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INTRODUCTION
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1.1 Prologue

Fine grained clastic sedimentary rocks are known to preserve geochemical signatures of

their source rocks and so are important to decipher the nature of the upper continental

crust from which they were derived (Dayal and Murthy, 2006). Evolution of continental

crust during the early history of the Earth has received considerable attention (Kröner,

1984). The upper crust composition during the Archean can be obtained by analyzing the

sediments deposited during that time. Hence, the knowledge of the composition of

Archean sediments can make an important contribution to understand the tectonic setting

during the time of sediment deposition (Naqvi et al., 1988) and help unravel the

depositional history and processes.

A systematic study of the various structures in sedimentary rock yield significant details

about the depositional environment that affected the sediment during and after their

deposition. Since the framework mineralogy and composition of the sediments are altered

and recycled due to metamorphism, the sedimentary structures are reliable features to

provide important information not only about the depositional environment of sediments

but also of the post-depositional processes and evolution of the basin of deposition

(Fernandes et al., 2016a).

The petrology of clastics is controlled by provenance which in turn is a function of

tectonic setting. The modal mineralogy of the framework components of sedimentary

rock helps to decipher the tectonic (Dickinson and Suczek, 1979). Post-depositional

modification of mineralogy during diagenesis of sandstone includes authigenic mineral

development and detrital mineral alteration. Various factors such as basinal setting,

palaeoenvironmental conditions of source and deposition followed by subsequent
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diagenetic modification have an impact on the sedimentary rock composition (Fadipe et

al., 2011).

The detrital sediment composition is significantly controlled by the source rock

composition which is in turn followed by weathering and diagenetic processes

(Armstrong-Altrin, 2009). The compositional characteristics of source rock are well

recorded and act as valuable tools to decipher the tectonic setting of the sediment

emplacement (Maravelis and Zelilidis, 2009; Bakkiaraj et al., 2010). However, the other

factors controlling the mineralogical and chemical composition of sedimentary rocks are

environmental conditions influencing source rock weathering, duration of weathering,

mode and distance of transport of clastic materials, depositional environment and post-

depositional processes (Hayashi et al., 1997; Moosavirad et al., 2012). Some of these

factors are controlled by plate tectonic setting of the depositional basin (Dickinson and

Suczek, 1979; Armstrong-Altrin et al., 2004; Dey et al., 2009; Moosavirad et al., 2012).

Thus, the terrigenous sediments preserve a record of their source rock, weathering

conditions, hydraulic sorting and tectonic setting during deposition.

Greywacke and fine grained argillite is widely used to decipher the evolution of upper

continental crust and also to model the composition of Archean crust (Taylor and

McLennan, 1985). The geochemical and petrographical signatures of fine grained rocks

of younger ages are found to reasonably define their tectonic settings (Dickinson and

Suczek, 1979; Dickinson and Valloni, 1980; Bhatia, 1983; Bhatia and Crook, 1986;

Naqvi et al., 1988).
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1.2 Background to the problem

The abundance, composition and size of the framework grains along with the matrix

components and cement type greatly control the texture of metagreywacke. The

diagenetic modifications are used to demonstrate the various stages that represent the

progress of sediments to a rock. After lithification, additional changes that persisted in

mineralogy are regarded to be the products of the various degrees of metamorphism. Due

to burial and metamorphism, the framework mineralogy of these rocks is significantly

altered (Fernandes et al., 2016a). The morphology of structure, its extent and lithological

associations are used as tools to identify and evaluate their process of formation.

Turbidite deposits ideally represent Bouma sequence and also exhibit Soft Sediment

Deformation Structures (SSDS) (Valente et al., 2014).

Many studies are conducted using the major, trace and Rare Earth Elements (REE)

geochemistry as they provide clues to characterize provenance, paleoweathering, tectonic

setting and climatic variability from the terrigenous sediments. The geochemical

modifications occurring during the exogenic processes tend to mask the influence of

provenance (McLennan and Taylor, 1991). However, the Rare Earth Elements (REE) are

more reliable than the major and trace elements to decipher the provenance, since REE

concentrations are not affected during erosion, sedimentation and diagenesis (Sinha et al.,

2007). These modifications are dependent on the clay minerals which host the REE.

Since REE’s are relatively immobile during diagenetic and metamorphic processes,

REE’s along with Th and Sc are widely used to trace the evolutionary history of the

sedimentary rocks and upper crust in general (Taylor, 1964; Nance and Taylor, 1976;

McLennan et al., 1980; McLennan, 1989; McLennan and Taylor, 1991; Prame and Pohl,

1994).
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1.3 Previous work

The lithounits of Goa were geologically examined by Fermor (1909) followed by Dunn

(1942) and later by Dhepe (1953). However, Oertal (1958) reported the rocks of Goa to

belong to Dharwar System and divided them into two groups: (i) the lower

infraconglomerate group and (ii) the upper metalliferous group. A scheme of

stratigraphic classification was proposed by Gokul et al., (1985), which is further revised

by Dessai, (2011) and is presented in Table 1.1.

Widdowson (2009) described in detail the mineralogical and compositional changes

observed in a 40 m high laterite profile that is present at the Merces quarry, Goa. This

profile, of probable Miocene age (Schmidt et al., 1983) overlies fresh greywacke and

portrays seven weathered zones indicating the parent rock of laterite to be greywacke.

These zones identified from the bottom to the top are: altered greywacke, reddened

greywacke, saprolite with Fe-rich mottling and/or segregations, Fe-Al segregations and

nodular concretions, laterite with fretworks of Fe-rich segregations, semi-indurated Fe-

rich tubular textured laterite and indurated laterite cap. Below the fretworks, a palaeo-

water-table occurs.

The petrology and geochemistry of the greywacke of the Dharwar-Goa sector belonging

to the Late Archaean Supracrustal composing of a thick sequence of greywacke with

intercalations of quartzite, BIF and carbonates were studied by Devaraju et al. (2010).

The geochemical data of this greywacke indicates the deposition of sediments in a

progressively changing basin from a passive to active continental margin and island arc

setting.
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These are the only studies that pertain to the characteristics of the greywacke of Goa and

so far the origin, formation mechanism and evolution of the greywacke of Goa have not

been reported.

Further, Auden (1949) reported a series of dyke intrusions in the Indian shield

particularly along the coastal regions and these dykes were considered to be feeders to

the Deccan Trap basaltic flows. However, the trend of a few basic dykes is reported to be

comparable with the major lineaments. This probably suggests two episodes of volcanism

during which the dykes were emplaced along the Goa coast and is indicative of a thin

continental crust along the coast (Iyer et al., 1990). Further, Widdowson et al. (2000)

reported that the coastal dykes of Goa represent the youngest phase of mafic intrusive

forming a pre-Deccan basement of Peninsular India. The major, trace, rare earth elements

and 87Sr/86Sr ratios of these dykes are consistent with Deccan basalts while the 40Ar/39Ar

age data indicate Palaeocene age. Patil and Rao (2002) conducted palaeomagnetic studies

of the dolerite dykes in Goa and proved them to be contemporaneous to the Deccan traps.
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Table 1.1 Stratigraphy of Goa Group after Gokul et al. (1985) and Dessai (2011).

