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Abstract 

 In the southern Peninsular India, the Neoarchean Sandur, Chitradurga and Shimoga 

greenstone belts of Dharwar Craton are endowed with well-preserved stromatolitic 

carbonates which are associated with Fe-Mn formations along with arenites, argillites, 

arkoses, orthoquartzites, limestones and carbonaceous shales. Stromatolitic carbonates along 

with thick sequence of shales, including carbonaceous shales, mafic flows and cherts are also 

present in Vempalle and Tadpatri Formation of Proterozoic Cuddapah basin, eastern 

Dharwar Craton.  

  Dharwar Craton stromatolites display limited diversity in their morphological 

features such as columnar (occasionally branched), pseudo-columnar, domal, crinkly 

laminated, and oval/elliptical shapes. The Proterozoic stromatolites of Vempalle and 

Tadpatri Formations are characterized with varied morphological features which are less 

deformed and exhibits features such as stratifera, branched and unbranched columnar, 

conical, domal and spheroidal/lobate.  

 Petrographic study of Dharwar Craton stromatolites is composed of both depositional 

and diagenetic components displaying simple mineralogy dominated by fine grained micrite, 

characterised by an interlocking mosaic of compact and closely packed micronsized crystals 

of dolomite/calcite carbonates of varying crystal size. Textural variation between sparite, 

micrite and quartz are also observed. The recrystallization of fine grained carbonates 

resulting into coarse grained crystals are due to meteoric influence. Petrographically the 

stromatolitic carbonates of the Vempalle and Tadpatri Formations of Cuddapah basin are 

predominantly dolomites but some alternate layers of carbonate and chert are also present.  

Most of the minerals are typically fine grained and exhibit micritic texture that has been 

obliterated by the development of recrystallized carbonate crystals or sparite. Calcite crystals 
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are visible between the micrite and sparite laminae indicating recrystallization. The presence 

of quartz and its recrystallization reflects on the siliciclastic nature of these stromatolites 

suggesting terrigenous input and diagenetic signatures during and after the sedimentation.   

 The stromatolitic carbonates of the three greenstone belts of Dharwar Craton exhibit 

depleted ∑REY along with positive La, Eu, Gd and Y anomalies reflecting hydrothermal 

features. The abundance of ∑REY in the Sandur stromatolites suggests the predominance of 

terrigenous and hydrothermal input compared with those of the Chitradurga and Shimoga 

belts. They also show low Al2O3, Th, Zr, Hf and Sc suggesting limited detrital input. The 

stromatolites of Vempalle Formation of Cuddapah basin have been classified as three types 

on the basis of trace elements such as REE+Y and stable isotope compositions (carbon and 

oxygen).  Vempalle I stromatolites exhibit pronounced positive Eu anomalies with small 

scale positive Ce anomalies whereas Vempalle II counterparts have slight negative to 

positive Eu, feeble positive Ce and positive Gd anomalies. Vemaplle III stromatolites display 

positive Ce, Eu and Gd anomalies. The Tadpatri Formation stromatolites have pronounced 

Gd anomalies with low order positive Ce and Eu anomalies. The flat REE patterns along 

with Ce, Eu and Gd anomalies, chondritic to superchondritic Y/Ho ratios collectively reflect 

on marine water conditions for their deposition with variable inputs of 

siliciclastic/terrigenous materials and hydrothermal signatures.   

 The predominantly negative δ
13

C values ranging from -1.61‰ to 0.01‰ VPDB of 

Sandur, negative to positive δ
13

C ranges of -1.51‰ to 1.35‰ VPDB of Chitradurga and 

predominantly positive δ
13

C of Shimoga varying from -0.30‰to 1.29‰ VPDB indicate a 

gradual increase of bioproductivity in these greenstone belts of Dharwar Craton. The 

negative δ
18

O values (-20.95‰ to -7.72‰VPDB) of the three greenstone belts of Dharwar 

Craton indicate prevalence of high temperature Archean ocean waters and deep burial 

diagenesis. The stable isotopic systematics reflect the fluctuations in Archean ocean 
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temperatures from 25-75˚C.  The stromatolites investigated in this study record predominant 

inheritance of marine water signature (90%) with a minimum (10%) oxidation of organic 

carbon.    Significant depletion in δ
18

O is observed in Vempalle ranging from – 10.70‰ to -

7.07‰ and -20.73‰ to -11.87‰ in Tadpatri Formation of Cuddapah basin.  The Tadpatri 

stromatolites display negative δ
13

C varying from -4.56‰ to -1.26‰.  Contrarily, the 

Vempalle stromatolites recorded both positive and negative δ
13

C ranging from -0.24‰ to 

2.00‰ thereby reflecting their deviation from the popular belief of the boring billion concept 

of displaying Midproterozoic δ
13

C stasis.   

 The U-Pb ages of the detrital zircons from the Sandur stromatolites gave an age of 

2926 ± 36 Ma to 3508 ± 29 Ma whereas the Bhimasamudra and Marikanve stromatolites of 

Chitradurga greenstone belt of Dharwar Craton display 2650 ± 38 Ma to 3426 ± 26 Ma 

respectively and it suggests that the main provenance of the zircon is from the Paleoarchean 

to Neoarchean sources. The U-Pb detrital zircon age of the Tadpatri stromatolites of 

Cuddapah basin gave an age of 1672 ± 38 to 2761 ± 31 Ma and suggests that the main 

provenance of the zircon is from the Neoarchean to Mesoproterozoic sources. 

 The stromatolitic carbonates from the Dharwar greenstone belts were deposited in an 

environment ranging from supratidal to subtidal zones under the influence of hydrothermal 

fluids with minor terrigenous inputs in a warm marine anoxic environment. The cherty 

dolomitic stromatolites of Cuddapah basin were deposited in subtidal-intertidal-supratidal 

zones of a shallow shelf of Proterozoic open ocean under the influence of minimal 

hydrothermal fluids with high order terrigenous inputs in a warm, alkaline and anoxic 

conditions. 

 The biogeochemical signatures observed in the stromatolites of Archean greenstone 

belts of Dharwar Craton and Proterozoic stromatolites of Cuddapah basin indicate similar 

depositional environment of their deposition from supratidal to subtidal zones.  However, 
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due to higher geothermal gradient during the Archean times, higher heat flow, larger ridge 

length lead to shorter plate dimension and limited continental shelf area. Therefore, limited 

morphological features are observed in the Archean stromatolites of Dharwar Craton. The 

depth of the ocean during the Archean was relatively shallower compared to the latter 

periods of the geological time. Due to vigorous volcano-exhalative activity/ hydrothermal 

activity during the Archean, the ocean water temperatures were high. This volcanic and 

hydrothermal activity is evidenced by the presence of extensive iron and manganese deposits 

associated with the Archean stromatolites. The iron/manganese released from the mid 

oceanic ridge vents precipitated by the supply of intermittent oxygen released due to the 

microbial activity at the Archean shallow shelf region.  The overall terrigenous/detrital 

component in the Archean stromatolites is also minimum.  The increase of continental shelf 

area during Proterozoic provided suitable conditions for the extensive growth of 

stromatolites with varied morphological features. Due to this, the Proterozoic stromatolites 

have comparatively higher terrigenous inputs along with minor hydrothermal signatures.  

This is evidenced by the association of shale, chert and mudstones with these stromatolites. 

The presence of mafic flows in both Vempalle and Tadpatri stromatolites of Cuddapah basin 

and the extensive volcanism of the eastern Dharwar Craton (EDC) greenstone belts would 

have also played a role in the deposition of the Proterozoic stromatolites of Cuddapah basin.  
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1.1. Early Life 

The early Earth surface was viciously inhospitable world at the time of its birth ~ 4.5 

billion years ago which elicit the name as “Hadean” and it was characterised by a rapidly 

rotating, hot, barren waterless planet, bombarded by comets and meteorites, with no 

continents, intense cosmic radiation, widespread volcanism and a dense atmosphere (Fig. 1.1; 

Valley, 2005). However, such extreme conditions had to diminish from the Earth for the 

survival of continents, oceans and life. There is a major question mark regarding the ending 

of the Hadean era and based on the evidences from rocks this boundary has been placed at 3.8 

Ga which is the age of the oldest known water-laid sediments. Recently, the 4.4 Ga detrital 

zircons reported from Western Australia suggest that the Hadean period was shorter than 

previously thought, but extreme opinions exist on both sides, a small continent-like land 

masses existed by 4.4 Ga and oceans substantial for life might have existed at 4.2 Ga (Fig. 

1.2; Valley, 2005). From the above explanation it is obvious that the Hadean period was 

ended by 4.2 Ga or possibly earlier. Life might have originated during the post-Hadean 

oceans but there is no direct evidence. The first fossil record of life on the Earth initiated even 

much later period at 3.5 Ga but, low carbon isotope ratios (13C/12C) reported from 

carbonaceous shales of Isua, Greenland suggest that life might have originated before 3.8 Ga. 

However, if life did exist before 3.8 Ga it might have been subjected to intense meteorite 

bombardment which lead to extinction (Valley, 2006). The Earth has changed significantly 

since it primordial state which is a continuous process till date. The knowledge of the Earth in 

its earliest history is essentially significant and provide clues to understand the Earth's 

evolution to its present physical, chemical and biological state (Rollinson, 2009). The 

processes responsible for the existence of an aerobic Earth System are interrelated with 

sequence of global events (Archean Paleoproterozoic Transition, APT) during the Late 
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Archean and Early Paleoproterozoic (2500–2000 Ma) which led to irreversible alteration of 

Earth’s surface and this environmental change brought a fundamental challenge in the 

geosciences (Melezhik et al., 2005). Precambrian era is marked by the evolution from an 

ancient stage to a phase of stability in the history of planet Earth, including variation of core 

and mantle, growth of continents, starting of plate tectonics, formation of oceans and 

atmosphere, evolution from anoxic to oxygenated state with origin and evolution of life 

(Schopf, 1983). The ancient remnants of crust and marine environments are available only in 

few remote areas on the Earth today representing the only available record of the mineral 

environments in which life originated where pre-biotic chemical reactions took place and it 

serve as a key factor for the emergence of life (Papineau, 2010). The Earth’s surface has been 

influenced by the ocean since ~4.4 Ga. During the Archean-Proterozoic time, interactions 

between the crust and the anoxic ocean–atmosphere system have led to a progressive increase 

in ocean-water ion content and deposition of silt, carbonate, chert, iron-rich sediments and 

evaporites. Although the oldest rocks are highly metamorphosed, their mineral diversity 

contain evidences about the nature of the earliest habitable environments. By the time 

biological processes began to affect Earth’s surface mineralogy, large-scale surface mineral 

deposits were being precipitated under the combined influence of crustal recycling, anoxic 

atmosphere and ocean. Carbon, hydrogen, oxygen, nitrogen, sulfur, and phosphorus are the 

six elements dominating every living organism, which are also found in the rock-forming 

minerals of igneous rocks and it can be incorporated in various sedimentary minerals that are 

formed during the decomposition of biological organic matter or from metabolic by-products 

(Papineau, 2010). The evidence for ancient life in the Archean metasedimentary rocks is a 

highly argumentative subject, and no mineral associated with these rocks provide definite 

evidence for early life (Schopf, 2006). Therefore, the petrological and mineralogical context, 

stable isotopes and trace element compositions of Precambrian metasedimentary rocks may 
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provide independent lines of evidence of early life on earth that are consistent with a 

biological influence on their geochemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2. Timeline for the first billion years of Earth history. Keyevents are shown along with 

oxygen isotope ratios (δ18O) of zircons from igneous rocks and their U–Pb age. Primitive rocks 

inequilibrium with the Earth’s mantle have average δ18O of 5.3‰ (after, Valley et al., 2005).  

Fig. 1.1. Hot, barren, waterless early Earth ~4.6 Ga ago 
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1.2. Archean life 

The pre-biotic evolution of early life on Earth is speculated to have begun very early 

in the Earth’s history (Santosh et al., 2017). Evidence for early biological activity has been 

presented in several studies that are recorded in rocks as old as 3.7 Ga in Greenland (Schopf 

and Kudryavstev, 2012; Ohtomo et al., 2014; Allwood, 2016; Nutman et al., 2016; Retallack 

et al., 2016). The coexistence of atmosphere, ocean and a landmass are minimum 

requirements for the beginning and evolution of life, termed as ‘Habitable Trinity’ (Dohm 

and Maruyama, 2015; Maruyama and Santosh, 2017). Such a combination initiated life in 

Archean oceans irrespective of the hostile conditions such as the toxic hot ocean, massive 

meteoritic strikes, dense atmosphere, higher ocean water temperatures, toxic and highly 

volatile carbonic greenhouse gases, among others (Valley, 2006; Maruyama and Santosh, 

2017). The volcano- exhalative activity and meteorite bombardments are considered to have 

delivered the heat and essential elements for the initiation and sustainability of life 

(Maruyama et al., 2013, 2014; Maruyama and Ebisuzaki, 2017). Archean stromatolites are 

considered to provide evidence for the earliest life on the Earth and these structures can be 

used as proxies to understand the geochemical and other paleoenvironmental conditions 

during Precambrian (Grotzinger and Knoll, 1999; Bosak et al., 2013). Stromatolites are 

defined as accretionary sedimentary structures, commonly thinly layered, megascopic and 

calcareous-cherty, formed by mat-building communities of mucilage-secreting 

microorganisms (Schopf, 2006). Thus, they represent the products of physical, chemical, 

biological and sedimentalogical interactions. However, the preservation of evidence of the 

early biological activity is rare in nature due to geochemically unstable biomonomers and 

biopolymers (Schopf, 2002, 2006). Stromatolites are flourished during the Proterozoic, which 

is followed by their extensive destruction in the Phanerozoic, due to the rise of skeletal 

metazoans (Fig. 1.3; Pratt, 1982). The processes that control different aspects of stromatolite 
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morphology such as form, growth rate, texture, and lamina formation are vaguely understood 

despite their high profile geobiologic community (Petryshyn, 2013). The biogeochemical 

imprints preserved in Archean rocks provide insights into carbonate precipitation, ancient 

biological processes through time and lithosphere-hydrosphere-atmosphere-biosphere 

interaction during the early evolution of the Earth (Bosak et al., 2013).  Archean stromatolites 

are generally rare and have been reported from over 48 locations in different parts of world 

with ages ranging between 3.5 to 2.5 Ga (Fig. 1.4; Schopf et al., 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3. Stromatolite forms diversity through time (after Awramik and Sprinkle, 1999) 
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1.3. Proterozoic life 

 The Proterozoic era records the early Earth’s transformation from an anoxic to an 

oxygenated planet and is characterized by intervals of global rifting, stabilization of cratons, 

enhanced crustal growth, termination of major banded iron formation, appearance of red 

beds, various environmental changes with accumulations and fluctuating cycles of sulphur, 

Fig. 1.4. Archean geological units containing stromatolites (Data from Hofmann, 2000 and 

Schopf, 2006) 
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phosphate, and carbon (Holland, 2006; Wilson et al., 2010; Bekker and Holland, 2012). The 

rise of atmospheric oxygen in the Paleoproterozoic provided new sources of metabolic energy 

and mobilized important nutrients by oxidative weathering. This substantial rise in free 

oxygen from <10–5 to >10–2 PAL (present-day atmospheric level) between 2.45 to 2.22 Ga is 

a transition termed as the Great Oxidation event (GOE; Holland, 2002; Pavlov and Kasting, 

2002). GOE has been considered as one of the most significant and irreversible events in 

Earth history owing to its profound effects on the evolution of life and biogeochemical 

cycles. Oxygenation of the Paleoproterozoic atmosphere was primarily a consequence of 

oxygenic photosynthesis, since this is the most efficient process to produce significant 

quantities of oxygen in the atmosphere. However, the timing, magnitude, and extent of the 

first appearance of free O2 remain subjects of debate (Lyons et al., 2014). The global 

oxygenation events such as GOE and associated biogeochemical processes were responsible 

for the irreversible and significant increase in Earth’s mineral inventory. Oxygenation of the 

Paleoproterozoic atmosphere was primarily a consequence of oxygenic photosynthesis, since 

this is the most efficient process to produce significant quantities of oxygen in the 

atmosphere. The history of Earth-surface oxygenation is preserved in the geological record of 

redox-sensitive elements of ancient sediments. The biogeochemical cycles of carbon, 

nitrogen and sulfur were fundamentally transformed during the transition from a global 

anoxic environment in the Archean to the oxygenated atmosphere of the Proterozoic. Hence, 

the geochemistry of C-N-S in ancient sediments provide valuable information for tracing the 

progressive oxidation of the surface environment (Lyons et al., 2014).  

Different models have been proposed advocating the evolution of the earth’s oxic 

atmosphere. The C-W-K-H (Cloud- Walker-Holland-Kasting) model suggests that initially, 

prior to 2.2 Ga, an anoxic atmosphere prevailed with PO2 levels between 10-13 and 0.1% 
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present atmospheric level (PAL) and this was followed by a dramatic rise of PO2 to greater 

than 15% PAL between 2.2 and 1.9 Ga followed by a gradual increase to the present value 

(Cloud, 1968; Walker, 1977; Holland, 1964, 2002; Rye and Holland, 1998; Kasting, 2001; 

Palvov et al., 2001; Prasad and Roscoe, 1996). An alternative model proposed by Ohmoto 

and his co-worker (Dimroth-Kimberley-Ohmoto model) explained an essentially constant 

atmospheric PO2 level (probably within + 50% of PAL) since 4 Ga (Ohmoto, 2006). BIFs 

and paleosols are considered to be the products of a globally anoxic ocean and indicate a pre-

2.2 Ga anoxic atmosphere.  Pyritiferous shales are indicative of an oxic atmosphere. 

Variations in δ13C values of organic carbon provide evidence for the diversity in organisms 

and redox environments, while positive δ13C excursions in carbonates serve as clues for 

dramatic rises in PO2. Organic carbon contents of Archean shales provide evidence for the 

constancy in production and consumption rates of the atmospheric O2. The emergence of 

cyanobacteria and oxygenic photosynthesis has been associated with a geochemical “whiff of 

O2” recorded in 2.5 Ga sediments (Holland, 2002, 2006; Ohmoto, 2006; Lyons et al., 2014). 

Microorganisms determine the basic composition of Earth’s atmosphere since the origin of 

life.  During the gradual evolution of the Earth, microorganisms created the breathable O2 

rich air and clear blue sky that we enjoy today.  Atmospheric evolution on an inhabited planet 

is determined largely by its microbial populations. Microorganism like cyanobacteria played 

a major role in the atmospheric evolution before the rise of O2.  Today, these bacteria as well 

as microscopic algae supply O2 to the atmosphere and churn out fixed N2 in Earth’s vast 

oceans.  Cyanobacteria are responsible for inducing and harvesting light to produce energy 

and O2 in all land plants (Kasting, 2002). 
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1.4. Stromatolites significance 

Stromatolites are laminated, biogenic, accretionary organo-sedimentary structures 

formed by the trapping and binding activity or by precipitation of minerals by microbes 

(cyanobacteria such as blue green algae; Burne and Moore, 1987), and are regarded as the 

oldest evidence of life on the Earth that were first recorded during the Archean but mostly 

flourished through the Proterozoic time. These structures are particularly studied for 

geobiologic and astrobiologic purposes to acquire valuable information on the changing 

ancient atmosphere as well as its effect on the biosphere and lithosphere (Walter, 1994; 

Awramik and Grey, 2005). Stromatolites have also been used to trace the evidence for the 

activity of the earliest benthonic life on the Earth and in understanding the palaeobiological 

and paleoenvironment conditions (Hoffman, 1973; Walter, 1977,1983).  Coinciding with the 

rise of metazoans, the growth of stromatolites was destroyed drastically in the Phanerozoic 

(Fig. 1.3). 

Formation and accretion of stromatolitic structures primarily involves the 

cyanobacteria, which relies on photosynthesis, carbon fixation and mobility for growth; 

optimal geochemical conditions; selective metabolism and principle community composition 

(Fig. 1.5; Dupraz and Visscher, 2005; Foster and Green, 2011). The shape of the 

stromatolites is controlled by tides, storms, wave action, water depth, sediment influxes and 

these processes forms a dynamic balance between sedimentation and lithification of 

cyanobacteria (Webb, 2001). The cyanobacteria which involve in the formation of 

stromatolites secrete a sticky film of mucus (exopolymer and subsequent heterotrophic 

bacterial decomposition) that attract and bond sediment particles forming a mat and it also 

protects them from ultraviolet radiation (Reid et al., 2000). Thus, the cyanobacteria 

accumulate sediments by trapping them into solidified (rigid) layers of chalk, gypsum, 
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dormant bacteria and other debris creating a biofilm mat (Neptune, 2012). The accumulated 

sediments thus become bound together by the sticky mucus membrane, the cyanobacteria are 

then able to grow atop of their layered deceased precursors and along with the process of 

phototaxis, the stromatolite accreted to migrate in the direction of the sun allowing vertical 

growth for more sediment to be bound and cemented together by precipitated calcium 

carbonate forming thin laminations of limestone (Webb, 2001). During the lithification and 

cementation processes, endolithic coccoid cyanobacteria develop within the structure and are 

able to form thicker lithified laminae which alleviate the growing surfaces against mechanical 

damage (Fig. 1.5; Reid et al., 2000). Thus, the balance between the sedimentation and 

lithification processes performed by different cyanobacteria, support for the layered 

stromatolites to grow a couple of millimeters each year and to be preserved in the fossil 

formation which is presently found on the Earth (Webb, 2001). 

 

 

 

 

 

 

 

 

 

Fig. 1.5. Sketch showing the formation of stromatolites 

(https://microbewiki.kenyon.edu/index.php/Microbes in Stromatolite).  
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1.5. Ancient stromatolites 

The time period and the environment surrounding the appearance of the oldest fossils 

on Earth provide important insights into the origin of life. Stromatolites are the chief 

component of the fossil record of the first forms of life on earth and the earliest fossil record 

(Garwood, 2012). These stromatolites are known to have first appeared during the Archean 

eon, started flourishing throughout the Paleo and Mesoproterozoic eon. It comprises a major 

component in Precambrian carbonate platforms; and finally declined in abundance and 

diversity in the Neoproterozoic or by the start of the Cambrian their abundance dropped to 

20% of their peak as the stromatolite builders fell victim to grazing creatures coincident with 

the rise of metazoans (Fig. 1.5; Walter et al., 1980; Awramik, 1971; 1992; Semikhatov and 

Raaben, 1993; Awramik and Sprinkle, 1999; Allwood et al., 2009). This theory suggest that 

sufficiently complex organisms were common over 1 billion years ago (Awramik, 1971; 

McNamara, 1996; Bengtson, 2002). Ancient stromatolites are typically composed of fine-

grained material; displaying finer, sub-millimeter scale lamination; (Grotzinger and Knoll, 

1999; Awramik and Grey, 2005). The record of stromatolites on Earth is extensive. The 

processes that control stromatolite accretion rate, laminae formation, and texture are poorly 

understood, inspite of their typical geobiologic structure (Grotzinger and Knoll, 1999). 

Ancient stromatolite morphogenesis processes are difficult to study, as the conditions under 

which they formed are difficult to discriminate with increasing age, thus the biogenicity of 

many of these ancient forms is in question (Grotzinger and Knoll, 1999; Awramik and Grey, 

2005). The laminations in stromatolite are assumed to be the record of the daily, yearly, or 

seasonal response of the growing microbial community to some environmental conditions 

and the domed growth pattern of many laminated carbonate accretions is commonly taken as 

evidence of the photosynthetic response of microorganisms (Semikhatov et al., 1979; Walter 

et al., 1980; Vanyo and Awramik, 1985; Awramik and Vanyo, 1986; Schopf, 1999; Riding 
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and Awramik, 2000). This photosynthetic response includes the accretion of bacteria towards 

light and the differential growth of microbes depending on the growing regime they are 

located. In the vertical growth model of stromatolites, microbes located on the top receive 

more light and will surpass those that receive less light, often leading to a cone, tube and 

domed type of morphology causing the contortion of laminae as seen in many modern and 

ancient stromatolites (Fig. 1.6; Walter, 1976; Vanyo and Awramik, 1985; Bosak et al., 2009, 

2010).  
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Fig. 1.6. Comparison of Archean, Proterozoic and modern stromatolites; (A) Proterozoic 

stromatolite from the Johnnie Formation in Death Valley (B) a modern Bahamian stromatolite; 

(C) Archean stromatolites from Pilbara (Petryshyn, 2013) and (D) Paleoproterozoic Vempalle 

stromatolites from Cuddapah basin, India 
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1.5.1. Archean stromatolites 

The Archean stromatolite are regarded as the evidences of interaction of biosphere, 

hydrosphere and lithosphere existent at that time.  There are two schools of thought about the 

biogenic and abiogenic nature of the stromatolites (Awramik, 1992; Grotzinger and Rothman, 

1996). During the Archean time, the stromatolites are found in thinly localised sedimentary 

carbonate rocks that are mostly associated with volcanic sequences (Hofmann, 2000). The 

Archaean stromatolite occurrences have been reported from 48 localities globally that are 

counted by major stratigraphic units mostly preserved in Archaean Cratons (Fig. 1.; Walter, 

1983, 1994; Nisbet, 1987; Awramik, 1991, 1992; Schopf, 1994; Hofmann, 2000). Among 

these global lists, three occurrences of stromatolites from Archean Dharwar Craton and one 

from the Singhbhum Craton has been reported from India (Avasthi, 1980; Murthy and Reddy, 

1984; Baral, 1986; Mallikarjuna et al., 1987; Vasudev et al., 1989; Srinivasan et al., 1989, 

1990). A summary based on earlier reported occurrences of Archean stromatolites from 

various cratons has been tabulated in Table1.1 for better appreciation of the newly described 

stromatolites in the present studies. The Archaean stromatolites morphology mostly include 

convex/concave-up; stacking patterns producing nodular, columnar type consisting of both 

unbranched and branched and oncoidal forms (Hofmann, 2000). Due to the scarcity of 

Archaean stromatolites, it is essential to report and document new occurrences, their 

characteristics and variations. From the Archean Dharwar Craton, stromatolite occurrences 

have been reported from Bhimasamudra, Dodguni, Marikanve areas of Chitradurga 

greenstone belt, Kalche and Kumsi of Shimoga greenstone belt and Yeswanthapur Formation 

of Sandur greenstone belt of Dharwar Craton (Murthy and Krishna, 1984; Baral, 1986; 

Vasudev et al., 1989; Venkatachala et al., 1989, 1990; Sharma et al., 1994a, b; Srinivasan et 

al., 1989, 1990, 1997; Sharma and Srinivasan, 2015). 
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Table 1.1. Global distribution of stromatolites and their depositional environment (after, 

Sharma and Shukla, 2004) 



17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1. Global distribution of stromatolites and their depositional environment (after, Sharma 

and Shukla, 2004) 
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1.5.1.  Proterozoic stromatolites  

The sedimentary rocks of Proterozoic era contain distinct biosignatures that have 

preserved valuable information on the changing ancient atmosphere as well as its effects on 

the biosphere and lithosphere. In comparison with the Proterozoic fossil record, the 

occurrences of stromatolites known from the Archean is minuscule.  Stromatolites are 

abundant, widespread, and in fact essentially ubiquitous in Proterozoic carbonate rocks. 

Literally hundreds of micro fossiliferous formations, comprising more than 2800 occurrences 

of microfossils, have been reported from a large number of Proterozoic basins (Schopf and 

Prasad, 1977; Walter, 1983, Schopf and Klein, 1992). Extensive studies have been conducted 

on more than three dozen occurrences of such microbiotas and are now known from the 

Proterozoic basins of Australia, Canada, Sweden, Greenland, Africa, India, the United States 

and the Soviet Union. (Barghoorn and Tyler, 1965; Schopf, 1968; Schopf and Blacic, 1971; 

Muir,1974, 1976; Hofmann, 1976; Schopf and Prasad, 1978). In India, Proterozoic 

sedimentation is widespread which is preserved in Vindhyan, Cuddapah, Aravalli, Indravati, 

Kalagdi, Bhima, Delhi Supergroup and lesser Himalaya among which biosedimentary 

structures such as stromatolites are present in Vindhyan, Cuddapah and Aravalli basins 

(Table 1.2; Manikyamba et al., 2008; Chakrabarti et al., 2011). Except in the Aravali basin 

where stromatolites are present in phosphorites, all other stromatolites are in carbonate rocks. 

Detailed studies are very limited on the processes that control different aspects of stromatolite 

morphology (i.e. form, growth rate, texture, and lamina formation). Biogeochemical records 

are well preserved in the stromatolitic carbonate rocks found in the Vempalle and Tadpatri 

Formations of Cuddapah Supergroup, India. Stromatolitic structures such as columnar, domal 

and stratiform microbialite facies provides the depositional history of the basin. 

(Viswanathiah and Aswathanarayana, 1967; Gururaja and Chandra, 1987). 
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1.6. Modern stromatolites 

Modern marine stromatolites are formed by the trapping and binding activities of 

microbes which are in close association with diatoms and algae forming coarse texture. The 

laminations found in these microbialites are discontinuous and in millimeter-scale 

(Petryshyn, 2013). Modern stromatolites are generally found in hypersaline and lagoons 

environments, where high saline levels prevent animal grazing. Presently, there are three 

well known existing environments containing living stromatolites such as the hypersaline 

stromatolites found in the Hameline Pool of Shark Bay at Western Australia (Figs. 1.7A, B), 

the open ocean stromatolites located at the Highborne Cay reef system of Exuma Cays at 

Bahamas (Figs. 1.7C, D), and the freshwater stromatolites of Ruidera Pool from Spain 

(Foster and Green, 2011). All these three environments vary in salinity content and it is 

considered to be the major driving force in environment specific evolution. These 

stromatolites have relatively conserved microbial processes that have the ability to adapt to 

new environment that has been historically caused by the exchange and rapid evolution of 

microbes through lateral gene transfer and virus interactions (Webb, 2012). Among these 

Table 1.2. Stromatolites occurrences from major localities of Proterozoic Basin, India 
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modern-day stromatolites, the most predominant stromatolites are found in Hamelin Pool, 

Shark Bay, Australia because of its hypersaline environment causing hostile conditions to 

many organisms, allowing for minimal competition for growth factors. These hypersaline 

stromatolites provide a significant impact on current research as their shape and formation 

are equivalent to the fossilized Precambrian stromatolites providing unique insight into 

Earth’s history and it is also a present day recording of our continuous changing planet 

(Foster and Green, 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7. Modern stromatolites from Shark Bay, Western Australia (Grotzinger and Knoll, 

1999) and (B) Exuma Cays stromatolites (Reid et al., 1995) 
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1.7. Statement of the Problem 

The lithounits of Archaean greenstone belts of Dharwar Craton and Proterozoic 

Cuddapah basin of the Indian Peninsular preserve biogeochemical signatures which will 

provide valuable insights in understanding the lithosphere-atmosphere-hydrosphere-biosphere 

evolution through Precambrian time. Stromatolites have been reported from Dodguni and 

Bhimasamudra areas of Chitradurga greenstone belt, Kalche and Kumsi of Shimoga belt and 

Yeswanthapur Formation of Sandur belt of Dharwar Craton. In all these greenstone belts, 

very thick horizons of carbonaceous shales, BIFs and manganese formations are preserved 

along with the stromatolitc carbonates. Stromatolitic carbonates are also present in 

Proterozoic Cuddapah basin along with thick sequence of shales, quartzites, mafic flows 

including carbonaceous shales. The carbonate rocks of the Cuddapah Supergroup have 

abundant algal stromatolites and the principle stromatolite-bearing units of the Proterozoic 

Cuddapah basin are the Vempalle and Tadpatri Formations of Late Palaeoproterzoic and 

Early Mesoproterozoic age respectively (Riding et. al., 1998). In the Vempalle and Tadpatri 

Formation of Cuddapah Supergroup of India, stromatolitic structure such as columnar, domal 

and stratiform microbialite facies provide important evidences in biosphere evolution as well 

as the depositional history of the basin are well preserved. These Archean (~2700 Ma) and 

Proterozoic (~1700 Ma) stromatolitic carbonates are very significant to evaluate the 

oxidizing-reducing conditions of the Precambrian atmosphere and the biogeochemical 

changes through the Archean-Proterozoic time. The identification of any new evidence in 

support of this contention will be an important contribution to the available knowledge 

regarding the emergence of early life on earth and the environmental conditions.  

