lead de-
posits of the belt are characterized by several types of mineraliza-
tion, which often grade from one type to another. These types
include banded, disseminated, vein type, and breccia hosted.
Copper mineralization at Nallakonda is confined to the
carbonate-cemented sandstoneand is strataboundanddisseminat-
ed.Coppersulfides locallyformirregularclotsand/or thinveinlets.

Copper and lead sulfides at the Dhukonda deposit occur as
disseminations within coarse-grained carbonate-cemented
sandstone. Galena and minor chalcopyrite are also present

within dolomite as fracture filling and/or replacement veins
and locally as stringers along beddings in dolomite.

Dolomite hosts lead sulf ide mineral izat ion at
Bandalamottu. Mineralization consists of stratabound, layer
parallel veins (Fig. 7a) or breccias (Fig. 7b). The veins are
zoned, from wall to the center: cherty bands followed by a
pyrite-rich band and then by galena. Pure galena veins are also
common. A major portion of the deposit occurs as breccia-fill
where rectangular to irregular fragments of the dolomite float
in a galena matrix. At places, gaps between breccia clasts are
partially filled with well-developed crystals of ore-phase do-
lomite and galena (Fig. 7c). Ore-phase dolomite is variably
replaced by galena (Fig. 7d).

Ore mineralogy and textures

Mineralogy of the ores of the Agnigundala Sulfide Belt is
simple and includes bornite, chalcopyrite, pyrite, galena,
sphalerite, cobaltite, andmillerite with minor amount of sphal-
erite, x-bornite, yarrowite (Cu9S8), and spionkopite (Cu1.4S).

Nallakonda deposit

Mineralization in carbonate-cemented sandstone of the
Nallakonda deposit consists of fine-grained disseminations
of cobaltite and copper sulfides within interstitial spaces be-
tween detrital and secondary (authigenic) phases (Fig. 8a), and
their shape and volume are controlled by sedimentary/early
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Fig. 7 a Photograph of layer parallel replacement vein-type ore mineral-
ization in dolomite, underground of Dhukonda deposit. Hammer length
30.5 cm. b Photograph of polished hand specimen of breccia-filling ore in
dolomite, Dhukonda deposit. The gaps in between dolomite fragments
(D) are filled by galena and pyrite. Also note the replacement of dolomite

by sulfides along the vein walls. c Photomicrograph (transmitted light)
showing development of idiotopic ore-phase dolomite (OD) followed by
sulfides (O), here galena, within the open spaces in brecciated dolomites,
Bandalamottu deposit. d Photomicrograph (transmitted light) of ore-
phase dolomite, variably replaced by galena (dark), Bandalamottu deposit



diagenetic fabrics. A positive correlation exists between the
size of detrital grains and the size and abundance of ore sulfide
grains. Early-formed cobaltite is replaced by bornite and/or
chalcopyrite (Fig. 8b). The bornite grains are intimately
intergrown with chalcopyrite having mutual boundary rela-
tionships (Fig. 8c). Trace phases, including x-bornite,
yarrowite, and spionkopite, occur as secondary minerals.
Texturally, these minerals are confined along the margins of
primaryminerals; for example, x-bornite occurs at the margins

of the bornite grains. Fine-grained yarrowite and spionkopite
are either found along the outer margin of bornite grains (Fig.
8d) or are located at the contact between bornite and cobaltite.

Detrital grains, early-formed cements, and ore minerals
have been replaced by late sulfides. Such replacement may
lead to the development of massive sulfide with embedded
relics of earlier corroded grains (Fig. 8e). Quartz, cupreous
feldspar overgrowths, and carbonate cements are the major
minerals that have been replaced by late sulfides. Authigenic
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Fig. 8 a Photomicrograph
showing chalcopyrite (Cp) as in-
terstitial space filling cement in
between quartz grains (marked Q)
in sandstone, Nallakonda deposit.
b Photomicrograph showing
replacement of early cobaltite
(Co) by bornite (Bo), Nallakonda
deposit. c Photomicrograph
showing mutual boundary
relationship between chalcopyrite
(Cp) and bornite (Bo), and both
replacing early cobaltite (Co),
Nallakonda deposit. d Fine-
grained spionkopite (So)
developed along the outer margin
of bornite (Bn) grains,
Nallakonda deposit. e BSE-SEM
image showing textural
equilibration between pyrite (Py),
bornite (Bo), chalcopyrite (Cp),
and gangue minerals (G) in a
thicker ore vein, Nallakonda
deposit. f Photomicrograph
showing replacement of early ore-
phase dolomite (Dol) by galena
(Ga) and chalcopyrite (Py),
Dhukonda deposit. g
Photomicrograph showing
massive aggregate of galena (Ga)
containing sphalerite (Sp) and
chalcopyrite (Cp) replacing early
pyrites (Py) and gangue minerals
(G), Dhukonda deposit. h
Photomicrograph showing
skeletal pyrites (Py) in a mosaic of
galena grains (Ga), Bandalamottu
deposit



feldspars are considered as precursor of sulfide mineralization
in several deposits the world over (Kucha 1985; Kucha and
Pawlikowski 1986). A general sequence of mineralizing
events is (1) quartz and feldspar authigenesis and carbonate
cementation; (2) pre-ore cobaltite precipitation; (3) precipita-
tion of bornite and chalcopyrite in available pore spaces; and
(4) development of yarrowite and spionkopite through re-
placement of early-formed bornite and chalcopyrite.