After Gokul et al. (1985) Dessai (2011)
Basic Intrusives Metadolerite/Dolerite
Canacona Granite 2395±390 (?) Ma

Mafic-ultramafic layered complex

Metadolerite

Ponda Group (= Chitradurga
Group)

Vagheri Formation Metabasalt, Argillite and metagreywacke

Basic Intrusives Dolerite, Gabbro Bicholim Formation

Banded ferruginous
quartzite Manganeferous chert  breccia with pink
ferruginousphyllite Limestone
Pink ferruginous phyllite
Quartz-chlorite- amphibolite-
schist

Chandranath
Granite Gneiss 2600±100 Ma Granodiorite Sanvordem Formation Metagreywacke, Argillite, quartzite, tilloid

Vagheri
Formation

Metabasalt, Argillite and
metagreywacke ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ Unconformity ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Bicholim
Formation

Banded ferruginous
quartzite Manganeferous chert
breccia with pink
ferruginousphyllite Limestone
Pink ferruginous phyllite
Quartz-chlorite- biotite-
schist

Barcem Group (= Bababudan
Group) Barcem Formation

Matagabbro
Peridotite, talc-chlorite schist, Quartzite, quartz-

sericite schist, Red Phyllite, Quartz porphyry
Massive, schistose and vesicular metabasalt

Sanvordem
Formation Argillite, quartzite, tilloid ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ Unconformity ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Barcem
Formation

Metagabbro
Peridotite, talc-chlorite-
schist
Quartzite, quartz- sericite-schist

Phyllite
Quartz-porphyry
Massive, schistose and
vesicular basalt

Chandranath  Granite Gneiss 2700-2900 Ma Granodiorite

Basement: not identified Anmode Ghat trondhjemite gneiss 3300-3400 Ma
Basement:
trondhjemite-tonalite
granodiorite
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1.4 Aim and objectives

The primary aim of the study is to acquire and analyse the petrology and geochemical data of

the metagreywacke of Sanvordem Formation, Goa Group, Goa, India so as to understand the

process of formation and evolution. Hence, to fulfill the aim, following are the objectives:

1. To study the distribution, extent and sedimentologic nature of metagreywacke and

associated rocks of the Goa Group, India.

2. To determine and understand the petrographic and geochemical characteristics of the

metagreywacke.

3. To study the diagenetic changes and establish the sequence of diagenetic events so as

to understand the process of formation of metagreywacke.

4. To integrate the data in order to understand the tectonic setting, origin and evolution

of the metagreywacke.

Petrography and petrochemistry is used to interpret diagenesis and deformation

microstructures. An in-depth account of the diagenetic and metamorphic processes that

produced various microstructures is discussed. However, various depositional, diagenetic,

deformational and erosional structures exhibited by the rocks are also studied and presented.

In this background, I have outlined the structural details, petrology and geochemistry of

metagreywacke of the Sanvordem Formation of Goa Group, India to understand the interplay

between diagenesis and low grade metamorphism, evolution, tectonic setting and provenance.

Intrusions of dolerite dykes associated with the country rocks of metagreywacke are also

studied for their petrology, petrogenesis and for their relation with metagreywacke.
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1.5 Study area

1.5.1 Location

All along the west coast of Goa, extensive exposures of metagreywacke are present that

belong to the Sanvordem Formation of Goa Group. The areas under investigation are the

coastal stretch of Pernem, Bardez, Tiswadi and Mormugao Talukas. The outcrops at Pernem,

Bardez and Mormugao Talukas are exposed along the coast as cliffs and headlands (Fig. 1.1).

The outcrops in Tiswadi Taluka are present in the hinterland and are best exposed in the

various quarries.

Besides metagreywacke, the study area has presence of various outcrops of dykes of dolerite

intruding these country rocks.

1.5.2 Accessibility

The study areas are well connected by road network. The areas are accessible from the

important towns like Pernem, Mapusa, Panaji and Vasco. However, since a majority of the

outcrops are present along the coast, these outcrops can be approached by walking all along

the coast. The quarries in Tiswadi Taluka can be approached by road from Panaji.

1.5.3 Climate

Goa experiences a tropical monsoon climate and is warm and humid throughout the year. The

relative humidity during the monsoon period is high and range from 90% to 95% while

during rest of the year it ranges from 80 to 85%. The state has a low diurnal variation in

temperature as it is located proximal to the Arabian Sea. On an average, the minimum

temperature in winter is about 18˚C and during summer it reaches upto 36˚C. Goa is

bestowed by abundant rainfall from the Southwest monsoon during the months from June to

September.
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1.5.4 Physiography

The study area forms a part of the western coastal plains with plateaus. This terrain comprises

of low-lying stretches of sandy beaches, khazan lands, estuarine mudflats, mangroves, fields,

saltpans and settlement areas. The two largest estuaries of Goa lie within this stretch which

includes Mandovi and Zuari rivers. The North Goa coastal plains are interrupted by low (less

than 100 meters high) laterite topped plateaus. The plateaus comprise of rocky headlands

towards the sea front, between which lies the sandy beaches. The coastal stretch of South Goa

(Quepem and Canacona coasts) are much isolated and limited in extent, wherein the terrain is

hilly and mountainous even near the coast (Wagle, 1982; Fernandes, 2009).
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Fig. 1.1: Geological map of Goa (modified after GSI) with the location of the sampling sites.



27

1.5.5 Drainage

The important rivers draining the state of Goa from north to south are Terekhol, Chapora,

Mandovi, Zuari, Sal, Talpona and Galjibaga. These rivers are under the tidal influence for a

few kilometers along their length near the coast. The rivers have tremendous capacity to

erode headward, due to heavy rainfall. The drainage is predominant in two directions: N-W

and E-W. These trends follow the regional trend and coincide with the faults, fractures and

shear zones (Iyer and Wagle, 1987).
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Chapter 2

METHODOLOGY AND TECHNIQUES
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To accomplish the objectives of the study, several methods of investigation were undertaken

to understand the tectonic setting, origin and evolution of metagreywacke and the associated

rocks of the Sanvordem Formation of Goa Group, India. The methods employed include

sampling, petrographic studies including modal analysis as well as electron probe micro-

analysis (EPMA). The whole-rock geochemistry was carried out for major elements by X-

Ray Fluorescence (XRF), while the minor and trace elements including Rare Earth Elements

(REE) were determined by Induced Coupled Plasma - Mass Spectrometry (ICP-MS). Data

plotting by the use of SigmaPlot on binary and ternary diagrams is carried out. Further, the

data of metagreywacke of the study area is interpreted and compared with similar and related

rocks of greywacke from Dharwar (Devaraju et al., 2010), Late Archaean greywacke

(Condie, 1993) and also greywacke from Fig Tree, Barberton (South Africa) (Toulkeridis et

al., 1999). While, the dolerite dykes of the study area are compared with dolerite dykes of

Goa (Widdowson et al., 2000) and of Desur Lavas, Deccan Traps (Belgaum district,

Karnataka) (Hegde et al., 2014).

2.1 Field methods

Before the commencement of fieldwork, the topographic and geologic maps were studied to

identify areas of probable rock exposures. Google maps also gave valuable information

during the course of fieldwork to identify the exposures for a detailed study. Fieldwork

consisted of observation of geologic relationships and of structural data such as attitude of

bedding planes, fold and shear zone. Rock samples were collected for petrographic, micro-

structural study and also for whole-rock geochemistry. The study area is marked in the map

(Fig. 1.1). Further, during the compilation of data, field visits were conducted in the same

study area, to verify the details described for its confirmation.

The outcrops in the study area were mainly present as cliffs and headlands along the coast.

Outcrops were also located in the hinterlands and in various quarries. Rock samples of
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metagreywacke and also of the associated dykes were collected throughout the study area in

order to provide a complete representation of the rock types present. Sampling of

metagreywacke was done especially across the contours (especially at the quarries), so as to

get a vertical variation. The dyke samples obtained were from the margin as well as from the

center of the dyke body.

2.2 Laboratory methods

2.2.1 Petrography and modal analysis

Petrographic observations served to either confirm or correct the rock descriptions made

during fieldwork and to detect textures and minor phases not observable in hand specimen.

The samples were examined in transmitted light for the petrographic study using Leica

DMLP (at CSIR-NIO, Dona Paula, Goa) and Nikon Eclipse E200 (at Department of Earth

Science, Goa University, Goa) polarizing microscopes. A total of 49 samples were collected

from the study area of metagreywacke and associated rocks. Thin sections (36

metagreywacke and 13 associated dyke samples) were used for the petrographic study.