 The present study reports morphological, geochemical, isotopic composition along 

with U-Pb detrital zircon geochronological systematics of Archean and Proterozoic 
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stromatolitic carbonates from the three greenstone belts of Dharwar Craton and the Vempalle 

and Tadpatri Formations of Cuddapah Basin to evaluate the diagenetic and depositional 

conditions operative during their formation and to address the Paleo-environmental 

implications in terms of hydrosphere-atmosphere-biosphere-lithosphere interactions during 

the Proterozoic era. 

➢ Identification of various morphological features of stromatolites from the Archean 

Dharwar Craton and Proterozoic Cuddapah basin to understand the depositional 

conditions during Precambrian time. 

➢ Geochemical studies of stromatolites to evaluate biogeochemical evolutionary process 

from Archean-Proterozoic (A-P) sequences and to understand Paleo-environmental 

changes during the Precambrian. 

➢ Stable isotopic studies of stromatolitic carbonates (δ13C and δ18O) to understand 

oxidation-reduction potential of atmosphere-hydrosphere and lithosphere during 

Archean-Proterozoic. 

➢ U-Pb detrital zircon geochronological studies to understand the provenance of the 

carbonate sediment. 

➢ Comparative study of Archaean and Proterozoic stromatolites to evaluate the nature 

of biogeochemical changes and oxygenation events during Archaean and Proterozoic 

eras. 

1.8. Approach 

With the above aspects, a comprehensive approach on morphological, geochemical, 

isotopic and U-Pb detrital zircon geochronological studies of the Precambrian stromatolites 

have been taken up to understand the paleo biogeochemical processes during the Precambrian 

era in the southern peninsular India. ~ 61 stromatolitic carbonates from Archean Dharwar 
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Craton and 39 stromatolitic carbonates from Proterozoic Cuddapah basin have been 

investigated for their major, trace, REE, isotopic composition and U-Pb zircon using XRF, 

HR-ICPMS, IRMS and LA-ICPMS. The obtained geochemical and isotopic data has been 

documented in different chapters and the inferences and conclusion drawn for the formation 

and deposition of sediments in the three greenstone belt of Dharwar Craton and Proterozoic 

Cuddapah basin and the nature of biogeochemical changes operative during the Precambrian 

time has been presented at the end of the thesis. These multidisplinary studies will be very 

useful for evaluating the paleoenvironmental and oxidation – reduction condition during 

Archaean and Proterozoic times which are also responsible for the formation of the mineral 

deposits like Fe and Mn.  

1.9. Organization of the Thesis 

The thesis has been organised into thirteen (13) chapters. Each chapter comprising of 

the details given below: 

Chapter I 

This introductory chapter deals with the discussion of the early life, how the life was 

originated on earth and describes about the Archean and Proterozoic life. This chapter also 

described about the significance of stromatolites, their importance, ancient stromatolites 

which include the Archean and Proterozoic stromatolites. The significance of modern 

stromatolites are also discussed in this chapter. 

Chapter II 

 This chapter incorporates a brief geological background of the Dharwar Craton and 

discussed about three greenstone belts (Sandur, Shimoga and Chitradurga) including their 

lithounits in the entire stratigraphic framework, geological ages, metamorphic and structural 

control and its mineralisation.  
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Chapter III 

This chapter highlight the brief geological background of the Cuddapah basin, with 

various Formations and their associated lithounits in the entire stratigraphic unit, geological 

ages and important economic mineral assemblages. This chapter also provides the geological 

setting of the study area i.e. Vempalle and Tapdatri Formations.  

Chapter IV 

This chapter explains the various types of morphological features of stromatolites 

occurring in the Sandur, Shimoga and Chitradurga greenstone belts of Archean Dharwar 

Craton and deals with the petrographic details. 

Chapter V 

This chapter elucidate different types of morphological features observed in the 

Vempalle and Tadpatri Formation of Cuddapah basin and discuss their petrography.  

Chapter VI 

This chapter contains detailed description of the sampling strategy, analytical 

techniques along with the international reference materials (standards) used for the analysis 

of the studied rocks, different instruments (XRF, HR-ICP-MS, IRMS etc.) and their working 

principles etc.  

Chapter VII 

 This chapter deals with the geochemistry of the various stromatolitic carbonates from 

the Sandur, Shimoga and Chitradurga greenstone belts of Archean Dharwar craton. 

Chapter VIII 

This chapter deals with the geochemistry of the various stromatolitic carbonates from 

the Vempalle and Tadpatri Formation of Proterozoic Cuddapah basin.  
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Chapter IX 

This chapter gives a detailed description of carbon and oxygen isotopic composition 

of the stromatolitic carbonates sample from the Archean Dharwar Craton and Proterozoic 

Cuddapah basin. 

Chapter X 

 This chapter presents the U-Pb zircon geochronological studies of the detrital zircons 

from the stromatolitic carbonates of the Archean Dharwar Craton and Proterozoic Cuddapah 

basin. 

Chapter XI 

 This chapter contains discussion which deals with synthesis of geochemical data, 

explaining the source of the detrital sediments, mode of deposition of the stromatolitic 

carbonates from the Archean Dharwar Craton and Proterozoic Cuddapah basin. Implications 

of the isotopic data is incorporated in this chapter explaining about the paleo depositional 

settings of these stromatolitic carbonates. Source of the detrital zircon is also discussed in this 

chapter. Based on the comprehensive studies, a model has been proposed showing 

depositional environment of both the Archean and Proterozoic stromatolites that are 

discussed in this chapter.  

Chapter XII 

This chapter described about the Archean-Proterozoic transitional changes in the 

Dharwar craton and explain about the various changes taking place from Archean to 

Proterozoic time. 

Chapter XIII 

This chapter deals with the conclusions drawn from data obtained from this doctoral 

work. 
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The comprehensive field, petrographic, geochemical, carbon and oxygen isotopic 

studies along with U-Pb detrital zircon geochronology indicate that the Dharwar and 

Cuddapah stromatolites were deposited in an environment ranging from supratidal to subtidal 

zones in an anoxic marine environment.  The Paleo-Mesoarchean Sargur and Dharwar Group 

of rocks appears to be the provenance for the detrital zircons of the Dharwar stromatolites 

whereas the Neoarchean greenstone belts of eastern Dharwar Craton (EDC) and the 

continental crust erosion during the Eparchean interval might be the provenance for the 

stromatolitic carbonates of Cuddapah basin.  
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C H A P T E R - II 
Geology of Dharwar Craton 
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2.1. Geological background of Dharwar Craton 

Dharwar Craton is one of the largest cratons located at the southern part of Indian 

peninsula characterized by an excellent preservation of greenstone belts and exposes a large 

section of Archean continental crust, covering an area of about 4.5 × 105 km2 and ranging in 

age from 3.4 – 2.6 Ga (Fig. 2.1; Radhakrishna and Naqvi, 1986; Naqvi and Rogers, 1987; 

Ramakrishnan and Vaidyanadhan, 2010). Based on the nature and abundance of greenstone 

belts, degree of regional metamorphism, crustal thickness and age of basement gneisses the 

Dharwar Craton is divided into two sectors such as the Western Dharwar Craton (WDC) and 

the Eastern Dharwar Craton (EDC; Swami Nath et al., 1976; Rollinson et al., 1981; 

Jayananda et al., 2006; Chardon et al., 2008, 2011). On the basis of structure, deformation 

and geochronology, it has been suggested that the Closepet granite defines the boundary 

between WDC and EDC (Chadwick et al., 2003; Jayananda et al., 2006; Chardon and 

Jayananda, 2008; Chardon et al., 2011). The boundary between these two crustal blocks of 

Dharwar Craton coincides with the steep high strain mylonitic Gadag-Mandya shear zone 

along the eastern margin of the Chitradurga greenstone belt (Swami Nath et al., 1976; 

Chardon et al., 2011; Sengupta and Roy, 2012; Peucat et al., 2013; Jayananda et al., 2008, 

2013a, b). Jayananda et al. (2006) and Chardon et al. (2008) have reported different structural 

and crustal histories across the Chitradurga N-S trending crustal scale shear zone. On the 

basis of geophysical studies, a change in the crustal thickness from 42-51 km beneath WDC 

to 34-39 km in EDC has been observed across the mylonitic shear zone (Gupta et al., 2003). 

Seismic reflection studies at Closepet granite indicated a change in the crustal thickness while 

observations from seismic refraction and wide-angle reflection studies have shown a region 

of differential crustal thickness at the Chitradurga shear zone (Gupta et al., 2003). These 

studies imply that the contact between WDC and EDC is not clear and a transition zone 
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extending from Closepet granite to Chitradurga shear zone corresponds to the boundary 

between these two sectors of Dharwar Craton and are demarcated as the Central Dharwar 

Province (CDP) based on U–Pb zircon ages and Nd isotopic studies (Peucat et al., 2013). 

Ramakrishnan and Vaidyanadhan (2010) also suggested a transitional zone of contact 

between WDC and EDC. The WDC is mostly characterized by migmatitic tonalitic 

peninsular gneisses of 3.4–2.2 Ga, komatiite-rich Sargur Group (3.38–3.2 Ga) greenstone 

belts and it is unconformably overlain by Dharwar Supergroup rich in basalt-dacite-rhyolite 

(2.91–2.72 Ga; Peucat et al., 1995; Kumar et al., 1996; Nutman et al., 1996; Jayananda et al., 

2008; Jayananda et al., 2013a, b). The greenstone belts of Sargur Group are made of 

dominant komatiite (3.38–3.32 Ga), tholeiite rocks with subordinate felsic volcanic rocks 

(2.91–2.72 Ga) with interlayered quartzites, pelites, carbonates and BIFs (Meen et al., 1992; 

Nutman et al., 1992, 1996; Kumar et al., 1996; Peucat et al., 1995, 2013; Jayananda et al., 

2006, 2008; Chardon et al., 2011; Jayananda et al., 2012; Jayananda et al., 2013a, b). The 

youngest magmatic activity and the cratonization of WDC was indicated by the emplacement 

of highly potassic granitoid plutons at 2.62–2.61 Ga. The geology and mineral deposits of 

both the WDC and EDC are unique reflecting their tectono-magmatic processes and 

depositional environment (Manikyamba et al., 2004; Naqvi, 2005; Ramakrishnan and 

Vaidyanadhan, 2008). 

2.2. Structure and metamorphism 

 The structural and metamorphism background of Karnataka nucleus is debatable. 

Previous workers have predicted a clear evidence of structural unity throughout the 

Karnataka irrespective of the rock type and their primary age (Naha et al., 1986; Naha and 

Mukhopadhyay, 1990; Srinivasan and Naqvi, 1990).  In the peninsular gneisses, 2.6Ga 

orogeny eradicated the entire sequence except some relict pre-F1 structures present within the 
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amphibolitic enclaves (Naha et al., 1986). From the WDC, three phases of deformation have 

been identified in which F2 folds are coaxial isoclinal and F3 folds are broad warps on the 

limbs of F1 and F2. Brittle/ductile shear zones trending N-S have been traced all along the 

eastern margins of the greenstone belts of WDC and EDC. Older greenstone belts are 

generally metamorphosed to amphibolite facies whereas the younger belts mostly remained 

to greenschist facies but at the peripheries upper amphibolite facies metamorphism is also 

observed.  Younger belts of the northern region are less metamorphosed than the southern 

region (Naqvi et al., 1988). The volcano-sedimentary sequences of greenstone belts have 

been metamorphosed to lower greenschist to upper amphibolite facies metamorphism (Swami 

Nath and Ramakrishnan, 1981; Naqvi and Rogers, 1987).  

2.3. Mineralization  

 The greenstone belts of WDC have well preserved banded iron formations (BIFs) and 

Mn formations which are being exploited for their metals. Gold has been mined from the 

sulphidic BIFs of Ajjanhalli area of Chitradurga greenstone belt. In some of the volcanic 

rocks of Ingaldhal, Chitradurga greenstone belt and Shimoga greenstone belt,base metals 

deposits are present. Bauxite deposits were also reported from South Kanara district, 

Karnataka. The greenstone belts of EDC have abundant gold mineralization which has been 

mined from Kolar, Ramagiri and at present Hutti greenstone belt is the major producer of 

gold in our country. The predominant iron and manganese deposits of WDC and gold 

deposits of EDC reflect on the mantle processes, tectonic setting and oxidation-reduction 

potential of Archean oceans which paved the way for the origin and evolution of life 

processes from an initial to later stages in the geological time scale. 
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2.4. The Western and Eastern sectors of Dharwar Craton 

The Western Dharwar Craton comprises of tonalite-trondhjemite-granodiorite type 

(TTG) peninsular gneisses, together with two generations of greenstone belts viz. >3.2 Ga 

Sargur Group and 2.9–2.56 Ga Dharwar Supergroup, and 2.6–2.52 Ga calc-alkaline to 

potassic granitoid plutons (Chadwick et al., 2000; Jayananda et al., 2000, 2006, 2008, 2013a, 

2013b; Chardon et al., 2011), which are well exposed in the southern regions and it occupies 

most of the area in the north and are predominantly composed of metasedimentary rocks and 

komatiite–tholeiitic volcanic suites (Peucat et al., 1995; Chadwick et al., 2000). The 

greenstone belts of the Western Dharwar Craton have predominant sedimentary sequences 

among which some of them have biogenic signatures such as stromatolitic dolomites, 

carbonaceous shales, manganese formations, iron formations etc. which are very rare in the 

Eastern Dharwar Craton. In the WDC, the Dharwar Supergroup is divided into a lower 

Bababudan Group composing of oligomict conglomerate/ quartzite, voluminous mafic flows, 

phyllite, felsic volcanics, tuffs and thick BIFs; and an upper Chitradurga Group with a 

polymict conglomerate, followed by mafic volcanics, dominant greywackes and argillites 

containing carbonate beds, felsic volcanics and BIFs at the top (Chadwick et al., 1981). The 

confinement of stromatolites in the Sandur, Chitradurga and Shimoga greenstone belts of 

WDC and their absence in the greenstone belts of EDC, their prevalence in the Paleo-

Mesoproterozoic Cuddapah basin is not just a coincidence. It reflects on the deeper mantle 

processes (through mantle plumes) due to higher geothermal gradient during the Meso-

Neoarchean times which brought nutrients to the surface and provided suitable conditions for 

the growth of stromatolites which resulted into anoxic to intermittently oxic oceans that gave 

rise to abundant iron and manganese deposits with preservation of stromatolites and 

cyanobacteria in the cherts and iron formations. It is evidenced by the presence of komatiites 



32 

 

in WDC and their absence in the EDC. Furthermore, the greenstone belts of EDC have 

predominance of subduction related volcanic rocks which could have recycled or obliterated 

the signatures of life processes in the later periods. 

The Eastern Dharwar Craton is volcanic-dominated, less sediment deposits and 

greenstone belts but rich in gold mineralization which are preserved within the younger 

granitoids (Ramakrishnan and Vaidyanadhan, 2008). These are calc-alkaline granitoids that 

are interspersed with thin and linear greenstone belts (Jayananda et al., 2000; Naqvi, 2005). 

Chadwick et al.(2000) termed the plutonic complex of EDC as Dharwar Batholith based on 

the close lithological similarity, structural coherence and emplacement between 2.7 and 2.5 

Ga. EDC greenstone sequences are dominated by volcanic rocks (minor komatiite, high- Mg-

basalt, andesite, dacites, adakite and rhyolite) and BIFs (Viswanatha and Ramakrishnan, 

1981; Balakrishnan et al., 1990, 1999; Kazmi and Kumar, 1991; Srinivasan and Krishnappa, 

1991; Srikantia, 1995; Naqvi et al., 2002; Manikyamba et al., 2004, 2009; Anand and 

Balakrishnan, 2010). 

 Present study deals with the geochemical including stable isotopic signatures and U-

Pb detrital zircon of stromatolitic carbonates from the Neoarchean Sandur, Chitradurga and 

Shimoga greenstone belts of WDC to understand the paleo-environment conditions, 

oxidation-reduction potential of the protooceans and their depositional setting.   
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Table 2.1. Stratigraphic succession of Sandur greenstone belt (modified after Manikyamba 

and Naqvi, 2002; Chitradurga greenstone belt (modified after Swaminath and 

Ramakrishnan, 1981) and Shimoga greenstone belt (modified after Swaminath and 

Ramakrishnan, 1981; Harinadha Babu et al., 1981) 
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Fig. 2.1. Generalized geological map of Dharwar Craton showing the sample locations in the 

Sandur, Chitradurga (Bhimasamudra, Dodguni and Marikanve) and Shimoga (Kalche) 

greenstone belts (modified after Gelogical Survey of India, 1987). 
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2.5. Sandur greenstone belt 

The Neoarchaean Sandur greenstone belt is a part of the Western Dharwar Craton 

composed of older (>3.0 Ga) and younger (3.0-2.6 Ga) greenstone belts, tonalite-

trondhjemite gneisses (TTG) and minor K-granites (Fig. 2.2).  According to Naqvi and 

Rogers (1987), it is considered to be part of the eastern Dharwar Craton where greenstone 

belts are less widespread compared to the western part. The volcano-sedimentary rocks of the 

Sandur belt are divided into four Formations, viz: Yeshwanthanagar, Deogiri, Donimalai and 

Nandihalli (Roy and Biswas., 1983). Among these, the Yeswanthanagar Formation is made 

up of ultramafic-mafic rocks, and fuchsite quartzite. The Deogiri Formation is composed of 

ripple marked and current bedded quartzites, manganiferous arenites (Fig.2.3 A), argillites 

and carbonates, locally displaying stromatolitic structures. The Donimalai Formation 

consisting of BIFs, mafic and felsic volcanic rocks whereas the Nandihalli Formation has 

mafic and felsic volcanic rocks, fuchsite quartzite, greywacke argillite, ferruginous shales, 

conglomerates (Fig.2.3 B and C). Chadwick et al. (1996) modified this classification and 

introduced Raman Mala Formation comprising of ferruginous cherts, amphibolites and 

greywackes above the Deogiri Formation. Manikyamba and Naqvi (1996, 1997a, b) propose 

that the belt is composed of autochthonous and allochthonous sequences, having major 

compositional and structural discontinuities in the metavolcanics and its complex geometry, 

including the juxtaposition of rocks with extremely divergent compositions and tectono-

metamorphic characteristics that are produced by the accretion of different blocks along 

different layer parallel faults (LPF). Banded iron formation (BIF) is a predominant rock type 

associated with metasediments and volcanic rocks. The shelf facies sediments are confined to 

the margins of the belt at Deogiri and eastern felsic volcanic terranes (EFVT). The SHRIMP 

U-Pb zircon ages of felsic volcanic rocks are 2658 + 14 and 2691+ 18 Ma indicating 
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Neoarchaean age of this belt (Nutman et al., 1996). Based on the lithological, structural and 

metamorphic discontinuities, the Sandur greenstone belt is divided into eight blocks/terranes, 

among which three have interlayered BIFs and the remaining terranes have turbidites and 

other sediments (Table 2.1; Roy and Biswas, 1979, 1983; Mukhopadhyay and Matin, 1993, 

Manikyamba and Naqvi, 1997) that are associated with the dolomitic stromatolites, Mn 

formations and carbonaceous phyllites (Radhakrishna, 1983). The blocks are designated as 

(1) Yeshwantanagar Volcanic Block (YVB), (2) Deogiri block (DB), (3) Western BIF-

Volcanic Block (WVB), (4) Central Volcanic Block (CVB), (5) Eastern Volcanic BIF-Block 

(EVB), (6) North Central Acid Volcanic Block (NCAVB), (7) Sultanpura Volcanic Block 

(SVB), (8) Eastern Acid Volcanic Block (EAVB) and (8) the. Metavolcanics are considered 

to have been formed in various tectonic settings such as within plate, active continental-

margin and MOR types (Manikyamba and Naqvi, 1995) and sediments that are formed in 

stable shelf and active plate margins are found side by side. 
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Fig. 2.2. Geological map of Sandur greenstone belt (modified after Manikyamba et al., 

1997). 
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Fig. 2.3. Field photographs from Sandur greenstone belt showing: (A) Manganiferous 

arenites, (B) Ferruginous shales and (C) conglomerates with angular to well rounded 

cobbles. 
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2.6. Chitradurga greenstone belt 

Chitradurga greenstone belt is one of the longest linear supracrustal belt of Dharwar 

supergroup. It has ~ 450 km long, maximum wide of ~ 50 km in the central part and 

occupying an area of ~6000 km2 with NNE strike in its southern terminus and NNW trends in 

its northern part, and is unconformably overlies the Peninsular Gneiss (∼3.0 Ga) with older 

(3.3–3.1 Ga) enclaves of the Sargur Group (Fig. 2.4; Ramakrishnan and Vaidyanadhan, 

2008). The Chitradurga Group is mainly composed of conglomerates with disrupted 

framework, greywackes, phyllites, BIFs, cherts, shales and a variety of volcanic rocks 

ranging from basalts to rhyolites and these sequences corresponds to active continental 

margin setting (Fig. 2.5). The abundance of BIFs, Mn formations and stromatolitic 

carbonates/cherts is one of the most important feature of Chitradurga Group.  Based on the 

occurrence of Mn formations at some places and their absence at others, Srinivasan and 

Srinivas (1972) have suggested the existence of Dodguni Group between Bababudan and 

Chitradurga Groups. The Dodguni Group is characterized by iron and Mn formations along 

with current bedding, other platformal strata and volcanic rocks. The platformal strata that do 

not contain Mn formations are considered as Bababudan Group. This belt unconformably 

overlies the Peninsular Gneiss with older enclaves of the Sargur Group. The Sargur Group, 

which occur as enclaves in Peninsular Gneiss exposed along eastern and western margins of 

the Chitradurga greenstone belt and is overlain by the Dharwar Supergroup separated by a 

distinct basal polymict conglomerates. The Bababudan Group are well exposed along western 

margin of the belt and comprises of quartz-pebble- oligomict basal conglomerate, quartzite 

and mafic suites at the top. The Chitradurga Group unconformably overlies the Bababudan 

Group in some areas, and directly overlies Peninsular Gneiss elsewhere forming a major part 

of the greenstone belt (Ramakrishnan and Vaidyanadhan, 2010). The contact between 

Bababudan rocks and the underlying Peninsular Gneiss with the Sargur Group is sharp and 
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marked by basal conglomerate. The Chitradurga Group is divided into three major 

Formations; the Vanivilas Formation composed of conglomerate, chlorite schist and 

quartzite, limestone and dolomite, Mn–Fe formations (Figs. 2.5A, B); the Ingaldhal 

Formation consisting of acid, intermediate and basic volcanics and pyroclastic rocks; and the 

Hiriyur Formation characterized of greywacke-argillite suite interspersed with BIF (Fig. 

2.5A), metabasalt showing pillow basalts (Fig. 2.5 C) and polymict conglomerate. The 

Chitradurga greenstone belt has been intruded by potassic granitic pluton of Chitradurga 

Granite dated at 2614 ± 10 Ma. These SHRIMP U–Pb zircon age has been considered as the 

youngest magmatic activity (Jayananda et al., 2006). Organo-sedimentary structures like 

stromatolites have been reported from the Vanivilas Formation of the Chitradurga Group 

belonging to > 2600 Ma old Archaean Dharwar Supergroup. They are found in the 

Bhimasamudra, Marikanve and Dodguni areas of the Chitradurga greenstone belt. The 

stromatolites found in this location are found to be preserved on cherty dolomite of the 

Vanivilas Formation-Chitradurga Group and occur in a sequence composed of arkoses, 

orthoquartzites, metapelites, limestones, cherty dolomites, and banded manganese- and iron-

formations. Swami Nath and Ramakrishnan (1981) has designated the sequence as the 

Vanivilas Formation whereas Pichamuthu and Srinivasan (1983) identified them as Dodguni 

Subgroup. The Dodguni Subgroup constitute a shallow marine, shelf facies sediments in the 

Archaean sedimentary basin of the Dharwar Craton (Srinivasan and Ojakangas, 1986). 
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Fig. 2.4 (A) Simplified geological map of southern Peninsular India showing the western 

and eastern sectors of Dharwar Craton with the intervening belt of Closepet granites and 

the distribution of greenstone terranes (B) Geological map Chitradurga greenstone belt 

(modified after Seshadri et al., 1981). 
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2.7. Shimoga greenstone belt 

 The Shimoga greenstone belt covers an area of ~ 25,000 km2 trending in NW-SE 

direction within WDC. This belt extends from Tarikere valley to Goa, and is separated from 

Bababudan (south) and Western Ghats (west) belts by the Peninsular Gneiss (Fig.2.6; 

Ramakrishnan and Vaidyanadhan, 2008). The Shimoga greenstone belt is divided into 

Jhandimatti, Joldhal, Medur and Ranibennur Formations (Harinadha Babu et al., 1981). The 

Jhandimatti Formation is composed of polymictic conglomerate, arenites, chlorite-quartz-

schist and quartzite, volcanic and pyroclastic rocks. The Joldhal Formation overlies the 

Jhandimatti Formation consisting of limestone, dolomite with stromatolites, manganiferous 

Fig. 2.5. Field photographs from Chitradurga greenstone belt showing: (A) Alternate 

layers of BIF and chert, (B) Manganese formation, (C) Pillow basalts and (D) Contact 

between shales and mafic rocks 



43 

 

and ferruginous cherts (Fig. 2.7 A), carbonaceous phyllites and cherts which are interlayered 

with volcanic rocks (Naqvi and Rana Prathap, 2007) and is overlain by the Medur Formation 

which is mainly composed of basic, intermediate and acid volcanic rocks with minor 

chemical and detrital sediments. The Ranibennur Formation comprises greywacke-argillite, 

chert and felsic volcanic rocks. Stromatolites of Shimoga greenstone belt are reported from 

the Kalche and Kumsi areas of the Joldhal Formation. The Kalche stromatolitic carbonates of 

the present study are associated with cherts, Mn- formation and volcanic rocks. According to 

Chadwick et al. (1991), the stratigraphic units adjacent to Honali dome which is situated to 

the north of Shimoga greenstone belt is divided into Kudrekonda, Kalva Rangan Durga, 

Musinhal, Adrihalli, Aleshpur, Medur, Daginkatte, Basavapatna and Renibennur Formations. 

The geological details of Shimoga greenstone belt were reported by Harinadha Babu et al. 

(1981) and Chadwick et al. (1991). The Neoarchean Shimoga greenstone terrane of western 

Dharwar Craton are dominantly characterised by felsic volcanic rocks such as rhyolites 

(Fig.2.7B) occurring at the upper horizons of the stratigraphic unit (Fig. 2.4 A; Chadwick et 

al., 1991; Trendall et al., 1997; Manikyamba et al., 2014a). These rhyolites are associated 

with conglomerates, quartzites, argillites, limestones, cherts, basalts and intermediate 

volcanic rocks. The felsic volcanic rocks of Daginkatte Formation of Shimoga greenstone 

belt yields 2614 ± 5 Ma from U–Pb SHRIMP dating of zircons which is coeval with 2614 ± 

10 U–Pb zircon age of Chitradurga granite (Trendall et al.,1997; Jayananda et al., 2006). On 

the basis of the volcanic events that are consistent to the greenstone sequences of Dharwar 

Supergroup which preceded the granitoid plutonism are suggested to have provided the 

thermal energy for the crustal reworking (Jayananda et al., 2006). An active continental 

margin setting for the generation of the felsic volcanic rocks of Shimoga and Chitradurga 

greenstone belts of WDC have been suggested by Manikyamba et al. (2014a, b). The rocks of 

Shimoga greenstone belt has undergone two phases of deformation and the overall 
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mineralogical assemblage reflects on regional metamorphism spanning from lower 

greenschist to upper greenschist-amphibolite facies metamorphism (Swami Nath and 

Ramakrishnan, 1981). The Daginkatte Formation of Shimoga greenstone belt mainly consists 

of felsic volcanic rocks, metabasalts, ultramafic rocks, greywackes, pyroclastic rocks and 

sediment-infill volcanic breccia (Fig. 2.7C, D) which are underlain by chlorite schists and 

overlain by felsic volcanic rocks (Chadwick et al., 2000; Naqvi and Rana Prathap, 2007; 

Manikyamba et al., 2014a, b).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6. (A) Simplified geological map of southern Peninsular India showing the western 

and eastern sectors of Dharwar Craton with the intervening belt of Closepet granites and the 

distribution of greenstone terranes (B) Geological map of Shimoga greenstone belt 

(modified after Harinadha Babu et al., 1981). 
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For the present study stromatolitic carbonates/dolomites present in the Sandur, 

Chitradurga and Shimoga greenstone belts of Archean Dharwar Craton have been selected for 

the morphological, whole rock geochemical, carbon and oxygen isotopic studies and U-Pb 

ages of detrital zircons to understand the depositional conditions, to delineate the paleo-

environmental implications in terms of hydrosphere-atmosphere-biosphere-lithosphere 

interactions during the Precambrian era and to evaluate the provenance of the Archean 

stromatolites of Dharwar Craton 

Fig. 2.7. Field photographs from Shimoga greenstone belt showing: (A) Manganese Formation, 

(B) Rhyolite, (C) sediment infill volcanic breccia and (D) clast supported framework exhibiting 

various sizes of angular to subangular clasts in the volcanic breccia. 
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C H A P T E R - III 

Geology of Cuddapah Basin 
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3.1. Geological background of Cuddapah Basin 

The crescent shaped Cuddapah basin covers an area of ~ 44,599 km2 and extends for a 

length of ~450 km with a mean width of 150 km, representing the second largest Proterozoic 

sedimentary basin of Peninsular India after the Vindhyan Basin (Fig. 3.1). This basin is 

spread over parts of at least 10 districts in Andhra Pradesh viz., Krishna, Guntur, Nalgonda, 

Mahboobnagar, Kurnool, Prakasam, Anantapur, Cuddapah, Nellore and Chittoor. The 

Cuddapah basin has a N-S trending concave eastern margin which is located on the eastern 

flank of the eastern Dharwar Craton and also exposes an excellent sequence of Meso-

Proterozoic to Neo-Proterozoic sedimentary rocks (Murthy et al., 1987; Kale, 1991). The 

rocks of the Cuddapah basin overlie the Eparchean interval and underlie the Kurnool Group. 

It consists mainly of orthoquartzite-carbonate suite, mafic flows and sills in the lower part 

and siliceous shales with quartzites in the upper part (Nagaraja Rao et al., 1987). The arcuate 

north, south and western boundary of the Cuddapah basin marks the Eparchean unconformity 

on the granite greenstone terrain of the Eastern Dharwar Craton (EDC). The western part of 

the Cuddapah Basin is undeformed in nature and has been classified into four sub-basins viz. 

namely Papaghni, Chitravati, Nallamallai and Kurnool which experienced deposition of 

sediment at different geological times (Table 3.1). The western part of the basin is also 

underlain by a giant basic dyke form extending from Chittoor in the south to Mahbubnagar in 

the north resting unconformably over the Archean Peninsular Gneissic complex enclosing 

greenstone belts of Kadiri, Veligallu and Gadwal (Murthy, 1981). The concave eastern 

margin of the basin is characterized by prominent boundary thrust parallel to the Nellore 

Schist Belt (NSB), Eastern Ghats Mobile Belt (EGMB) and the East Coast which gave rise 

the crescent shape to the basin (Nagaraja Rao et al., 1987).  
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Stratigraphically, the Cuddapah Basin is marked by quartzite-carbonate-shale 

sedimentary cycles where the early sedimentation was punctuated by mafic volcanism (Fig. 

3.2). It has a number of unique features like the structural complexities and the accumulations 

of thick sedimentary sequences interbedded with igneous sills and flows; its mineral wealth 

in the form of large deposits of barytes, asbestos, base metals, cement grade limestones, 

diamond bearing Lamproites and conglomerates etc. (Narayanaswamy, 1966; Murthy et al., 

1987; Devore, 1983; Nagaraja Rao et al., 1987).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1. Generalized geological map of (A) the Cuddapah basin (after Nagaraja Rao and 

Ramalingaswamy, 1976), with inset showing the location of Cuddapah Basin in India. (B) 

part of the Vempalle and Tadpatri Formations within Cuddapah Supergroup, (after 

Zachariah et al., 1999). 
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Fig. 3.2. Lithostratigraphy of the Various Formations from Cuddapah basin (Modified after 

Ramakrishnan and Vaidyanadhan, 2008). 
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3.2. Cuddapah Supergroup 

The Cuddapah Basin is subdivided into the Cuddapah Supergroup and the Kurnool 

Group (Table 3.1). The Cuddapah Supergroup is predominantly arenaceous to argillaceous 

with subordinate calcareous to dolomitic units and is further classified into Papaghni, 

Chitravati and Nallamallai Groups (Nagaraja Rao et al., 1987).  