Dhukonda deposit

The sulfide ores at the Dhukonda deposit occur in sandstone
and dolomite. The copper-rich assemblage (chalcopyrite-
bornite-cobaltite-pyrite galena-millerite) is present in the
sandstone, whereas the lead-rich assemblage (galena-
chalcopyrite) occurs in dolomite. Ore minerals are very fine
grained and occur as disseminations and locally as massive
aggregates or clots within the host rocks. Replacement of early
dolomite by chalcopyrite and galena (Fig. 8f) produced mas-
sive replacement vein-type ores.

Euhedral to subhedral pyrite is present as disseminations
throughout the deposit, and local pyrite-rich zones are present.
Skeletal pyrite grains are replaced by later sulfide phases (Fig.
8g). Chalcopyrite occurs as interstitial fillings in sandstone or
as chalcopyrite-rich zones developed through replacement of
grains, cements, and early-formed pyrites. Galena occurs as
anhedral polycrystalline aggregates within interstitial spaces
in sandstone. Galena grains have replaced or included all other
early-formed mineral phases.

Minor and trace minerals such as millerite are generally
associated with chalcopyrite in sandstone and occur as
anhedral granular masses or locally as massive aggregates.
Other trace minerals like cobaltite, bornite, and sphalerite
grains occur as fine- to very-fine-grained disseminations with-
in chalcopyrite aggregate.

Replacement of detrital grains (quartz and feldspar),
authigenic cements, and early ore minerals by the late phases
leads to the development of massive mineralization with embed-
ded relics of earlier corroded chalcopyrite, pyrite, rare sphalerite,
and dolomite grains (Fig. 8g). Textural studies indicate the fol-
lowing mineralization sequence: (1) decomposition of feldspar
was followed by silicate authigenesis and carbonate cementation;
(2) precipitation of pre-ore pyrite; and (3) cobaltite-millerite, chal-
copyrite, sphalerite, and galena precipitation.

Bandalamottu deposit

At Bandalamottu, galena and pyrite occur as fine-grained dis-
seminations in the dolomite host. Galena aggregates in veins
show a wide degree of recrystallization. Two generations of py-
rite are present: early pyrite occurs as disseminations with skele-
tal form within a mosaic of galena crystals (Fig. 8h), and the late
recrystallized euhedral pyrite grains may contain small galena

inclusions. Trace minerals such as chalcopyrite and euhedral to
anhedral sphalerite also occur as disseminations within a mosaic
of galena crystals. A general sequence of mineralization events is
(1) dolomitization and precipitation of pre-ore pyrite and (2)
chalcopyrite, sphalerite, and galena deposition.

Ore mineral chemistry

Sampling and analytical techniques

The samples studied for ore mineral chemistry were collected
from the Nallakonda, Dhukonda, and Bandalamottu deposits.
Major element compositions of cobaltite, millerite, pyrite
bornite, chalcopyrite, sphalerite, galena, yarrowite, and
spionkopite were determined with a JEOL-JXA 733 EPMA
at Hiroshima University, Japan. The instrument was operated
with 15 kVaccelerating voltage, 2–5 μm beam diameter, and
10 nA specimen current. Natural mineral standards were used
and new analytical data were corrected by ZAF. The target
grains of sulfide phases of polished blocks were analyzed
for minor and trace elements using an Agilent HP-4500 quad-
rupole ICP-MS with UP-213 Nd:YAG laser probe (LA-ICP-
MS) with beam resolution as low as 5μm at the Centre for Ore
Deposit Research (CODES) analytical facility, University of
Tasmania, Australia. Single-point laser shots over a 100-s pe-
riod created a crater 5–20 μm across and approximately
100 μm in depth. A synthetic standard was analyzed regularly
after five spot analyses of the samples to check the accuracy
(also see Maslennikov et al. 2009; Danyushevsky et al. 2011).
The use of LA-ICP-MS technique yielded for the first time a
more complete and precise elemental dataset (with accuracy
of second decimal level) for the mineral phases of the
Agnigundala Sulfide Belt. The results are presented in the
ESM Tables 2A and 2B.

Results

Cobaltite is the only cobalt-rich phase in the Agnigundala
Sulfide Belt and is present at the Nallakonda and Dhukonda
deposits. Analyses of cobaltite from the Nallakonda deposit
show enrichment of nickel, copper, selenium, molybdenum,
silver, cadmium, antimony, gold, lead, and bismuth (ESM
Tables 2A and 2B). Cobaltite grains from the Dhukonda de-
posit are nickel-rich compared to those from the Nallakonda
deposit (ESM Tables 2A and 2B). Stoichiometric millerite is
the sole nickel-bearing phase in the Dhukonda deposit. It con-
tains cobalt as a major element and also copper and iron as
minor elements.