Specific attributes that were documented during the petrographic study include mineralogy,

visual estimates of mineral modes and textural information. Petrographic studies help to

understand the composition and textural parameters such as grain size, sorting and mutual

relationship among grains. During petrographic analysis, particular attention was given to the

textural pattern of metagreywacke to understand the diagenetic process. The mineralogy of

framework grains, cement and matrix were essential for reconstructing the diagenetic history

of the metagreywacke while the textural pattern of the associated dykes helped to delineate

the crystallization history.

Modal analysis produces a representation of the distribution and volume percent of minerals

within the thin section. In this method, rocks from different areas can be compared with the
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help of thin sections, using a petrological microscope. It also helps in giving the maximum

and minimum grain sizes. The delimitation of modal analysis is when the rock has a

preferred orientation of one or more minerals. The total area of sample must be sufficiently

larger than the maximum diameter of the smallest grain size.

Modal analysis was conducted by measuring the surface area of mineral grains of the same

mineral relative to the total surface area of the thin section. This was done using the software

NIS-Element D coupled to the NIKON Eclipse E200 microscope. At least two points were

analysed for each thin section for the volume percent and average value was considered.

2.2.2 Electron Probe Micro-Analysis (EPMA)

Electron probe micro-analysis (EPMA) is an analytical tool used to non-destructively

determine the chemical composition of small volumes of solid materials. Minerals preserve

chemical information adopted during their formation and subsequent alteration. This

information helps to understand the geologic processes such as crystallization, lithification,

volcanism, metamorphism and tectonic setting. EPMA works by bombarding a small area of

a sample or mineral with an electron beam resulting in X-rays that are emitted at wavelengths

typical to the elements being analysed. Hence the sample composition can be easily identified

by recording the wavelength using a Wavelength Dispersive Spectroscopy (WDS) system.

Mineral analyses were obtained employing an SX5 CAMECA at CSIR-NIO, Goa and were

performed at 15 kV accelerating potential and with beam current of 12 nA. The standards

used for the analysis were natural silicate and oxide minerals.
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2.2.3 Whole rock geochemistry

Of the 49 samples used for petrographic studies, 27 samples (22 metagreywacke and 5

associated dykes) were analysed for X-ray fluoresence (XRF) and inductively coupled

plasma - mass spectrometry (ICP-MS). The samples were powdered using an agate mortar.

2.2.3.1 X-Ray Fluoresence (XRF)

X-ray fluorescence (XRF) is the emission of characteristic X-rays (or fluorescence) from a

material that has been excited by bombarding with high-energy X-rays or gamma rays. One

gram of each powdered samples were made into glass pellets and analysed for major and

minor elements employing a Philips X-ray Fluorescence Spectrometer at CSIR-NIO, Goa.

The standards used were Japanese gabbro (JGb-2), dolerite (WS-E), quartz latite (QLo) and

Japanese sediment (JSd-1). The accuracy for major oxides is within ±5.

2.2.3.2 Inductively Coupled Plasma-Mass Spectrometry (ICP- MS)

Trace and rare earth element (REE) concentrations were determined with inductively coupled

plasma - mass spectrometry (ICP-MS) following the standard procedure of Balaram and Rao

(2003). Finely ground rock samples were digested by dissolving 50 mg powder in a mixture

of HF, HNO3 and HClO4. A minimum of two cycles of drying of the acid and sample mixture

were carried out during the digestion. A few samples underwent a third cycle. Rhodium was

used as an internal standard. Finally, the solution was made up to 100 ml using distilled

water. The standard reference materials used were Icelandic basalt (BIR-1) and dolerite

(DNC-1). The precision for trace elements is less than 1% and the accuracy is within ±5. The

REE data were normalized using the chondrite values (after Sun and McDonough, 1989).
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The analyses were conducted employing an Inductively Coupled Plasma-Mass Spectrometry

(ICP-MS) at CSIR-NIO, Dona Paula, Goa and at Isotrace Laboratory (Agilent ICP- MS),

National Centre for Antartic and Ocean Research (NCAOR), Mormugao, Goa.

2.3 Summary

This chapter provides a brief description about the various methods used, beginning with the

sampling, petrographic description, modal analysis and EPMA. Methods employed for

whole-rock geochemistry of XRF and ICP-MS analyses are also given.
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Chapter 3

GEOLOGIC SETTING AND STRATIGRAPHY
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3.1 General

The Indian peninsular shield is composed of Archean formations comprising the cratons of

Singhbum, Aravalli, Bastar and Dharwar. The Dharwar Craton lies between latitudes 12º 00'

and 18º 00' and longitudes 74º 00' and 80º 00' E. The northern part of the Dharwar Craton is

capped by 66 Ma old continental flood basalts of the Deccan Traps and towards the East, the

craton is masked by Proterozoic sediments of the Cuddapah Supergroup (Fig. 3.1).

Fig. 3.1: Geological map of Dharwar craton with different greenstone belts and Clospet
Granite. Dharwar craton bounded by Deccan Traps, Granulite terrane and Cudappah basin
(Chadwick et al., 1996).

Based on dominant lithologies, age, abundance of greenstones and degree of regional

metamorphism, the Dharwar Craton is subdivided into the western and eastern blocks. The

Western Dharwar Craton (WDC) is mainly composed of Tonalite Trondjemite Granodiorite

(TTG) suite as old as 3.4 Ga (Peucat et al., 1993). The highly deformed and metamorphosed
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Sargur Group greenstone belt (>3.0 Ga) is unconformably overlain by Dharwar Supergroup

supracrustal (3.0–2.6 Ga) (Nutman et al., 1996). The sedimentary basin of the northern part

of the Dharwar-Shimoga greenstone belt of the western Dharwar craton (Archean crust)

consists of a succession of quartz-pebble conglomerate and quartz arenite which is overlain

by the turbidite sequence (Srinivasan and Naqvi, 1990; Hegde and Chavadi, 2009). The

Eastern Dharwar craton (EDC) comprises of late Archean monzo-diorite, granodiorite and

granite suite. The age of the EDC ranges from 2.7 to 2.55 Ga (Balakrishnan et al., 1990;

Krogstad et al., 1991; Vasudev et al., 2000). Metamorphism in the WDC varies from low-

temperature greenschist to amphibolites facies, whereas the EDC exhibits high-temperature

greenschist to amphibolites facies (Chadwick et al., 1997).

Goa covering an area of about 3,702 km2 is situated along the central west coast of India

between the Arabian Sea and the Western Ghats. The Goa Group comprises of the

greenschist facies of metamorphic rocks belonging to the Dharwar Supergroup (Gokul et al.,

1985). The widely exposed Archean metasedimentary rock is metagreywacke. Although

these rocks have undergone low grade metamorphism, various sedimentary structures are still

preserved in the rocks (Fernandes et al., 2016a).

This study examines the metagreywacke of the Sanvordem Formation and also the associated

dykes intruding them. Metagreywacke form the most abundant and dominant lithology of the

WDC and occupy around 30,000 km2 and are affected by regional low grade metamorphism

resembling greenschist assemblage, the other processes involved are silicification,

carbonatization and widespread formation of secondary sericite and chlorite. Yet, with this

extent of metamorphism and alteration a range of primary minerals, textures and structures

are still preserved in the WDC (Devaraju et al., 2010).
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3.2 Geologic setting and stratigraphy

The Indian peninsular shield which is characterised by cratons is mainly composed of tonalite

trondjemite granodiorite (TTG) suite, greenstone belt and granitoid. In Goa, the Dharwar

Craton extends between latitude 14°53ꞌ54ꞌꞌ N and 15°48ꞌ00ꞌꞌ N and longitude 73°40ꞌ33ꞌꞌ E and

74°20ꞌ13ꞌꞌ E. Goa is situated towards the north-western part of the WDC and form a part of

the Shimoga-Goa supracrustal belt with a trend of NNW-SSE. The extent of Dharwar Craton

in Goa is concealed beneath the Arabian Sea in the west and Deccan Trap in the north-west.