 

 

Table 3.1. Lithostratigraphy of Cuddapah basin (modified after Nagaraja Rao et al. 1987) 
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3.2.1. Papaghni Group 

The Papaghni Group overlies the granitic basement with a non-conformity and the 

greenstone belt of EDC with an angular unconformity. This Group comprises a lower 

arenaceous sequence of basal conglomerate, arkose, quartzite interbedded with shales 

collectively known as the Gulcheru Quartzite and is stratigraphically followed upward by the 

Vempalle Formation (Fig. 3.1). The Papaghni Group comprising of the Gulcheru quartzite 

(Fig.3.2 A) and the Vempalle Formation are guided by the convex western edge of the basin. 

The rocks of this Group are dipping south-easterly in the north, become easterly in the centre 

and gradually change over to north-easterly direction in the south (Jhanwar et al., 1964; 

Murthy et al., 1987). The occurrence of arkosic nature of Gulcheru Quartzite, the 

stromatolitic dolomites, purple shales and mudstone of the Vempalle Formation indicates that 

sedimentation occurred at shallower depth. 

3.2.1.1. Gulcheru Quartzite 

The Gulcheru Quartzite mainly comprises of conglomerates, grits, quartzites with 

shale intercalations (Murthy et al., 1987) and is resting unconformably over the Archean 

granites and gneisses (Fig. 3.3 B). The basal siliciclastic sediments of the Gulcheru Quartzite 

grade upwards with interfingered and interbedded relationship into the argillitic and 

carbonate sequence of the Vempalle Formation which is composed of intercalated bands of 

dolomites, cherts, mudstone and interbedded shales (Fig. 3.3 C).  

3.2.1.2. Vempalle Formation 

The Vempalle Formation overlies the Gulcheru Quartzite with a gradational contact 

constituting the upper part of the Papaghni Group and this Formation is regarded as the 

carbonate dominant unit of the Cuddapah Supergroup. It consists of stromatolite dolomite, 
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shale, siltstone, sandstone with phosphatic and uraniferous horizons in the lower unit; shale, 

chert, sandstone and stromatolitic dolomite in the upper part. The lithological assemblage 

indicates a tidal flat to shallow marine environment. The Vempalle Formation is easily 

recognizable from a distance due to its conical, rounded hills in which the lower part of this 

Formation has quartzites and sandstones representing episodes of arenaceous sedimentation 

(Nagaraja Rao et al., 1987). The sandstones and conglomerates consist primarily of quartz 

and the dolomitic horizons are pervasively cherty while the dolomites of the lower part are 

sandy (Jhanwar et al., 1964; Phansalkar et al., 1991). A diverse assemblage of stromatolitic 

structures e.g. Cryptozoan, Kussiella and Jacutophyton are present in the dolomites (Gururaja 

and Chandra, 1987). The dolomite ranges in colour from grey, brownish grey, dark grey, 

bluish grey etc. The alternate occurrence of shale, chert, dolomite in the Vempalle Formation 

indicate frequent changes in the environment and water depths, within a shallow range, under 

diverse kinds of provenance (Murthy, 1981). Presence of mudcracks in the shaly beds 

indicates dessication of the units during sub-aerial exposure (Fig. 3.3 D). The Vempalle 

Formation is intruded by dolerite sills (Fig. 3.3 E) which are responsible for the occurrence of 

asbestos, barytes and steatite deposits at or near the contacts of the intrusives with the 

dolomite beds (Ramamohana Rao and Borreswara Rao, 1972; Murthy et al., 1987; Anantha 

Iyer et al., 1987). Mafic flows are associated with the sills.  Based on the morphological 

characteristics, six flows have been identified in the field that have overlapping petrological 

and geochemical characteristics (Fig. 3.3F; Dhanakumar et al., 2017). 

 

 

 



53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3. Field photographs of Vempalle Formation showing: (A) Gulcheru quartzite with 

ripple marks; (B) Conatact between granite and Gulcheru Quartzite showing Eparcahean 

unconformity; (C) Alternate layers of dolomites, shales and cherts; (D) mudcracks; (E) 

Picrite and (F) Columnar joints in basic flows. 
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3.2.2. Chitravati Group 

The Papaghni Group is disconformably overlain by the basal conglomerate of the 

Chitravati Group that comprises Pulivendla Quartzite, Tadpatri Formation and Gandikota 

Quartzite. The Chitravati Group was deposited in a transgressive marine environment, while 

predominantly shaly Tadpatri Formation sedimentation took place in deeper waters. 

3.2.2.1. Pulivendla Quartzite 

Pulivendla quartzite disconformably overlies the Vempalle Formation and it mainly 

consists of basal conglomerate, quartzite and rippled siltstone (Figs. 3.4 A to C). It is overlain 

by ~4600 M thick sediments of Tadpatri Formation composed of argillaceous units with thin 

intercalated siliciclastic rock and volcanogenic sediments including cherty tuffs, crystal tuffs, 

ash flows and ignimbrites (Nagaraja Rao et al., 1987). The Pulivendla Quartzite mainly 

consist of basal conglomerate, quartzite and ripples siltstone collectively pointing towards an 

alluvial-strand line interface. Shallow water deposition during the Pulivendla stage is 

indicated by the presence of conglomerates and quartzites. This was followed by deepening 

of the basin in which 3000 M thick pile of Tadpatri sediments were deposited (Murthy et al., 

1987). The Pulivendla Quartzite is a very thin horizon consisting of conglomerate, quartzite, 

chert and vein quartz. 

3.2.2.2. Tadpatri Formation 

The Tadpatri Formation overlies the Pulivendla Quartzite with a gradational zone in 

between and is considered to be predominantly shaly, with beds of siliceous limestone and 

occurrences of dolomitic and cherty stromatolites (Gururaja and Chandra, 1987). This 

Formation is predominantly exposed in the undeformed western part of the Cuddapah basin 

(Lakshminarayana et al., 2001). Mafic sills are intruded into this Formation and the 
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limestones which are in contact with these sills are recrystallized. The Tadpatri Formation 

shares a gradational contact with the underlying Pulivendla Quartzite. The lithological 

association of the Tadpatri Formation is characterized by (i) purple shale with siltstone and 

carbonate (Fig. 3.4 D), (ii) grey shale interbedded with stromatolitic dolomite having 

biogenic concretion, (iii) intercalation of chert bed and siltstone and (iv) felsic pyroclastic 

rocks comprising cherty tuffs, crystal tuffs ash flows and ignimbrite (Ramakrishnan and 

Vaidyanadhan 2008). The Tadpatri Formation is a shale-dominated succession that grades 

into sandstone–mudstone heterolithics, intercalated with several sheet-like or sheet-lenticular 

beds of feldspathic sandstone and dolomite at different stratigraphic levels forming 

coarsening- and thickening-upward succession. Sandstone and dolomite beds of this 

Formation are mostly characterised by planar and wavy-parallel lamination, and low angle 

hummocky- and swaley cross-stratification. The Tadpatri Formation consists of slaty shale 

with thin beds of siliceous limestones, chert, jasper, ash fall tuffs and mafic sills (Murthy et 

al., 1987; Bhattacharji, 1981).  The dolomite bands consist of stromatolites that are associated 

with chert and shales and are not widespread as compared to Vempalle stromatolitic 

dolomites (Gururaja and Chandra, 1987). 

3.2.2.3. Gandikota Quartzite 

After the deposition of the Tadpatri sediments, the basin again became shallow and 

the Gandikota quartzites were deposited. The Gandikota Quartzites are gluconite bearing with 

shale intercalations and resemble with the Tadpatri shales (Muthy et al., 1987). It also 

consists of alternating shale-siltstone-sandstone sequence sharing a gradational contact with 

the underlying Tadpatri Formation. Cross-stratification structures present in this Formation 

are intercalated with plane-parallel units along with straight crested ripples and the 

occurrence of cross-beds having herringbone cross stratification structures was also reported 
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by Nagaraja Rao et al. (1987) (Fig. 3.4B). The presence of highly matured, ripple mark and 

crossed laminated quartzites with herringbone cross stratification and presence of glauconite 

reflects a tide dominated shallow shelf marine environment.  

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3. Nallamallai Group 

The Chitravati Group is stratigraphically succeeded by the Nallamalai Group with 

shears and exhibit angular conformity with the former. The Nallamalai Group predominantly 

consist of deformed and feebly metamorphosed shale-siltstone-quartzite-dolomite sequence 

of the Nallamalai fold belt. It is stratigraphically divided into the lower Bairenkonda/ Nagari 

Fig. 3.4. Field photographs from Tadpatri Formation showing: (A) basal conglomerate having 

angular to rounded pebbles; (B) Gandikota Quartzite showing cross bedding; (C) siltstone and (D) 

Alternate layers of shale and sandstone. 
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Quartzite composed of quartzite, quartz wacke and shale. The Bairenkonda/ Nagari Quartzite 

reflects shallow marine depositional environment (Fig. 3.5A; Lakshminarayana et al., 2001). 

The upper Cumbum/ Pullampet Formation lithologically marked by slate, phyllite, chert, 

Dolomite, siliceous shale, felsic volcanic breccia, barytes and quartzite (Figs. 3.5B, C, D). 

The Pullampet Formation at Mengampeta hosts the single largest deposits of bedded barytes 

in the world. The Cumbum/Pullampet Formation corroborates a supratidal to lagoonal 

environment for sediment deposition. The Mengampeta barite is suggested to be derived 

through the reaction between volcanogenic barium and biogenic sulphur in the sea water. The 

Cuddapah Supergroup is unconformably overlained by horizontally bedded, ferruginous 

gluconite bearing Srisailam quartzite which corresponds to a shallow marine to tidal flat 

depositional regime. The sedimentation history of the Cuddapah basin was marked by a 

prolonged hiatus which is represented by the emergence of the Kurnool and Palnad sub-

basins consisting of quartzite-limestone-shale cycle of sediments (Ramakrishnan and 

Vaidyanadhan, 2008). 
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3.3. Kurnool Group 

The Kurnool Group is divided into Janamalamadugu and Kundair subgroups 

separated by a paraconformity. The lithological assemblage of Janamalamadugu subgroup is 

marked by (i) oligomictic conglomerate, grit, quartzite and shales of Banganapalle Quartzite 

representing a beach gravel sequence formed by transgressive marine activity (Fig.3.6A), (ii) 

shallow marine deposition of interbedded grey limestone and gluconitic sandstone 

collectively designated as Narji Limestone (Fig. 3.6B) and (iii) interbedded ochreous, 

laminated shales and siltstone of Auk Shale preserving near shore depositional features (Fig. 

Fig. 3.5. Field photographs from Nallamalai Group showing: (A) Nagari quartzite having 

minor ripples marks; (B) Small scale fold in phyllite; (B) siltstone and limestone showing 

varying degrees of competency and (D) felsic volcanic breccia. 
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3.6C). The Kundiar subgroup comprises Paniam Quartzite (Fig. 3.6D), micritic grey 

Koikuntala Limestone and Nandyal Shale which collectively conform to near shore to 

shallow marine environment of deposition (Ramakrishnan and Vaidyanadhan, 2008). 

 

 

 

 

 

 

 

 

 

 

 

3.4. Geochronological studies of Cuddapah basin 

Crawford and Compston (1973) stated that the Cuddapah basin sedimentation was 

initiated at around ~ 1572 ± 20 Ma, while Aswathanarayana (1962) and Pichamuthu (1967) 

suggested that the rocks of Cuddapah basin have an age of about 1600 Ma and these rocks 

belong to the end phase of the Eastern Ghat orogeny. According to Aswathanarayana (1962) 

the age of the Cumbum Formation was about 1400 Ma. Kurnool sedimentation began at 

Fig. 3.6. Field photographs from Kurnool Group showing: (A) Banganapalle Quartzite; 

(B) Narji Limestone; (C) Auk Shale and (D) Paniam Quartzite having typical pinnacle 

texture. 
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about 800-850 Ma, after the break of the sedimentation at around 900 ± 100 Ma which is 

characterized by the presence of large scale igneous activity and it continued till 500-600Ma, 

with a post Kurnool tectonism dated around 500Ma (Raha, 1987).  Gopalan and Bhaskar Rao 

(1995) argued that the age given by Crawford and Compston (1973) are doubtful as they are 

based on a broad chronostratigraphic framework for the origin and development of the 

Cuddapah volcano-sedimentary sequence and have suggested the use of modern techniques 

like Rb-Sr, Sm-Nd and Ar-Ar for precise dating. Bhaskar Rao et al. (1994) gave an age of 

1704 ± 112 Ma for the Pulivendla sill intruded into the lower Cuddapah Supergroup on the 

whole rock biotite Rb-Sr isochron age suggesting that the basal volcanism was initiated ~ 

1800 Ma and the sedimentation in the Cuddapah basin might have started before 1600 Ma. 

Zachariah et al. (1999) proposed a Pb-Pb age of 1756±29 Ma from the U- mineralized 

stromatolitic dolomite and regarded as the minimum age for dolomitization from the 

Vempalle and Tadapatri Formation. Ar40-Ar39 laser fusion dating from the mafic sill complex 

of the Tadpatri Formation of phlogopite mica constrains the extension and volcanism in the 

initial phase of the Cuddapah basin at 1.9 Ga (Anand et al., 2004). Gururaja and Chandra 

(1987) suggested that the Vempalle and Tadpatri stromatolites were of Riphean age while 

Sharma and Shukla, (1998) reported a diverse mini stromatolite assemblage of 

Palaeoproterozoic from the Vempalle Formation. Collins et al. (2014) recently reported U-Pb 

detrital zircon ages from Gulcheru (2.52 Ga), Vempalle (2.51 Ga), Gandikota (2.52 Ga), 

Srisailam (2.53-2.48 Ga), Banagapalle (3.3-2.5 Ga) and Paniam quartzites (2.5-1.7 Ga) 

documenting the protolith of Neoarchean (to the west of Cuddapah basin) for the Cuddapah 

sediments. Further, French et al. (2008) interpreted baddeleyite U-Pb dates of 1.88 Ga for the 

mafic sills of Tadpatri Formation. Sheppard et al. (2017) reported SHRIMP U-Pb zircon date 

of 1860 ± 9 Ma of a felsic tuff from the upper part of the Tadpatri Formation indicating that 

mafic magmatism continued until after c. 1860 Ma. 
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3.5. Mineralization of Cuddapah basin 

 The Cuddapah basin is considered as the store house of minerals that contributes 

substantially to the state’s mineral wealth like asbestos, barytes, limestones, clay, building 

material and Uranium. The occurrences of steatite were reported from Mutsukota of 

Anantapur district (Ramamohana Rao and Borreeswara Rao, 1972); Asbestos from 

Brahmanpalle of Cuddapah district and chrysotile asbestos from Pulivendla (Krishnan and 

Venkatram, 1953; Anantha Iyer et al., 1987). The Vempalle dolomites have alternating bands 

and lenses of steatite and asbestos, suggested to have formed as a result of thermal 

metamorphism or by the hydrothermal alteration of the Vempalle dolomites.  High grade 

limestone occurs with Vempalle dolomite near Malkapuram which is used for the 

manufacturing of soda ash/ calcium carbide, cement and flux grade materials (Jhanwar et al., 

1964; Murthy et al., 1987). The occurrence of impure Vempalle dolomites in the 

southwestern and western parts of the basin were also responsible for the strata bound “U” 

mineralization and “U” was supplied by the basement granite (Dhana Raju et al., 1993; 

Dwivedy, 1995). The world famous and the largest barytes deposit occurs in the Cumbum 

Formation at Mangampeta whereas vein barytes occur at Vemula and in the upper Vempalle 

beds. 

 For the present study stromatolitic carbonates/dolomites present in the Vempalle and 

Tadpatri Formations have been selected for the morphological, whole rock geochemical, 

carbon and oxygen isotopic studies along with U-Pb dating of the detrital zircons to 

understand the depositional conditions operative during their formation, to delineate the 

paleo-environmental implications in terms of hydrosphere-atmosphere-biosphere-lithosphere 

interactions during the Precambrian era and to evaluate the provenance of the Proterozoic 

stromatolites of Cuddapah Basin. 
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C H A P T E R –IV 

Morphology and Petrography of 

Dharwar stromatoLites 
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4.1. Morphology of Dharwar stromatolites 

Stromatolitic structures are multifaceted and characterized by vertically and laterally 

stacked hemispheroids which are generally formed due to a sequence of events occurring at 

various depositional environments such as supratidal, intertidal and in subtidal zones.  Their 

morphology is dependent on the ecological and biotic concepts in which the dynamic 

conditions of the environment plays a significant role (Logan, 1964; Klein et al., 1987; 

Altermann and Siegfried, 1997; Kazmierczak and Altermann, 2002; Altermann, 2008). In 

spite of high profile geobiologic community of microbes, the processes that control different 

aspects of stromatolite morphology (i.e. form, growth rate, texture, and lamina formation) are 

vaguely understood (Petryshyn, 2013). The morphological structures exhibited by the 

Neoarchean stromatolites of Dharwar craton are limited compared to Proterozoic Cuddapah 

stromatolites. The stromatolitic dolomites from the three greenstone belts of the Neoarchean 

Dharwar Craton consists of few overlapping and distinct morphological features. In 

Chitradurga greenstone belt, stratifera, branched columns and domal shapes are observed in 

the Dodguni and Bhimasamudra areas and around one-meter thick beds of stromatolitic 

dolomites which are crinkly laminated and columnar type are exposed in the Marikanve area. 

In the Sandur greenstone belt, oval/elliptical types of stromatolitic structures are exposed in 

the Yeswanthapur Terrane that are associated with BIF and BMF. The Kalche stromatolitic 

dolomites of Shimoga greenstone belt are stratifera, columnar, oval/elliptical and domal type. 

4.2. Dharwar stromatolites 

In Neoarchean Dharwar Craton stromatolitic carbonates have been reported from the 

Sandur, Chitradurga and Shimoga greenstone belts and the details of the structures are 

discussed below. 
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4.2.1. Sandur stromatolites 

 The stromatolitic structures of the Sandur greenstone belt are confined to a 

manganiferous carbonate band and the outcrop is located on the Sandur-Yeswantnagar road 

side of Deogiri Formation (15°03.034”N; 76°30.305”E). The outcrop of the stromatolite is 

very small (~80 m) and not observed in the higher stratigraphic sequences. In planar view, 

these structures are oval to elliptical in shape (Figs. 4.1A, B). The length of ellipse ranging 

from 3-30 cm. whereas their width ranges from 0.5 to 5 cm. (Murthy and Reddy, 1984). 

Naqvi et al. (1987) reported microbiota from the cherts and banded iron formations (BIF) of 

the Donimalai Terrane which is stratigraphically overlying the stromatolitic horizon. 

 

 

 

 

4.1.2. Chitradurga stromatolites 

 

4.2.2. Chitradurga stromatolites 

In the Chitradurga greenstone belt, the stromatolite occurrences are reported from 

Bhimasamudra, Marikanve and Dodguni areas.  Among them, the Bhimasamudra 

stromatolites occur on Chitradurga-Chikjajur railway track (14°10.815” N; 76°15.111” E). 

These stromatolites are cherty in nature which overlies the arkosic sandstone bed and 

manganese-formation. Along this section, a gradual transition from arkosic sandstone to 

dolomitic sandstone to dolomite is observed in which the dolomitic sandstone grades into 

Fig. 4.1. (A) and (B). Field photographs of Sandur stromatolites showing elliptical/oval structures 
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cherty dolomite. In planar view, the stromatolites of Bhimasamudra are showing 

ellipsoidal/oval structure, having bowl-shaped irregular margin morphology and sometimes 

branched/unbranched vertically linked columnar and pseudo columnar structures are also 

observed (Figs. 4.2A to D). The bowl-shaped structures (Fig. 4.2C) are developed due to sun 

cracking of microbial mats which prevent unidirectional growth that is necessary for columns 

development (Sharma and Shukla, 2004).  

The Marikanve stromatolites are cherty dolomites occurring adjacent to the granite-

gneiss dome (13°55.028” N; 76°25.536”E). These are associated with quartzites and banded 

manganese-formation. The stromatolitic structures are found to occur in the lower part of the 

cherty dolomite, which is ~6-8 m thick and this stromatolite bed can be traced for ~1m along 

the strike. The stromatolitic structures found in the Marikanve are wavy, stratiform along 

with pseudocolumnar and dome shaped with broad and flattened laminae and the connection 

between the two domes are in 'V' shape (Figs. 4.1E, F).  

In the Dodguni area, the stromatolitic structures occur in the cherty dolomite 

associated with orthoquartzite, metapelite, manganese formation, dolomite and limestone. 

These are found nearby the Yerekatte limestone quarry which can be located at 13°23.482” 

N; 76°43.411” E. These stromatolites show superimposed folding and has an outcrop width 

of ~120m. The stromatolitic structures consist of a sequence of uniform columns measuring 

more than a meter in length perpendicular to the bedding plane. In vertical section, elliptical 

structures with concentric outlines are common in which the major axis varies from 5cm-1m 

and the minor axes range from 2-30cm (Figs. 4.2G, H). The columnar stromatolites found in 

this area are different from the other columnar type due to the absence of convex laminae 

structures and it doesn’t go against the columnar structures of having concentric laminae in 

cross-sectional view (Baral, 1986). 
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Fig. 4.2. Field photographs of Chitradurga stromatolites A, B, C and D are Bhimasamudra 

stromatolites; E and F are Marikanve stromatolites and G and H are Dodguni stromatolites. 
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4.2.3. Shimoga stromatolites 

In Shimoga greenstone belt the stromatolitic carbonates are exposed on the 

Tarkebylu-Kalche road with good outcrops near the school building of Kalche town 

(14°55.057” N; 74°33.760” E) and it occurs as a large boulder which rises about 15-17 m 

above ground level. The stromatolitic outcrops of this location is characterised by several 

dolomitic beds alternating with thin beds of chert. The structures present in this location are 

stratifera type having smooth lamination, dome shape with narrow base and laterally linked 

and closely spaced columns of variable width. Oval and psuedo-columnar structures are also 

observed (Figs. 4.3A to D). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 A, B, C and D. Field photographs of Kalche stromatolites from Shimoga 

greenstone belt. 
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4.3. Petrography of Dharwar stromatolites 

 The petrographic study of carbonate rocks is regarded as one of the most powerful 

proxy for paleo environmental studies and helps in understanding the diagenetic settings 

(Dickson, 1985; Machel, 1985).  These rocks are composed of both depositional and 

diagenetic components and can be identified by a detailed study. The photomicrographs of 

stromatolitic carbonates from the three greenstone belts of Dharwar Craton display similar 

mineralogical composition and are described together in this section. These stromatolites are 

metamorphosed to lower greenschist facies and display simple mineralogy dominated by fine 

grained micrite, characterised by an interlocking mosaic of compact and closely packed 

micronsized crystals of dolomite/calcite (Fig. 4.4A). In some sections, carbonates of varying 

crystal size are observed. Sub-angular to rounded and large crystals of dolomite/calcite grains 

are showing prominent planar and euhedral shape are present as isolated grains or as crystal 

aggregates. They show distinct and typical rhombic twinning defined by bands exhibiting 

higher order interference colours surrounded by fine grained micrite (Figs. 4.4B, C). These 

types of dolomites appear to have been formed by the replacement of earlier formed 

carbonates which is augmented by an increased Mg/Ca ratio of the dolomitizing solution 

(Land, 1985). The recrystallization of fine grained carbonates resulted into coarse grained 

crystals reflecting a meteoric influence. Therefore, it can be stated that the influence of 

meteoric water and periodic sub aerial exposure supports dissolution of the earlier carbonates 

and its subsequent reprecipitation as coarse-grained mosaics (Badiozamani, 1973). In some 

samples, a sharp textural variation is observed between sparite, micrite and quartz (Fig. 

4.4D). Medium to coarse grained quartz is also present in appreciable amount exhibiting 

micro-crystalline to crypto-crystalline cherty texture (Fig. 4.4E). Desiccation cracks are 
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observed in the medium grained carbonate and quartz reflecting on metamorphism (Fig. 

4.4F). 

 

 

 

Fig. 4.4. Photomicrographs of stromatolitic carbonates (A) micrite, (B) sparite, (C) Calcite clast 

embedded within sparite as intraclast, (D) transition from sparite to microcrystalline and 

cryptocrystalline chert, (E) medium to coarse grained euhedral chert and dolomite and (F) 

desiccation cracks in medium grained dolomite and recrystalised quartz reflecting on 

metamorphism 
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C H A P T E R – V 

MORPHOLOGY AND PETROGRAPHY OF 

CUDDAPAH STROMATOLITES 
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5.1. Morphology of Cuddapah stromatolites 

The Proterozoic Cuddapah Supergroup of India has a vast exposure of stromatolitic 

carbonates along the western margin of the basin with well-preserved biogeochemical 

signatures that are found in the Vempalle and Tadpatri Formations particularly around 

Kurnool, Bethamcherla, Rayalcheruvu, Tadpatri, Pulivendla and Vempalle. The stromatolitic 

structures exposed in these areas are laterally continuous and it can be traced along the strike 

for several kilometers. Columnar, domal, oncolith and stratiform type of diverse morphology 

are observed in the carbonate units of the Cuddapah Supergroup but most of the stromatolite 

forms have been recorded from the Vempalle and Tadpatri Formations (Viswanathiah and 

Aswathanarayana, 1967; Gururaja and Chandra, 1987). These stromatotilitic structures are 

associated with sedimentary structures like current bedding, mudcracks, ripple marks, which 

provide important evidences for the evolution of biosphere as well as the depositional history 

of the basin (Gururaja and Chandra, 1987). 

5.2. Vempalle and Tadpatri Formation stromatolite facies 

 The Vempalle Formation of Cuddapah basin consists of shale, siltstone, chert, 

siliceous oolite, dolomite, quartzite and stromatolitic dolomite in the lower part, cyclic 

sequence of siliceous oolite-dolomite with stromatolitic horizon at the middle part; and shale 

and chert breccias at the upper part. The stromatolitic structures present in the middle part of 

the dolomitic horizon are the most characteristic feature of this Formation. Based on the 

variation in the morphology of the stromatolitic structures, studies have been carried out at 

three different locations and classified as Vempalle I (N14°21.215”; E78°14.210”), Vempalle 

II (N14°21.562”; E78°14.743”) and Vempalle III (N14°21.705”; E78°14.897”). The various 

forms of stromatolites were determined by synoptic relief reflecting the accretion rate of 

stromatolite surface relative to the adjacent sediment. Therefore, high relief results in high 
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stromatolite accretion and generates simple forms such as columns, cones, domes etc. due to 

limiting interference of sediment. Contrarily, relatively low stromatolite accretion results in 

low relief and the stromatolite surface is prone to interfere by the adjacent sediments and 

generates structures with irregular margins and branching (Fig. 5.1; Riding, 2011). The 

structures present at Vempalle Formation are identified as stratifera, columnar, conical, 

domal, spheroidal and lobate types (Khelen et al., 2017). These structures are present within 

the light pink and grey dolomites associated with chert and shales (Fig. 5.2A).  

The Tadpatri Formation overlying the Pulivendla quartzite consists of thin beds of 

stromatolitic dolomites associated with shale, tuff, dolomite-shale and mafic flows. The 

stromatolitic horizons of the Tadpatri Formation (N14°22.641”; E78°17.436”) are 

characterized by stratifera, columnar, conical, spheroidal and domal types in which branching 

is also observed in the columnar variety (Fig.5.2B). The columns are vertically stacked with 

uniform width ranging from 3-10 cm; conical varieties are closely linked with intercolumnar 

stuctures, and the laminae are convex upward with presence of ᵞ- type branching (Fig. 5.2C). 

All the structures of the Tadpatri Formation are found in light and dark grey dolomites which 

are associated with chert. Oolitic dolomite forms the base at some places (Fig. 5.2D). The 

morphological features of different type of structures present in Vempalle and Tadpatri 

Formation are given below (Khelen et al., 2017). 
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Fig. 5.2. Field photographs showing: (A) Vempalle stromatolitic structures present within the 

grey dolomites associated with chert and shales; (B) Tadpatri Formation stromatolites 

showing stratifera, columnar, spheroidal and domal types of structures; (C) Columnar 

stromatolites showing branching type of structure and (D) Oolitic stromatolites. 

Fig. 5.1. Hypothetical interpretation of the significance of various stromatolitic facies 

(after Riding, 2011) 
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5.2.1. Stratifera type 

 Stratifera type of structutres are thinly laminated consisting of alternate layers of 

dolomite and chert and the layers range from millimeter to centimeter thickness that are flat 

to wavy in nature which are common in both the Vempalle and Tadpatri Formations (Figs. 

5.3A, B). An abrupt change from thinly laminated to microcolumnar structures are observed 

in these structures along with gradual decrease in laminae thickness from bottom to top (Fig. 

5.3A). Dark coloured thick laminae are also noticed which reflects on the remnant of 

microbial activity, but due to wave action at some places the dark colour has been faded away 

resulting into light coloured laminae (Fig. 5.3A). Furthermore, it has been suggested that the 

presence of such features is due to the precipitation of fibrous carbonate on to the substrate 

which is common in the Proterozoic shelves (Grotzinger, 1986, 1990; Kah and Knoll, 1996; 

Bartley et al., 2000; Chakrabarti et al., 2014). Riding (2011) interpreted these thin laminae of 

stratifera type stromatolites as microbially induced sedimentary structures (MISS) manifested 

by wrinkle marks, desiccation cracks, curled and folded surfaces due to synsedimentary 

deformation or early lithification (Fig. 5.4). Mafic flows, dykes and sills are associated with 

the stromatolitic dolomites of Vempalle Formation (Fig. 5.5A).  The mafic lava flows consist 

of columnar structures, amygdales, cooling cracks and brecciated flow tops (Khelen et al., 

2017; Figs. 5.5B to E).  Based on the flow morphology six flows have been identified 

(Dhanakumar et al., 2017).  The Tadpatri stromatolites are associated with picrites (Fig. 

5.5F).  
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Fig. 5.3. Field photographs showing: (A) Stratifera types from Tadpatri Formation and (B) 

stratifera type from Vempalle Formation. 

Fig 5.4. Vempalle stromatolites showing: (A) wrinkle marks; (B) showing desiccation cracks 

and (C) folded structures due to synsedimentary deformation or early lithification 
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Fig 5.5. Field photographs showing: (A) Mafic sill associated with the stromatolitic 

dolomites of Vempalle Formation; (B) Columnar joints in basic flows at Vempalle; (C) 

Amygdaloidal basalts with amygdales of varying dimensions exposed at Vempalle; (D) 

Cooling cracks in basic flows; (E) brecciated flow tops and (F) Tadpatri stromatolites 

associated with picrites. 
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5.2.2. Columnar type 

Columnar types of structures are the most common type of morphology found in both 

the Vempalle and Tadpatri Formations. The columnar structures of these Formations are 

cylindrical/sub-cylindrical, closely and widely spaced, vertically and laterally linked 

hemispheroidal, with a width varying from of 5-60 cm. Laminae are thick and convex upward 

with the absence of branching, grew vertically upwards from flat base showing frequent 

variation in the diameter of the column in which bridging and coalescing are common (Figs. 

5.6A, B). However, branching is also observed in the columnar variety of Tadpatri 

stromatolites. Such types of branching are formed when the adjacent columns are coalesced 

and separated reflecting on high energy intertidal environment either due to drop in sea level 

or continued accretion of stromatolite laminae (Riding, 2011). Low stromatolite accretion 

results in low relief and consequently the stromatolite surface is prone to overlap by the 

adjacent sediments and generates the structure with irregular margins and branching (Figs. 