Pyrite is abundant in the Dhukonda and Bandalamottu de-
posits but absent in the Nallakonda deposit. Early pyrite is
enriched with germanium, selenium, cadmium, cobalt, nickel,
arsenic, lead, and molybdenum. As vs. Co/Ni and Se vs. Co/
Ni variation diagrams (Fig. 9a, b) show separate
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compositional field of pyrites from Dhukonda and
Bandalamottu deposits. The Co/Ni ratio in pyrite from
Dhukonda is comparable to that of the cobaltites from the
Nallakonda deposit.

Bornite of the Nallakonda deposit is enriched in germani-
um, arsenic, selenium, molybdenum, silver, cadmium, telluri-
um, and bismuth. Some bornite from the Nallakonda and
Dhukonda deposits is copper deficient and sulfur enriched.

Chalcopyrite, the most important copper sulfide, is present
in all three deposits and enriched in germanium, arsenic, sil-
ver, antimony selenium, and tellurium. The Co/Ni ratio in
chalcopyrite (Fig. 9c, d) from the sandstone-hosted
Dhukonda deposit has a bimodal distribution. The lower
values are similar to the chalcopyrite from the Nallakonda
deposit, and the higher values resemble chalcopyrite from
the carbonate-hosted Dhukonda deposit. Pb/Sb vs. Co/Ni,
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Fig. 9 Comparison of trace elements content in sulfide phases of
Nallakonda, Dhukonda, and Bandalamottu deposits. aAs vs. Co/Ni plots
of pyrites of Dhukonda and Bandalamottu deposits show separate com-
positional fields. b Se vs. Co/Ni plots of cobaltites from Nallakonda
deposit show similar trace element composition as pyrites from
sandstone-hosted Dhukonda deposit. Carbonate-hosted Dhukonda and
Bandalamottu deposits show separate compositional range. c Pb/Sb vs.
Co/Ni plots and d Mo/Ag vs. Co/Ni plots of chalcopyrites from
sandstone-hosted Dhukonda deposit show bimodal Co/Ni ratio and from
carbonate-hosted Dhukonda deposit show intermediate values. e Tl/Pb

vs. Sn/Zn and f Pb/Ag vs. Cd/Zn plots of chalcopyrite from Nallakonda
and Dhukonda deposits show separate compositional range. g Ag/Sb vs.
Se/As and h Co/Ti vs. Cu/Zn plots of galena from carbonate-hosted and
sandstone-hosted Dhukonda deposit and carbonate-hosted Bandalamottu
deposit showing distinct variations. i Sb/Ge vs. Co/Ni, j As/Ag vs. Co/
Ag, k Cd vs. Fe/Mn, and l As/Ag vs. Pb/Ag plots of sphalerite from
Dhukonda and Bandalamottu deposits, indicating different compositions
of sphalerite from these two deposits. Trace element compositions of
sphalerite from carbonate-hosted Dhukonda deposit are intermediate be-
tween sandstone-hosted Dhukonda deposit and Bandalamottu deposit



Mo/Ag vs. Co/Ni, Tl/Pb vs. Sn/Zn, and Pb/Ag vs. Cd/Zn
variation diagrams (Fig. 9c–f) indicate separate fields for chal-
copyrite from the Nallakonda and Dhukonda deposits.

Galena grains from the Dhukonda and Bandalamottu de-
posits are rich in iron, selenium, bismuth, tellurium, silver,
antimony, arsenic, and cadmium (ESM Table 2B). Ag/Sb vs.
Se/As and Co/Ti vs. Cu/Zn variation diagrams (Fig. 9g, h)
show distinct fields of galena from these two deposits.

Sphalerite from the Dhukonda and Bandalamottu deposits
contains considerable iron but little Mn. Concentration of el-
ements such as Co, Cu, Cd, Pb, Se, Te, Ge, As, and Ag is also
high. Sb/Ge vs. Co/Ni, As/Ag vs. Cu/Ag, Cd vs. Fe/Mn, and
As/Ag vs. Pb/Ag variation diagrams (Fig. 9i–l) separate sphal-
erites of the Dhukonda deposit from Bandalamottu deposits.

The Au content in the studied samples is very low (0.4–
5 ppb). Chalcopyrite and bornite have very high Cu/Au ratios
(ESM Table 2B). A somewhat higher value of Au is found in
the Dhukonda and Bandalamottu deposits in sphalerite and
pyrite, respectively, with relatively lower Cu/Au ratios. The
values of Au are low and are comparable to the values (1–
5 ppb) reported from several sediment-hosted Zn-Pb deposits
(McGoldrick and Keays 1990) which are mostly indistin-
guishable from background values of host sedimentary rocks.

The S/Se ratios in the three deposits are large and vary from
88,000 to more than 6,500,000 (ESM Table 2 B). The selenium
value varies from 0.01 to 3.5 ppm at Dhukonda, 0.37 to 2.1 ppm
at Nallakonda, and 0.64 to 2.63 ppm at Bandalamottu.