The Shimoga-Goa supracrustal belt continues beneath the Trap and terminates upto Narmada

along the Narmada-Son lineament (Dessai, 2011). The general trend of the Dharwar Craton is

NW-SE, representing sediments at the base and superimposed by metamorphosed basic and

acid volcanic rocks. These are overlain by greywacke, followed by pyroclasts and tuffs

associated with precipitates of chemogenic lime, iron and manganese. These are in turn

overlain by another greywacke suite of rocks. This heterogeneous assemblage has suffered

greenschist facies of metamorphism and as they are found in Goa, they are termed as the Goa

Group (Gokul et al., 1985).

The stratigraphic sequence of the Goa Group consists of the metavolcanic and

metasedimentary assemblage (Archean to Proterozoic), mafic and ultra-mafic complexes and

intrusive granite (Lower Proterozoic), Deccan Trap (Upper Cretaceous to Eocene), laterite

(Cenozoic) and beach sand and estuarine alluvium (Quaternary) (Geological Survey of India,

1996). The meta-sedimentary assemblage of the Archean to Proterozoic age is divided in the

order of superposition as: Barcem, Sanvordem, Bicholim and Vageri Formation in the

ascending order. Gokul et al. (1985) correlated the Goa Group with the rocks from

Chitradurga Group of the Dharwar Supergroup that is dominantly of metagreywacke and

tilloid. The tilloid demarcates a basal conglomerate indicating a break in sedimentation

episode. The underlying acidic and basic metavolcanics are included in lower Bababudan



38

Group. However, in Goa Group, the tilloid is assigned the status of para-conglomerate hence

the tilloid along with the metavolcanic are included in Goa Group. Further, Dessai (2011)

divided the rocks of Goa into two lithostratigraphic sequences: Barcem Group and Ponda

Group which corresponds to Bababudan and Chitradurga Group of the Dharwar Supergroup,

respectively. The Barcem Group comprises of Barcem Formation while the Ponda Group

comprises of Sanvordem, Bicholim and Vageri Formations (Refer Fig. 1.1).

As reported by the Geological Survey of India (1996), the Barcem Formation comprises of

basic and acid metavolcanics with associated meta-tuff and meta-sediment. The Sanvordem

Formation comprises of metagreywacke, tilloid and argillite. The Bicholim formation is

represented by metapyroclast and tuff with calcareous, manganiferous and ferrugineous

chemical precipitate. The Vageri Formation comprises of metagreywacke and metabasalt.

Acidic and basic intrusions followed the sedimentation phases. Deccan Trap of about 60 m

cap the north-eastern corner of Goa and are of Upper Cretaceous to Lower Eocene age

(Gokul et al., 1985; Fernandes et al., 2016a). The stratigraphic sequence of Goa group is

given in table 1.1 and figure 1.1.

Based on Rb/Sr whole-rock measurements, the oldest known rock in Goa is the Anmod

trondjhemitic gneiss of 3400 ± 140 Ma age (Dhoundial et al., 1987). Later work reported on

age is 3300 Ma using the Sm-Nd and U-Pb signatures (Devaraju et al., 2007). The Anmod

trondjhemitic gneiss forms the basement for the Goa Group of rocks and is correlated with

the older parts of the Peninsular gneiss of South India.

The various acidic intrusives exposed in the form of granitic gneisses in Goa (Fig. 1.1) are

based on localities and are referred to as (i) Chandranath granite gneiss, (ii) Tamdi

feldspathic gneiss, (iii) Dudhsagar granite and (iv) Canacona granite. These granitic-gneisses

are reported to be either syntectonic or post-tectonic in relation to the deformational episodes

exhibited by the supracrustals (Harinadha Babu et al., 1981; Gokul et al., 1985; Dessai,
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2011). The Chandranath granite gneiss is reported to be syntectonic with the first phase of

folding while the Dudhsagar granite and Tamdi feldspathic gneiss are synkinematic with the

second phase of folding and the Canacona granite is post-tectonic emplacement. However,

the relationship between granite gneisses and supracrustals is not yet delineated (Gokul et al.,

1985; Dessai, 2011).

Gokul et al. (1985) identified three cycles of folding. The first cycle of folding is observed

towards the south-western part of Goa, wherein the fold movement had resulted in

asymmetrical folds with the axis trending E-W. The syncline of the fold extends from Nuvem

to Morpirla and its corresponding anticline is occupied by Chandranath granite which is

syntectonic with the first phase of folding. The second cycle of folding was the most

powerful and its evidences are present all over the territory. These folds are doubly plunging

with NW-SE axis trend. Various macro- scale and meso- scale folds are present to the east

and north of Sanvordem. The secondary planar structure resulted from this fold movement

led to the formation of prominent schistosity in the area. The third cycle of folding had

resulted in a major syncline in the north-eastern part of Goa around Valpoi. The axis of the

fold has NNW-SSE trend with a plunge of 12-15° due NNW. This fold movement resulted in

the S-shaped bend in the Bicholim ore formation. It is also reported that the trend of a few

basic dykes is comparable with the lineaments. This probably suggests two episodes of

volcanism during which the dykes were emplaced along the Goa coast and is indicative of a

thin continental crust along the coast (Iyer et al., 1990).

The prominent straight west coast of India represents a major fault (Gokul et al., 1985). The

various fault planes perpendicular to the major west coast fault in Goa are attributed to have

developed in W–WSW direction. Along these fault planes the rivers of Chapora, Tiracol,

Mandovi and Zuari flow in to the Arabian Sea. Numerous minor faults are present in the

coastal area that trend NE-SW and NW-SE and are widely reported from the ore quarries.
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Besides, significant evidences of shearing and tectonisation are reported along the ghat

section of the Goa-Karnataka border. The probable time of formation of faults and its

correlation with the formation of western ghat is not known (Gokul et al., 1985). Iyer et al.

(1989) reported that the lineaments of Goa were correlated with the three cycles of tectonic

activity, with the east-west direction being the most prominent.

The emplacement of basic intrusives followed the event of mafic-ultramafic layered complex

and Canacona granite (2395 ± 390 Ma), thus, the injection of the dykes is the last event

(Dessai, 2011; Fernandes et al., 2016a). These dykes could be either related to post- Deccan

Trap that occurred at 63 Ma corresponding to the end of Deccan volcanism and/or to the

initiation of Mesozoic rift of western India and the splitting of India and Madagascar at 89

Ma. Palaeomagnetic and radiometric dating study has indicated that the dyke swarms in SW

peninsular India is older and is of Precambrian age (Widdowson et al., 2000) whereas the

younger swarms are related to the late Mesozoic tectonism (Storey et al., 1995; Patil and Rao,

2002; Fernandes et al., 2016a).

Geochemical studies and 40Ar/ 39Ar data indicated that the dykes of Goa were feeders to the

younger formations of the Wai subgroup of Deccan basalts that are of Early Palaeocene age

(Widdowson et al., 2000). However, palaeomagnetic studies of Patil and Rao (2002)

suggested the dykes to be contemporaneous to the Deccan traps.

The lithospheric extension and rifting which occurred between ~180 and 64 Ma between

India and Madagascar were associated with two or more hotspots and resulted in extensive

volcanism of:

1) the Rajmahal, Sylhet and Bengal Traps (~117 Ma; Baksi, 1995);

2) widespread magmatism in Madagascar (92-84 Ma; Storey et al., 1997);
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3) St Mary’s Island off the west coast of India (~90 Ma; Torsvik et al., 2000; Pande et

al., 2001);

4) the Deccan Traps in India (~64 to 66 Ma; Widdowson et al., 2000).