5.6C, D). Spaced columns with alteration of discrete, vertically stacked hemispheroids are 

observed reflecting on sediment infillings in interstructural spaces due to undulation in sea 

level during transgression-regression episodes (Figs. 5.6B, D). These structures are found in 

cherty dolomites and sometimes stylolitic type of structures are also observed between cycles 

of stromatolitic growth (Fig. 5.6E).  Dark portions generally reflecting organic rich laminae 

are also observed between the columns (Khelen et al., 2017; Fig. 5.6F). 
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Fig 5.6. Field photographs showing: (A) and (B) Laterally linked hemispheroidal stromatolites of 

Vempalle Formation; (C) Stromatolite accretion rate and synoptic relief (after Riding, 2011); (D) 

Vertically linked columnar stromatolites having branching types of structures of Tadpatri 

Formation; ((E) stylolitic type of structures between cycles of stromatolitic structures and (F) 

Dark portions present between the columns generally reflecting organic rich laminae 
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5.2.3. Conical type 

 Conical type of structures is present in both the Vempalle and Tadpatri Formations 

(Fig. 5.7). In these structures, the columns are sub-cylindrical, vertically arranged having 

broad base and conical apex. The width of the laminae ranges from 5-10 cm in the base and 

15-25 cm at the top (Figs. 5.7A, B, C). The conical structures of Vempalle exhibit high relief 

whereas synoptic relief is observed in the Tadpatri structures (Figs. 5.7A, B, C, D). The 

synoptic relief and wall parallel laminae in case of Tadpatri indicate depletion of detrital 

sediment supply during the growth of stromatolites and thus enhance the insitu carbonate 

precipitation.  Contrary to this, high relief stromatolite with broad base reflecting on limited 

sediment influx (Kah et al., 2009). These are the characteristic features of shallow subtidal 

environment where wave agitation/fluvial energy conditions are relatively less. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7. Field photographs showing: (A), (B) and (C) conical type of structures from 

Vempalle Formation having high relief; and (D) conical structure with synoptic relief 

from Tadpatri Formation 
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5.2.4. Domal type 

 Various dimensions of domal structures are present in Vempalle and Tadpatri 

Formations ranging from 5 cm to >1 meter (Fig. 5.8).  These structures are uniformly 

laminated and exhibit narrow base with broad tops. Interspaces of the domes are covered by 

dolomitic chert.  In the Vempalle Formation, these structures exhibit laminae of irregular 

thickness and heterogeneous material (Fig. 5.8A and B).  The domal stromatolites of Tadpatri 

are regularly spaced thin laminae reflecting on quite water depositional environment with 

abundant supply of sediment influx at stable energy conditions in a subtidal environment 

(Figs. 5.8C, D; Alterman and Herbig, 1991; Whalen et al., 2002; Jiang et al., 2003; 

Chakrabarti et al., 2014). These conditions permit upward growth of the domal shaped 

stromatolitic columns.   

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.8. Field photographs showing: (A) and (B) domal type of structures from Vempalle 

Formation; (C) and (D) domal type of stromatolitic structure from Tadpatri Formation 
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5.2.5. Spheroidal type 

 Randomly arranged spheroidal stromatolites occurring in both Vempalle and Tadpatri 

Formations are loosely as well as tightly packed with accretion of thin laminae of uniform 

thickness with concentric layout (Fig. 5.9). In Vempalle Formation, these structures 

sometimes give the appearance of lobate pattern (Fig. 5.9A). The diameter of the spheroids 

varies from one centimeter to 15 cm. These are composed of alternate concentric layers of 

chert and dolomite. These structures reflect continuous submergence under water and 

restricted to agitated conditions which permit concentric precipitation. These morphological 

features are characteristic of the intertidal zone where the depth of water is moderate with 

high turbulent conditions (Chakrabarti et al., 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9. Field photographs showing: (A) elliptical type having lobate patternand (B) 

randomly stacked spheroid type of structures from Vempalle Formation; (C) and (D) 

spheroid type of structures from Tadpatri Formation 
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5.3. Morphological variation of stromatolites in Vempalle and Tadpatri Formations 

 Cherty dolomite is the dominant lithological unit with stromatolitic structures that 

covers vast area of Vempalle Formation in which the shale, quartzite and mafic sills are 

relatively less predominant. Further, amygdaloidal mafic flows occur as the topmost horizon 

of the Vempalle Formation. Contrary to this, the Tadpatri Formation contain relatively less 

stromatolitic structures. The Tadpatri stromatolites occur as intercalated sequence within the 

argillaceous unit. Based on the variation in the morphology, the Vempalle and Tadpatri 

stromatolites have been identified as three units. The basal unit of Vempalle stromatolites 

consisting of stratifera, laterally linked columns and vertically stacked cones followed by a 

middle unit which are crinkly laminated and conical types. The upper part is predominantly 

closely linked vertically stacked hemispheroidal structures and exhibiting upward growth 

expansion followed by broad domal type stromatolites (Fig. 5.10).  Furthermore, the bottom 

unit of the Tadpatri stromatolites starts with stratifera followed by oolitic dolomite and 

succeeded by the middle unit with crinkly laminated and conical type structures. The upper 

unit of the Tadpatri stromatolites is also vertically stacked hemispheroidal type in which 

branching is present at some places. These are followed by broad dome shaped stromatolites 

(Fig. 5.11). These morphological variations reflect on their depositional environment (fluvio-

energy conditions, wave action, depth of water and sediment influx), mineral precipitation 

and biogeochemical processes (photosynthesis and growth of microbiota; Khelen et al., 

2017).   
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Fig. 5.10. (A) Litholog of the Vempalle Formation (modified after Nagaraja Rao et 

al., 1987). (B) Sketch showing variation in the morphology observed in the 

stromatolites and (C) Field photographs of Vempalle stromatolites corresponding to 

B. (Figures are not to scale). 

 

Fig. 5.11. (A) Litholog of the Tadpatri Formation (modified after Nagaraja Rao et 

al., 1987). (B) Sketch showing variation in the morphology observed in the 

stromatolites and (C) Field photographs of Tadpatri stromatolites corresponding to 

B. (Figures are not to scale). 
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5.4. Petrography 

 Petrographically the stromatolitic dolomites of the Vempalle and Tadpatri Formations 

are similar which are described together. These stromatolitic carbonates are predominantly 

dolomites but some alternate layers of carbonate and chert are also present. Most of the 

minerals of the stromatolitic carbonates are typically fine grained and exhibit micritic texture 

that has been obliterated by the development of medium to coarse grained recrystallized 

carbonate crystals or sparite (Figs. 5.12A, B). It also exhibits dark (organic rich) and light 

(sediment rich) laminations of varying thickness. The dark bands are cherty and the light 

bands are carbonates. The microbiota is preserved structurally in the form of filamentous or 

isolated patches which are confined to the dark color laminae (Figs. 5.12C, D). The 

carbonates of these stromatolites are mostly dolomite but calcite with interlocking features 

also occurs at some places (Fig. 5.12B). The dolomites from the Vempalle Formation are 

oolitic at some places which form the base of crinkly laminated stromatolites (Fig. 5.12F). 

These oolites exhibit both concentric and radial type and compositionally it is made up of 

three types such as 1) siliceous which is made up entirely of chert; 2) calcareous with entirely 

carbonate and 3) oolites made up of a carbonate core and cherty rim (Fig. 5.12E). At some 

places, well developed euhedral calcite with recrystallized dolomites having mottled texture 

have been noticed giving the appearance of pellets (Fig 5.12F). Aggregates of calcite are 

visible between the micrite and sparite laminae indicating recrystallization (with clear 

boundaries) due to excess calcium available in the system. Dolomite is present as isolated 

crystals and aggregates forming clusters and this dolomite appears to have formed due to 

recrystallization (Fig. 5.12F). The presence of quartz and its recrystallization reflects on the 

siliciclastic nature of these stromatolites that may be attributed to terrigenous input and 
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diagenetic signatures during and after the sedimentation which is more predominant in 

Vempalle Formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.12. Photomicrographs of Vempalle and Tadpatri Formation stromatolites showing 

(A) micrite and fine-grained quartz, (B) calcite within the micrite and sparite, (C) and 

(D) carbonate and chert layers, (E) siliceous oolites with quartz, sparite and micrite as 

cementing material and (F) composite clasts of dolomite and calcite within the 

recrystallized calcite appearing as pellets. 
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C H A P T ER – VI 

Sampling and Analytical Techniques 
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6.1. Sampling approaches 

Stromatolites are regarded as the oldest known fossil on the earth, an organo-

sedimentary structure formed by the trapping and binding activities of microbes which is 

found throughout the geological record and are important biosignatures of the early earth 

(Dominic et al., 2005). These stromatolitic structures are typically characterised by irregular 

lamination, concentric, wrinkled, wavy, conical, columnar with convex/concave or upward 

widening types of forms (Buick et al., 1981). By the study of such structures we will be able 

to delineate the antiquity and nature of biogeochemical changes and the early depositional 

environment during Precambrian time. In India, stromatolite occurrences have been reported 

from the Archean Cratons such as Dharwar, Aravalli and Bundelkhand and from the 

Proterozoic basins viz; Cuddapah, Kaladgi, Vindhyan and Bhima. For the present studies we 

have chosen the stromatolites preserved at the Sandur, Chitradurga and Shimoga greenstone 

belts of Archean Dharwar Craton and from the Vempalle and Tadpatri Formations of 

Proterozoic Cuddapah basin to understand the paleobiogeochemical processes operating 

during Precambrian time. Systematic sampling along with outcrop information such as 

morphological features of various stromatolites present in these areas and associated rocks is 

most essential to understand the geological data obtained through various instrumental 

techniques and to proceed for interpretation of paleo-depositional environment. Fresh and 

unweathered rocks are important parameters to be looked into while collecting the samples 

for geochemical and isotopic studies. To understand the major, trace/REE and isotopic 

signatures, 61 samples of stromatolitic carbonates have been collected for their geochemical 

and isotopic studies from the Sandur (6), Chitradurga (40) and Shimoga (15) greenstone belts 

of Dharwar Craton which belong to the Neoarchean era. From the Proterozoic Cuddapah 

basin 39 samples have been collected for their major, trace elements and isotopic studies 

from Vempalle (26) and Tadpatri (13) Formations.  
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6.2. Sample preparation 

Sampling and analytical techniques plays a very important role in the interpretation of 

the stromatolitic carbonate rocks for understanding the paleo environmental and depositional 

conditions during the Precambrian time.  For geochemical and isotopic studies, the first 

preference for sample collection should be the borehole core samples, quarries being the next 

option followed by the samples from relatively unweathered outcrops. Relatively 

unweathered samples have been collected from various outcrops for the present study. As 

petrography and geochemistry complement each other, accurate estimation of major and trace 

elements is very important to identify the rock type and to understand the depositional 

settings of the stromatolitic carbonates. The major and trace elements are estimated very 

precisely by using various dissolution methods followed by analytical techniques. During the 

analysis, choosing suitable standards play an important role which has been taken care and 

for the present study as most of the rocks are cherty dolomites and limestones, certified 

standards such as JDo1, JLs1 and JCh1 have been used for the major and trace element 

analysis. SD and RSD for the analysed standards are given in table 6.1. Major elements have 

been analysed by using X-Ray Florescence Spectrometer (Model: Philips MAGIX PRO 

Model PW-2440); trace including rare earth elements have been analysed by using ICP-MS 

(Model: AttoM HR-ICP-MS) and stable isotopes have been analysed by using IRMS 

(Model: Thermo Finnigan, Germany). 

6.2.1. Preparation of thin sections for petrographic study 

For petrographic studies ~200 fresh and unaltered rock sample are selected and 

prepared from different locations of the study areas and thoroughly examined under the 

Polarising microscope (NIKON-ECLIPSE LV100 POL and LICA MC120 HD) at CSIR-

National Geophysical Research Institute, Hyderabad. The samples were cut into slices of ~ 3 
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mm thickness using Petro-Thin rock cutting machine having Diamond Cutting Blade and 

Grinding Disc or Grinder polisher 13. The slices of the rocks were mounted on the glass 

slides by using Apoxine along with Hardner in the ratio of 3:1 and kept under pressure for 

12-15hrs. Then, the samples are mounted on the glass slide, polished and smoothened by 

rubbing the rock sample on 600 or 800 microns of carborundum powder. With the help of 

Diamond paste/Aluminia paste final polishing has been done after checking the thickness of 

the prepared slides with the help of Petrological Microscope. 

6. 2.2. Preparation of powdered samples for whole rock geochemical and isotopic analyses 

After the preparation of thin sections, the remaining cut part of the samples have been 

used for powdering. ~100 fresh and unaltered samples were selected for whole rock 

geochemical and isotopic analysis from the stromatolitic carbonates collected from Dharwar 

Craton and Cuddapah basin. These samples were crushed to less than ¼ inch (i.e. 2- 4 mm) in 

the pulverizer disc mill and powdered using grinding machine and jaw crushers. After 

powdering, the samples are ready for analysis on XRF (for major elements), wet chemical 

laboratory and fire assay laboratories for trace elements (on HR-ICP-MS) as well as for LOI 

(Loss of Ignition). 
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6.3. Loss on Ignition (LOI) 

The Loss on Ignition is designed to measure the amount of moisture or impurities lost 

when the sample is ignited at a specified temperature (̴ 900ᵒC) in a muffle furnace allowing 

volatile substance to escape until its mass becomes constant.This is typically done by placing 

a crucible consisting of 1 gm sample powder in a temperature controlled furnace for 45 

minutes by measuring its initial mass, and after that the crucible has been kept in desiccators 

for cooling and redetermined its final weight (Fig. 6.1). The volatile materials generally 

consist of combined water and CO2 from the carbonates.  

 

L.O.I. (wt. %) = n2-n3/n2-n1*100 

where, n1: weight of empty ceramic crucible; 

n2: ceramic crucible + sample and 

n3: total mass 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6.1. Desiccator for placing the crucibles and Muffle Furnace for heating the sample 
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6.4. X-Ray Fluorescence (XRF) spectrometry 

X-ray fluorescence spectrometry is a non-destructive analytical technique used to 

determine the elements present in the sample. This method is used to estimate the 

concentration of major and minor elements (Si, Fe, Mg, Mn, Na, K, Ca, Al, Ti, and P) present 

in rocks with a precision of + 0.01 wt.%. However, major elements are expressed as oxides in 

wt.% whereas trace elements such as Co, Cu, Ni, Rb, Sr, Y, Zr, Ga, As, Nb, Cs, Ba, U and Th 

will be determined upto 1.5 µg/g (Fitton, 1997).  

6.4.1. Preparation of pressed pellets 

Pressed pellets are prepared by using boric acid powder (AR-grade) filled in 

collapsible aluminium cups as the substratum and pellet binder over which, the sample 

powder of ~ 1.5 gm of finely powdered rock sample was sprinkled evenly on the top of the 

boric acid powder. These aluminium cups are pressed by 20 tons pressure using a hydraulic 

press (Model Herzog®) to obtained the pressed pellets which are analysed for their major 

elements on XRF. 

6.4.2. The Principle 

X-ray fluorescence spectrometry method require a solid sample that will be irradiated 

by a beam of X-rays that are effectively energetic to excite electron transitions in the inner 

electron shells for a variety of elements present in the sample. On their return to the ground 

state, the excited electrons results in emission of fluorescent X-rays having characteristic 

spectra with high energy X-ray range. Based on the distribution of energy levels, this emitted 

radiation has a wavelength between 10-3 to 10 nm and it is distinctive for each element. X-ray 

spectra are evident into two different kinds that is the Continuous Spectrum, (this spectrum is 

not used in X-ray fluorescence spectrometry due to some inherent problems) and another one 

is the characteristic Line Spectrum which provide discrete wavelengths which is 
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characteristic of individual elements and intensities interrelated to their concentrations which 

are created from the orbital electrons that are expelled from inner (K, L, M,) shells of the 

atom. Electrons from the far most outer shells fall into the gaps produced by inner shells and 

the difference in energy is emitted as an X-ray photon. An X-ray detector can be tuned to a 

particular frequency, once the spectrum is dispersed based on the angle with reference to the 

diffracting crystal and measures the rate of emission corresponding to the energy of a 

particular element (Fig. 6.2). 

 In CSIR-NGRI, the XRF sample chamber hold many samples and automated with a 

robotic arm to expose the sample cups to the incident X-ray beams and hence generating data 

for a large number of elements within a minimum time frame. The method is generally 

controlled by computer-based software that also performs data reduction and computes the 

concentrations within a detection limit of one µg/g. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

where, θ= the diffraction angle that disperses the secondary radiation in a spectrum.  

α= the take-off angle; Φ= the scattering angle.   

The former two are fixed whereas θ varies. 

 

 

Fig. 6.2. Scheme of an X-ray Fluorescence Spectrometer (Fitton, 1997).  
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The X-ray spectrometry is mainly classified into two types on the basis of excitation of the 

samples and detecting the resulting output pulses: 

(a) Wavelength – Dispersive X-Ray Spectrometry 

In Wavelength – Dispersive X-Ray Spectrometry, X-ray spectral lines of all 

elements in the sample are excited simultaneously and separated on the basis of 

their wavelengths prior to detection. For determination of major and minor oxides, 

wavelength dispersive sequential spectrometer is used in this type of spectrometry. 

(b) Energy – Dispersive X-Ray Spectrometry 

In Energy – Dispersive X-Ray Spectrometry, X-ray spectral lines of all elements in 

the sample are excited and detected simultaneously on the basis of photon energy 

of the characteristic emitted X-ray lines. 

6.4.3. XRF Spectrometers 

On the basis of spectral line acquisition, XRF spectrometers are classified into two kinds. 

(a) Sequential  

A single collimator – crystal detector system is programmed to index automatically 

in sequence to the setting for each analyte line and its background and accumulate 

counts for each. In the present work a sequential spectrometer is used due its 

advantage to measure the concentrations of wide range of elements.  

(b) Simultaneous 

Upto 22 collimator – crystal detector channels are arranged above the sample each 

with its own readout channel and each set at a different analyte line.  These 

systems are preferred where a few number of elements are analysed. 
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6.4.4. X-Ray Tube (X-Ray generator) 

 In X-ray fluorescence spectrometry, the excitation X-rays generated from X-ray tube 

consisting of an evacuated glass envelope containing a cathode, connected to high negative 

potential anode. The cathode is a cup-shaped electrode and a tungsten filament through which 

sufficient current is passed to make the wire incandescent and under these conditions, 

thermionic emission occurs. The anode generally consists of a heavy, hollow, water-cooled 

block of copper with a metal plated (such as tungsten, chromium, copper, molybdenum, 

rhodium, silver, iron and cobalt), embedded into the surface of the copper. Separate circuits 

are used for heating the filament to accelerate the electrons from the target. 

 The electrostatic fields created between the cathode and anode influence the electrons 

to accelerate through a potential gradient, normally selected by the analyst to be between 10 

and 100 kV. The X-rays emitted when the energetic electrons strike at the anode, can escape 

from the tube through a window made of beryllium foil typically 200 to 500 m.  Beryllium, 

the lowest-atomic-number is available as a foil with the appropriate mechanical properties to 

form a vacuum tight seal which is selected as window material. 

 Philips Magi X PRO model PW 2440 (Holland make) which is wavelength dispersive 

X-ray Fluorescence Spectrometer coupled with automatic sample changer PW 2540 has been 

used for the analysis of the present study at the CSIR-National Geophysical Research 

Institute (NGRI). It is a sequential instrument with a single goniometer based measuring 

channel covering the complete elemental t range from F to U with concentration ranging from 

a few µg/g to % level. This instrument is fitted with two fixed channels along with five tube 

filters (Table 6.2). Three primary collimators along with three detectors are fixed in the 

goniometer along with eight analysing crystals to cover the entire wavelength necessary for 

an analytical application. The instrument is microprocessor controlled for maximum 

flexibility.  An online computer programme is followed for dead time correction, background 
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line overlap and matrix effects giving the output directly as concentration in mean or µg/g 

from calibration curves. In order to spin the sample inside the spectrometer a spinner was 

used while measuring the counts to remove sample heterogeneity, if any. In the X-ray tube, a 

rhodium anode was used that could be operated up to 60kV at an optimum current of 125mA 

with a maximum power level of 4kW. A primary beam aperture mask (33mm) was used to 

restrict the X-ray beam onto the sample surface. The details of instrumental parameters are 

summarized in Table 6.2. The analytical method and performance are similar to those 

reported by Krishna et al. (2007) and the international reference materials JDo1, JLs1 and 

JCh1 used for analysis are provided in table 6.3. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3. The Philips Magi X PRO (PW 2440 Holland make) wavelength 

dispersive X-ray fluorescence spectrometer coupled with automatic sample 

changer PW 2540 at the CSIR-National Geophysical Research Institute 
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Channel Line Crystal 
Colli-

meter 
Detector 

TubeF

ilter 
kV mA Ang2T 

OffsetB

g 1-2T 

Si KA PE002-C 550µm Flow None 40 60 108.9 2.501 

Fe KA PX-9 150 µm Flow None 30 40 57.5 0.893 

Al KA PE002-C 550 µm Flow None 40 60 144.8 2.339 

Mn KA PX-9 150 µm Scint None 40 80 62.9 0.821 

Mg KA PX-1 150 µm Flow None 40 60 23.1 2.138 

Ca KA PX-9 150 µm Flow None 40 70 113.1 1.228 

Na KA PX-1 550 µm Flow None 40 70 27.9 2.154 

K KA PX-9 150 µm Flow None 50 40 136.7 1.800 

Ti KA PX-9 150 µm Flow None 40 70 86.1 0.872 

P  Ge-111-C 550 µm Flow None 40 70 141.0 1.719 

 

 

 

 

Name of CRM Rock Type Source 

JDo-1 Dolomite GSJ, Japan 

JLs-1 Limestone GSJ, Japan 

JCh-1 Chert GSJ, Japan 

 

6.5. Preparation of solutions in closed digestion for trace element analysis 

The powdered rock samples of stromatolitic carbonates from Dharwar Craton and 

Cuddapah basin along with the reference materials were analysed for trace elements using 

HR-ICP-MS. 0.05 g of powdered rock samples have been digested in Savillex vials using the 

closed digestion method. 10 ml of acid mixture (double distilled acids of HF: HNO3 in 7:3 

ratio) was added to each sample, standard and a blank beaker (for process blank). This 

Table 6.2. Instrumental conditions for determination of major oxides on XRF 

 

Table 6.3. Details of International reference materials (CRMs) used for XRF calibration 
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mixture was closed and kept the vials on hot plate at 130°C temperature for 48 hours. After 

48 hours of sample digestion, the solutions were mixed with 1 ml of HClO4 and kept for 

evaporation until it forms a semi-solid residue. When the mixture was completely dried, 20 

ml of 1:1 HNO3 was added and kept on hotplate for 10–15 minute at 70°C temperature until 

the solution is clear. Then 5 ml of 1ppm Rhodium as an internal standard was added and kept 

for cooling. After cooling, the solution was made into 250 ml. JDo-1 JLs-1 and JCh1 (from 

Geological Survey of Japan) have been used as reference materials for the analysis and were 

also treated in the same way as the samples to minimize errors from reagents. The final 

solutions are diluted to 50,000 times to maintain the total dissolved solids of <200 ng/g and 

analysed on HR ICP MS.  Table 6.4 provide the precision and reproducibility of the materials 

(Manikyamba et al., 2014). All sample and standard solutions were analyzed at CSIR-NGRI, 

Hyderabad using high resolution Inductively Coupled Mass Spectrometer (HR ICP-MS). 

6.5.1. HR-ICP-MS (High Resolution Inductive Coupled Plasma Mass spectrometer) 

The HR ICP-MS (AttoM) is a double-focusing single-collector instrument with 

forward Nier-Johnson analyzer geometry (Nu Instruments, UK) which was used with the 

detector at automatic mode at low-resolution mode, wherein the intensity of incoming signal 

triggers acquisition through ion counters, attenuation grid or Faraday cup, thereby 

dynamically measuring a range of ions.  HR ICP-MS is generally used for precise, accurate 

and rapid determination of wide range of minor, trace and ultra-trace elements from Li to U 

in geological samples such as rock, mineral, ore, soil, sediment, water etc. This instrument 

also provides highly precise elemental and isotopic data in different kinds of samples as it is 

operated at higher mass resolution to resolve interfering ions. The scanning of ions was done 

in jump-wiggle mode which is similar to peak hopping and permits the analytes of interest to 

be measured accurately. The introduction of the sample consisted of a standard Meinhard® 

nebulizer with a cyclonic spray chamber housed in Peltier cooling system and temperature 
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was set at 5oC. This particular temperature helps to maintain uniformity in sample viscosity 

and solution density ensuring relatively constant spinning of solution inside the spray 

chamber irrespective of initial condition of diluted sample. The 0.002% clear solutions thus 

obtained were analyzed using collector HR ICP-MS (Nu Attom, UK) using an auto sampler 

(ASX 520HS, CEDAC) with 1 min wash-out time in between samples. Oxide, hydroxide and 

doubly charged ion ratios were optimized to < 2% and the sensitivity was adjusted to ~ 106 

cps (counts per second) for 1 ng/ml of 115In. The source of ICP uses a proprietary solid-state 

1.6 kW RF generator operating at 27.12 MHz. To supply highly stable plasma gas control, 

mass flow controllers were used. The standard plasma torch was manufactured from high 

quality quartz of a Fassel design with a 1.5 mm injector and was fully software adjustable in 

X, Y and Z directions. The spray chamber system consists of a cyclonic, Peltier-cooled spray 

chamber system, along with a glass concentric nebulizer with a 0.2 ml/min uptake rate and it 

was positioned outside of the source with high thermal stability. Platinum tipped skimmer 

and sampler cones were also used. In order to pump the sample solutions and draining waste 

from the spray chamber, a three-channel built-in peristaltic pump was used. Lens voltages, 

argon flow rate, forward and reflected power of the generator were accurately optimized to 

obtain maximum sensitivity which would also add to the quality of the measurements.  All 

quantitative and semi-quantitative measurements were performed using instrument software. 

Several well-known isobaric interferences are programmed, and the corrections are 

automatically applied. Majority of the quantitative measurements were performed using the 

instrument software AttoLab, while the data processing was carried out using Nu Quant®, 

which uses knowledge-driven routines in combination with numerical calculations 

(quantitative analysis) to perform an automated/manual interpretation of the spectrum of 

interest. The detection limits for different elements of HR ICP-MS ranges from 1pg/g to 

1ng/g which caters to elemental and isotopic analysis for geochemical applications. Ultrapure 
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reagents were used for all preparations and procedural blanks were prepared simultaneously 

along with each batch of samples to simulate reagent quality. Fractionation and isobaric 

inference were eliminated by operating the instrument at a resolution of 300R. The data thus 

obtained were better than 2% RSD in most of the cases. Instrumental and data acquisition 

parameters are listed in table 6.4 

 

Plasma control parameters 

 

 

 Data acquisition 

parameters 

Quantitative Mode 

Coolant gas flow 13.0(L/min) 

 

Dwell time per 

peak  

3(ms) 

Auxillary gas flow 1.05(L/min) Switch delay per 

peak  
200(s) 

Nebulizer gas flow 33.3(psi) Number of sweeps

  

100 

Forward RF Power 1300(W) Number of cycles 3 

Peristaltic rate 15(RPM) Instrument 

resolution 

300 

Peltier cooling temperature 5(oC) Internal standard

  

103Rh 

 

Spray chamber Glass-Cyclonic 

 

  

Sample uptake  0.2(ml/min)   

Detector Ion counter and 

faraday 

  

Sensitivity 1.1 x 106 counts for 
115In 

2.1 x 106 counts for 
238U 

  

Scan type Magnet jumping 

with electric scan 

over a small mass 

range 

  

Ion lens setting Optimized for 

sensitivity and 

resolution peaks 

  

 

 

 

 

Table 6.4. Instrument operating conditions of HR-ICP-MS (Nu Attom) 
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6.6. Mass Spectrometric Techniques 

Stable isotopes (18O and 13C) analysis of the studied stromatolitic carbonate 

samples from Cuddapah Basin were carried out at the CSIR-National Geophysical Research 

Institute, Hyderabad, India using Delta Plus Advantage Mass Spectrometer coupled with an 

automatic carbonate (Kiel IV) device. Isotope ratio mass spectrometry (IRMS) is a 

specialization of mass spectrometry that is used to measure the relative abundance of isotopes 

in a given sample permitting precise measurement of mixtures of stable isotopes. Stable 

isotopes analysisis normally concerned with measuring isotopic variations arising from mass-

dependent isotopic fractionation in natural systems. Magnetic type of analyzer that is used in 

most instruments for precise determination of isotopic ratios is superior to the quadrupole 

type for two reasons. Firstly, it can easily be set up for multiple-collector analysis, and 

secondly, it gives high-quality 'peak shapes' and such features are important for isotope ratio 

analysis at very high precision and accuracy. The instrument normally operates by ionizing 

the sample of interest and accelerating it over a potential in the kilo-volt range, and separating 

the resulting stream of ions according to their mass to charge ratio (m/z).  

  The light elements such as H, C, and O stable isotope measurements are usually made 

in an instrument with a gas source. In the latter case, by supplying continuous streams of the 

reference and sample gases, dual gas inlets allow consistent repetition of measurements, 

which are consecutively switched by a changeover valve. The IRMS's collector also 

characterize an array of Faraday cups (conductive, metal vessels which neutralize ions that hit 

them which themselves become charged), or "multicollector", which allows the simultaneous 

detection of multiple isotopes. Samples are introduced as pure gases, achieved through 

combustion, gas chromatographic feeds, or chemical trapping. An accurate determination of 

the isotopic make-up of the sample is obtained by comparing the detected isotopic ratios to a 

measured standard (Fig. 6.4). For example, carbon isotope ratios are measured relative to the 
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international standard for CO2 which is created from a fossil belemnite found in the Pee Dee 

Formation, South Carolina, U.S.A. from a Cretaceous limestone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.6.1. KIEL-IV Carbonate Device 

Isotope ratio determination of carbon and oxygen is usually carried out using carbon 

dioxide (CO2) produced in the reaction between carbonates and phosphoric acid. The 

traditional method employs a glass tube with a side arm consisting of phosphoric acid. The 

carbonate samples are loaded in the end of glass tube and the glass tube is tilted in which 

reaction takes place to bring acid and sample together. This method also requires a stable 

higher temperature to accelerate the reaction. The reaction time for calcite is ~2 hours. In 

case, if the sample is not pure CaCO3 the glass tube contains CO2, O2, N2, H2O and even SO2. 

For the isotope ratio determination, the CO2 gas must be isolated and separated from other 

Fig. 6.4. Principle of Isotope Ratio Mass Spectrometry 
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gases and this action can be done by trapping at different temperatures and pumping out O2 

and N2 as non-condensable gases. The Kiel Carbonate device is a fully automated preparation 

device for the precise and accurate determination of oxygen and carbon isotope ratios in 

carbonates and it is used widely in many fields of geology (Fig. 6.5). This device includes a 

number of designs which improve ease of use, diminish the trace metal content of the acid, 

and decrease both the cost of acquisition and operation without changing the underlying 

principles of operation. The system is designed for throughput at the highest level of 

precision and accuracy. Therefore, the system can run almost continuously automatically. In 

one batch, 48-samples including international standards can be analyzed, with 30-35 minutes 

for each sample. 

 

 

 

 

 

 

 

 

 

 

 

6.6.2. Procedure for Isotopic Measurements 

 The system comprises of a thermostated reaction region, a trapping and gas cleaning 

system, an inlet system and this reaction region is housed in a precise temperature controlled 

oven consisting of an auto-sampler with 48 vials, or thimbles. The thimbles can be loaded 

Fig. 6.5.  KIEL IV Carbonate Device 
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with 10μg of sample. The vials are made of special glass, permitting visual inspection of the 

sample and easy cleaning prior to re-use. The sample containers are organised in two 

concentric rows, each with a separate reaction and measuring position. The reaction region 

also houses the reservoir of concentrated phosphoric acid, which is dispensed through two 

metal-free acids resistant dosing values of all new designs. Once the sample containers are 

loaded and the sequence table is filled out, all subsequent steps are fully automated. Prior to 

reaction and measurements each container is evacuated. Then a precise amount of acid is 

added to the sample under computer control. Acid will be in contact with the metal surface 

immediately, except for a short final steel capillary and a platinum wire for droplet generation 

and counting. Because of this principle, sources of contamination from the acid delivery 

system as well as possibilities for cross contamination are minimized. The CO2 formed in the 

reaction of the carbonate and the acid is transferred into new trapping and gas cleaning 

system, consisting of a temperature controlled trap with associated valve, ultra high vacuum 

system and a micro volume inlet system. With the temperature Controlled trap (at liquid N2 

temperature), in the first step, CO2 along with some H2O are quantitatively removed from the 

reaction region and frozen in the trap. At the temperature of -90ºC, the CO2 is transferred into 

the micro volume inlet system, while H2O is retained in the trap. The data system then 

decides what portion of the available CO2 needs to be transferred into the micro volume inlet 

system in order to achieve desired inlet pressure for measurement. If there is an excess of 

CO2 then there is a mechanism which allows only the right amount of CO2 to be transferred. 