The mineral chemistry of the sulfide phases of the
Agnigundala Sulfide Belt indicates that the Cu-, Pb-, Zn-,
and Fe-rich ore-fluid, which was responsible for the mineral-
ization, had significant concentration of Co, Ni, As, Ge, Se,
Mo, Ag, Cd, Bi, Sb, and Te.

Mineral and elemental zoning

Like other sediment-hosted base metal sulfide deposits, the
Agnigundala Sulfide Belt also exhibits lateral and vertical min-
eralogical and elemental zoning. Mineralogically, the
Agnigundala Sulfide Belt shows a lateral variation from rich in
bornite, chalcopyrite, and cobaltite at Nallakonda to galena rich
at Bandalamottu through chalcopyrite and galena rich at
Dhukonda. The concentration of sphalerite in the Bandalamottu
ore is comparatively higher than in the Dhukonda ores.

Apart from this lateral mineralogical zoning, individual
deposits also display vertical mineralogical zoning. The
Nallakonda deposit is bornite rich at the base and chalcopyrite
rich near the top. In the Dhukonda deposit, the zoning is ev-
ident from the chalcopyrite-galena mineralization in sand-
stone and galena mineralization in overlying dolomite. The
zoning at the Bandalamottu deposit is represented by the local
enrichment of pyrite-chalcopyrite-sphalerite near the vein wall
and galena-rich zone at the center of the veins. Similar zona-
tion is present in many sediment-hosted sulfide deposits,

including the Kupferschiefer (Oszczepalski 1999), Zambian
Cu-belt (Garlic 1961), and northern Australian deposits
(Large et al. 2005).

The minor and trace element chemistry of sulfide phases of
the three deposits shows significant variations. Different var-
iation diagrams show pronounced clustering of selected trace
element ratio plots of sulfide phases of different deposits.
There are differences in trace element concentrations of the
same mineral of different deposits.

The As vs. Co/Ni diagram (Fig. 9a) for pyrite indicates a
sharp drop in As content from sandstone-hosted deposit to the
carbonate-hosted deposits. The Co/Ni ratio and Se value of
cobaltite from the Nallakonda deposit are comparable to the
Co/Ni ratio and Se value of pyrite from the sandstone-hosted
Dhukonda deposit (Fig. 9b). The diagram also indicates that
the Se value increases from the sandstone-hosted deposits to
the carbonate-hosted deposits.

The Co/Ni ratio in chalcopyrite (Fig. 9c, d) from the
sandstone-hosted Dhukonda deposit has bimodal clustering,
where the lower values are similar to those of the Nallakonda
deposit, and the higher values are comparable to the carbonate-
hosted deposit. Pb/Sb ratios (Fig. 9c) in chalcopyrite are quite
low in all the deposits with some exceptions from the sandstone-
hosted Dhukonda deposit. The Mo/Ag ratio (Fig. 9d) in chalco-
pyrite drops from the Nallakonda deposit to the Dhukonda de-
posit. The Tl/Pb vs. Sn/Zn plot of chalcopyrite (Fig. 9e) indicates
a decrease in Sn/Zn ratio from the Nallakonda deposit to the
Dhukonda deposit. The Tl/Pb ratio is similar within all
sandstone-hosted deposits but is higher in the carbonate-hosted
deposits. The Cd/Zn ratio of chalcopyrite (Fig. 9f) increases from
the Nallakonda deposit to the Dhukonda deposit. The ratio also
increases from the sandstone-hosted deposit to the carbonate-
hosted deposit at Dhukonda.

Variation diagrams for trace elements in galena indicate an
increase in the Se/As ratio (Fig. 9g) but a decrease in the Cu/
Zn ratio (Fig. 9h) from sandstone-hosted deposits to
carbonate-hosted deposits. The Co/Ti (Fig. 9h) ratio is lower
in the Dhukonda deposit than in the Bandalamottu deposit.

Variation diagrams of trace elements in sphalerite show a
sympathetic drop in Co/Ni and Sb/Ge (Fig. 9i) ratios from the
sandstone-hosted Dhukonda deposit to the carbonate-hosted
Dhukonda deposit and finally to the Bandalamottu deposit. A
drop in Cu/Ag ratio (Fig. 9j) is antipathetic to As/Ag ratio
among the sandstone-hosted Dhukonda, carbonate-hosted
Dhukonda, and Bandalamottu deposits. Fe/Mn ratios in sphal-
erites (Fig. 9k) are higher in the Dhukonda deposit than the
Bandalamottu deposit, but Cd values are higher in the
carbonate-hosted deposits. The Pb/Ag ratio increases with
the increase of As/Ag ratio (Fig. 9l) in these deposits.

The comparative assessment of elemental variations in sul-
fide phases of the Nallakonda, Dhukonda, and Bandalamottu
deposits reveals upward and lateral decrease in Cu, Co, Ni,
As, and Mo contents and increase in Pb, Zn, Fe, Mn, Ag, Sb,
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Cd, Te, Tl, and Ge contents. However, Sn and Te values show
a reverse trend, lower in chalcopyrite of Nallakonda in com-
parison to Dhukonda.