Among these, the Deccan Trap is the largest covering an area of about 500,000 km2,

extending into the Arabian Sea to the west, having an estimated original erupted volume of as

much as 1.3 x 106 km3 (Naqvi 2005; Jay and Widdowson, 2008; Hegde et al., 2014). Some

workers (eg., Richards et al., 1989; Campbell and Griffiths, 1990) have considered these

Continental Flood Basalt (CFB) as a product of mantle plume heads. Morgan (1981) reported

that the Deccan basalts were a consequence of the northerly drifting Indian subcontinent over

the Reunion plume in the Late Cretaceous. Vanderkluysen et al. (2011) have reported three

dyke systems exposed in Deccan Traps flood basalt province of India: 1) north-south trending

west coast swarm; 2) east-west trending Narmada-Tapi swarm in the north-central Deccan; 3)

Nasik-Pune swarm in the central western Deccan. The three volcanic events of the Deccan

occurred during 68-67 Ma, 65 Ma and finally at 62 Ma, with maximum activity at the ca. 65

Ma event. However, the arrival of Reunion plume at the base of the Indian lithosphere

occurred at ~70 Ma (Roy 2003; Collier et al., 2008; Kerr et al., 2010; Rao et al., 2011).

Based on geochemical characteristics and field markers the Deccan CFB is divided into three

subgroups and eleven formations (Table 3.1). The succession thins towards south-east

displaying the older formations (Watts and Cox, 1989; Mitchell and Widdowson, 1991;

Widdowson et al., 2000), while the youngest formation occurs at Belgaum, Karnataka, India

which also caps the Western Ghats escarpment and the elevated plateau region of Goa

(Widdowson et al., 2000).
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Table 3.1: Deccan continental flood basalt province stratigraphy (Subbarao and Hooper,
1988)

All along the length of Goa, the original basalt overburden that might have been existed

could have been removed due to the eastward recession of the Western Ghat scarps as such

the link between the dykes and the lava flows that might have existed in Goa is not

demonstrated in the field presently (Widdowson et al., 2000). Chemo-stratigraphical studies

implies that the exposures of dolerite dykes present along the coastal plains of North Goa and

also the flows capping the eastern ghat escarpment consists of successions of the Ambenali,

Mahabaleshwar and Panhala Formations (Devey and Lightfoot, 1986; Mitchell and

Widdowson, 1991; Widdowson et al., 2000).

3.3 Field occurrence and structural description of metagreywacke and associated rocks

Structures developed in sedimentary rocks during the process of their formation act as clues

to decipher the sedimentary environment at the time of deposition of sediments. This research

deals with a new finding of the various depositional, diagenetic, deformational and erosional

structures exhibited by the rocks of Sanvordem Formation, Goa Group. In this present study

Group Subgroup Formation
Deccan Basalt Wai Panhala

Mahabaleshwar
Ambenali
Poladpur

Lonavala Bushe
Khandala

Kalsubai Bhimashankar
Thakurvadi
Neral
Igatpuri
Jawhar
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the morphology, extent and lithological associations of the structures are used as tools to

identify and evaluate the process of formation of the structures. Further, Bouma sequence

representing turbidite deposit is also reported to occur in metagreywacke rocks of the study

area. The formation and the importance of the various structures that represent turbidite

deposits are reported for the first time in the Goa Group.

3.3.1 Metagreywacke

The rock exposure along the coast of North Goa is mainly metagreywacke and is about 1 to 6

m in thickness while a maximum thickness of 30 m occurs in the hinterland quarries. The

reduced thickness of the coastal outcrops is perhaps either due to marine erosion or due to the

decrease of the basin depth. At several places, the outcrops are capped by lateritic tablelands.

The sedimentary structures identified in the study area are categorised into five groups:

1) Primary depositional structures

2) Diagenetic structure

3) Soft Sediment Deformation Structures (SSDS)

4) Deformational structures

5) Erosional structures

3.3.1.1 Primary depositional structures

Primary depositional structures are known to have formed during deposition of the

sediments. The metagreywacke of the study area have a strike of NE-SW and an average dip

of 30°. The primary structures in the study area comprise of laminations, dropstone, graded

bedding and cross lamination and also liesegang rings (diagenetic structure), while, the SSDS
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identified in the study area are convolute, flame and load, ball and pillow (pseudonodule),

slump fold and syn-sedimentary fault which form during lithification process.

Laminations are dominant and are easily recognizable in the study area. These are

characteristically continuous, parallel and have sharp boundaries. A horizon of

metagreywacke with biotite layers is identified at the Morjim road junction (Fig. 1.1). It is

identified by the presence of a film of mica flakes and clay minerals (Fig. 3.2A, 4.1F).

Dropstone structure

The conglomerate at the base of the Sanvordem Formation comprises of sand to silt sized

matrix that cements the quartzitic and granitic pebbles that range in size from 10 to 15 cm.

Dropstone structure is exhibited by the pebble present in conglomerate (Fig. 3.2 B, C). The

pebble has a broad and convex base at the bottom and is almost flat at the top. The

laminations above the pebble are present without any disturbance while the laminations

below the pebble, are distorted while in the mid- region of the pebble laminations are

discontinuous and broken. Some exposures of conglomerate interbedded with argillite as well

as intercalations of fine grained clayey laminated argillites in the form of lensoid pockets are

also noticed (Fig. 3.2 D, E). Also, at places lineation in conglomerate is prominent with a

trend of N 310°.

Graded bedding

Small-scale rhythmic upward fining sequences in metagreywacke are identified at

microscopic scale (Fig. 4.3B).
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Cross lamination

Cross lamination (Fig. 3.2F) is noticed within a bed of metagreywacke lithofacies with the

foreset having an angular truncation with the topset and a tangential contact with the

bottomset bounding surface of the beds.

3.3.1.2 Diagenetic structure

Liesegang rings

Liesegang rings in metagreywacke have characteristic concentric or ring-like appearance

with band thickness ranging between 2 and 5 mm and are bounded by cracks and fissures and

are perpendicular to the bedding planes (Fig. 3.4A).
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Fig. 3.2: Field photographs of primary depositional structures in metagreywacke:
A) ‘Metagreywacke with biotite’ horizon identified by presence mica (biotite) flakes and clay
minerals.
B, C) Dropstone structure in matrix-supported metaconglomerate unit with pebbles of
quartzite and granite. (White lines indicate the laminations).
D) Argillite interbedded between metaconglomerate.
E) Metaconglomerate with intercalations of argillites in the form of lensoid pockets.
F) Metagreywacke with cross laminations.
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3.3.1.3 Soft Sediment Deformation Structures (SSDS)

The SSDS are also called as penecontemporaneous features, formed before lithification in

clastic sediments (Van Loon, 2009) and reflect deformational processes that occur in

unlithified sediments or in sedimentary rocks that are unlithified before the deformation

started (Lowe, 1975; Mills, 1983; Müller et al., 2000; Collinson, 2003; Van Loon, 2009). The

SSDS are indicators of the early consolidation history of sediments rather than their

depositional environment (Allen, 1982) and these early diagenetic features form due to

liquefaction in water saturated unconsolidated sediments (Owen, 1987; Topal, 2014). The

SSDS are related either to sedimentary or tectonic features and are controlled by the degree

of compaction of the sediments (Owen, 1995; Mazumder et al., 2009; Kundu et al., 2011).

The main factors involved in the formation of the SSDS are; rapid deposition, differential

loading in adjacent parts of the sediment and gravity controlled density currents (Bowman et

al., 2004). The SSDS are commonly observed in Quaternary and Phanerozoic deposits and

are very rarely found in Precambrian deposits (Ghosh, 2012), such as those reported from

Chaibasa Formation in Eastern India that was deposited between 2100 and 1600 Ma during

Proterozoic (Mazumder et al., 2006).