This process is free of isotopic fractionation. Following this, the water is removed from the 

gas cleaning and trapping system by baking the trap and pumping all the gas and valve lines. 

Simultaneously, the micro-volume is warmed up and the CO2 flows from the micro-volume 

inlet into the changeover valve of the connected dual inlet IRMS system (Fig. 6.6). The KIEL 

carbonate device connects to the changeover valve via a dedicated capillary. This design 
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minimizes the interaction of CO2 with the metal surface, a possible cause for memory and 

cross contamination. It does not compromise any other inlet system that might be connected 

to the IRMS. Since all the valves are unparalleled, all-metal gold sealed design and gas lines 

are thoroughly pumped, and guaranteed that there are no memory effects and no 

contamination. 

 

 

 

 

 

 

 

 

 

6.6.3. Precision and Reproducibility of Standards 

Stable Isotope (δ18O and δ13C) studies of the whole rock samples of Cuddapah 

stromatolites were determined using Advantage MAT 253 Isotope Ratio Mass Spectrometer 

(IRMS) coupled with Kiel-IV automatic carbonate device at the CSIR-National Geophysical 

Research Institute, Hyderabad, India (Ahmad et al., 2012). Isotopic compositions are reported 

from VPDB standard as per mil deviation in δ notation. The analytical precision and accuracy 

was better than 0.07‰ for δ18O and 0.04‰ for δ13C. 100-200µg of sample powders were 

weighed and reacted with saturated H3PO4 at ~70°C temperature in a vacuum system which 

Fig. 6.6. Dual Inlet Isotope Ratio Mass Spectrometer. 



106 
 

reacts with the carbonate part of the rock sample and thus the evolved CO2 gas has been 

analyzed. Calibration to the VPDB standard was performed by repeated measurements of 

international reference standards NBS-19 and NBS-18 (Hoefs, 1996). Replicate 

measurements were performed on each sample to ensure reproducibility. Table 6.5 lists the  

values of NBS-19 and NBS-19 with respect to VPDB run during the present work in NGRI, 

and n stands for number of measurements. 

 

_______________________________________________________ 

Standards     n  18OVPDB (‰)  13CVPDB (‰) 

_____________________________________________________________ 

NBS-18     65               -10.54±0.10               3.85±0.05 

      -10.56*                3.90* 

 

NBS -19    45                    -2.19±0.10                1.94±0.05 

       -2.20*     1.95* 

_____________________________________________________________ 

* reported values in literature  

6.7. Thermo Finnigan (Bremen, Germany, now Thermo Fisher Scientific) GasBench II 

Gasbench-IRMS is used for determination of stable isotopes of carbon, oxygen, 

hydrogen isotopes in carbonate rocks and water samples. The basic principle of IRMS is 

based on the separation of charged atoms and molecules on the basis of their masses with 

motion in the magnetic field. 

The principle of Gasbench IRMS is to introduce the acid into the sample vials and to measure 

the released CO2 in the Gasbench IRMS instrument and denote the data in terms of the 

standard ‘δ’ notation to determine the carbon and oxygen isotopic composition in carbonate 

sample. The precision for δ13C is better than ±0.2‰. The procedures involved in Gasbench 

IRMS are as follows. 

Table 6.5. Isotopic analysis of NBS-18 and NBS -19 standards (with respect to VPDB). 
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The Gasbench II instrument and the software has to be switch on and heat the sample 

tray to 72oC before placing the samples on it to increase the reaction between the carbonates 

and the phosphoric acid (H3 PO4) and to shorten the time required to reach isotopic 

equilibrium. 100 - 400ug of the sample is taken in the sample vial and the vials are closed 

with a new cap and a new septum, placing the sample in the sample tray along with other 

standards i.e. NBS-18 and NBS-19. We have to ensure that the double needle setup (i.e. 

sampling, flushing needle and acid needle) is properly mounted in the auto sampler. The 

sample vials filled with carbonates and standards are placed in the sample tray. First, empty 

sample vials are placed in the position 1-9 on the sample tray which will neither be filled with 

carbonates nor acid but will be flushed by helium. They are used as dummies for the 

sampling needle, when the acid needle is dosing the phosphoric acid (H3PO4) in vials 9-16 

which is filled with carbonates or the standards. Soon after, the carbonate samples will be 

dosed with phosphoric acid (H3PO4) and the following reaction takes place inside the sample 

vials as given below that will lead to the release of CO2 into the headspace and water is 

formed. 

             3CaCO3 + 2 H3PO4                                                     Ca3(PO4)2 +3H2O +3CO2 

During the analysis, the carrier gas helium enters the system and a mixture of carbon 

dioxide and water is removed and it is passed on the Nafion membrane. Water is removed 

from the membrane and pure CO2 is transferred into the IRMS. Chromatogram is shown in 

the monitor for checking the performance of the instrument. The decreasing peak height in 

the chromatograph indicates proper transport of the sample gas. For each sample, a separate 

chromatogram is shown. After the completion of the analysis the values of δ13C and δ18O can 

be obtained for their interpretations.  
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6.7.1. Sample Preparation and Measurement of 13C and 18O: 

Carbon and oxygen isotopes of stromatolites of Dharwar Craton were analysed by 

using Thermo Finnigan (Bremen, Germany, now Thermo Fisher Scientific) GasBench II, 

equipped with a CTC auto-sampler (CTC Analytics AG, Zwingen, Switzerland), and coupled 

to a Delta PlusXP Mass Spectrometer at CSIR-NGRI, Hyderabad. The stromatolitic 

carbonates are manually loaded into a 10ml round bottom exetainers and sealed using butyl 

ruber septa (LABCO). For the analysis of one batch of samples, 72 exetainers including 10 

lab standards (CRS) and 2 (GH 19B or Merck) quality assurance standards (placed in the 

same position in the sample tray) are routinely loaded. Standards are weighed so that there is 

well-defined spread in sample size (100-350µg). The size range of samples and standards 

should be same. The exetainers are placed in aluminium tray, kept at 72 ±0.1ºC.  Each 

exetainer vial is flushed with He Excel Grade (Linde India Limited formerly BOC India 

Limited) by penetrating the septa with double hole needle at the flow rate of 200ml/min for 5 

minutes. This operation takes 6 hours to flush fill 96 samples using single needle setup or 3 

hours using flushing needles simultaneously. 4-6 drops of 100% phosphoric acid (density 

1.91) are automatically deposited in each exetainer using auto sampler (GC PAL) and 

stainless-steel capillary needle attached to acid pump, while the second needle transfers the 

evolved gas from a neighbouring vial into the gas bench driven by a small stream of He (0.5-

1ml/min). As each row consists of 8 sample vials this procedure ensures identical reaction 

time (82 minute/sample). The reservoir of phosphoric acid is kept within the heated 

aluminium block to facilitate pumping of viscous fluid. Following water removal through 

Nafion traps, CO2 is separated from other components using Gas Chromatographic column 

(Poraplot Q with fused silica tubing 25m x 0.32 mm) heated to 70ºC. The peak corresponding 

to this CO2 is passed via an open split into the mass spectrometer. (The advantage of heating 

the GC column is to significantly shorter gas retention time, by proving sufficient CO2-N2 
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separation and good internal precision). Each sample run starts with peak centring followed 

by three rectangular peaks of CO2 (TCO2) reference gas followed by 10 sample peaks 

produced by sequential aliquots of pure CO2 into the ion source. The internal precision 1σ 

measured over these 10 peaks is typically 0.03 to 0.06 and 0.04-0.08‰ of raw δ13C and δ18O 

values respectively if the sample size is greater than 50µg (Fig. 6.7). Linearity correction is 

performed based on the relationship between first or second CRS peak (m/z44) and raw δ18O 

of 10 individual standards. Calibration of raw results to VPDB scale is achieved using in-

house standard (CRS) subsequent to linearity correction that has been calibrated against 

NBS#18; NBS#19 reference materials. External precision over 10 standards is 0.05-0.06 and 

0.06-0.08‰ for δ13C and δ18O respectively. The precision is ±0.1‰ of the standard.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.7. Schematic diagram of Gas Bench for 13C and 18O measurement (Source: 

Thermo Finnigan Delta plusXP, Application Notes, 2003) 
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6.7.2. Delta plusXP Mass Spectrometer 

Delta plusXP Mass Spectrometer is a basic instrument to measure gas isotope ratios of 

D/H, 13C/12C, 15N/14N, 18O/16O and 34S/32S. The main components of Delta plusXP Mass 

Spectrometer are: i) Ion Source; ii) Mass Analyzer (Electromagnet) and iii) Universal Triple 

Collectors  

The gaseous samples, which are to be analyzed, are introduced via needle valve into 

the ion source. A hot filament in the ion source generates a beam of electrons, molecules of 

CO2 are ionized with the impact of these electrons and thus the sample ions become 

positively charged. The ions are collimated into a fine focused beam by electrostatic lenses 

and accelerated (up to 3 keV) into the flight tube through a slit with a fixed width of 0.2 mm. 

In the flight tube, they encounter a strong magnetic field created by the electromagnet 

(Maximum field strength of 0.75 Tesla) that performs the actual mass separation (Maximum 

mass range 70). The ion beam enters the magnetic field boundary at an angle of 26.5o, 

traverses 90o magnetic sector field and exits at the same angle as shown in Fig. 6.8. The 

absolute sensitivity is 1500 molecules of CO2 for mass 44 ion at the collector with high He 

load and the ion source linearity is 0.02 ‰ nA (mass 44). The relation between Mass number 

m/z of the ions reaching the ion collector and the magnetic field strength can be given by  

m/z = H2r2/2V 

Where ris the radius of ion path (r = 9 cm; constant) 

V: accelerating voltage; Z: Elementary charge; H: magnetic field strength 
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6.8. Geochronology - Analytical Techniques 

Zircon grains were separated from crushed fresh rock samples by using gravimetric 

and magmatic separation methods and hand picking under binocular microscope at the 

Yu’neng Geological and Mineral Separation Survey Center, Langfang, China. The zircon 

grains were mounted in epoxy resin disks along with the standard TEMORA1 (417Ma; Black 

et al., 2004).  The mount was polished, cleaned and then coated by high-purity gold sputter.  

In order to investigate the internal structures of zircons, cathodoluminescence (CL) images 

were obtained using scanning electron microscope (JSM510) equipped with Gantan CL probe 

at the Beijing Geoanalysis Centre, and transmitted and reflected light images were examined 

by a petrological microscope. 

U-Pb dating and trace element analysis of zircon were simultaneously conducted by a 

laser ablation inductively coupled plasma spectrometry (LA-ICP-MS) at the Wuhan Sample 

Fig.6.8. Ion Optics of Delta plusXP Mass Spectrometer 
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Solution Analytical Technology Co., Ltd., Wuhan, China.  Detailed operating conditions for 

the laser ablation system, the ICP-MS instrument and data reduction are referred to Zong et 

al. (2017). Laser sampling was performed using a GeolasPro laser ablation system that 

consists of a COMPexPro 102 ArF excimer laser (wavelength of 193 nm and maximum 

energy of 200 mJ) and a MicroLas optical system. An Agilent 7700e ICP-MS instrument was 

used to acquire ion-signal intensities. Helium was used as a carrier gas. Argon was used as 

the make-up gas and mixed with the carrier gas via a T-connector before entering the ICP.  

The spot size and frequency of the laser were set to 32 µm and 5 Hz, respectively, in this 

study. Zircon 91500 and glass NIST610 were used as external standards for U-Pb dating and 

trace element calibration, respectively. An Excel-based software ICPMSDataCal was used to 

perform off-line selection and integration of background and analyzed signals, time-drift 

correction and quantitative calibration for trace element analysis and U-Pb dating (Liu et al., 

2010). Concordia diagrams and weighted mean calculations were made using 

Isoplot/Ex_ver3 (Ludwig, 2003). 
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C H A P T E R - VII 

Geochemistry of stromatolitic 

carbonates from THE Dharwar Craton 
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7.1. Major and trace element geochemistry of Dharwar stromatolites 

 The geochemistry of Archean marine sediments is a powerful tool for understanding 

the depositional processes and provide clues to the evolution of the atmosphere–

hydrosphere–lithosphere and biosphere during the Archaean time (Bau and Dulski, 1996). In 

seawater, the REE concentration is controlled by terrestrial input from continental 

weathering, hydrothermal input, depth of water column, salinity and oxygen levels 

(Elderfield, 1988; Piepgras and Jacobsen, 1992; Bertram and Elderfield, 1993; Greaves et al., 

1999). To understand the major, trace and REE signatures, 61 samples of stromatolitic 

carbonates have been analysed for their geochemistry from the Sandur (6), Chitradurga (40) 

and Shimoga (15) greenstone belts of Dharwar Craton which belong to the Neoarchean era.  

7.1.1. Sandur stromatolites 

  The Sandur stromatolites have moderate concentration of SiO2 (25-32 wt.%) at a 

uniform TiO2 (0.09-0.14 wt.%), Al2O3 (1.67-2.19 wt.%), Fe2O3 (1.34-1.75 wt.%), Na2O 

(0.25-0.33 wt.%), K2O (1.25-1.80 wt.%), very low P2O5 (0.02-0.03 wt.%) and high MnO 

(5.38-6.56 wt.%).  Their MgO ranges from (0.82-1.23 wt.%) at high CaO content (37.94-

44.85 wt.%). The ferromagnesian trace elements are low with Sc (0.90-1.19ppm), V (1.45-

6.59ppm), Co (6.80-12.64ppm), Ni (3.60-5.10ppm) and Cr (4.03-6.65 ppm) contents. All the 

analysed samples from this location have higher Zn (93-222 ppm), Sr (65.45-95.53 ppm) and 

Ba contents (16.06-20.99 ppm; Table 7.1). The PAAS normalised REE patterns exhibit 

significant depletions in LREE compared to MREE and HREE with slight positive La 

(Ce/Ce*=0.88-0.95), Eu (Eu/Eu*=1.06-1.29), and Gd (Gd/Gd*= 1.00-1.11), anomalies (Fig. 

7.1) with chondritic Y/Ho ratios (27-28). Their ∑REY is considerably higher ranging from 72 

to178ppm. 
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7.1.2. Chitradurga stromatolites 

  In the Chitradurga greenstone belt, the stromatolitic carbonates/cherts are preserved in 

the Bhimasamudra, Marikanve and Dodguni areas which have been studied for their 

geochemical signatures. The Bhimasamudra stromatolites of Chitradurga greenstone belt 

have low through moderate to high concentration of SiO2 ranging from 5.04-79.44 wt.% at a 

uniform TiO2 (0.01-0.04 wt.%), Al2O3 (0.04-0.56 wt.%), Fe2O3 (0.11-6.86 wt.%), MnO 

(0.07-2.05 wt.%), Na2O (0.08-1.25 wt.%), K2O (0.01-0.08 wt.%), low P2O5 (0.01-0.03 wt.%), 

high CaO (11.08-41.55 wt.%) in which the MgO ranges from (0.42-24.67 wt.%). 

Ferromagnesian trace element abundances are low with Sc (0.04-0.29 ppm), V (0.64-3.09 

ppm), Co (1.29-49.59 ppm), Ni (2.43-4.32 ppm) and Cr ranging from 1.13-3.29 ppm. 

Moderate Zn (6.25-49.17 ppm), Sr (2.58-17.80 ppm) and Ba contents (2.06-14.08 ppm) are 

observed in these samples (Table. 7.2). Their ∑REE contents are comparatively lower than 

those of the Sandur stromatolites, ranging from 1.27 to 11.36 ppm. The PAAS normalised 

Fig.7Fig. 7.1. Shale normalized REE + Y patterns for the stromatolitic dolomites of the 

Sandur greenstone belt. Normalizing values are from McLennan (1989).  
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REE patterns of Bhimasamudra stromatolites have slightly depleted LREE compared to 

HREE with positive La (Ce/Ce*=0.73-1.21), Eu (Eu/Eu*= 1.27-2.05, Gd (Gd/Gd*=1.17-

2.14) and Y anomalies (Fig. 7.2A). Y/Ho ratios are superchondritic ranging from 29-59. The 

Dodguni stromatolites of Chitradurga belt, have moderate to higher concentrations of SiO2 

(3.17-87.25 wt.%; except one sample KH-18/8), uniform TiO2 (0.01-0.03 wt.%), Al2O3 (0.06-

0.6 wt.%), Fe2O3 (0.11-5.3 wt.%), MnO (0.12-1.5 wt.%), Na2O (0.02-0.5 wt.%), K2O (0.01-

0.05 wt.%) and low P2O5 (0.01-0.02 wt.%). Their MgO is ranging from 0.35-25.2 wt.% with 

high CaO contents (12.06-44.85 wt.%). The ferromagnesian trace elements such as Sc (0.10-

0.16 ppm), V (0.8-4.0 ppm), Co (2-58.7 ppm), Ni (2.1-5.3 ppm) and Cr (3.7-13.7 ppm) are 

low. Moderate concentrations of Zn (9.3-64.5 ppm), Sr (6.1-20.6 ppm) and Ba (10.2-18.4 

ppm) are observed in the Dodguni stromatolites (Table 7.3). Their ∑REE is ranging from 1.9-

27.1 ppm, comparatively higher than Bhimasamudra stromatolites but lower than Sandur 

stromatolites. The PAAS normalised REY distribution patterns exhibit almost flat trends with 

positive La (Ce/Ce*=0.38-0.85), Eu (Eu/Eu*=0.88-2.02), Gd (Gd/Gd*=1.11-1.41) and Y 

(Fig. 7.2B). Slight positive Ce anomaly is present in one sample (KH 18/2; Table 3) and 

except one sample (KH18/3 with chondritic Y/Ho= 25), the Y/Ho ratios of all the samples are 

superchondritic ranging from 37-50. Marikanve stromatolites of Chitradurga belt have low, 

moderate and high concentration of SiO2 (1.4-87.2 wt.%) at a uniform TiO2 (0.01-0.21 wt.%), 

Al2O3 (0.02-5.4 wt.%), Fe2O3 (0.03-4.2 wt.%), MnO (0.08-2.2 wt.%), Na2O (0.1-0.9 wt.%), 

K2O (0.01-1.8 wt.%) and low P2O5 (0.01-0.2 wt.%) with their MgO ranging from 0.6-25.5 

wt.% at higher CaO content (12.2-44.8 wt.%). The ferromagnesian trace elements such as Sc 

(0.1-1.2 ppm), V (0.6-9.4 ppm), Co (1.7-64.7ppm), Ni (2.5-3.6 ppm) and Cr ranging from 

1.5-7.4 ppm are moderate to low in concentration. Higher Zn (24-546 ppm), Sr (6.1-108 

ppm) and moderate Ba contents (2.4-16.6 ppm) are observed in these samples (Table 7.4). 

Their ∑REE contents are comparatively lower than Bhimasamudra and Dodguni ranging 
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from 1.8 to 54.8ppm. The PAAS normalised REE patterns are flat with slight positive La 

(Ce/Ce*=0.78-0.97), Eu (Eu/Eu*=0.72-2.17 except one sample KH20-13 exhibiting slight 

negative Eu anomaly), Gd (Gd/Gd*=1.07-1.93) and Y anomalies (Fig. 7.2C). Among the 

analysed samples, three samples are exhibiting chondritic Y/Ho (24-26) whereas the 

remaining samples have superchondritic Y/Ho ratios ranging from 29-42. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7Fig. 7.2. Shale normalized REE + Y patterns for the stromatolitic dolomites of 

the (A) Bhimasamudra, (B) Dodguni and (C) Marikanve stromatolites of 

Chitradurga greenstone belt. Normalizing values are from McLennan (1989).  
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7.1.3. Shimoga stromatolites 

  Stromatolites are exposed at Kalche and Kumsi in the Shimoga greenstone belt. The 

Kalche stromatolites of Shimoga belt have very low SiO2 (0.04-5.88 wt.%) at a uniform TiO2 

(0.01-0.05 wt.%), low Al2O3 (0.01-0.8 wt.%) and P2O5 (0.01-0.03 wt.%), moderate Fe2O3 

(2.0-4.4 wt.%), MnO (1.1-1.5 wt.%), Na2O (0.5-0.6 wt.%), K2O (0.01-0.3 wt.%) at high MgO 

ranging from (22.7-29.8 wt.%) and CaO contents (32.7-47.7 wt.%). The ferromagnesian trace 

elements such as Sc (0.07-0.14 ppm), Vanadium (0.66-4.82ppm), Co (1.37-2.69ppm), Ni 

(2.49-5.42 ppm) and Cr (1.50-5.20 ppm) are low to moderate in concentration. All the 

analysed samples from Kalche have higher Zn (13-109 ppm), Sr (24-46 ppm) and Ba 

contents (11-25 ppm; Table 7.5). These samples have almost similar ∑REE abundances (3.1 

to15.9 ppm) with the Chitradurga stromatolites but lower than Sandur stromatolites. Their 

PAAS normalised REE distribution patterns are coherent with slight depletion in LREE and 

exhibiting almost flat HREE patterns (Fig.7.3). These stromatolites display positive La 

(Ce/Ce*=0.75-0.81), Eu (Eu/Eu*=1.34-1.83), Gd (Gd/Gd*=1.13-1.48), Y anomalies and 

superchondritic Y/Ho ratio (37-43). 

  Most of the analysed samples from all the three greenstone belts display negative Ce 

anomaly in their PAAS normalised REE patterns (Fig. 7.1 to 7.3). Tables 7.1 to 7.5 provide 

the geochemical data along with the ratios of Ce/Ce*, Pr/Pr*, Eu/Eu* and Gd/Gd* (Bau and 

Dulski, 1996). Though Ce anomalies are expressed as Ce/Ce*, it consists of a combination of 

Ce and La anomalies. Therefore, Bau and Dulski (1996) suggested that Pr/Pr* is a reflection 

of Ce anomalies. According to them, a combination of Pr/Pr* and Ce/Ce* can be used to 

distinguish between the real and apparent Ce and La anomalies. The samples with Pr/Pr*≈1 

and Ce/Ce*<1 indicate positive La anomaly. In the Dharwar stromatolites, except one, all the 

samples display positive La anomaly (Table 7.1 to 7.5). Being Ce as the neighbouring 
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element of La, its enrichment is difficult to express. It has been suggested that La can be 

calculated by extrapolating the slope of Pr and Ce which is limited in application. According 

to Bau and Dulski (1996), La anomaly can be expressed in conjunction with the Ce-anomaly. 

Therefore, (Ce/Ce*)SN is calculated as CeSN/(0.5LaSN+0.5PrSN) which will avoid the 

consequences of anomalous Ce behaviour in identifying the La enrichment/anomaly (Bau and 

Dulski, 1996). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7 Fig. 7.3. Shale normalized REE + Y patterns for the stromatolitic 

dolomites of the Kalche stromatolites of Shimoga greenstone 

belt. Normalizing values are from McLennan (1989).  
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C H A P T E R - VIII 
Geochemistry of stromatolitic 

carbonates from the Cuddapah basin 
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8.1. Major and trace element geochemistry of Cuddapah stromatolites 

 In the Proterozoic Cuddapah basin, stromatolitic carbonates are predominant in the 

Vempalle and Tadpatri Formations.  39 samples have been analysed for their major and trace 

elements from Vempalle (26) and Tadpatri (13) Formations. Due to variation in the 

morphology, the Vempalle samples have been collected from three locations (Vempalle I, II 

and III) which have distinct and overlapping geochemical characteristics. The geochemical 

composition of the Vempalle and Tadpatri stromatolitic cherty carbonates are given in tables 

8.1, 8.2, 8.3 and 8.4.  

8.1.1. Vempalle stromatolites 

 Vempalle I stromatolites have low (2.36–7.02 wt.%) and high SiO2 (67.3-68.5 wt.%) 

at a uniform TiO2 (0.01-0.03 wt.%), Al2O3 (0.05-0.26 wt.%), Fe2O3 (0.52-0.92 wt.%), MnO 

(0.06-0.1 wt.%), Na2O (0.01-0.23 wt.%), K2O (0.37-0.64 wt.%), very low P2O5 (0.01 wt.%) 

in which the MgO is ranging from 11.52-30.0 wt.%. High CaO content (~36 wt.%) is 

coinciding with low SiO2 (~2 wt.%) and the samples with relatively higher SiO2 have 

moderate CaO content (17.5-36.1 wt.%). The ferromagnesian trace elements such as Sc, V, 

Co, Ni are very low except Cr ranging from 4-44 ppm. All the analysed samples from this 

location have moderate Zn (13-58 ppm), Sr (20-114 ppm) and high Ba contents (304-9789 

ppm; Table 8.1). The Zr content of these samples range from 4.8 to 34.6 ppm. The PAAS 

normalized (Post Archean Australian Shale) REE patterns are flat and uniform (Fig. 8.1A; 

PrSN/YbSN = 1.14 to 1.73), exhibiting positive Eu anomalies (EuSN/EuSN* = 2.02 to 38.88), 

feeble positive Ce anomalies (PrSN/PrSN* = 0.76 to 0.80) and superchondritic Y/Ho ratio 

(Y/Ho =30 to 55; chondritic Y/Ho=28; Sun and McDonough, 1989).  The high magnitude of 

positive Eu anomalies of Vempalle I (Eu/Eu*~39) probably reflect on its interference with Ba 

compounds when estimated on ICP-MS (Dulski, 1994). Ba/Nd has been considered as a 



138 

 

demarcating ratio to identify the interference effect (Ba/Nd >20 indicate artificial Eu 

anomalies). A positive correlation between Eu/Eu* vs. Ba/Nd reflect on the artificial positive 

Eu anomalies (Ling et al., 2013). The higher Ba/Nd ratios of Vempalle I may be due to the 

interference between Ba and Eu. Contrary to this, Ling et al. (2013) have also observed 

higher Eu anomalies in the samples having Ba/Nd <20.) and linked it to the hydrothermal 

input. 

Vempalle II have low and uniform SiO2 (4.3-13.9 wt.%), TiO2 (0.01-0.05 wt.%), 

Al2O3 (0.29-1.2 wt.%), Fe2O3 (0.74-0.86 wt.%), MnO (0.07-0.08 wt.%), MgO (24.4-29.7 

wt.%), CaO (31.6-35.4 wt.%), Na2O (0.28-1.0 wt.%), K2O (0.58-0.80 wt.%) and P2O5 (0.01 

wt.%) contents. These samples consist of moderate Cr (5.7-12 ppm) Zn (10-70 ppm) and Zr 

contents (5.1 -88 ppm). The Ba and Sr content of these samples are relatively lower (11-65 

ppm and10-15 ppm respectively) than Vempalle I (Table 8.2). These samples exhibit almost 

flat REE patterns (PrSN/YbSN = 0.97 – 1.40) with slight positive Eu (EuSN/EuSN*= 1.06-1.54), 

low magnitude positive Ce (PrSN/PrSN*=0.76-0.80), positive Gd anomalies (GdSN/Gd*SN = 

1.28 – 1.52) and chondritic to superchondritic Y/Ho ratio (Y/Ho = 28 – 34; Fig. 8.1B).  

The stromatolites of Vempalle III consists of low (0.32-10.57 wt.%), and high (20.49-

63.77 wt.%) SiO2 content with variable TiO2 (0 - 0.08 wt. %), Al2O3 (0.02-1.87 wt. %), Fe2O3 

(0.45-0.88 wt.%), MnO (0.07-0.12 wt.%), Na2O (0.01-1.30 wt.%), K2O (0.41-0.87 wt.%) and 

very low P2O5 (0.01 wt.%) concentrations. Similar to Vempalle I, these samples also record 

high CaO (19.14-37.22 wt.%) and MgO contents (14.14 – 31.01 wt.%) which is correlating 

with SiO2. The low SiO2 samples are having higher MgO and CaO whereas the higher SiO2 

varieties have lower to moderate CaO (~19 wt.%) and MgO (~14wt.%). These samples 

consist of very low Sc (0.05-0.66 ppm), V (0.86 – 5.37 ppm), Co (0.18-3.38 ppm), Ni (2.47 – 

5.36 ppm) moderate Cr (4-23 ppm) and Zn (4-44 ppm) contents.  The Sr (13-72ppm), Zr (2-
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230 ppm) and Ba contents (5-173 ppm) of these samples are relatively higher and lower than 

Vempalle II and Vempalle I (Table 8.3). Vempalle III stromatolites (Fig. 8.1C) display near 

flat REE patterns (PrSN/YbSN = 0.79-2.2); positive Eu, (EuSN/EuSN* = 1.09-2.16), Ce 

(PrSN/PrSN* = 0.77-0.84) and Gd anomalies (GdSN/GdSN* = 1.24 -1.81) and chondritic to 

superchondritic Y/Ho ratio (Y/Ho = 27 – 53). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.1. PAAS normalized REY patterns for the stromatolitic dolomites of the 

Vempalle Formation (A) Vempalle I, (B) Vempalle II and (C) Vempalle III 

stromatolites. Normalizing values are from McLennan, (1989).  
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8.1. 2. Tadpatri stromatolites 

 The stromatolites from the Tadpatri Formation consists of low (6.9-10.05 wt.%), and 

high (16.66-45.39 wt.%) SiO2 along with higher TiO2 (0.08-0.78 wt.%), Al2O3 (1.1-14.88 

wt.%) and moderate Fe2O3 (0.99-5.84 wt.%), Na2O (0.01-3.71 wt.%) along with uniform 

MnO (0.14-0.31 wt.%) and P2O5 (0.02-0.06 wt.%). Wide variation in MgO (1.91-13.1 wt.%) 

and abnormally high concentration of CaO (19.9-47.97 wt.%) have been recorded in Tadpatri 

dolomites.  It is also observed that high CaO bearing samples recorded low MgO content and 

vice versa which may be due to dolomite- limestone facies variation in the water column 

(Table 8.4). Very high K2O content (12.91 wt.%) is observed in one sample (KH2). The 

ferromagnesian trace elements are enriched (Table 8.4) along with Rb (0.15-276 ppm), Sr 

(24-91 ppm), Zr (77-1120 ppm), Ba (7-776 ppm) and Zn (17-71 ppm) contents. The Tadpatri 

stromatolites (Fig. 8.2) are characterized by flat REE patterns (PrSN/YbSN =0.72-0.89); slight 

negative to positive Eu (EuSN/EuSN* = 0.67-1.47), minor positive Ce and positive Gd 

anomalies (PrSN/PrSN* = 0.73-0.78; GdSN/GdSN*= 1.09-1.41) and chondritic Y/Ho ratio (Y/Ho 

=23-33). 

 

 

 

 

 

 

 

Fig. 8.2. PAAS normalized REY patterns for the stromatolitic dolomites of the 

Tadpatri stromatolites. Normalizing values are from McLennan, (1989). 
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C H A P T E R – IX 

Stable isotope geochemistry of Dharwar 
and Cuddapah stromatolites 
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9.1. Stable Isotopes (C and O) of Carbonate Rocks 

Carbon (δ13C) and oxygen (δ18O) isotopic studies of carbonate rocks are commonly 

used as proxies to describes the depositional or diagenetic settings and such isotopic tracers 

have been increasingly studied from Precambrian rocks (Kaufman and Knoll, 1995; Des 

Marais, 2001; Fischer et al., 2009; Xu, 2011). In Precambrian carbonate-rich sedimentary 

rock, carbon isotopic composition is widely used as proxy for paleo-environmental 

reconstruction (Klein and Beukes, 1989; Kaufman et al., 1990; Klein and Beukes, 1993; 

Condie, 2001) whereas, the oxygen isotope ratios of marine carbonate rocks are controlled by 

the δ18O of the surrounding seawater, and are mainly used to understand the diagenetic 

process and estimate the average seawater temperature (Veizer and Hoefs, 1976).  

9.1.1. Carbon Isotopes 

Carbon has two stable isotopes; 12C which constitute 98.90% of natural carbon and 

13C makes up almost the entire remaining 1.11 %, as the mass of 13C is 8.36% greater than 

that of 12C. Carbon is generally stored as inorganic carbonate minerals and organic remains in 

sedimentary rocks, and as carbon dioxide and methane in the earth’s interior. The carbon 

isotopic ratio of carbonate rocks mostly depends on the environmental conditions and 

biological activity during their formation, thus isotopic analyses of carbon can help us to 

understand the physical, chemical and biological processes in which the carbon isotopes were 

preserved. Stable carbon isotope, 13C can also use for determining the nutrient levels and 

metabolic processes (Gagan et al., 2000; Eakin and Grottoli, 2006). 