Stable isotope geochemistry

Sulfur isotope geochemistry

Sampling and analytical technique

Nine monomineralic sulfide mineral separates of bornite, chalco-
pyrite, and galena were analyzed for sulfur isotopic compositions
using a IR Laser combination VG Sira Series II mass spectrom-
eter at Central Science Laboratory, University of Tasmania,
Hobart, Australia. The results of the analysis are provided in
ESM Table 3. Sample material was derived from the
sandstone-hosted Nallakonda deposit and the carbonate-hosted
Dhukonda and Bandalamottu deposits. Samples from
Nallakonda include bornite and chalcopyrite from two different
textural settings: one from the co-existing sulfides and another
from where these two minerals do not coexist. Selected samples
of chalcopyrite were also analyzed from the fine-grained ore of
the Dhukonda deposit. Both fine-grained and recrystallized
coarse-grained galenas were analyzed from the carbonate-
hosted Dhukonda and Bandalamottu deposits.

Sulfide phases were obtained for analysis from thin films of
the samples and then laser ablated for analysis, and other sam-
ples were collected using a dental drill for conventional anal-
ysis. The samples were converted to SO2 gas by in vacuo
reaction with CuO in a furnace, and the resulting gas mixture
was purified by cryogenic removal of water and CO2 follow-
ing the methods of Robinson and Kusakabe (1975). The pu-
rified gas was frozen and flame sealed into 6-mm glass vials
and subsequently analyzed. Commercially available bottled
SO2 gas was used as the working standard. The SO2 working
gas was calibrated using certified reference materials supplied
by the International Atomic Energy Agency (IAEA). All S
isotope values are expressed in the delta notation in ‰ (per
mil) relative to V-CDT (Vienna-Canyon Diablo Troilite; Ault
and Jensen 1963). The results have a one-sigma precision of ±
0.1‰.

Results

The δ34S values of the chalcopyrite from the Nallakonda de-
posit are uniformly positive, but the values are more positive
for the samples from Dhukonda deposit. The δ34S values of
bornite range from 3.2 to 3.8‰ (ESMTable 3). δ34S values for
fine-grained galena ores differ from the values of recrystal-
lized ore for the samples from Dhukonda (ESM Table 3).
The δ34S value of the galena of the Bandalamottu deposit is
the lowest (− 0.4‰) among the values obtained for the studied

sulfide minerals. δ34S values of chalcopyrite and fine-grained
galena are heavier at the Dhukonda deposit compared to chal-
copyrite from Nallakonda and galena from Bandalamottu.

Carbon-oxygen isotope geochemistry

Sampling and analytical technique

Carbon and oxygen isotope analyses of carbonates were carried
out on samples collected from distal unmineralized dolomite,
dolomite that occurs below the mineralized zone, and mineral-
ized dolomite of the Dhukonda and Bandalamottu deposits.
Carbonate cements of the Nallakonda deposit are also analyzed.
Monomineralic carbonate separates were obtained from hand
specimens using a dental drill to exclude contamination.

Analyses were carried out using a Micromass Optima mass
spectrometer at Central Science Laboratory, University of
Tasmania, Hobart, Australia. The crushed dolomite separates
were left to react overnight with H3PO4 (18–25 h) at 50 °C
following a technique modified after McCrea (1950). Excess
H2O and H2S were then removed cryostatically and with a
silver phosphate trap, respectively. The purified CO2 gas was
frozen and flame sealed into glass vials and subsequently ana-
lyzed on a mass spectrometer with a sequential multiport sam-
ple inlet system. A commercially available CO2 bottle gas was
used as a working standard, which was calibrated against inter-
nal laboratory standards included in each batch of samples.

Carbon isotope data are expressed in the delta notation in
‰ (per mil) relative to PDB (Peedee Formation, Belemnite;
Urey 1947) and oxygen isotope data are in ‰ (per mil) rela-
tive to SMOW (Craig 1961). The O isotope results are
recalculated in PDB scale using the relationship given by
Dickson (1992), i.e., δ18OPDB = 0.97006 × δ18OSMOW −
29.94.All data are listed in ESM Table 4. The results have a
one-sigma precision of ± 0.1‰.

Results

Differences in O and C isotope composition are exhibited by
mineralized and unmineralized dolomites. Two analyses of
dolomites collected from the base of the mineralized zone
exhibit distinctly different isotopic compositions: one is very
similar to the dolomites that hosts lead mineralization and the
other is more or less similar to unmineralized dolomite col-
lected from an area much away from the mineralized zone.