SSDS are formed either by gravitational movements, density differences or by movement of

intergranular fluid. The SSDS are recorders of the environmental condition which occurred

between the sediment deposition events. The SSDS are associated with muds and muddy

sands as water does not dissipate rapidly in low-permeability muds (Potter et al., 1984;

Valente et al., 2014). Several SSDS such as convolute laminations, flame and load, ball and

pillow (pseudonodules), slump fold and syn-sedimentary fault that were observed in the study

area are now discussed.
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Convolute laminations

Convolute laminations occur as a 50 cm thick layer, sandwiched between undeformed

sedimentary layers in metagreywacke (Fig. 3.3A). The convolute laminations are associated

with load and flame structures which occur as crenulations that are present at the top and

bottom of the convolute bedding. The convolute lamination exhibit flame structures of about

3-5 cm thick.

Flame and Load structures

The load structure shows coarse-denser sediment that has sunk into the underlying finer-

lighter material while the flame structure shows the rise of the underlying finer-lighter

sediments into the overlying coarse-denser sediments. This structure is possibly formed by a

process of density gravity settling (Fig. 3.3B).

Ball and pillow structures

Ball and pillow structures occur as fine grained sediment nodules of almost circular to

elliptical shape. Since these structures appear as irregular bulbous nodular features they are

also called as pseudonodules (Fig. 3.3C, D).

Slump fold structures

The slump fold structures occur in single strata of metagreywacke with broad, U-shaped and

have an almost vertical axial plane. Slump folds are seen bounded by undisturbed sediments

above and below (Fig. 3.3E).
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Fig. 3.3: Field photographs of SSDS in metagreywacke:
A) Convolute lamination in metagreywacke sandwiched between undeformed layered
sedimentary strata.
B) Load (L) and Flame (F) structure occur as crenulations or wavy undulations having about
3-5 cm thickness. (White lines indicate the laminations).
C, D) Pseudonodules (P) seen as circular to elliptical shape (marked by circle).
E) Slump folds bounded by undisturbed sediments above and below, having a broad and U-
shape and with a near vertical axial plane.
F) Syn-sedimentary faults truncate against undeformed continuously layered strata above and
below them (Fault planes are marked by black lines).

F L
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Fig. 3.4: Field photographs of metagreywacke:
A) Liesegang rings with characteristic concentric or ring-like appearance.
B, C) Shear zone in metagreywacke forming metagreywacke cataclasite.
D) Erosional ridges and furrows on horizontal surface of the tilted strata with a dip of about
34°.
E) Honeycomb structure with pits of varying sizes in metagreywacke.
F) Field photograph of dolerite dyke emplaced into metagreywacke.
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Syn-sedimentary faults

Faults are identified truncating the undeformed continuously layered strata of metagreywacke

above and below them wherein the hanging wall of the fault exhibits thickening or growth

representing syn-sedimentary faults (Fig. 3.3F).

3.3.1.4 Deformational structures

The deformational structures identified in the study area are fold and shear zone.

Fold

A major anticlinal fold is delineated using the structural data at Vagator with one limb

dipping due North and other in South direction. The fold axis lies approximately along an E-

W direction i.e., along the reported regional fold axis.

Shear zone

A shear zone is observed at Vagator wherein the metagreywacke is sheared along with quartz

veins to form ‘metagreywacke cataclasite’ (described in chapter 4). This occurs as a

narrowzone with a trend of N 150° (Fig. 3.4B, C).

3.3.1.5 Erosional Structures

Besides the various structures that were formed due to primary, diagenetic and deformational

processes there are some features formed due to the erosional process in the study area.

Erosional furrows

This structure occurs as furrows and ridges on the horizontal surface of the tilted strata of

metagreywacke that has a dip of about 34° (Fig. 3.4D).

Honeycomb structure
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This structure is seen as pits of varying sizes on the rock surface (Fig. 3.4E).

3.3.2 Associated Rocks

The metagreywacke of the study area is identified to be associated with dykes of dolerite

(Figs. 3.4F, 3.5A, B), quartz veins (Figs. 3.5C, D) as well as with a presence of a dyke of

hornblende schist.

Several dolerite dykes have intruded the country rock of metagreywacke. The grain size

varies from the margin to the centre of the dyke. The margin of the dyke is fine grained and

host closely spaced joints while towards centre the grain size progressively increases and the

joints reduce. A majority of the dykes trend between N 295° and N 320° giving a general

trend of NW-SE which is the dominant trend. The cross-cutting relation observed among

dykes at the coast of Aguada indicates that the dykes are of two generations. The trend of the

older dyke is N 345° while that of the younger dyke is N 315°. This indicates that the

younger dyke trend ranges within the general trend of the dyke (i.e. between N 295° to N

320°) as mentioned above (Fig. 3.5B).

Besides the dykes, various quartz veins are present in the metagreywacke, ranging in size

from millimeters to several centimetres. At places, pinching and swelling of quartz veins are

seen, also exhibiting partly hummocky type of pattern of the veinlets (Fig. 3.5C, D). An

outcrop of dyke of hornblende schist is reported at Mormugao which is seen to have intruded

the country rock of metagreywacke.

The importance and formation of the above detailed structures and features would be later

discussed (Chapter 6).
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Fig. 3.5: Field photograph of dolerite dykes and quartz veins:
A) Dyke emplaced into metagreywacke exposed in a 10 m high section.
B) Cross-cutting dykes with trend of older dyke N 345° and that of the younger dyke is N
315° (marked by two red lines).
C) Numerous quartz veins ranging in size from millimeters to several centimetres present in
metagreywacke.
D) Quartz veins exhibiting partly hummocky type of pattern of the veinlets.

Dyke
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3.3.3 Summary

In this chapter, the various indentified structures of metagreywacke are categorised into five

groups:

Primary depositional structures

 Laminations, dropstone, graded bedding and cross laminations.

Diagenetic structure

 Liesegang rings.

Soft Sediment Deformation Structures (SSDS)

 Convolute, flame and load, ball and pillow (pseudonodules), slump fold, and syn-

sedimentary fault.

Deformational structures

 Fold and shear zone.

Erosional structures

 Erosional furrows and honey comb structures.

The associated dolerite dykes are described with respect to their trend and the presence of

quartz veins.

Hornblende schist dyke is also reported in the study area.
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Chapter 4

PETROGRAPHY OF METAGREYWACKE

AND

ASSOCIATED ROCKS
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The abundance, composition and size of the framework grains along with the matrix

components and cementing material control the texture of sedimentary rocks. Hence

petrography and modal composition of the metagreywacke of the Sanvordem Formation, Goa

Group are used to interpret their diagenesis and deformation microstructures. Here an in-

depth account of the diagenetic and metamorphic processes that produced various

microstructures are discussed. The diagenetic modifications are used to demonstrate the

various stages that represent the process of lithification. Additional changes that persisted in

mineralogy are regarded to be the products of the various degrees of metamorphism. Due to

burial and metamorphism in metagreywacke of Goa Group, the framework mineralogy of

rocks is significantly altered.

4.1 Metagreywacke

The metagreywacke exhibits immature, poorly sorted texture with angular to sub-angular

shaped components. The framework components comprise of quartz, feldspar, mica and relict

detrital rock fragments (Fig. 4.1 to 4.3). The matrix is fine grained comprising of clay

minerals with a variable amount of comminuted quartz, biotite, muscovite, chlorite and

calcite. Micas occur as framework grains and also as matrix component. Recrystallization in

quartz is identified with lobate contact grain boundaries in the quartz fabric and also from the

120° triple junction contact of the grains (Fig. 4.1A). Frosted and pitted appearance in quartz

grains is common (Fig. 4.1A). Ductile deformation is identified in orthoclase and plagioclase

with undulose extinction also plagioclase exhibit tapering deformed twins (Fig. 4.1A, B, C,

D), while brittle deformation is evident in fragmented orthoclase (Fig. 4.1C, 4.2F).