The isotopic ratio of carbon is generally expressed as 13C  

   13C = (13C /12Csam - 13C /12Cstd) X 1000 

  13C /12Cstd 
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with respect to international standard “Vienna Pee Dee Belemnite” (V-PDB) composed after 

the natural standard of a belemnite from the Pee Dee Formation, Vienna. 

9.1.2. Oxygen Isotopes 

Oxygen has three stable isotopes; 16O (99.63 %), 18O (0.20 %) and 17O (0.037 %). The 

oxygen isotopic ratio of the CaCO3 is being used to trace the Sea Surface Temperature (SST) 

and isotopic composition of the ambient sea-water. The oxygen isotopic composition of 

marine carbonates depends on the temperature and isotopic composition of the host water 

(Veizer and Hoefs, 1976; Kasting et al., 2006). The values of δ18O are usually decreasing 

with increasing temperature and decreasing salinity, thus δ18O values are commonly used in 

reconstructing paleo-climatic fluctuations, paleo-geographic evolution and diagenesis 

(Burdett et al., 1990; Veizer et al., 1999; Kasting et al., 2006). During CaCO3 precipitation, 

there is an exchange reaction of oxygen isotopes between CaCO3 and H2O. 

1/3CaCO3 + H2
18O = 1/3CaC18O3 + H2

16O 

The equilibrium constant for this reaction is given by 

    K = [CaC18O3]
1/3 [H2

16O] 

           [CaCO3]
1/3 [H2

18O] 

 

Since the equilibrium constant (K) depends on temperature (T), calcium carbonate 

precipitated from water of a constant oxygen isotopic composition but at different 

temperatures, will have different 18O/16O ratios. This is the basis underlying the quantitative 

determination of palaeo-temperatures of ocean water from oxygen isotope studies of 

CaCO3(Urey, 1947).  

The isotopic ratio of oxygen in different phases is reported in terms of deviation of the 

isotopic ratio of sample relative to that of standard which is generally expressed in parts per 

thousand  
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   18O (‰)     =     (18O/16Osam. - 18O/16Ostd.)  X 1000 

                18O/16Ostd. 

with respect to the international standard Vienna Pee Dee Belemnite (V-PDB) for carbonate 

rocks (CaCO3) and the Standard Mean Ocean Water (SMOW) which is commonly used for 

water samples. The oxygen isotopic analyses of water are usually reported as SMOW 

standard values for paleo-temperature calculation, a conversion of δ18O values from the 

carbonate V-PDB scale to the water SMOW scale have been calculated following Hoefs 

(2009). 

The stromatolitic carbonate rocks from the Dharwar Carton and Cuddapah basin 

record the evolution of life and the C and O isotopic cycles in the atmosphere and ocean 

during the Precambrian time. 

9.2. Dharwar stromatolites 

  Six samples of stromatolitic dolomites from Sandur greenstone belt were analyzed for 

the carbon and oxygen isotopes. δ13C range from -1.61‰ VPDB to 0.01‰ VPDB and δ18O 

vary from -20.95‰ VPDB to -12.24‰ VPDB (Table 9.1). Fifteen samples of Bhimasamudra 

stromatolitic dolomites from the Chitradurga greenstone were analyzed for the carbon and 

oxygen isotopes (Table 9.1). The δ13C values range from -0.11 ‰ VPDB to 1.35‰ VPDB 

and δ18O vary from -14.54‰ VPDB to -11.87‰ VPDB. Six samples of Dodguni 

stromatolitic dolomites from the Chitradurga greenstone belt were analysed in which the δ13C 

range from -1.30 ‰ VPDB to 0.31‰ VPDB and δ18O from -14.90‰ VPDB to -9.96‰ 

VPDB (Table 9.1). Fifteen samples of Marikanve stromatolitic dolomites from the 

Chitradurga greenstone belt display δ13C from -2.53 ‰ VPDB to 1.06‰ VPDB and their 

δ18O vary from -18.70‰ VPDB to -15.19‰ VPDB (Table 9.1). Fifteen samples of 

stromatolitic dolomites from the Kalche area of Shimoga greenstone belt gave δ13C values 

ranging from -0.30 ‰ VPDB to 1.29‰ VPDB and δ18O vary from -19.53‰ VPDB to -
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7.72‰ VPDB (Table 9.1). The cross plot of δ13C versus δ18O (Fig. 9.1) shows positive 

correlation among these stromatolites in which the Chitradurga and Sandur stromatolites have 

a broad range of depleted δ13C (-2 to 1.5‰ and -1 to 0.01‰ respectively) along with δ18O (-

16.97 to -10.68‰ and -20.95 to -12.24‰ respectively) whereas the Shimoga stromatolites 

have comparatively less depleted δ13C and δ18O forming as a separate group (Fig. 9.1). 

 

 

 

 

 

 

 

 

 

 

 

 

9.3. Cuddapah stromatolites 

The samples for both the Vempalle and Tadpatri Formations exhibit significantly 

depleted values for δ18O with respect to VPDB (-10.71‰ to -7.07‰ for Vempalle Formation 

and -20.73 ‰ to -11.87‰ for Tadpatri Formation, Table 9.2). The δ13C of Vempalle ranges 

from 0.36‰ to 1.06‰; 0.08‰ to 1.03‰ and -0.24‰ to 2.00‰ for I, II and III locations 

Fig.9.1. δ13C and δ18O values relationship in stromatolitic carbonates of Dharwar Craton in 

which ‘A’ trends follow the evaporitic tidal flat and ‘B’ trends follow high temperature 

burial replacement and/or exposure to meteoric water (after Burdett et al., 1990). 
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respectively. The δ18O of these three locations spanning from -9.23‰ to -8.05‰; -9.59‰ to -

7.17‰ and -10.70‰ to -7.07‰ reflect on significant depletion (Table 9.2). The cross plot 

(Fig. 9.2) of δ18O vs. δ13C for Tadpatri and Vempalle stromatolites exhibit a cluster for 

Vempalle and a scatter for Tadpatri stromatolites. The δ18O values are depleted in Vempalle 

stromatolites whereas δ13C show a variation from -0.24‰ to 2.00‰.  Contrary to this, the 

Tadpatri stromatolites show considerable spread of δ18O abundances and δ13C range from -

1.26‰ to -4.56‰. Highly depleted δ18O (-20.73‰ to -11.87‰) are characteristic feature of 

these stromatolites (Table 9.2).  The δ13C and δ18O values of the Tadpatri Formation are more 

depleted in comparison to that of the Vempalle Formation (Table 9.2).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9.2. δ13C and δ18O relationship in stromatolitic carbonates of Cuddapah basin in which ‘A’ 

trends follow the evaporitic tidal flat and ‘B’ trends follow high temperature burial 

replacement and/or exposure to meteoric water (after Burdett et al., 1990). 
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C H A P T E R - X 

Geochronology of detrital ZirCONS  



164 

 

10.1. Significance of Detrital zircons 

Zircon (ZrSiO4) is one of the most important mineral in the Earth science that is used 

widely in geochronology, based on the decay of Uranium (U) to lead (Pb) and has been 

recognized as Earth’s time keeper. It occurs as minute crystals in rocks, and remains stable 

over a very long period of geological time because of their atomic structure. They are able to 

provide the details of the early history of the Earth, the evolution of the crust and mantle and 

it also records the ages of different events in Earth history, including its earliest evolution, the 

oldest sediments, extinction episodes, mountain-building events, and construction and 

spreading of supercontinent (Harley and Kelly, 2007; Rubatto and Hermann 2007; Harley et 

al. 2007). It commonly occurs as an accessory mineral in igneous rocks and metamorphic 

rocks but as detrital grains in sedimentary rocks. Recently, due to vast developments in 

analytical techniques, using small-diameter laser, ion and electron beams, high-precision 

mass spectrometry and a variety of microscopic imaging methods, allow us to obtain the ages 

of tiny volumes of complex crystals that record stages in their growth history. Detrital zircons 

of the sediment result from the weathering and erosion of pre-existing parent (igneous and 

metamorphic rocks). Since zircons are heavy and highly resistant at Earth's surface, many 

zircons are transported, deposited and preserved as detrital zircon grains in sedimentary rocks 

(Morton and Hallsworth, 1999; Fedo et al., 2003). The age data of detrital zircon can be used 

to understand the maximum depositional age, provenance, and reconstruct the tectonic setting 

on a regional scale (Fedo et al., 2003; Cawood et al., 2012). 

For the present studies four stromatolite samples, one from the Sandur greenstone belt, 

two from Bhimasamudra and Marikanve of Chitradurga greenstone belt of Dharwar craton 

and one from the Tadapatri Formation of Cuddapah basin were analyzed for detrital zircon U-

Pb dating from the stromatolitic carbonates. Representative cathodoluminescence (CL) 

https://en.wikipedia.org/wiki/Sediment
https://en.wikipedia.org/wiki/Weathering
https://en.wikipedia.org/wiki/Erosion
https://en.wikipedia.org/wiki/Sedimentary_rock
https://en.wikipedia.org/wiki/Provenance_(geology)
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images of zircon grains and U–Pb age data plots of these samples are displayed in figures 

10.1 to 10.5. The detailed descriptions of zircons and analytical results are given below. 

10.2. Zircons from Dharwar stromatolites  

The zircons in Bhimasamudra stromatolite are subhedral to anhedral, light brown to 

colourless and translucent. The grains show near spherical morphology with size of 40-200 

μm, and length to width ratios of 2:1 to 1:1. They display oscillatory zoning in CL images 

and have relatively high Th/U ratios of 0.14-0.93, suggesting magmatic origin.  A total of 28 

spots were analyzed from 28 zircon grains (Fig. 10.1). The age result shows 207Pb/206Pb ages 

from 2650 ± 38 Ma to 3426 ± 26 Ma. The dominant population is clustered on or near the 

concordia line and shows 207Pb/206Pb ages ranging from 2928 Ma to 3426 Ma, suggesting the 

main provenance as Mesoarchean sources. The youngest zircon distributed near the concordia 

line shows an age of 2650 ± 38 Ma (Th/U = 0.81), providing limit for the maximum 

depositional age as 2.65 Ga. 

 

 

 

 

 

 

 

 

Fig. 10.1. (a) Cathodoluminescence (CL) images of Bhimasaumdra stromatolite zircon 

grains; (b) and (c) U–Pb age data isoplots of Bhimasamudra samples 
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Zircon grains are relatively rare in stromatolite sample Marikanve and are also relatively 

small in size (20-150 μm). The grains are subhedral to anhedral with irregular or near 

spherical morphology. They are colorless and translucent. In CL images, the oscillatory 

zoning feature suggests magmatic provenance. A total of 14 spots were analyzed from 14 

zircon grains (Figs. 10.2, 10.3). The result shows ages vary from 2768 ± 88 Ma to 3376 ± 68 

Ma and Th/U ratios vary from 0.21 to 0.97, implying the Paleoarchean to Neoarchean 

provenances from the basement. The youngest age of detrital zircon defines the maximum 

deposition age as ~2768 Ma. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10.3. (a) and (b) U–Pb age data isoplots of Marikanve samples 

Fig. 10.2. Cathodoluminescence (CL) images of Marikanve stromatolite zircon 

grains 

 



167 

 

The zircons in the Sandur stromatolite sample are subhedral to anhedral and well 

rounded, light brown to colourless and translucent.  The grains have size of 40-200 μm, and 

aspect ratios of 2:1 to 1:1. They display oscillatory zoning or heterogeneous fractured feature 

in CL images and show Th/U ratios vary from 0.22 to 1.86, suggesting magmatic provenance.  

A total of 28 spots were analyzed from 28 zircon grains (Fig. 10.4). The result shows 

207Pb/206Pb ages from 2926 ± 36 Ma to 3508 ± 29 Ma, suggesting Paleoarchean to 

Mesoarchean provenance, similar to those of Bhimasamudra stromatolites. Two grains with 

young ages (2926 ± 36 Ma and 2939 ± 31 Ma) are nearly concordant and yield a mean 

207Pb/206Pb age of 2933 ± 46 Ma (MSWD = 0.07), implying the maximum depositional age as 

2.93 Ga. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.4. (a) Cathodoluminescence (CL) images of Sandur stromatolite zircon grains; 

(b) and (c) U–Pb age data isoplots of Sandur samples 
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10.3. Zircons from Cuddapah stromatolites 

Zircon grains in stromatolite sample Tadpatri detrital carbonates are translucent and 

colorless. The subhedral to anhedral grains show irregular or near spherical morphology with 

size of 40-80 μm, and length to width ratios of 2:1 to 1:1 (Fig. 10.5). A total of 3 spots were 

analyzed from 3 zircon grains. The oscillatory zoning and heterogeneous fractured features 

and high Th/U ratios (0.34-0.93) suggest magmatic provenance. The age results are 

concordant and distribute along the concordia line with ages of 2761 ± 31 Ma, 1706 ± 46 Ma 

and 1672 ± 38 Ma. The results imply the maximum depositional age is ~1672 Ma. 

 

 

 

 

 

Fig. 10.5. Cathodoluminescence (CL) images and U–Pb isoage data plots of Tadpatri 

stromatolite zircon grains. 
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C H A P T E R – XI 
 

Discussion 
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11.1. Trace and Rare Earth element (REE) systematics of sea water 

REE concentrations of Archean and Proterozoic sea water are very low as they mainly 

depend on the REE derived from terrigenous detrital material, oceanic volcanism, 

precipitation of authigenic phases and chemical/biogenic precipitation. The REE 

concentration of carbonate rocks precipitated from sea water is typically low (Piper, 1974; 

Derry and Jacobsen, 1990). The REE concentration of carbonate rocks can be used as tracer 

to study secular trends in ocean chemistry through geologic time and provide records for 

paleo-ocean chemistry (Derry and Jacobsen, 1990; Bau and Möller, 1993; Johannesson et al., 

2014). The geochemical features of sea water provide a balance between mantle vs. 

continental derived inputs. The temporal evolution of seawater chemistry provide important 

clues to ancient surface processes and it can also be used to trace complex and 

sensitive/subtle geochemical processes including circulation and mixing of oceanic water 

masses (Hanson, 1980; McKenzie and O’Nions, 1991; Bolhar et al., 2004; Quinn et al., 2004; 

Johannesson et al., 2006, 2014). The REE concentrations and fractionation patterns of the 

modern and fossilized microbialite generally reflects on the complex combination of REE 

adsorption onto microbialite organic matter such as bacterial cells and extracellular polymeric 

substances (EPS).  REEs that are incorporated into the carbonate minerals are precipitated 

indirectly due to metabolic processes of microbiota that generate alkalinity (e.g. dissimilatory 

anaerobic respiration, photosynthesis) whereas the carbonate minerals that form as a result of 

EPS bring changes in the saturation states, and trap the detrital mineral grains by the growing 

microbialites (e.g., Firsching and Mohammadzadel, 1986; Carroll, 1993; Meinrath and 

Takeishi, 1993; Zhong and Mucci, 1995; Elzinga et al., 2002; Anderson and Pedersen, 2003; 

Takahashi et al., 2005). 
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The normalized REE fractionation patterns of modern seawater are characterized by 

HREE enrichment compared to the LREE, negative Ce anomalies, elevated La compared to 

other LREE (e.g., Pr, Nd), variable Eu anomalies, positive Gd anomalies, and substantial 

Y/Ho ratios (Elderfield and Greaves, 1982; Elderfield, 1988; Bertram and Elderfield, 1993; 

Zhang et al., 1994; Bau et al., 1995; Nozaki et al., 1997). The REE composition of the 

stromatolitic carbonates from the Neoarchean Dharwar Craton and Paleo-Meso Proterozoic 

Cuddapah basin are studied to understand the Paleodepositional environment of these 

sediments, redox state of the ocean and the chemical sources of the Precambrian marine 

sediments. 

11.2. Geochemical signatures of Neoarchean Dharwar stromatolites  

The geochemical data of the stromatolitic carbonates from the three greenstone belts 

of Dharwar Craton consists of low Al2O3, Th, Zr and Hf indicating relatively lower crustal 

contamination during their deposition.  Mildly depleted LREE compared to HREE, with low 

∑REY, positive La, Eu, Gd and Y anomalies reflecting hydrothermal signatures in these 

stromatolites.  

11.2.1. REE anomalies- implication on marine hydrothermal signatures in the Dharwar 

stromatolites 

The shale-normalized REY signatures of stromatolitic dolomites of the Shimoga and 

Chitradurga greenstone belts exhibit almost flat REE patterns, with positive La, Eu, Gd and Y 

anomalies (Figs. 7.1 to 7.3 of Chapter VII). However, the stromatolites of Sandur greenstone 

belt display HREE enrichment compared to the LREE, resembling with the modern seawater 

suggesting similar chemical processes influenced in the sea water of Archean times. Nutman 

et al. (2016) reported sea water like REY patterns with La and Gd enrichment in the 3.7 Ga 
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Isua stromatolites, BIFs and attributed them to be the sea water REE signatures. Van 

Kranendonk et al. (2003) also reported these anomalies in the 3.45 Ga east Pilbara dolomitic 

stromatolites. Such type of patterns has also been observed in the Archean and Proterozoic 

banded iron formations Hamersley Basin, Australia (BIFs; Derry and Jacobsen, 1990; Bau 

and Moller, 1993; Bau and Dulski, 1996, Van Kranendonk et al., 2003; Bolhar et al., 2004; 

Friend et al., 2008; Nutman et al., 2010; Planavsky et al., 2010, Johannesson et al., 2014). 

The Eu concentration in sediments has been considered as an indicator of the nature and 

source of sediments (Fryer, 1977). Pronounced positive Eu anomalies have been observed in 

the BIFs of all ages suggested to have been influenced by their deposition in Eu enriched 

ocean waters due to hydrothermal fluids (Barret et al., 1988; Shimizu et al., 1990). Fryer et al. 

(1979) and Kerrich and Fryer (1979) suggested that Eu enriched nature of Archean and early 

Proterozoic sea water was due to a major contribution of strongly reducing hydrothermal 

fluids discharging onto the sea floor during the Precambrian times. Except at MOR vent sites, 

modern sea water does not display Eu anomaly. The modern ocean water shows a lower 

concentration of rare earth elements with LREE being comparatively lower than HREE and 

Ce and Eu showing depleted nature. These characteristics are interpreted to indicate a control 

by continental input on the abundance of Eu, while the relative depletion of LREE, especially 

Ce, is due to selective scavenging of REE in sea water during the formation of Mn nodules 

(Elderfield and Greaves 1982; Elderfield et al., 1981; Dymond et al., 1984; German et al., 

1990). Present day hydrothermally active regions in East Pacific Rise and Mid Pacific Rise 

are characterized by low ∑REE abundances, significant positive Eu anomalies and LREE 

enrichment because the REE concentration of the fluids is controlled by high temperature 

rock-water interactions in the volcanic sequences at depth (Bence, 1983; Michard et al., 1983; 

Campbell et al., 1988; Barrett et al., 1990). Such conditions favour the stability of Eu+2 in 

aqueous solutions and the development of the positive Eu anomalies (Sverjensky, 1984). The 
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hydrothermal REE signature appears to die out rapidly by mixing with sea water and the fact 

that Pacific sea water near East Pacific Rise (EPR) is relatively enriched in Eu compared to 

North Atlantic water may represent the effect of hydrothermal component (Klinkhammer et 

al., 1983). Dymek and Klein (1988) have computed that 1:100 mix of North Atlantic sea 

water and EPR hydrothermal fluids which showed patterns similar to the BIFs with positive 

Eu anomaly.  In present oceans, the hydrothermal Eu anomaly is lost immediately following 

the discharge of hydrothermal solutions into the sea water. This Eu anomaly is not 

transmitted in modern oxidized open oceans due to rapid oxidation of hydrothermal Eu+2 to 

Eu+3 in the water column. Acidic and warmer environment is also responsible for the 

percolation of Eu into these sediments which are colder and alkaline in nature. All the 

analysed stromatolite samples from the three greenstone belts display positive Eu anomalies 

reflecting on the transportation of hydrothermal signatures up to the shoreline/depositional 

site in the reducing Archean sea water conditions.  

Apart from positive Eu anomaly, La enrichment is another significant aspect of the 

REE patters of the stromatolitic carbonates of Sandur, Chitradurga and Shimoga greenstone 

belts. Barrett et al. (1988) have suggested that La enrichment in the chemical sediments is 

due to spiking of La from hydrothermal solutions based on their observation on Red sea 

hydrothermal sediments where all chemical precipitates show distinct La enrichment 

(Courtois and Treuil, 1977). According to them, the iron formations with La enrichment and 

strong positive Eu anomalies have resulted from reduced bottom waters carrying a significant 

hydrothermal signal. Contrary to this, the iron formations with no La enrichment and small 

Eu anomalies are interpreted to have been deposited from solutions that were strongly diluted 

by ambient ocean water during the periods of lessened discharge of hydrothermal solutions or 

from solutions far removed from vents sources. Barrett et al. (1988) proposed that ambient 
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sea water, although characterized by positive Eu anomalies, had an otherwise near flat 

patterns with no La enrichment. Archean seawater in general is expected to be more reducing, 

which should be favourable for the retention of hydrothermal signatures. But, the transport of 

these waters up to the shore line and its mixing with the ambient sea water and clastic 

sediments will reduce/obliterate its effects. All the analysed samples occupy the field of 

positive La anomalies supporting their deposition in marine conditions (Fig 11.1). Modern 

seawater also reflects positive Gd anomalies which are attributed to its higher surface and 

solution complexation stability relative to neighbouring elements (Bau et al., 1999). The 

positive Gd anomaly present in all the analysed stromatolites from the three greenstone belts 

are characterised by marine water depositional environment (Figs. 7.1 to 7.3in Chapter VII). 

Another characteristic feature of seawater is positive Y anomalies resulting from 

hydrothermal source. Positive Y anomalies are exhibited by all the analysed samples which 

may be due to the fractionation of REE +Y in the presence of hydrothermal fluids (Bolhar et 

al., 2004), Due to trivalent oxidation state and almost identical ionic radii, Y and Ho behave 

geochemically similar and their relative abundances have been used as an indicator for 

identifying the marine environment (Nozaki et al., 1997; Bau and Dulski, 1999; Nothdurft et 

al., 2004; Allwood et al., 2010). Y/Ho of Sandur stromatolites (27-28) are chondritic (Y/Ho 

of chondrites=26-28; Kamber and Webb, 2001) but sub to superchondritic in Bhimasamudra 

(29-59), Dodguni (25-50), Marikanve (24-42) and Kalche (37-43) resembling with modern 

sea water (Y/Ho of modern sea water = 40-90; Bau, 1999). The chondritic Y/Ho has been 

recorded in the microbial mats of siliceous stromatolites of Central Mediterranean Sea (Censi 

et al., 2015). The positive La, Eu, Gd anomalies combined with higher Y/Ho ratios support 

the deposition of these stromatolites in the shallow marine conditions with significant 

hydrothermal input. The absence of Ce anomalies reflecting on the reducing conditions of 

Archean ocean waters (Johannesson et al., 2006). 
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11.2.2. Role of siliciclastic material in the deposition of Archean stromatolites 

Ling et al. (2013) evaluated the geochemistry of Ediacaran-Cambrian stromatolites 

and suggested that Al<0.35wt.%, Fe<0.45wt.%, Th<0.5 ppm, Sc<2 ppm, ∑REE<12 ppm and 

Y/Ho>36 as limits for the detrital contamination (Figs.11.2A to C). Almost of the Sandur 

samples along with few samples of Shimoga stromatolites, remaining samples from 

Chitradurga and Shimoga show very low Al content reflecting limited terrigenous input. As 

BIFs are the major lithounit of these greenstone belts, Fe content is much higher (0.11-6.80 

wt.%). Except three samples (KH17/3; KH18/16; KH18/10), the remaining samples from all 

the three greenstone belts are highly depleted in Th concentration (Tables 7.1 to 7.5 of 

Chapter VII). These stromatolites have very low Sc content (0.04-1.16 ppm). The ∑REE of 

Sandur stromatolites is comparatively higher (71.83 to 177.52 ppm) than Bhimasamudra 

(1.27 to 11.36 ppm), Dodguni (1.98 to 27.15 ppm), Marikanve (1.88 to 54.88 ppm) and 

Shimoga (3.10 to 15.9 ppm). The Y/Ho ratios of Sandur (27-28), Bhimasamudra (29-59), 

Dodguni (25-50), Marikanve (24-42) and Shimoga (37-43) exhibit lower and higher limits of 

Fig. 11.1. Ce/Ce*sn versus Pr/Pr*sn indicating positive La anomalies in the studied 

stromatolites (after Bau and Dulski, 1996) 
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detrital contamination. Though Al, Th and Sc are not indicating detrital contamination, 

differential input of terrigenous material at the shore line of these greenstone belts during the 

deposition of the stromatolites cannot be ruled out. Zr and Hf act differently in siliceous and 

carbonaceous material (Censi et al., 2015). Zr-Hf systematics reflects the interface processes 

between mineral phases and compounds produced by bacterial activity. Hf gets readily 

adsorbed onto amorphous silica surfaces, while Zr is preferentially partitioned onto phosphate 

binding sites on microbial cell surfaces. Zr/Hf ratio of hydrothermal fluids is ~110 (Niu, 

2012). The hydrothermal contributions for the formation of stromatolites from all the 

greenstone belts are indicative of a depositional realm where there was a mixing of seawater 

and hydrothermal fluids. The Zr/Hf of Sandur (3.5-4.3), Bhimasamudra (3.7-6.5), Dodguni 

(2.1-5.9), Marikanve (3.5-5.8) and Kalche (2.9-3.5) are low reflecting on very limited 

siliciclastic input in the deposition of these stromatolites. In figure 11.2D, Zr/Hf vs. Y/Ho 

relationship shows a cluster for all these stromatolites of the three greenstone belts reflecting 

on minimal adsorption of terrigenous material by microbial mats. The overall trace and REE 

abundances and their ratios indicate that these stromatolites have been precipitated in a 

reducing marine environment with minor input of a siliciclastic terrigenous source. The Eu, 

La, Y and Gd anomalies reflect their deposition in warm and anoxic marine water at shallow 

shelf environment. 
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11.2.3. Post- depositional processes of marine carbonates  

 The posts depositional processes of carbonates rocks are characterised by diagenesis, 

chemical precipitation, lithification, post-lithification processes and burial metamorphism 

(Pili et al., 2002; Knauth and Kennedy, 2009; Yan and Yong, 2013). The above processes 

always include compaction by internal fluids, infiltration of external fluids by meteoric water 

Fig. 11.2. (A), (B) and (C) Ce/Ce*sn versus Al (ppm), Th (ppm) and ƩREE+Y indicating 

minor detrital input (after Ling et al., 2013) and D), Zr/Hf versus Y/Ho showing a cluster 

reflecting on minimum terrigenous contribution for the studied stromatolites (after Censi 

et al., 2015). 
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at low temperatures without alteration of carbonates, but at high temperatures the primary 

geochemical signatures of carbonate minerals can be significantly modified by external fluids 

(e.g., Mahon et al., 1998; Jacobsen and Kaufman, 1999; Thyne, 2001; Morrill and Koch, 

2002; Kennedy et al., 2008; Knauth and Kennedy, 2009; Yan and Yong, 2013). According to 

Zhong and Mucci, 1995, REY can be affected by diagenesis, metamorphism and weathering 

processes but such effect is likely to be rare in carbonate rocks as the REE are replaced by 

Ca2+ in the carbonate lattice. The studied stromatolites samples from Dharwar Craton display 

almost parallel REY patterns, showing prominent La, Eu, Gd and Y anomaly indicating 

hydrothermal input. In the presence of fluids, Eu and Ce are generally vulnerable to 

mobilisation as Eu+3 can be reduced to Eu+2 while Ce+3 can be oxidised to Ce+4 (Brookins, 

1988, 1989; Bolhar and Van Kranendonk, 2007). In figure 11.3, Eu/Eu* exhibits positive 

correlations with Pr/YbPAAS and Pr/Sm PAAS indicating that during diagenesis Eu was not 

separated from other redox-insensitive REE and Ce being another redox-sensitive element, 

generally rules out strong variation in the REY by oxidised fluids that might have gone out 

from the sediment at some stage or later (Bolhar and Van Kranendonk, 2007). 

 

 

 

 

 

 

 

Fig. 11.3. (A) and (B) Eu/Eu*sn versus (Pr/Yb)SN and (Pr/Yb)SN exhibiting positive 

correlation (Bolhar and Van Kranendonk, 2007) 

 

, 2007). 
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11.2.4. Rock-water-hydrothermal interaction in the Archean stromatolites 

Positive La anomalies are useful indicators for REE contribution which are derived 

from hydrothermal leaching of volcanic rocks/MOR regions. Combination of Pr/Pr* and 

Ce/Ce* have been used as proxies to identify the Ce and La anomalies (Bau and Dulski, 

1996). Censi et al. (2013) identified a relationship between HREE, MREE and La anomalies 

to evaluate the rock-water-hydrothermal interaction. In the present study, Sandur 

stromatolites exhibit depletion in LREE with enrichment in MREE and HREE. In the 

stromatolites of Chitradurga and Shimoga, the magnitude of LREE depletion has been 

reduced with a slight depletion in MREE and HREE. Similar type LREE depletion and 

MREE-HREE enriched patterns have been reported from the BIFs and stromatolites of the 

3.7 Ga Isua greenstone belt, Greenland (Ohtomo et al., 2014; Nutman et al., 2016). When 

these REY patterns are compared with Sandur, Chitradurga and Shimoga stromatolites, a 

clear-cut evidence for rock-water-hydrothermal interaction is visible in which the strong 

marine hydrothermal signatures gradually diminished in the studied samples. Further, the 

decrease in the ∑REY may reflect on the overprinting of minor terrigenous input with the sea 

water chemistry. In the Sandur stromatolites, influence of terrigenous and hydrothermal 

inputs increased the ∑REY whereas in case of Chitradurga and Shimoga stromatolites, the 

terrigenous input appears to be very limited (Ling et al., 2013; Censi et al., 2015; Fig. 11.4). 
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Fig. 11.4. REY comparision of Dharwar stromatolites with Isua and 

Pilbara stromatolites (Isua data is from Nutman, 2016) 
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11.3. Geochemical signatures of Paleo-Mesoproterozoic Cuddapah stromatolites  

On the basis of the morphology, the Vempalle stromatolites have been classified into 

three types which display varied geochemical composition. Vempalle I stromatolites display 

pronounced positive Eu anomalies with small scale positive Ce anomalies whereas Vempalle 

II have slight negative to positive Eu, feeble positive Ce and positive Gd anomalies. 

Vemaplle III stromatolites display positive Ce, Eu and Gd anomalies. The stromatolites from 

the Tadpatri Formation also have almost flat REY pattern, pronounced Gd anomalies with 

low order positive Ce and Eu anomalies. 

11.3.1. REE anomalies and implications on the evolution of Vempalle and Tadpatri 

stromatolites 

 Rare earth element chemistry provides valuable insights on the Proterozoic 

paleoenvironmental signatures. Their relative abundance in the fluvial system is modified by 

influence of terrestrial/marine inputs and oxidation-reduction status of the Proterozoic oceans 

(Fryer, 1976; Bau and Dulski, 1996; Webb and Kamber, 2000; Kamber and Webb, 2001; 

Planavsky et al., 2010; Allwood et al., 2010; Corkeron et al., 2012). Stromatolites preserve 

the signatures of detrital sediment influx, ambient sea water chemistry and the recrystallized 

carbonate present within the basin. The shale-normalized REY signatures of stromatolitic 

cherty dolomites of the Vempalle and Tadpatri Formations exhibit flat REE patterns, with 

positive Eu, Gd and Y, and feeble positive Ce anomalies (Figs. 8.1 A, B, C and Fig. 8.2 of 

Chapter VIII). Contaminants like shale increase the ƩREY concentration but result in 

flattening of REY distribution patterns. The stromatolitic cherty carbonates from the 

Vempalle and Tadpatri Formations are incorporated with varying amount of detrital input 

which is well reflected in their major and trace elements as well as their ƩREY 

concentrations. The ƩREY concentration of Vempalle ranges from 4.55-11.07 ppm 
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(Vempalle I), 12.0-23.2 ppm (Vempalle II), 5.27-43.37 ppm (Vempalle III) and in Tadpatri 

Formation it varies from 63.03-126.5 ppm. The low concentration of the ƩREY in the 

Vempalle samples is due to silica dilution resulted from increased chert content in these 

stromatolites. The Tadpatri samples are more contaminated and consist of high ƩREY 

concentration due to varying amount of detrital material which is evidenced through their 

interlayering with the cherts, shales and mudstones. The trace elements including the REY 

provide insights about the genesis of the stromatolites (Khelen et al., 2017). Allwood et al. 