It is interesting to note that lead-bearing dolomites from
both Dhukonda and Bandalamottu plot in tight clusters with
distinctly lighter δ18O values and heavier δ13C values than the
unmineralized dolomites. Copper-bearing dolomite from
Dhukonda shows markedly different isotopic composition
with comparatively lighter δ18O and δ13C values. The isotopic
composition of ore-stage carbonates at the Nallakonda deposit
is very different to that of the earlier discussed dolomites as
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both the δ13C (− 2.99 to − 3.18‰) and δ18O (−16.03 to −
16.37‰) values are strongly lighter. The carbon and oxygen
isotope signature becomes successively heavier from ore-
stage carbonates at the Nallakonda deposit to copper-bearing
dolomite at the Dhukonda deposit to lead-bearing dolomites at
both the Dhukonda and Bandalamottu deposits.

Alteration

The mineralogy of the host sandstones and dolomite records
readily recognizable mineral assemblages and textures which
differ frommineral assemblages and texture of sandstones and
dolomite of the same and different stratigraphic horizons ex-
posed at a distance from the deposits. However, the change of
mineral assemblages and texture between these sandstone and
dolomite types could not be traced due to lack of exposures
and drill cores. The ore zone sandstones contain, apart from
coarse- to fine-grained quartz with sporadic silica overgrowth,
potash feldspars with overgrowth of potash feldspars (Fig.
6b), sericite aggregates forming epi-matrix, and carbonate,
silica, and sulfide phases as cements in pore spaces. The over-
grown part of the potash feldspar shows increase in Cu/(Pb+
Zn) and Fe/Mn ratios and in calcium content in comparison to
the original grain (ESM Table 5). Replacement of grains and
other cements by bornite, chalcopyrite, and galena is common
(Fig. 6a). The sandstones exposed far away from the deposits
lack overgrowth on potash feldspars, have little carbonate ce-
ment, and are devoid of sulfide cements. In these sandstones,
sericitic alterations of potash feldspar are rare and silica ce-
ments are common. The grains of the host dolomite are cloudy
with different shades of light brown and light gray, and there
are patches of clear and white dolomite aggregates. The clear
dolomite patches are discordant to the major fabric of the host
dolomites. Such clear dolomite patches show close associa-
tion with chalcopyrite and galena grains (Fig. 10a). Rhombic
and clear dolomite that grew on pore walls shows
nonreplacement grain boundaries with galena (Fig. 7c). In
some locales, such rhombic dolomites are also replaced by
galena (Fig. 7d). These textural relationships suggest that the

clear late dolomites are ore-phase dolomite. The presence of
quartz grains within the mosaic of light gray-brown dolomites
is a common feature. Quartz-calcite veins are very common
and a pervasive feature in mineralized dolomites. Aggregates
of prismatic phlogopite are common constituents of the min-
eralized dolomite (Fig. 10b). These clear late dolomites with
sulfide phases and aggregates of prismatic phlogopite are ab-
sent in dolomites exposed at a distance from the three de-
posits. Such mineralogical and textural attributes represent
evidence in favor of wall rock alteration related to interaction
between ore-fluid and host sediments.

Discussion

Hydrothermal fluids generated in sedimentary basins without
active heating by coeval magmatism, like in the present case,
are generally low temperature (< 200 °C) and oxidized (Lydon
2004; Cooke et al. 2000; Huston et al. 2006). At the same
time, the absence of framboidal pyrite and primary
nonstoichiometric copper sulfides in the ores of the studied
belt also negates the possibility of a very low temperature of
the ore-fluid (i.e., < 100 °C). In this context, the temperature of
the ore-fluid of the present study was likely between 100 and
200 °C. Further, the Cu-Fe-S mineralogical (bornite→ chal-
copyrite→ pyrite) and metal zonation (Cu→ Pb±Zn) present
in the Agnigundala Sulfide Belt was most likely caused by
reduction of low-temperature oxidized fluid (see Brown 1971;
Rose 1976; Kirkham 1989). Fluid inclusion homogenization
temperatures from Bandalamottu (mean temperature of
277 °C, after Mishra and Mookherjee 1982 and Mishra
1985) are higher in temperature than inferred in the present
study. Moreover, it is pertinent to note that the lack of chalco-
cite in the Nallakonda deposit suggests that the conditions
were not overly oxidized; at the same time, the absence of
pyrrhotite indicates the conditions were not that reduced. In
this low-temperature system, deposition of bornite is followed
by chalcopyrite and pyrite, and Pb (and Zn) deposition only
occurs when sufficient H2S becomes available (see Fig. 9 in
Huston et al. 2016).
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Fig. 10 a Photomicrograph showing two different types of dolomite. The
ore-phase dolomite is clear and inclusion-free (marked OD), whereas the
host dolomite (marked D) is dusty and contains abundant inclusions. Note

ore-phase dolomites are associated with sulfide ore minerals (marked S).
b Photomicrograph showing the presence of prismatic phlogopite
(marked PH) in association with ore-phase dolomite