Orthoclase commonly exhibits saussuritization and carlsbad twin. Besides, perthitic feldspars

are also found (Fig. 4.1 C).
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Fig. 4.1: Photomicrographs of metagreywacke:
A) Metagreywacke: Quartz grains with 120° triple junctions (red circle). Deformed
orthoclase (Or) with albite (Ab) (green circle) (Back scattered image shown in fig 2B).
Schistosity is marked by white line.
B) Back scattered image of metagreywacke exhibiting deformation of orthoclase (Or) grain.
Adjacent to this grain, albite (Ab) and biotite (Biot) is identified.
C) Metagreywacke: Plagioclase with undulose extinction, tapering deformed twins (red
circle). Perthite feldspar present (yellow circle). Fragmented orthoclase grain (green circle).
D) Quartzo-feldspathic metagreywacke: Fine grained mosaic of new recrystallized quartz
grains is seen (left). Orthoclase grains with undulose extinction (yellow circle).
E) Quartzo-feldspathic metagreywacke with biotite flake embedded in quartz (middle part of
photograph).
F) Metagreywacke with Biotite: Alternate biotite layer and quartz rich layer with calcite
(yellow circle) and clayey material is identified.
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Geochemistry of various minerals present in metagreywacke of the study area are studied

using EPMA (Table 4.1). Further, although the rocks of the study area have undergone low-

grade metamorphism with presence of biotite and chlorite as well as development of

schistosity, an attempt is made to understand the modal data as sedimentary features still

persists in the rocks. On the basis of the petrological attributes and by modal counts (Table

4.2A) of various detrital components, the metagreywacke of the study area is grouped into

five distinctive petrofacies described as follows:

1) Metagreywacke: Metagreywacke comprises of quartz (av ~42%) and feldspars

(orthoclase, plagioclase) (av ~13%). The matrix is mainly of clayey matter with

subordinate amount of quartz and mica with an average of 31% of the total rock

volume (Fig. 4.1 A to C, Table 4.2A). Using EPMA data the feldspars identified are

of orthoclase and albite composition (Table 4.1).

2) Quartzo-feldspathic metagreywacke: This rock type is exposed at a hillock at

Morjim (Fig. 1.1) and differs from the others by their coarse texture and dominance of

quartz (av ~ 49%) and feldspar (av ~21%). Biotite is more abundant (8%) than

muscovite (0.85%). Matrix (av 17%) is dominantly of clayey material with

subordinate amount recrystallized quartz (Fig. 4.1D, E, Table 4.2A).
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Table 4.1: EPMA data of different minerals present in argillite, metagreywacke, dolerite and
hornblende schist.

Oxides
(%)

Argillite Argillite Metagreywacke Dolerite Hornblende schist Hornblende schist

Pyrite
Apatit

e
Quar

tz
Chlorit

e Apatite Biotite
Alloph

ane

Orth
oclas

e Albite Biotite

Fe-rich
Lithic
fragme

nt

Labrad
orite

(plagio
clase) Augite

Ilmenit
e Albite

Quar
tz

Ferroh
ornble

nde
Illme
nite

Fe-rich
Lithic
fragme

nt
Ilmenit

e

Ferroh
ornblen

de

SiO2 0.58
99.2

6 37.57 0.20 37.53 37.31
49.4

1 67.31 38.74 50.96 53.21 49.38 3.73 66.21
99.5

8 42.15 1.74 56.80 3.97 41.71

Al2O3 0.09 0.10 23.88 0.11 16.48 61.89
32.3

6 18.97 16.89 3.38 28.00 2.55 1.74 19.34 0.05 12.60 0.33 15.23 0.54 13.77

TiO2 0.00 0.01 0.16 0.01 0.44 0.03 0.00 0.00 1.65 0.05 0.14 0.84 25.65 0 0.03 0.34 45.77 0.29 44.48 0.38

Fe2O3 0.10 0.26 2.78 0.05 19.30 0.05 3.05 0.10 20.35 40.76 1.43 13.68 64.30 0.25 0.21 25.76 44.69 23.09 41.67 25.42

MnO 0.00 0.01 0.00 0.00 0.00 0.00 0.06 0.01 0.39 0.15 0.00 0.29 0.59 0.02 0.00 0.24 1.62 0.05 1.60 0.20

MgO 0.05 0.03 33.69 0.04 16.55 0.17 1.96 0.04 11.09 3.07 0.37 15.10 0.71 0.09 0.02 4.01 0.17 0.90 0.52 4.54

CaO 58.49 0.13 0.38 57.45 0.52 0.02 0.08 0.30 0.01 0.62 12.25 15.50 0.39 0.71 0.06 10.63 0.78 0.92 2.44 10.29

Na2O 0.10 0.09 0.13 0.13 0.29 0.02 0.41 11.32 0.05 0.28 4.30 0.27 0.19 9.43 0.05 1.10 0.06 0.71 0.18 1.79

K2O 0.06 0.02 1.15 0.02 9.59 0.00
12.6

5 0.17 10.64 0.67 0.22 0.04 0.04 0.24 0.00 0.77 0.12 1.55 0.11 0.81

P2O5 40.44 0.00 0.09 41.97 0.40 0.00 0.00 0.00 0.00 0.01 0.05 0.03 0.05 0.14 0.00 0.04 0.02 0.11 0.04 0.00

V2O3 0.00 0.03 0.03 0.00 0.10 0.05 0.00 0.05 0.18 0.00 0.01 0.20 2.99 0.01 0.00 0.14 4.85 0.13 4.34 0.13

SO2 0.11 0.04 0.16 0.03 0.03 0.00 0.03 0.01 0.01 0.06 0.01 0.04 0.05 0.03 0.03 0.02 0.01 0.22 0.11 0.05

Total 100 100 100 100 101.23 99.53 100 98.26 99.99 100.01 100 97.92 100.43 96.47 100 97.78
100.1

6 100 99.99 99.07

S 55.69

Fe 44.88

Total 100.57
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Table 4.2A: Modal composition (%) of various minerals present in metagreywacke, quartzo-
feldspathic metagreywacke and metagreywacke with biotite. (Q-quartz, KF- K-feldspar, PF-
plagioclase feldspar, F- total feldspar, RF- rock fragment, M- matrix).

Table 4.2B: Modal composition (%) of various minerals present in dolerite.

Sample
Number

08 09 10 12 22B 21A 21B 22C 21C

Metagreywacke
Quartzo-feldspathic

metagreywacke

Metagrey-
wacke
with

biotite
Q 50.81 34.11 43.71 44.35 40.37 47.41 56.48 44.54 16.44

KF 9.45 6.08 6.24 4.20 18.28 33.43 19.44 7.01 -
PF 7.74 6.93 4.68 2.06 1.82 - 1.69 2.28 -
F 17.19 13.01 10.92 6.27 20.10 33.43 21.13 9.29 -

Biotite 7.96 16.30 12.99 12.54 3.27 2.91 3.20 18.08 27.22
Muscovite - - 0.73 0.55 0.12 1.53 1.02 - 13.92

Mica 7.96 16.30 13.72 13.09 3.39 4.44 4.22 18.08 41.14
RF 1.27 0.79 2.01 2.23 - 7.08 0.53 1.69 1.29
M 22.77 35.78 29.64 34.06 36.14 7.63 17.65 26.39 41.14

Sample
Number

20 32B 33 29
Dolerite

Plagioclase 49.88 56.86 63.21 46.91
Pyroxene 36.81 32.97 30.73 50.06

opaque
(illmenite) 4.54 5.85 3.36 3.03

uralite 8.77 - - -
Fe rich
lithic

fragment - 4.31 2.70 -
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Fig. 4.2: Photomicrographs of metagreywacke:
A) Metagreywacke Cataclasite: Plagioclase (P) with tapering lamellar twins. Orthoclase (O)
as well as opaques are present with clayey material.
B) Metagreywacke Cataclasite: Micro-faulting (F) of quartz-chlorite vein wherein the fault
plane comprises of clayey matrix and recrystallized quartz.
C) Back scattered image (BSE) of argillite showing pyrite (P), apatite (white circle) and
chlorite (C).
D) Argillite: Ovoid clast of mica formation (magnified image of clast in fig 3E seen at white
circle). Styolites associated with clayey matter and micas (red circle).
E) Argillite: Ovoid clast of mica formation (white circle).
F) Argillite: Fragmentation of large quartz grain.
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Fig. 4.3: Photomicrographs of metagreywacke:
A) Band of chlorite and biotite exhibiting pinching and swelling (plane polarised light) in
metagreywacke.
B) Graded bedding (in plane polarised light) in metagreywacke.
C, D) Quartz veins with dissipation of quartz into the country rock evident by decrease in
quartz concentration away from the quartz vein and entrapped mica into the veins.
E) Numerous veins of quartz, biotite and chlorite in various combinations are seen in
metagreywacke.
F) Vein intersecting at a T-shaped junction, with recrystallization of quartz at the locus of
junction.
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3) Metagreywacke with Biotite: This is exposed at the base of the hillock at Morjim