(2010) suggested superchondritic Y/Ho ratios, La/La*, Gd/Gd*, a small positive Eu anomaly, 

slight LREE depletion relative to HREE compared to shale normalized patterns are the 

indicators of modern sea water. The element 'Y' is a chemical twin of 'Ho' which is a heavy 

rare earth element (HREE), which behave differently in aqueous solutions (Nozaki et al., 

1997; Bau and Dulski, 1996; Nothdurft et al., 2004; Allwood et al., 2010). The ratio between 

these two elements (Y/Ho) has been considered as an indicator for marine environment. This 

ratio is moderate in chondrites (chondritic Y/Ho=26-28; Kamber and Webb, 2001) but 

strongly superchondritic in modern sea water (Y/Ho of sea water = 40-90; Bau, 1999). 

Further, Johannesson et al. (2006) compiled Y/Ho ratios of worldwide oceans which range 

from 92.2 to 168. Negative Ce anomaly, slight positive Lu anomaly are also the indicators of 

modern sea water. A negative Ce anomaly is observed in sea water due to oxidation of Ce+2 

to Ce+4 which efficiently absorbed on the particle surfaces, whereas positive shale normalized 

Ce anomalies are reliable indicators of alkaline, carbonate-rich and aerobic lake waters 

(Moller and Bau,1993). Positive Ce anomaly may also arise due to aeolian input or the input 

of reducing inshore sediments (De Baar et al., 1983). The stromatolites of Vempalle and 

Tadpatri Formation are associated with shales, cherts and volcanic rocks. Either the 

terrigenous input or the hydrothermal solution might have played a role in the flattening of 

REE patterns. The pronounced positive Eu anomaly present in Vempalle I is in supportive of 
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hydrothermal signatures to the basin. Bolhar and Van Kranendonk (2007) indicated positive 

Eu anomaly as a consequence of oceanic input of hydrothermal fluids at MOR sites. 

Therefore, the presence of variable magnitude of positive Eu anomalies present in the 

Proterozoic stromatolites of Cuddapah basin may reflect either on the hydrothermal 

signatures of the Archean ocean water carried upto Paleo-Mesoproterozoic oceans or the 

contribution from the MOR sediments/volcanic rocks situated to the east of the basin in 

Eastern Dharwar Craton (EDC) which is very proximal (Khelen et al., 2017). Furthermore, 

during Mesoproterozoic era the Cuddapah basin appears to be in an open marine system with 

the fluctuations in the salinity, mineral solubility and redox systematics (Bolhar and Van 

Kranendonk, 2007; Frimmel, 2010; Tostevin et al., 2016). As cherts are also associated with 

these stromatolites, presence of an acidic, hotter environment is responsible for the 

percolation of Eu into these sediments which are colder and alkaline in nature. The positive 

Ce anomalies in Vempalle and Tadpatri Formations of Cuddapah basin appear to reflect the 

fluctuations in the depth of the water column or the anoxic conditions of the depositional 

environment. De Baar et al. (1983) attributed the profiling of Ce anomalies to the adsorptive 

scavenging over the entire water column combined with its release at the sea floor. They also 

postulated high Ce anomalies in the mixed layer, a minimum at mid depth and its increase 

towards the sea floor. Therefore, moderate water depths are envisaged for the deposition of 

these stromatolites. Table 11.1 presents the comparison of trace, REY and isotope data of 

Vempalle and Tadpatri Formations along with the available global data from chondrite, 

PAAS, sea water etc. The table shows that Y/Ho ratios of Vempalle and Tadpatri Formations 

(22-55) is sub to superchondritic which is very low when compared to global open ocean/sea 

water and Archean Strelley Pool cherty stromatolites (Table 11.1). Ce/Ce*, Eu/Eu* and 

Gd/Gd* values are very characteristic of these Formations and have no correlation with 

global open ocean. The ƩREY of Vempalle stromatolites (15.3 ppm) mimic the sea water 
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concentration indicating uncontaminated to slightly contaminated source whereas the 

Tadpatri Formation show high abundance of ƩREY (95.2 ppm) appear to have been derived 

from detrital material. The terrigenous input in the depositional system can be interpreted in 

terms of abundance of lithophile elements such as Th, Ba, high field strength elements 

(HFSE) like Zr and Ti. Al2O3 is another indicator for evaluating the terrigenous/detrital 

source (Corkeron et al., 2012) which is low in Vempalle I (0.05-0.26 wt%), Vempalle II 

(0.20-1.20 wt%), Vempalle III (0.02-1.87wt%) and high in Tadpatri Formation (1.11-14.8 

wt%) stromatolites. Furthermore, the Al2O3 concentrations are coinciding with Zr and Th 

contents of Vempalle I (Zr: 4.8-34.6 ppm; Th: 0.03-0.14 ppm); Vempalle II (Zr: 5.1-88.2 

ppm; Th:0.1-0.7 ppm); Vempalle III (Zr: 1.7-230 ppm; Th:0.05-3.7 ppm) and Tadpatri (Zr: 

77-1120 ppm; Th:1.4-11.7 ppm). 

 

 

 

 

 

 

 

 

 

Table 11.1. Overview of selected REE ratios with δ18O‰ and δ13C‰ isotopic mean data in 

different stromatolites/ marine sediments/ seawater etc. along with studied stromatolites. 
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11.3.2. Ce, Eu and Gd anomalies-reflections on anoxic marine conditions of the Cuddapah 

stromatolites 

Ce anomalies are calculated by using PrSN/PrSN*= Pr/0.5 (CeSN + NdSN).  PrSN/PrSN*= 

1 indicate apparent Ce anomalies due to higher abundance of La. The real Ce anomalies are 

attributed to PrSN/PrSN* ratio >1 or <1. If PrSN/PrSN* are >1, the Ce anomalies are interpreted 

as negative whereas positive Ce anomalies are considered when PrSN/PrSN* <1 (Bau and 

Dulski, 1996; Ling et al., 2013). All the samples from Vempalle and Tadpatri Formation have 

PrSN/PrSN* <1 endorsing the positive Ce anomalies (Fig. 11.5). The REE patterns gives the 

impression positive La anomalies. However, Ce anomalies are clearly evidenced in figure 

11.5A where majority of the analysed samples occupy the field of positive Ce anomalies with 

little spread in the positive La anomaly supporting their deposition in an anoxic marine 

condition. Tang et al. (2016) documented extremely low-level oxygen (0.2 µM) 

concentrations in Midproterozoic shallow sea waters using REY and trace element 

enrichments of Eu, V and Mo before 1.54 Ga. The Midproterozoic oxygen levels were 1000 

times less than modern oceans (~280µM). This is also attributed for the very low level of Ce 

(III) oxidation during Midproterozoic times due to minimal oxygen concentration 

requirement. 

According to Bau and Dulski (1996) the lack of correlation between Eu anomalies 

and (Sm/Yb)SN reflects on upwelling events of deep water mass with hydrothermal signal 

(Kamber and Webb, 2001). The scatter between the relationship of Eu/Eu* and (Sm/Yb)SN 

appear to reflect on the hydrothermal signatures in Vempalle and Tadpatri (Fig. 11.5B). 

Modern sea water is characterized by positive Gd anomalies (GdSN/GdSN*=1.5-0.30) which 

are resembling with shale normalized marine water patterns. Bau (1999) attributed positive 

Gd anomaly of the marine waters to its higher surface and solution complexation stability 
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relative to neighboring elements. The positive Gd anomaly present in Vempalle III also 

reflect marine water depositional environment (Fig. 7C of Chapter VII). 

 

 

 

 

 

 

 

11.3.3. Siliciclastic input in the stromatolites 

Based on Al<0.35%, Fe<0.45%, Th<0.5ppm, Sc<2ppm, ΣREE<12ppm and Y/Ho>36 

ppm, detrital contamination has been evaluated in the Ediacaran- Cambrian stromatolitic 

carbonates (Ling et al., 2013). The relationship between PrSN/PrSN* vs. Al, ΣREY and Th 

clearly distinguish contamination in Tadpatri stromatolites whereas Vempalle I, II are least 

contaminated and Vempalle III are in the transition reflecting on variable inputs of detritus 

(Figs. 11.6 A, B and C). At a limited range of Zr, Ti and Al, the Vempalle stromatolites are 

showing variation in their Y/Ho ratio whereas the Tadpatri stromatolites display gradual 

enrichment of Zr, Ti and Al at a narrow range of Y/Ho ratio reflecting on variable degrees of 

contamination in these carbonates (Figs. 11.7 A, B and C). The enrichment of Zr with respect 

to continental crust (>100 ppm; Fig. 11.7A) in the Tadpatri stromatolites reflects on 

terrigenous input in these rocks. Variation in terrigenous input or contamination from shale 

has decreased the Y/Ho ratios in both Vempalle and Tadpatri Formations. The relationship 

Fig. 11.5. Pr/Pr* vs. Ce/Ce* discrimination figure to distinguish between La and Ce 

anomalies (modified after Bau and Dulski, 1996) and (B) Relationship between (Sm/Yb)SN 

vs. Eu /Eu * reflecting hydrothermal signature in the Vempalle and Tadpatri Formations. 
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shown by PrSN/PrSN* vs Y/Ho where an almost positive trend is observed between 

stromatolites of Vempalle and Tadpatri Formations which correspond to similar depositional 

conditions prevailed at a given time in these two Formations (Fig. 11.7D).  

The hydrothermal contributions for the formation of Vempalle and Tadpatri 

stromatolites are indicative of a depositional realm where there was a mixing of seawater and 

hydrothermal fluids. High Zr/Hf ratios for the Tadpatri (46-105) compared to Vempalle (25-

84) stromatolites (chondritic Zr/Hf=37) suggest higher surface sensitivity of Hf than Zr 

leading to preferential removal of Hf onto biogenic, amorphous silica.  Microbial activity also 

plays a major role for the binding and accretion of these stromatolitic structures (Frank, 2011; 

Tan et al., 2013). Zr/Hf vs. Y/Ho relationship (Fig. 11.8) shows a cluster for all these 

stromatolites indicating their source from siliciclastic debris. However, differential adsorption 

of terrigenous material by microbial mats cannot be ruled out.  The geochemical variation 

between Vempalle and Tadpatri Formations is envisaged by REE abundance and their flat 

distribution patterns reflecting on differential input and adsorption of siliciclastic terrigenous 

material which is relatively less in Vempalle Formation. The Eu, Ce, Gd and other trace 

element anomalies reflect their deposition in warm anoxic marine water at moderate depths 

preferentially at shallow shelf environment with minor siliciclastic and terrigenous input 

(Khelen et al., 2017). 

 

 

 

 

 



188 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11.6. Pr/Pr* vs. Al, ƩREY and Th (A, B and C) reflecting on variable input of detrital 

material in the Vempalle and Tadpatri stromatolites (Figures after Ling et al., 2013). 
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Fig. 11.7. Y/Ho vs. (A) Zr, (B) Ti and (C) Al reflecting on variable degrees of 

contamination in both the Formations, (D) Pr /Pr * vs. Y/Ho displaying almost positive 

correlation indicating almost similar sedimentation condition prevailed during the 

deposition of Vempalle and Tadpatri stromatolites. 
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Fig. 11.8. Zr/Hf vs. Y/Ho showing cluster reflecting on the siliciclastic input to these 

stromatolites (after Censi et al., 2015). 
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11.4. Carbon and oxygen isotopic systematics 

The stable isotopes ratios such as δ13C and δ18O of marine carbonate rocks are 

generally used as proxis to reconstruct the paleo depositional environmental variations and to 

understand the ancient sea water temperature (Veizer and Hoefs, 1976; Kaufman and Knoll, 

1995; Des Marais, 2001; Fischer et al., 2009). The physical, chemical and biological 

processes occurring in nature are controlled by certain thermodynamic and kinetic factors 

which are attributed to the fractionation of elements having low atomic numbers such as C 

and O and their variable isotopic compositions (Craig, 1953; Faure, 1986). The fractionation 

of C and O isotopes are strongly affected by (i) source of carbon, (ii) temperature conditions 

and (iii) the isotopic composition of water from which the carbonate precipitates (Park and 

Epstein, 1960; Schidlowski, 1982).  

11.4.1. Significance of Carbon isotopes in carbonate rocks 

The most common components of Precambrian carbonate rocks are stromatolites 

which indicate the presence of microbiota producing oxygen in Precambrian oceans 

(Grotzinger and Knoll, 1999). Fractionation of carbon isotopes are controlled by 

photosynthetic processes and isotopic exchange reactions among carbon compounds. Thus, 

δ13C is enriched in the dissolved CO2 from which carbonates are precipitated and the carbon 

will be fixed in plant tissue during photosynthesis processes (Schidlowski, 1982). Values of 

δ13C of 0 ± 5‰ in marine carbonate rocks are typical throughout the geological time and are 

considered to reflect a balance between organic and inorganic carbon pools at a ratio of 

approximately 1:4 (Shields and Veizer, 2002; Aharon, 2005). Carbon isotope excursions are 

proxies for large-scale transformations in the carbon cycle, possibly related to varying 

atmospheric-oceanic conditions, tectonic regimes, and biospheric evolution. In general, it is 

suggested that negative δ13C values indicate decreased bioproductivity, increased oxidation of 



192 

 

organic carbon, increased rock weathering, shrinking continental environment, higher 

atmospheric pO2 and lower temperature whereas the positive values indicate increased 

bioproductivity, increased ocean anoxia, increased organic carbon burial rate, larger 

continental area, higher atmospheric pCO2 and higher temperature (Fig. 11.9; Condie, 2001; 

Des Marais, 2000; Faure and Mensing, 2005, Allegre, 2008; Hoefs, 2009; Xu, 2011). The 

δ13C values of +10 to 15‰ VPDB corresponding to the Lomagundi-Jatuli event of 2.22 - 

2.06 Ga records one of the largest known positive carbonate carbon isotope excursions in the 

Earth’s history (Melezhik et al., 2005). The Lomagundi-Jatuli event derives its name from the 

type regions in Zimbabwe and Fennoscandia where strongly positive δ13C values in 

Proterozoic carbonate rocks were first reported (Galimov et al., 1968; Schidlowski et al., 

1975, 1976; Karhu and Holland, 1996;). It has been suggested that this excursion was global 

in nature and it has now been recognized in all continents except Antarctica (Baker and 

Fallick, 1989).  

 

 

 

 

 

 

 

 

 

Fig. 11.9. Carbon isotopes implications (after Condie, 2001; Des Marais, 2001; Faure 

and Mensing, 2005; Allègre, 2008; Hoefs, 2009, Xu, 2011) 
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11.4.1.1. Carbon isotopic systematic of Neoarchean Dharwar stromatolites and bio-

productivity 

The δ13C data of the Dharwar stromatolites stromatolites clearly support a marine 

environment; however, fluctuation between marginally positive to negative δ13C values are 

observed for all the greenstone belts except for Bhimasamudra of Chitradurga belts in which 

all the samples are showing positive δ13C. The negative δ13C of Sandur stromatolites ranging 

from -1.61 to 0.01‰ suggest decreased bioproductivity and increased oxidation of organic 

carbon. These values are consistent with the interlayering of chert bands within these 

stromatolites that are considered to reflect biogenicity (Venkatachala et al., 1989). Slightly 

negative to positive δ13C (-0.11 to 1.35‰) of the Bhimasamudra, moderately negative to 

slightly positive values of Dodguni (-1.30 to 0.31‰), Markanve stromatolites (-2.53 to 

1.06‰) of Chitradurga belt and slightly negative to predominantly positive δ13C of the 

Shimoga stromatolites (-0.30 to 1.29‰) indicate moderate to increased state of 

bioproductivity, increased ocean anoxia and organic carbon burial rates. Ohmoto et al. (2014) 

suggested two sources for the derivation of δ13C in marine sediments which includes normal 

sea water HCO3
- with a δ13C of ~0‰ and the second source being the oxidation of organic 

carbon where δ13C will be -30‰ based on the relationship with increasing Fe content. When 

the δ13C values of Dharwar stromatolites are considered against Fe, they form a cluster 

reflecting on 10% mixing of organic carbon due to oxidation (Fig. 11.10). These features are 

also evidenced by the presence of carbonaceous shales in all these greenstone belts. The 

graphitic carbon from Nagavand graphite deposits of the Shimoga belt yielded δ13C value of -

23‰ suggested to be the biogenic origin (Venkatachala et al., 1989). The carbon isotopic 

data of the carbonates rocks of greenschist to upper amphibolite facies metamorphism from 

the Dharwar Craton are suggested to be unaltered (Sharma et al., 1994a). The overall δ13C 
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ranges endorse to a gradual increase of bioproductivity from Sandur-Chitradurga-Shimoga 

greenstone belts which are also reflected in the overall abundance of stromatolitic outcrops in 

these greenstone belts. However, fluctuations in δ13C values of these marine carbonates 

represent a secular variation of δ13C in ocean water due to tectonic, climatic, oceanographic 

and evolutionary changes which appears to have influenced the carbon cycle of the 

depositional environment (Des Marais, 1994, 2001; Condie, 2001). 

 

 

 

 

 

 

 

 

 

11.4.1.2. Carbon isotopic systematics of Proterozoic Cuddapah stromatolites and bio-

productivity 

Previous studies on the stable isotopic compositions of Proterozoic marine carbonates 

have primarily focussed on the Palaeoproterozoic Huronion glaciation, oxygenation of ocean 

and atmosphere due to the emergence of cynobacteria, paleoclimatic implications of 

Neoproterozoic ‘‘Snowball Earth’’, the breaking-up of Rodinia supercontinent and retreat of 

Fig. 11.10. δ13C vs. Fe (%) reflecting on minor contribution (10%) of biogenic source of 

carbon (after Ohmoto et al., 2014) 
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stromatolites at Precambrian/Cambrian boundary (Kasting, 1987; Karhu and Holland, 1996; 

Des Marais, 1994; Kah and Bartley, 1997; Melezhik et al., 1997; Hoffman et al., 1998; 

Bartley et al., 2007; Misi et al., 2007; Nagarajan et al., 2008, Chakrabarti et al., 2011; 

McKenzie et al., 2013). The δ13C of Vempalle and Tadpatri stromatolites range from -0.24‰ 

to 2.00‰VPDB and from -4.56‰ to -1.26‰ VPDB respectively corresponding to the δ13C 

range for marine carbonates -4‰ to +4‰ PDB (Hudson, 1977) indicating that these 

carbonates were precipitated at marine environmental conditions. Positive carbon isotope 

excursions for the Vempalle and Tadpatri stromatolites are attributed either to increased 

organic carbon productivity and burial or to reduced carbonate deposition during their 

formation. A large positive excursion in δ13C of marine carbonates occurred throughout the 

globe in three shifts between 2.40 to 2.06 Ma. Kah et al. (1999) has postulated three distinct 

C-isotopes profiles for the Mesoproterozoic to Neoproterozoic carbonates i.e. (i) 1600 and 

1300 Ma has been regarded as an isotopically invariant period (δ13C = 0.0 ±1‰); (ii) 1300-

800 Ma as an interval with subdued variation ranging from ~ -1 to +3.5‰ and (iii) <800 Ma 

characterized with extreme positive and negative δ13C values. During the Paleoproterozoic 

(2500-1600 Ma), the δ13C in marine carbonates reached a peak of +12‰ and corresponding 

variable organic carbon values averaged about -24‰ (Condie, 2005). It has been inferred that 

during Paleoproterozoic times (2.2 Ga), 50% of carbon buried as organic carbon and the total 

amount of oxygen released during this carbon burial time was 12 to 22 times higher than the 

present oxygen level. These observations reflect prominent expansion in atmospheric oxygen 

around 2.2 Ga (Melezhik et al., 1999; Holland, 2002; Condie, 2005; Chakrabarti et al., 2011). 

The end of the Paleoproterozoic was marked by a negative shift with the appearance of 

diagenetic carbonate concretion and development of shallow water carbonate platform 

(Hudson, 1977). The negative δ13C values for all of the studied Tadpatri stromatolites and 

two samples of the stromatolites from Vempalle are in compliance with the global negative 
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δ13C values of Paleoproterozoic. However, McKenzie et al. (2013) identified positive δ13C 

excursion in the late Paleoproterozoic (1700 Ma) Aravalli-Delhi stromatolitic succession in 

contrast to the popular belief of carbon isotope stasis during the boring billion 1.9 to 0.9 Ga. 

The positive δ13C of the Vempalle Formations of the present study are in compliance with the 

Paleoproterozoic Aravalli-Delhi stromatolites and documenting the contrasting opinion of 

boring billion. The negative δ13C values for the studied samples of Tadpatri and some 

samples of Vempalle can be correlated with CO2 contribution or formation of bicarbonates 

through oxidation of organic matter. These observations are supported by the occurrence of 

abundant stromatolites in Vempalle and Tadpatri indicating high level of bio-productivity 

(Botz et al., 1988; Melezhik et al., 1999). In the stratigraphic record, the Vempalle Formation 

is conformably overlain by mafic lava (Fig. 5.5A; Chapter 5) flows suggesting that the 

sedimentation history of Vempalle in Papaghni sub-basin was punctuated by widespread 

volcanism and the ensuing heat generation resulted into a decline of stromatolites. The δ13C 

data of the studied stromatolites clearly corroborate a marine origin; however, fluctuation 

between marginally positive to negative δ13C values are observed for Vempalle samples 

(Khelen et al. 2017). The positive δ13C values are attributed to algal photosynthetic activity 

where isotopically light carbon from the available carbon pool in shallow or near surface 

water regime are consumed by photosynthetic organisms resulting into 13C enrichment in the 

dissolved organic carbon of water (Schidlowski, 1982). The negative δ13C in two Vempalle 

samples (KH50, KH51) and all the samples of Tadpatri indicate decreased bioproductivity, 

open ocean anoxia to oxidation, shift of organic carbon burial, rate of rock weathering, large 

continental area to shrinking of area, higher atmospheric pCO2, pH2O, and temperature 

variation (Condie, 2001; Des Marais, 2001; Faure and Mensing, 2005; Allegre, 2008; Hoefs, 

2009; Xu, 2011). 



197 

 

11.4.2 Oxygen isotopic systematics in carbonate rocks 

The δ18O of marine carbonates are also considered to have decreased from 

Precambrian to modern times mainly due to the temperature, lower 18O of the ancient oceans 

and post depositional exchange with lighter meteoric waters.  The isotopic composition of 

seawater is modified by evaporation and dilution by fresh water (Gao et al., 1992; Humphrey 

et al., 1986). Archean cherts are also considered to be depleted in δ18O by ~8‰ relative to 

SMOW due to the higher ocean water temperature (~70-80°C) than the present (Knauth and 

Epstein, 1976; Knauth and Lowe, 1978; Karhu and Epstein, 1986).  The δ18O of carbonates 

precipitated in aquatic systems depends on the temperatures and isotopic composition of the 

ocean water (Veizer and Hoefs, 1976; Kasting et al., 2006). The δ18O of carbonates decreases 

with increasing temperature and decreasing salinity. The variations in δ18O are commonly 

used for reconstructing paleo-climate, paleo-geographic evolution and diagenesis (Burdett et 

al., 1990; Veizer et al., 1999; Kasting et al., 2006). The depleted δ18O reflect on increased sea 

water temperature, deep burial diagenesis, meteoric water influx, hydrothermal influence, 

humid climate, dissolution intensity and biogenic productivity (Fig.11.11; Condie, 2001; Des 

Marais, 2001; Faure and Mensing, 2005; Allegre, 2008; Hoefs, 2009; Xu, 2011). δ18O values 

of marine carbonates from Precambrian to modern times suggest a decrease in δ18O with 

increasing age and this variation is governed by several factors including the temperature of 

ancient ocean from which the sediments precipitated, lower δ18O of the ancient oceans and 

post depositional exchange with lighter meteoric waters (Knauth and Epstein, 1976; Perry 

and Tan, 1972). The fairly constant isotopic composition of normal seawater is modified by 

evaporation and dilution by fresh water (Keith and Wever, 1964; Veizer and Hoefs, 1976). 

The δ18O of Proterozoic seawater is in the range of -6‰ to 0‰, while marine carbonates 

exhibit positive δ18O ranging from 20‰ to 30‰ (SMOW; Sheppard, 1986)). Negative δ18O 
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for carbonates from Smackover Formation and dolomites from Arbuckle Group of Slick Hills 

Oklahoma have been attributed to meteoric diagenesis (Gao et al., 1992; Humphrey et al., 

1986). 

 

 

 

 

 

 

 

 

11.4.2.1. Oxygen isotopic systematics of Neoarchean Dharwar stromatolites and seawater 

temperature 

  The consistent depletion in δ18O values of Sandur (-20.95‰ to -12.24‰), 

Bhimasamudra (-14.54‰ to -11.87‰), Dodguni (-14.90‰ to -9.96‰), Marikanve (-18.70‰ 

to -15.19‰) of Chitradurga and Shimoga (-9.85‰ to -7.72‰) greenstone belts collectively 

endorse increased sea water temperatures and the influence of hydrothermal signatures. The 

cross plot of δ18O (SMOW) and δ13C (VPDB) indicate a gradual increase of sea water 

temperature from 25-75˚C for the Dharwar stromatolites (Fig. 11.12; Ohmoto et al., 2014). 

Based on the oxygen isotopic studies of the cherts and dolomites of Shimoga greenstone belt, 

the temperature of diagenesis has been estimated at 68˚C and 30-40˚C suggested to be the 

Fig. 11.11. Carbon isotopes implications (after Condie, 2001; Des Marais, 2001; Faure and 

Mensing, 2005; Allègre, 2008; Hoefs, 2009, Xu, 2011) 
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seawater temperature for the precipitation of Nagargali cherts of the Dharwar Craton (Sharma 

et al., 1994b). The δ18O values of the studied stromatolites are consistent with the Dharwar 

cherts and dolomites supporting their precipitation in higher temperature conditions.   

δ13C and the δ18O ratios can be changed either by evaporitic process or by the high 

burial temperature/or by the effect of meteoric water (Burdett et al., 1990). The δ18O and δ13C 

ratio from Shimoga greenstone belt stromatolites slightly follow the trend (A) suggesting that 

some of the carbonates might have been altered by the process of evaporation and the Sandur 

and Chitradurga greenstone belt stromatolites fall towards the (B) trend (Fig. 9.1 Chapter IX) 

depicting relatively depleted δ18O and δ13C indicating alteration of the samples by the impact 

of burial temperature/exposure of meteoritic water. The depletion of δ13C and δ18O in 

carbonates are interrelated with increasing Fe and Mn contents (Fairchild et al., 1990; Veizer, 

1992). δ18O and δ13C positive correlation with Fe and Mn (Fig. 11.13A, B, C and D) for the 

stromatolitic carbonates from all the three greenstone belts indicate warm and saline basinal 

water enriched in Fe and Mn were involved in the depositional process of the carbonate 

rocks. 

 

 

 

 

 

 

 

Fig. 11.12. δ13C vs. δ18O (SMOW) indicating gradual increase of 

temperatures from 25-75˚C (after Ohmoto et al., 2014).   
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11.4.2.2 Implications on oxygen isotope systematics of Proterozoic Cuddapah stromatolites 

The negative δ18O values from the Vempalle and Tadpatri Formations of Cuddapah 

basin invoke several possibilities like (i) dissolution, re-precipitation and replacement 

reaction of precursor carbonates during dolomitization, (ii) exchange reaction of oxygen 

isotopes with δ18O depleted pore fluids operating in several cycles, (iii) warm water 

deposition under high temperature condition and (iv) burial replacement under higher 

temperatures during the deep burial metamorphism. Highly depleted δ18O values signifies 

interchange with meteoric water at elevated temperature resulting post depositional changes 

Fig. 11.13. Plot of Mn versus δ13C and Mn versus δ18O (A and C); Fe versus δ13C and Fe versus 

δ18O (B and D) of the stromatolitic carbonates of the Dharwar Craton (after Veizer, 1992). 
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(Fairchild et al., 1990), but in case of δ13C, the values are not capable for such adjustment due 

to relatively low CO2 content in diagenetic water (Banner and Kaufman, 1994). The depletion 

of δ13C values in the studied samples from Vempalle and Tadpatri Formations characterizes 

post-depositional thermal alteration of organic matter (Fig. 9.2 at Chapter IX; Kah et al., 

1999). Burdett et al. (1990) suggested that δ13C and δ18O ratios can be altered either by 

evaporitic process or by the high burial temperature/or by the effect of meteoric water. δ18O 

and δ13C values for Vempalle and Tadpatri Formations occur as distinct clusters, in which the 

Vempalle Formation slightly follows the trend (A) showing enriched δ18O with relatively 

variable δ13C suggesting that some of the carbonates might have been feebly altered by the 

process of evaporation. The Tadpatri stromatolites fall towards the (B) trend (Fig. 9.2 at 

Chapter IX) characterizing relatively depleted δ18O and δ13C indicating alteration of the 

samples by the impact of burial temperature/exposure of meteoritic water. But, the 

cyanobacterial species perish at higher temperature (>65°C; Thomsen and Raymond, 1993) 

which discard the possibility of elevated temperature for the deposition of the Vempalle and 

Tadpatri stromatolites. However, the surface sea water temperature for carbonate 

precipitation is suggested to be ~35°C which is in concurrence with ancient or Proterozoic 

marine water temperature with marked enrichment in oxygen isotopes compared to modern 

sea water. The studied samples from the Vempalle and Tadpatri Formations with 

significantly depleted δ18O are considered to have been precipitated in Proterozoic surface 

water with an average temperature of ~35°C (-5‰ to -10‰ SMOW and -15‰ to -20‰ 

SMOW respectively; Emery, 1956; Chakrabarti et al., 2011). The depleted δ18O signatures 

reflect on various parameters such as increased a) sea water temperature, b) deep burial 

diagenesis, c) meteoritic water influx, d) hydrothermal influence, e) humid climate, f) 

dissolution intensity and g) biogenic productivity (Condie, 2001; Des Marais, 2001; Faure 

and Mensing, 2005; Allegre, 2008; Hoefs, 2009). It has been demonstrated that depletion of 
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δ13C and δ18O in carbonates are correlated with increasing Fe and Mn contents (Fairchild et 

al., 1990; Veizer, 1992). 

δ18O and δ13C negative relationship with Fe and Mn (Fig. 11.14) indicate that warm 

and saline basinal water enriched in Fe and Mn were not involved in the depositional process 

of Vempalle stromatolites. But in case of Tadpatri stromatolites an overall positive 

correlation is observed for δ18O which may be due to the influence of associated picrites (Fig. 

5.5F; Chapter V) and no perceptible trend for δ13C coupled with relatively depleted Fe and 

Mn (Fig. 11.14) contents collectively point towards minor influence of warm basinal waters 

(Veizer et al., 1992). The relationship between Y/Ho and Eu/Eu* vs. δ13C and δ18O exhibit 

two populations of Tadpatri to Vempalle (Fig. 11.15). This can be explained based on the 

negative and positive excursion of δ13C that has a great influence of marine water conditions 

which is reflected in the increase of Y/Ho ratio. The HREE dissolution is high in the basic 

and anoxic marine waters compared to the LREE (Oliveri et al., 2010). Another possibility 

could be the influence of mafic flows which resulted in the elevation of δ13C and Y/Ho ratios 

(Fig. 11.15A). The toxic conditions along with the high temperature might have obliterated 

the biological activity. The influence of warm hydrothermal fluids and differential 

scavenging of Eu in these sediments is evidenced by their relationship with EuSN/EuSN* vs. 