In the absence of syn-mineralization mafic magmatic rocks
in the studied basin, the ore-fluid sulfate either came from
trapped seawater from within the sedimentary basin or from
evaporites present within the sedimentary succession
(Kirkham 1989). This sulfate needs to be reduced to deposit
copper-lead sulfides. Reduced sulfur can originate either by
bacterial or by thermochemical reduction of seawater sulfate
(Warren 2000). AverageΔSO4-sulfides values of the studied sam-
ples vary from 17 to 11‰ (assuming an approximate δ34S
value of 17‰ for Proterozoic seawater), which fall well within
the field of 10 to 20‰ for abiotic thermochemical sulfate
reduction by organic compounds in the temperature range of
200 to 100 °C (Kiyosu and Krouse 1990; Hoefs 2009). For
bacterial sulfate reduction, the fractionation values are much
higher, between 15 and 60‰ (Goldhaber and Kaplan 1974;
Ohmoto 1986; Machel et al. 1995). A biotic thermochemical
sulfate reduction is consistent with the range and homoge-
neous δ34S composition observed in this study. About 60 to
75% reduction of sulfate can produce the observed S isotope
values (Fig. 11a). A relatively lower proportion of reduction

gives lower values such as the δ34Sgn value of 5.21 for the
Dhukonda deposit and − 0.4 for the Bandalamottu deposit.

In an oxidized fluid, S and Se are well fractionated with an
increase in the S/Se ratio (232,000 inmodern seawater in contrast
to 6000 for igneous rocks; Goldschmidt 1954). The studied sed-
iments are intercalated with few pyroclastic layers, and convec-
tive circulation of basinal fluids through such pyroclastic layers
may generate some sulfur, with a small range of δ34S near to or
slightly above 0‰, for the ore-fluid. However, the higher S/Se
values (88,157 to more than 6,500,000) suggest paucity of Se in
the source and match well with the values of seawater (Leutwein
1972; Stanton 1972) and, at the same time, stand against a sig-
nificant contribution from intercalated pyroclastic layers or deep-
seated basinal mafic flows.

Carbon-oxygen isotope signatures within ore-phase dolo-
mites and calcite cements reflect changes in fluid composition
and physicochemical conditions that prevailed during ore
mineralization at the Agnigundala Sulfide Belt. Fractionation
from a single fluid at constant temperature of 200 °C corre-
sponds to a fluid with O isotopic composition that varies from
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Fig. 11 a Sulfur isotope
fractionation among sulfate,
hydrogen sulfide, and sulfide
minerals. The diagram was
constructed for T = 200 °C and
pH= 5.0 (in the presence of H2S).
The δ34S of sulfide minerals
varies according to the degree of
sulfate reduction (for
methodology, see Rye and
Ohmoto 1974). The values in the
gray fields match with the ob-
served values. b Carbon-oxygen
isotope data showing the differ-
ence between the ore-phase dolo-
mites and regional sedimentary
carbonates of Proterozoic age
(after Large et al. 2001)



5.0 to 6.5‰ (ESM Table 4). The calculated δ18O values are
well within the range of basinal water (Taylor 1997). The δ18O
values likely have equilibrated with marine carbonate and
other marine sediments having δ18O values of − 9.0‰.

δ13C and δ18O valuesofhost-rockdolomitesfrommineralized
as well as unmineralized zones are consistent with published data
for carbonates (Hudson 1977; Baker and Fallick 1989) and in
particular for Proterozoic carbonates, i.e.,− 4.0 to + 4.0‰ for
δ13C and + 16 to + 28‰ for δ18O, respectively (Veizer andHoefs
1976) (Fig. 11b). Both δ13C and δ18O isotope compositions be-
come progressively lighter fromunmineralized and Pb-Znminer-
alized dolomites to copper mineralized carbonates in the
Agnigundala Sulfide Belt. Similar trends (a vector indicating de-
viation fromC-O isotopic ratiosof unmineralizedProterozoic car-
bonates) are found in different skarn, MVT deposits, and
sediment-hosted Pb-Zn deposits (Large et al. 2002, 2004; Selley
et al. 2005; McGowan et al. 2006). The δ13C and δ18O values of
calcite from the Nallakonda deposit are consistent with values
obtained fromMVT deposits (Richardson et al. 1998). Similarity
inC-Oisotopicratiosandtheir trendare indicativeofasyn-topost-
diagenetic replacement origin of the sulfidemineralization.

Carbonate is generated during thermochemical sulfate re-
duction of a sulfate-rich fluid (Machel 1987; Machel et al.
1995; Warren 2000). Such carbonates might have been pre-
cipitated as late hydrothermal calcites (also see McGowan
et al. 2006). Lighter δ13C and δ18O values of calcite cement
that occur in the interstitial spaces of mineralized sandstone at
the Agnigundala Sulfide Belt may reflect an influx of carbon-
ate species generated from oxidation and degradation of or-
ganic matter (methane in the present case). The calcite cement,
related to mineralization, gives isotopic signatures more akin
to the isotopic characters of hydrothermal fluid itself, whereas
the C-O isotope values from dolomites are the products of
dolomite recrystallization during hydrothermal fluid flow
(also see Smith and Dorobek 1993; Nielsen et al. 1994).

The C isotope composition is much more affected by fluid-
rock interaction than the O isotopic composition (Zheng and
Hoefs 1990). Different temperatures of the mineralizing fluid
may explain the observed O isotope signature in the
Agnigundala Sulfide Belt, where the Nallakonda and
Dhukonda Cumineralization formed at higher temperature com-
pared to the Pb mineralization of Dhukonda and Bandalamottu.

Alteration of host rocks is a common phenomenon in deposits
formed from migrating ore-fluid (Evans 1993). Identification of
themineralization-relatedalterationpatterninsediment-hostedore
deposits sometimes becomes equivocal because burial diagenesis
andgreenschist faciesmetamorphismcanproduce similarmineral
assemblages. However, the mineral assemblages such as over-
growth of potash feldspar on potash feldspar grains and develop-
mentof latedolomite, calcite,andquartzcementalongwithphlog-
opite and sericite of host sandstones and dolomite, in contrast to
their unmineralized counterparts, strongly advocates in favor of
potassic, silica, and magnesium-calcium metasomatism under

the influence of ore-fluids. Higher Cu, Fe, and Ca contents of the
potashfeldsparovergrowthsandthecloseassociationofcarbonate
andsilicacementswithsulfidephases(Figs.6a,b,7c,d,and10a,b)
lendstrongsupport tothefact thatalterationofthehostsediments is
the result of interactions betweenore-fluids andhost rocks. This is
also indicated by the change of C-O isotopic ratios from host do-
lomite to late carbonate cements.

The metal zoning, discussed above, largely reflects a ther-
mal gradient across the studied ore district, similar to other
well-studied VMS deposits (Lydon 2004). So, the
Nallakonda copper deposit is definitely of higher temperature
compared to the Dhukonda copper-zinc and Bandalamottu
lead deposits. The presence of cobaltite and the enrichment
of molybdenum also support a relatively higher formation
temperature of the Nallakonda deposit.

Neither hematite nor pyrrhotite is present in the ore-stage
assemblage which is within the pyrite stability field with log
aO2 of >− 41 at 200 °C (ESM Fig. 1). Only higher tempera-
ture, reduced, acidic brines are capable of transporting gold
together with copper, lead, and zinc. The observed low gold
values in the studied ores, similar to several SEDEX deposits
(McGoldrick and Keays 1990; Cooke et al. 2000), also sup-
port a low-temperature oxidized nature of the ore-fluid.
Further, low manganese in the ores also supports the oxidized
nature of the ore-fluid (see McGoldrick and Keays 1990).

Sedimentary rock-hosted stratiform base metal sulfide
deposits are the product of basin- or subbasin-scale fluid
flow systems. Such mineralization is the end product of
processes involving a source(s) of metals and sulfur, metal
transporting fluid, transport path, thermal or hydraulic
pump, and physicochemical factors that result in ore precip-
itation (Leach et al. 2005; Selley et al. 2005; Hitzman et al.
2010). In this context, it can be envisaged that the lower red-
bed and evaporite-bearing continental to shallow marine
sediments, deposited during the syn-rift phase of basin evo-
lution, might have supplied the metals to circulating sulfate-
rich basinal fluids. The fluid was stored in the lower sedi-
mentary succession under a cover of impervious shale of the
shallow marine sedimentary succession of the post-rift
phase. Rift-related faults developed during sedimentation
in the basin might have punctured the ore-fluid pool in the
lower geo-pressurized sedimentary succession and also
acted as conduits for upward expulsion of an oxidized,
low-temperature fluid. Intrabasinal ore-fluid flow took
place through the sediments undergoing diagenesis from
east to west under the pressure head that was developing
in the east, which ultimately culminated in the form of a
thrust along the eastern margin of the Cuddapah basin.
The ore-fluid, under progressive cooling, deposited the cop-
per sulfide ores at Nallakonda, copper-lead sulfide ores at
Dhukonda, and lead sulfide ores at Bandalamottu. The ore-
bearing horizons have participated in deformational events
during basin inversion; however, those events failed to
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impose any recognizable change in mineralization patterns.
A schematic ore genetic model based on the outcome of the
present study is shown in Fig. 12.

Summary

The Nallakonda copper deposit, Dhukonda copper-lead de-
posit, and Bandalamottu lead deposit in the Agnigundala
Sulfide Belt occur in post-rift sediments that overlie early
syn-rift sediments. Mineralogical and stable isotope systemat-
ics suggest that the ore-fluid was a low-temperature (<
200 °C) oxidized fluid. Stable isotope systematics of the sul-
fide phases suggest that the same ore-fluid which deposited
copper at Nallakonda at relatively higher temperature also
deposi ted copper- lead at Dhukonda and lead at
Bandalamottu under progressive cooling during migration
through sediments. The required sulfur was derived through
thermochemical reduction of basinal water sulfate, and the
metals were scavenged from the lower red-beds with
evaporite-bearing continental to shallow marine sediments.
Syn-sedimentary faulting caused puncturing of the ore brine
pool and migration of the ore-fluid through the cover syn-rift
sediments undergoing diagenesis. The mineralized horizons
participated in deformation without registering any recogniz-
able change in mineralization patterns.
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