δ13C and δ18O (Figs. 11.15 C and D). 
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Fig. 11.14. Plots of Mn (ppm) and Fe wt.% versus (A and C) δ13C and (B and D) δ18O 

of the stromatolitic carbonates of the Vempalle and Tadpatri stromatolitic carbonates 

indicating that these elements were not involved in their deposition. 
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Fig. 11.15 (A) and (B) δ13C and δ18O vs. Y/Ho and (C) and (D) are Eu/Eu* and Ce/Ce* 

indicating oxidation-reduction conditions of the depositional environment. 
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11.5. Depositional environment of the Dharwar stromatolites 

The morphology of the Archean stromatolites is mostly similar with their Proterozoic 

counterparts, but, reconstructing its biogenicity is difficult due to the precipitation of minerals 

between their laminae (Bosak et al., 2013).  The 3.43 Ga Strelley Pool stromatolites of 

Pilbara Craton, Western Australia consists of a diverse array of stromatolites with features 

resembling to microbialites coupled with their occurrence in a transgressive carbonate 

platform deposit suggested to be fluorished on the peritidal platform. These stromatolites 

formed through biomediated combination of chemical precipitation and burial cementation 

with tapping, binding and rapid sedimentation at the sediment/water interface. The absence of 

hydrothermal activity and siliciclastic sedimentation favoured the diversification in 

stromatolite morphologies at Pilbara Craton (Allwood et al., 2007). These stromatolites 

persisted through high energy conditions of barely submerged shore line to subtidal marine 

conditions and extremely shallow conditions with increased salinity and evaporite mineral 

precipitation. Allwood et al. (2007) interpreted the formation of these Paleoarchean 

stromatolites through biological activity during the early Earth.  Bosak et al. (2009) identified 

the textural evidence of oxygenic photosynthesis in the 2.98 Ga Pongal Supergroup 

Mesoarchean stromatolites which points to their biogenic origin.  According to earlier 

workers, the Neoarchean stromatolite assemblages may contain additional information of 

Archean biological and geochemical transitions due to large range of microbial interactions 

with sediments covering a greater diversity of forms (Walter, 1983; Hofmann, 2000; Schopf, 

2006; Altermann, 2008). Ono et al. (2009) suggested that the growth and preservation of 

microbialites required the presence of stratified carbonate, iron and sulphide rich waters in 

deeper photic zone of the late Archean carbonate platforms.  
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The small oval shaped stromatolite outcrop in the Sandur greenstone belt is associated 

with Fe-Mn arenites and argillites. The presence of hydrothermal activity in this greenstone 

belt is evidenced through vast iron and manganese deposits which inhibited the 

diversification of the morphology of stromatolites. Very long (~ 7 km) carbonaceous shales 

are deposited in the Sandur greenstone belt. The laminar to columnar and branched 

stromatolites of Bhimasamudra, the Bowl to oval shaped stromatolites of Dodguni and the 

pseudo-columnar to crinckly laminated stromatolites of Marikanve of Chitradurga greenstone 

belt are also associated with BIFs and Mn formations reflecting on the hydrothermal activity 

in the basin which limited in the diversification in their morphology. Similarly, the Mn 

deposits of Shimoga belt is also evidenced for the hydrothermal activity. However, little 

variation from oval, columnar and dome shaped stromatolites are preserved in this greenstone 

belt.  Furthermore, a very long carbonaceous shale horizon is present in all these greenstone 

belts indicating the carbon burial and its deposition in the shales at the deeper part of the 

ocean basin. The well preserved stromatolitic carbonates reported from the three greenstone 

belts of Dharwar Craton characterize a wide range of depositional environments ranging from 

supratidal to subtidal zone. The stromatolites from Bhimasamudra of Chitradurga greenstone 

belt are developed in an intertidal environment. The Marikanve stromatolites deposited at an 

environment ranging from supratidal to intertidal zone and the Dodguni stromatolites were 

deposited in an intertidal environment. The oval shaped morphology of Sandur greenstone 

belt stromatolites were deposited in an intertidal zone. The Kalche stromatolites of Shimoga 

greenstone belt were deposited at an environment ranging from supratidal to subtidal zone 

(Fig. 11.16 A). A layered composition of ocean water model in which the interaction between 

two different types of water masses explain the biogeochemical processes operative in the 

Archean oceans through which deposition of stromatolitic carbonates took place. The water 

mass proximal to the shore will be influenced with the biogenic activity along with 
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terrigenous materials. The deep-water mass which is proximal to MOR will be influenced by 

the hydrothermal solutions.  According to Klein and Beukes (1989), the interaction between 

the O2 supply through the biogenic activity and the hydrothermally enriched water, deposited 

the BIFs. In the present scenario, the hydrothermal fluids released from the MOR that are 

responsible for the deposition of iron and manganese deposits in the Archean ocean basins 

which influenced the water mass at the shore line through which the stromatolite growth took 

place. Under these conditions of rock-water interaction, within the photic zone, the 

stromatolitic dolomites were deposited (Fig. 11.16B). The shorter distance between the MOR 

and the shore line due to smaller plate dimension of Archean era provided suitable conditions 

for the growth and diversification of microbiota and associated mineral deposits. 

The low Al, Th, Zr, Hf and Sc in the Dharwar stromatolites exclude significant 

terrigenous input. However, limited input of terrigenous material might have been involved in 

the genesis of these stromatolites which is evidenced through their association with 

siliciclastic rocks and carbonaceous shales. The stromatolites in the three greenstone belts of 

Dharwar Craton such as Sandur, Chitradurga and Shimoga are associated with voluminous 

manganese and iron formations endorsing the hydrothermal activity in these regions. The 

imprints of hydrothermal solutions are preserved in their REE which show positive La, Eu, 

Gd and Y anomalies. The negative δ13C of Sandur stromatolites suggest decreased 

bioproductivity which gradually became moderate rate in the Chitradurga (negative to 

positive δ13C) and finally increased with ocean anoxia in the Shimoga greenstone belt where 

the δ13C is slightly negative and predominantly positive. The gradual increase of 

bioproductivity is reflected in the outcrop pattern and diversification of morphologies. The 

increased state of bioproductivity is also evidenced by the presence of carbonaceous shales in 

these greenstone belts. Negative δ18O of all these stromatolites reflect on increased sea water 
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temperature and deep burial diagenesis. From the above observations, the Neoarchean 

Dharwar stromatolites have been deposited in an environment ranging from supratidal to 

subtidal zone under the influence of hydrothermal fluids in warm marine conditions of anoxic 

environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11.16 (A) Schematic diagram depicting the deposition stromatolitic carbonates at a 

shallow shelf environment; the MOR generated hydrothermal fluid circulation within the 

photic zone and wave base of shallow and deeper shelf regions and (B) Schematic 

diagram showing paleoenvironmental depositional conditions of the Dharwar 

stromatolites on the basis of various morphologies developed at different regimes. 
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11.6. Paleo-environment and depositional conditions of Cuddapah stromatolites 

Prior to the Cambrian diversification of life, stromatolites of microbial origin 

flourished in shallow marine seas for three billion years potentially preserving evidence 

of the Earth's earliest biosphere. However, meagre information is available on the relative 

roles of microbial and environmental factors in stromatolite deposition. The growth of 

modern marine stromatolites represents a dynamic balance between sedimentation and 

intermittent lithification of cyanobacterial mats (Reid et al., 2000). Stromatolite surfaces 

are dominated by alternate, gliding, filamentous cyanobacteria marking periods of rapid 

accretion of sediments. The intervals in sedimentation are characterized by development 

of surface films of exopolymer and subsequent heterotrophic bacterial decomposition, 

forming thin crusts of microcrystalline carbonate. During prolonged hiatus in 

sedimentation, endolithic coccoid cyanobacteria develops which modify the sediment, 

forming thicker lithified laminae. This model of modern marine stromatolite growth is 

applicable to the ancient stromatolites having columnar, domal and stratiform 

microbialite structures which provide important evidences in biosphere evolution as well 

as the depositional history of the basin. On the basis of different morphological features 

of stromatolites observed at the Vempalle and Tadpatri Formation a model has been 

proposed describing the depositional environment for the stromatolites of Cuddapah 

Basin (Fig. 11.17). The stromatolites from Vempalle and Tadpatri Formations have well 

preserved morphology ranging from stratifera, undulating, columnar, simple 

column/dome, conical to columns having complex branched structure and 

spheroidal/lobate forms. Different forms of stromatolites were formed at shallow depth 

representing a wide range of depositional environments varying from subtidal, intertidal 

and supratidal zones. The morphology of the stromatolites is generally controlled by the 

tide action, storms, wave energy, water depth and sediment influx. In both the 
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Formations, stromatolites formed at the subtidal zone are characterized by simple 

morphologies such as large columns, domes and cones that are equated with the accretion 

rate of the stromatolite surface in relation to the adjacent sediment. In the intertidal zone, 

smaller columns, domes with irregular margins and branching of stromatolite are found 

that corroborate relatively low relief forms due to low accretion rate of stromatolites 

(Riding, 2011).  High relief structures are formed due to maximum wave agitation. At the 

supratidal zone, oncolith, undulating and stratifera types of structures are found thereby 

indicating maximum wave agitation (Khelen et al., 2017). 

Therefore, the Vempalle and Tadpatri stromatolites were formed in the supratidal-

intertidal-subtidal environments which are part of shallow marine environments with 

variable wave action and redox conditions resulted to changes in their morphological 

features. These stromatolites based on their proximity to the mafic flows akin to exhibit 

variable Eu, Ce, Gd anomalies and other geochemical signatures along with inherited 

marine water characteristics. The bulk rock carbon and oxygen isotopes of Vempalle and 

Tadpatri stromatolites are comparable with global marine geochemical system and 

universally correlatable signatures. 
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Fig. 11.17. Schematic diagram showing paleoenvironmental conditions of the Tadpatri 

and Vempalle stromatolites depicting their formation in subtidal-intertidal and 

supratidal conditions based on morphological and geochemical studies (not to scale). 1-

4 are field photos of Vempalle stromatolites and 5-8 are Tadpatri stromatolites. 1 and 5 

are formed in supratidal zone, 2, 3, 6 and 7 are formed in intertidal zone; 4 and 8 are 

formed in subtidal zone. 
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11.7. U-Pb zircon ages and provenance of the stromatolites 

Though petrographic studies of sedimentary rocks provide valuable information about 

their provenance, more recently, detrital-zircon geochronology has evolved as the choice for 

provenance studies because zircon is highly resistant to both chemical and physical 

weathering (Thomas, 2011).  With the advent of SHRIMP and LA-ICP-MS, huge quantity of 

detrital zircon grains can be analyzed rapidly. The age of a single zircon grain can be 

interpreted to be the crystallization age of a rock. As sedimentary rocks generally consist of 

components from various crystalline sources resulting from multiple magmatic episodes, 

tectonic juxtaposition of rocks of different ages, mixing by confluence of drainage from 

various localities, and recycling of older sediment and mixing with younger primary sources. 

Therefore, to describe the sedimentary provenance, all ages within a population of detrital 

zircons from a single sedimentary rock sample must be determined (Gehrels et al., 2011, 

Thomas, 2011).  Detrital zircons may be reworked through multiple sedimentary cycles 

because of it high durability. Zircons may be recycled from sedimentary and/or metamorphic 

rocks and mixed with zircons from primary sources. For provenance studies, if zircons go 

into a system will always stay in the system.  Therefore, the durability of zircon is a 

challenge, as multiple sedimentary cycles may be concealed, leaving an incorrect 

interpretation of exclusively primary sources, and compromising an interpretation of 

provenance (Thomas, 2011). The study of U/Pb detrital zircons from the sedimentary rocks 

allows identification of the probable provenance by matching the age of detrital-zircon with 

the crystallization ages of possible source rocks. So, study of detrital zircon is essential for 

provenance studies. 

For the present study very, U-Pb dating of detrital zircons from the stromatolitic 

carbonates has been carried out from Sandur, and Chitradurga greenstone belt of Dharwar 
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craton and from the Tadapatri Formation of Cuddapah basin (Figs. 10.1, 10.2 from Chapter 

X).  The detrital zircon geochronological studies of Dharwar Craton stromatolitic carbonates 

yields an age ranging from 2650 ± 38 Ma to 3508 ± 29 Ma suggesting that the main 

provenance of the zircons is from the Paleoarchean to Neoarchean sources that might have 

been transported from the proximal continental crust of the Sargur and Dharwar Groups and 

deposited in the Dharwar Sea. The detrital zircon geochronological studies of Cuddapah 

stromatolitic carbonates depicts an age ranging from 1672 Ma to 2761 Ma suggesting that the 

provenance of the zircon from the Mesoproterozoic to Neoarchean sediments that might have 

been transported to the basin from the erosion of the upper continental crust during the 

Eparchean interval which gave rise to stable shelf sediments having significance of 

continental dominated geochemical signatures (Taylor and McLennan, 1985).  The 

Neoarchean greenstone belts of EDC as a source for the zircons of Cuddapah basin is also 

another alternative to justify the Neoarchean ages of the zircons which is also supported by 

the recent studies on the zircons from the quartzites of various Formations of Cuddapah basin 

(Collins et al., 2014). 
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C H A P T E R - XII 
Archean and Proterozoic transitional 

changes in the Dharwar Craton 
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12.1. Archean and Proterozoic transition 

The Precambrian Era ca. 4500–544 Ma spans almost 90% of the Earth’s history and 

therefore an understanding of the geology and dynamics of this era is of vital importance in 

order to understand the Earth’s geological evolution and finally to have knowledge of our 

present physical environment (Mengel, 2009). In this era, the Proterozoic Eon represents the 

younger half and is demarcated as the period from the end of the Archean at 2500 Ma to the 

beginning of the Cambrian Period 544 Ma. The Archean and the Proterozoic transition is 

thought to have occurred by 2.5 Ga and it was characterized by most significant changes in 

Earth’s evolution and are more drastic compared to the other periods of the Earth’s history 

(Mengel, 2009). During the transition period, gradual thickening and stabilization or 

cartonization of the crust took place, which was resulted due to subduction and suturing by 

generating extensive plutonism and regional metamorphism. The upper continental crust 

composition changed from tonalitic to granodioritic–granitic and the oxygen content of the 

atmosphere increased until it approached present day levels at the beginning of the 

Phanerozoic (Miall, 1990; Goodwin, 1991). Stable interior rigid plates on which intracratonic 

basins were developed along with large sedimentary mass which initiated a change from 

immature volcanogenic and ensimatic island arc to mature epicratonic and ensialic platform 

at the Archean-Proterozoic boundary due to the effect of cratonization (Viezer and Jansen, 

1979; Windley, 1982; Cloud, 1983; Gibbs et al., 1986). Taylor and McLennan (1985), 

suggested that during this transition period there was a marked change in the chemical 

composition of the sedimentary rocks as shown in table 12.1. 

The Archean crust was characterized by many small continental blocks forming core 

of a series of shield complexes accreted by Proterozoic and Phanerozoic crust. In contrast to 

this, the Proterozoic plates were larger and more rigid This period coincides with a range of 
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significant changes including the thickness, extent and tectonics of the oceanic and 

continental lithosphere, changes in the composition of the continental crust and sediments 

derived there from, changes in the composition of the hydrosphere and atmosphere and the 

first organisms with mineralized hard body parts appeared (Mengel, 2009). Stromatolites are 

some of the only known organisms from the Archean and Proterozoic but due to change in 

the climate and atmospheric conditions towards the end of the Proterozoic, metazoans 

flourished in the early part of the Cambrian. In the present study, an attempt has been made to 

understand the biogeochemical processes that took place during Archean and Proterozoic 

through the geochemical and isotopic studies on the stromatolitic carbonates of the 

Neoarchean greenstone belts and Proterozoic Cuddapah basin. 

 

 

 

 

 

 

 

 

 

 

 

Table 12.1. Geochemical difference between Archaen and Post Archean 

sedimentary rocks (after Gibbs et al., 1986) 
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12.2. Archean and Proterozoic transitional changes in the Dharwar Craton 

In India, the Archean era is dominated by greenstone belts while the Proterozoic 

period has witnessed with the development of mobile belts and intracratonic basins. The gap 

between the periods of formation of greenstone belts and these basins, i. e. between 2600-

1700Ma (a period of 800-900 Ma), is known as the Eparchean interval”. After the cessation 

of the development of greenstone belts about 2600-2500 Ma ago, compressional and tectonic 

(orogenic) activity came into existence resulting in the development of early Proterozoic 

mobile belts (EPMB), where intense and widespread K-metasomatism and emplacement of 

K-rich granites has changed the composition of the exposed continental crust (Radhakrishna 

and Naqvi, 1986; Radhakrishan, 1987). Most of the intracratonic basins formed adjacent to 

and in direct contact with the Middle Proterozoic Mobile Belts (MPMB). and were deposited 

on the continental crust. During the Eparchean Interval, intense and prolonged chemical and 

mechanical weathering of the exposed continental crust, took place. The products of this 

prolonged and intense weathering, under varying and probably cyclic atmospheric conditions, 

deposited the sediments in the Proterozoic basins. Among these Proterozoic basins, the 

Cuddapah basin is one of the most significant basin, developed on an early to middle 

Proterozoic Mobile Belt. Chemical and isotopic studies of Precambrian sedimentary rocks 

can be used to infer upper crustal compositions, depositional conditions which provide 

evidence of first-order changes in the composition and extent of continental crust from the 

Archean to the Proterozoic eon (Gibbs et al., 1986).  

The well-studied sedimentary rocks of Archean age are mostly from the greenstone 

belts and they were deposited in marine environments with abundant local volcanism whereas 

the Proterozoic sedimentary rocks were generally deposited at the continental margin or 

intracratonic basins composed of quartz arenites, quartz-pebble conglomerates, along with 
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thick, extensive shelf carbonates (Gibbs et al., 1986). The present study focuses on the 

stromatolitic carbonates from the three greenstone belts of the Archean Dharwar Craton and 

the Proterozoic Cuddapah basin, to understand the differences in their geological framework 

and depositional setting rather than their age, which account for the geochemical and carbon 

and oxygen isotopic variations. 

12.2.1.  Archean and Proterozoic transitional changes in the Dharwar Craton on the basis of 

Geochemistry studies 

The Archean to Proterozoic transitional changes include substantial growth in 

continental area, changes in weathering and erosion pattern, and changes in the average 

compositions of upper continental crust. These attributes can be studied geochemically if the 

sedimentary rocks are classified according to geological setting (Gibbs et al., 1986). On the 

basis of geochemical data, all the analysed samples of Archean Dharwar Craton occupy the 

field of positive La anomalies supporting their deposition in marine conditions with 

signatures of hydrothermal activity whereas the samples from Proterozoic Cuddapah basin 

occupy the field of positive Ce anomaly indicating their deposition at anoxic environment 

(Fig 12.1A). The hydrothermal activity in the Archean greenstone belts is evidenced by the 

presence of huge iron and manganese deposits which are being mined for the metals. The 

Zr/Hf ratio of the three greenstone belt of Dharwar Craton are low reflecting on very limited 

siliciclastic input in the deposition of these stromatolites. But the Zr/Hf ratios from the 

Proterozoic Cuddapah basin are high suggesting higher surface sensitivity of Hf than Zr 

leading to preferential removal of Hf onto biogenic, amorphous silica. Therefore, Zr/Hf vs. 

Y/Ho relationship shows a cluster for all these stromatolites of the three greenstone belts 

reflecting on minimal adsorption of terrigenous material by microbial mats whereas the Zr/Hf 

vs. Y/Ho relationship of Proterozoic stromatolites show a consistent at Y/Ho ratio but varying 
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in the Zr/Hf ratio indicating their source from siliciclastic debris with differential adsorption 

of terrigenous material by microbial mats (Fig. 12.1B). 

The studied stromatolites samples from the three greenstone belt of Archean Dharwar 

Craton exhibit positive La, Eu, Gd anomalies combined with higher Y/Ho ratios support the 

deposition of these stromatolites in the shallow marine conditions with significant 

hydrothermal input and absence of Ce anomalies reflects on the reducing conditions of 

Archean ocean waters (Figs. 7.1, 7.2, 7.3; Chapter VII).  But, the stromatolitic cherty 

carbonates from the Proterozoic Cuddapah basin are incorporated with varying amount of 

detrital input which is well reflected in their major and trace elements as well as their 

ƩREYconcentration. The shale-normalized REY signatures of stromatolitic cherty dolomites 

of the Vempalle and Tadpatri Formations of Proterozoic Cuddapah basin exhibit flat REE 

patterns, with positive Eu, Gd and Y, and feeble positive Ce anomalies reflecting their 

deposition in warm anoxic marine water at moderate depths preferentially at shallow shelf 

environment with minor siliciclastic and terrigenous input (Figs. 8.1, 8.2; Chapter VIII). 
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Fig. 12.1. (A) Ce/Ce*sn versus Pr/Pr*sn plots for Archean and Proterozoic stromatolites 

indicating positive La anomalies in the studied Archean stromatolites and positive Ce anomalies 

for the Proterozoic stromatolites (after Bau and Dulski, 1996); (B), Zr/Hf versus Y/Ho showing 

a cluster for both the Archeanand Proterozoic stromatolites reflecting on minimum terrigenous 

contribution for the studied Archean stromatolites and Proterozoic stromatolites reflecting on 

the siliciclastic input to these stromatolites (after Censi et al., 2015)  

. 
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12.2.2. Archean and Proterozoic changes in the Dharwar Craton on the basis of carbon and 

oxygen isotopes studies 

The δ13C values of the studied stromatolites samples from the three greenstone belts 

of Dharwar Craton show predominantly negative δ13C values for Sandur, negative to 

positive δ13C for Chitradurga and predominantly positive for Shimoga indicating a gradual 

increase of bioproductivity in these greenstone belts. The negative δ13C values of Sandur 

stromatolites suggests decreased bioproductivity and increased oxidation of organic carbon 

and these values are consistent with those in the earlier studies of the microfossils present in 

the interlayered chert band of stromatolites reflecting biogenicity (Venkatachala et al., 

1989). Slightly negative to positive δ13C values of the Bhimasamudra, moderately negative 

to slightly positive values of Dodguni and Markanve stromatolites of Chitradurga belt 

indicate moderate to increased state of bioproductivity, increased ocean anoxia and organic 

carbon burial rates. Slightly negative to predominantly positive δ13C of the Shimoga reflect 

on increased bioproductivity, and ocean anoxia and organic carbon burial rate. Contrary to 

these, the δ13C values of the studied stromatolites samples from the Proterozoic Cuddapah 

basin exhibit negative values for most of the Vempalle and all the Tadpatri stromatolites 

which are in compliance with the global negative δ13C values of Paleoproterozoic indicating 

decreased bioproductivity, open ocean anoxia, shift of organic carbon burial, higher 

atmospheric pCO2,  pH2O, and temperature variation (Condie, 2001; Des Marais, 2001; 

Faure and Mensing, 2005; Allegre, 2008; Hoefs, 2009: Xu, 2011). The negative δ13C values 

for the studied samples can also be correlated with CO2 contribution or formation of 

bicarbonates through oxidation of organic matter and these observations are supported by 

the occurrence of abundant stromatolites in Vempalle and Tadpatri indicating high level of 

bio-productivity. However, some samples of Vempalle exhibit positive δ13C which is 
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consistent with the Paleoproterozoic Aravalli-Delhi stromatolites and thus documenting the 

contrasting opinion of boring billion.  

The δ18O values of all the studied stromatolites from the Archean Dharwar Craton 

and the Proterozoic Cuddapah basin exhibit depleted values which collectively endorse 

increased sea water temperatures and the influence of hydrothermal signatures. Thus, the 

negative δ18O values from both the eons generally invoke several possibilities like (i) 

dissolution, re-precipitation and replacement reaction of precursor carbonates during 

dolomitization, (ii) exchange reaction of oxygen isotopes with δ18O depleted pore fluids 

operating in several cycles, (iii) warm water deposition under high temperature condition 

and (iv) burial replacement under higher temperatures during the deep burial metamorphism. 

The cross plot of δ18O versus δ13C ratio as shown in the figure 9.1 of Chapter IX for the 

three greenstone belt of Archean Dharwar Craton among which the Shimoga greenstone belt 

follows trend (A) suggesting that some of the carbonates might have been altered by the 

process of evaporation. The Sandur and Chitradurga greenstone belt stromatolites fall 

towards the (B) trend depicting alteration of the samples by the impact of burial 

temperature/exposure of meteoritic water. The crossplot for Vempalle and Tadpatri 

Formations of Proterozoic Cuddapah basin occur as a distinct cluster, in which the Vempalle 

Formation slightly follows the trend (A) suggesting that some of the carbonates might have 

been feebly altered by the process of evaporation and the Tadpatri Formation fall towards 

the (B) trend (Fig. 9.2; Chapter IX) indicating alteration of the samples by the impact of 

burial temperature/exposure of meteoritic water. In the combined cross plot of δ18O 

(SMOW) and δ13C (VPDB) the Dharwar samples indicate a gradual increase of sea water 

temperature from ~25-75˚C whereas the Cuddapah samples are significantly depleted in 
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δ18O which are considered to have been precipitated in Proterozoic surface water with an 

average temperature of ~35-75°C (Ohmoto et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12.2. δ13C vs. δ18O (SMOW) from the Archean and Proterozoic stromatolites 

indicating gradual increase of temperatures from 25-75˚C for Archean sea water 

and 35-57 ˚C of Proterozoic stromatolites (after Ohmoto et al., 2014). 
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Following are the morphological and geochemical variations oberved in the Archean 

and Proterozoic stromatolites of Dharwar Craton and Cuddapah basin.  
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CONCLUSIONS 

In the southern peninsular India, stromatolites are present in Neoarchean greenstone 

belts of Dharwar Craton and Proterozoic Cuddapah basin. In the Dharwar Craton, 

stromatolites occur in Sandur, Chitradurga and Shimoga greenstone belts which are 

metamorphosed to lower greenschist facies metamorphism.  The stromatolites of Sandur 

greenstone belt are manganiferous carbonates, preserved in the Yeswanthapur Formation.  

In the Chitradurga greenstone belt, stromatolitic cherty dolomites occur in Bhimasamudra, 

Dodguni and Marikanve areasof VanivilaspurFormation.  Kalche and Kumsi areas of 

Shimoga greenstone belt have cherty stromtolitic dolomites associated with dolomites and 

limestones. Stromatolites of Dharwar Craton are associated withFe-Mn arenites, argillites, 

arkoses, orthoquartzites, limestones and carbonaceous shales. Extensive stromatolitic 

dolomites occur in the Vempalle and Tadpatri Formations of Cuddapah basin.In the 

present thesis, a comprehensive morphological, whole rock geochemical, carbon and 

oxygen isotopic and U-Pb detrital zircon geochronological studies have been carried out 

on the stromatolites of Neoarchean Dharwar Craton and Proterozoic Cuddapah basin to 

evaluate their provenance, paleoenvironmental conditions and depositional setting.  

The stromatolites from the Dharwar Craton display columnar (sometimes 

branched), pseudo-columnar, domal, crinkly laminated, oval/elliptical shapes exhibiting 

limited diversity in their morphological features. 

These are depleted in ∑REE and display positive La, Eu, Gd and Y anomalies 

reflecting hydrothermal signatures in these stromatolites.These stromatolites consist of 

low Al2O3, Th, Zr, Hf and Sc indicating limited detrital input in these sediments.  

The predominantly negative δ13C of Sandur, negative to positive δ13C of Chitradurga 

and predominantly positive δ13C of Shimoga endorsing a gradual increase of 

bioproductivity in these greenstone belts thus constrain gradual increase in ocean anoxia, 
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increased organic carbon burial rate, formation of larger continental area and nutrient 

supply in the Archean oceans. The δ13C isotopic source identification of these 

stromatolites indicates minor contribution from the biogenic source (oxidation of organic 

carbon-10%) with predominant normal sea water signatures (90%).  The negative δ18O of 

all these stromatolites reflect on higher temperature conditions of Archean ocean waters 

and deep burial diagenesis. 

The overall stable isotopic systematics indicate gradual increase of temperatures from 

25-75˚C reflecting on temperature fluctuations in Archean ocean water within the Dharwar 

Craton. The morphological, geochemical and isotopic systematic of the Dharwar 

stromatolites indicate that they were deposited in an environment ranging from supratidal 

to subtidal zones under the influence of hydrothermal fluids in a warm marine condition of 

anoxic environment. 

The U-Pb ages of the detrital zircons from the Sandur stromatolites gave an age of 

2926 ± 36 Ma to 3508 ± 29 Ma whereas the Bhimasamudra and Marikanve stromatolites 

of Chitradurga greenstone belt display 2650 ± 38 Ma to 3426 ± 26 Ma respectively.  These 

dates endorse a Meso-Neoarchean provenance for the detrital zircons of Dharwar Craton.  

The Sargur and Dharwar Group of rocks situated in the southern part and adjacent to these 

greenstone belts appears to have been the source for these zircons.    

The stromatolites from Cuddapah Basin are present in Vempalle and Tadpatri 

Formations of lower Cuddapah sequences documenting varied morphological features. 

Three localities have been observed having columnar, domal, conical and stratifera 

morphologies in the Vempalle Formation exhibiting variable trace elemental 

compositions. 

The cherty dolomitic stromatolites of Vempalle have lower ∑REE compared to the 

Tadpatri but higher than the Dharwar stromatolites.  VempalleI have pronounced positive 
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Eu anomalies along with small scale positive Ce anomalies. Vempalle II have slight 

negative Eu and positive Gd anomalies whereas Vempalle III stromatolites display slight 

positive Ce accompanied with positive Eu and Gd anomalies.  The stromatolites of 

Tadpatri Formation have comparatively pronounced Gd anomalies with low order positive 

Ce and Eu anomalies.  

Hydrothermal input derived either from Archean mafic-ultramafic rocks or from 

within basin could have scavenged Eu through the water column into the stromatolites 

resulting in variable magnitude of Eu anomalies. The positive Ce anomalies reflect on the 

anoxic conditions due to variation in the depth of the water column in an open ocean 

system. Y/Ho ratio along with the positive Gd anomalies in few samples reflects on their 

deposition in marine water conditions.Limited siliciclastic input is reflected in Vempalle 

compared to Tadpatri stromatolites resulted in flattening the REE patterns which is also 

evidenced with the Zr/Hf ratio (Tadpatri for 46-105; Vempalle25-84) displaying 

differential adsorption of terrigenous material in these carbonates. 

The Vempalle stromatolites recorded negative to positive excursion of δ13C in which 

the positive excursion is very significant in contradicting the popular belief of negative 

δ13C signatures during the boring billion (i.e. 1.9-0.9 Ga). The Tadpatri stromatolites 

recorded the negative δ13C obeying the global geochemical system.The positive δ13C of 

Vempalle stromatolites may be related to the magmatism within the basin which appears 

to disrupt the biological activity that resulted carbon stasis.The overall depletion in δ13C 

and δ18O isotopic signatures in the stromatolites of Vempalle and Tadpatri Formations 

indicate their deposition in relatively higher temperatures of Proterozoic (35-75˚C) sea 

water compared to modern sea water.  These signatures endorse high carbonate 

precipitation in anoxic conditions at moderate water depth in a shallow shelf environment 

covering subtidal-intertidal-supratidal zones in fluctuating fluvio-energy conditions. 
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The U-Pb detrital zircon age of the Tadpatri stromatolites gave an age of 1672 ± 38 to 

2761 ± 31 Ma endorsing a Neoarchean to Mesoproterozoic provenance for these zircons of 

Proterozoic stromatolites.  These detrital zircons appears to have been transported from the 

continental crust present as “Eparchean Interval” at the base of the Cuddapah basin and 

the Neoarchean greenstone belts of Eastern Dharwar Craton (EDC).  

The Archean and Proterozoic biogeochemical changes appears to reflect on the 

smaller plate geometry during Archean with limited continental shelf area for the 

deposition of Archean stromatolites followed by an increase in the surface area of the 

Proterozoic continental crust provided prolonged continental shelf area that paved the way 

for the deposition of stromatolites with varied morphological features. The Archean higher 

geothermal gradient, hydrothermal MOR vent processes influenced the growth of 

stromatolites that resulted into various mineral deposits (Iron and Manganese).  These 

studies throw light on the evolution of Precambrian biogeochemical processes in the 

Dharwar Craton.  
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FUTURE SCOPE 

➢ Integrated morphological, geochemical along with oxygen and carbon isotopic 

systematics of Archaean and Proterozoic stromatolites available in the other 

cratons and basins of India to evaluate the oxygenation processes and biogenic 

activities as well as to understand the paleo-depositional conditions operative 

during their formations.  

➢ These studies will also delineate paleo-environmental implications in terms of 

hydrosphere-atmosphere-biosphere-lithosphere interactions in the Indian context. 

➢ Global comparison studies with the same time frame to understand the 

biogeochemical processes operating on the Earth during the Precambrian time. 
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