(Fig. 1.1) and resembles a horizon that was identified by the presence of layers of

mica flakes and clay minerals which are absent at the other locations. Biotite-rich

layer alternates with quartz-clay-rich layer (Fig. 4.1F). Overall the rock shows a

dominance in micas (27% of biotite and 13% of muscovite) and also has quartz (av

16%) and matrix (av 41%) (Table 4.2A). Orthoclase is undeformed. Calcite with two

sets of rhombohedral cleavage occurs (Fig. 4.1F).

4) Metagreywacke Cataclasite: This rock type is exposed at the coast of Chapora (Fig.

1.1) as a cataclastic shear zone. It comprises of detrital quartz, feldspar and opaque

with abundant clayey matrix (Fig. 4.2A, B). The varying grain size of quartz with

undulose extinction owes its occurrence from quartz veins of the shear zone

(described in chapter 3). Brittle deformation of a vein of quartz and chlorite is defined

by micro-faulting wherein the fault plane is marked by matrix and recrystallized

quartz (Fig. 4.2B).

5) Argillite: These are very fine grained rocks with no clear distinction between matrix

and clasts. With the help of EPMA data, components of quartz, chlorite, biotite,

apatite, pyrite and allophone were identified (Fig. 4.2 C to F, Table 4.1). Ovoid clasts

of irregular biotite mica indicate the commencement of mica formation (Fig. 4.2D, E).

Schistosity is seen from the alignment of biotite. Pressure solution styolites (Fig.

4.2D) in the form of suture-like penetrations are identified in mosaic texture of quartz

and mica. These styolites are highly prominent in argillite associated with micas and

clayey matter. Detrital quartz gains have undergone brittle deformation, leading to

their fragmentation (Fig. 4.2F).

In this thesis, all 5 types are broadly referred to as metagreywacke, unless they are mentioned

with quotes (‘….’).
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Various other textures are identified in these petrofacies. A band of chlorite and biotite

exhibits pinch and swell texture, due to deformation (Fig. 4.3A). Graded bedding is identified

in metagreywacke (Fig. 4.3B).

Injection of silica fluids leading to formation of quartz veins (Fig. 4.3C, D) led to dissipation

of quartz into the country rock. Hence, at instances various mineral grains of micas are seen

as if they are entrapped into the veins. This is also evident by the decrease in quartz

concentration away from the quartz vein. Besides, numerous veins comprising of quartz,

biotite and chlorite are also found (Fig. 4.3E). A vein intersecting at a T-shaped junction is

seen, with recrystallization of quartz at the locus of junction (Fig. 4.3 F).

For a better understanding of the modal data (Table 4.2A), the bulk composition of the

metagreywacke has been expressed in two ternary diagrams of Q-KF-PF (quartz - K feldspar

- plagioclase feldspar) and Q-F-M (quartz – feldspar – matrix) (Bruck, 1972; Fig. 4.4A, B).

In figure 4.4A the samples of ‘metagreywacke’ and ‘quartzo-feldspathic metagreywacke’

show dominance of quartz. In figure 4.4B a widespread scatter of points is noted almost at

the central portion towards the matrix line of the triangle. The modal data can be used in

sandstone classification diagram, given by Q-F-RF (quartz-feldspar-rock fragments) (Folk et

al., 1970) (Fig. 4.4C) and also in provenance discrimination diagram of Q-F-RF plot

(Dickinson, 1985) (Fig. 4.4D). In the figure 4.4C, the ‘metagreywacke’ and ‘quartzo-

feldspathic metagreywacke’ samples plot in the field of subarkose and arkose field,

‘metagreywacke with biotite’ plots in the field of sublitharenite field. In ternary Q-F-RF plot,

the modal data shows transitional continental to craton interior provenance (Fig. 4.4D). As

such from the plots it is delineated that the samples from the study area indicate ‘greywacke’

rock type and a continental provenance.
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4.2 Associated rocks

As described in chapter 3, the metagreywacke is associated with dykes of dolerite and

numerous quartz veins. Dyke of hornblende schist is also reported from the study area.

4.2.1 Dykes of dolerite and hornblende schist

The dolerite dykes are medium grained at the central part of dyke and fine grained at the

marginal part of the dyke. This texture resulted as quenching commenced from the marginal

portion of the intrusion towards the interior. Dolerites comprise of plagioclase (av 54%),

pyroxene (augite) (av 38%) and with accessory apatite, Fe-rich lithic fragment (av 2%) and

ilmenite (av 4%) (Figs. 4.5, 4.6, 4.7 and Table 4.2B). The dykes are texturally porphyritic

with coarse phenocrysts dominantly of plagioclase and with significant amount of augite

embedded in medium grained groundmass of plagioclase and augite.

Using the EPMA data (Table 4.1), it is reported that the plagioclase is labradorite in

composition and pyroxene present is augite while the opaque is ilmenite. Fe-rich lithic

fragment (Fig. 4.5A, B), is present in the dykes of Aguada and Mormugao and occur as dark

brown grains, which is verified using Back Scattered image (BSE) (Fig. 4.5B) and EPMA

data (Table 4.1). Besides, opaques of ilmenite and elongated needles of apatite (Fig. 4.5C) are

found associated with plagioclase.
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( Bruck, 1972)

( Bruck, 1972)

Contd…
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(Folk et al., 1970)

(Dickinson, 1985)

Fig. 4.4: Ternary diagrams based on modal analysis of metagreywacke:
A) Ternary diagram of Q-KF-PF (quartz - K feldspar - plagioclase feldspar) (Bruck, 1972).
B) Ternary diagram of Q-F-M (quartz – feldspar – matrix) (Bruck, 1972).
C) Ternary diagram Qt-F-RF (quartz – feldspar – rock fragment) of sandstone classification
sandstone (after Folk et al., 1970). (1. Quartz arenite; 2. Subarkose; 3. Sublitharenite; 4.
Arkose; 5. Lithic arkose; 6. Feldspathic litharenite; 7. Litharenite.)
D) Qt-F-RF discrimination diagram of provenance fields (after Dickinson, 1985).
(BU – basement uplift; TC – transitional continental; CI – craton interior; RO – recycled
orogen; DA – dissected arc; TA – transitional arc; UA – undissected arc).
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Plagioclase and augite are the most dominant mineralogy of dolerite dykes of the study area.

Some plagioclase grains exhibit deformation twins that have lenticular lamellae that taper at

their ends (Fig. 4.5D). Deformation of plagioclase has resulted in undulose extinction and

kink folds (Fig. 4.5E). Hour glass or sector zone is seen in plagioclase (Fig. 4.5F), wherein

the opposite sectors are identical optically and are distinct from the other opposite pair.

Poikilitic inclusions are seen in which the columnar plagioclase crystals depict inclusions of

glass, plagioclase (Fig. 4.6A), augite (Fig. 4.6B). At places, penetrating twin is noticed in

plagioclase (Fig. 4.6C). Trachytoid texture consisting of platy plagioclase phenocryst stacked

one above the other (Fig. 4.6D) and gives a parallel alignment of minerals in the rock. The

plagioclase grains are aligned in the magmatic flow and are devoid of any evidence of

internal plastic deformation.

The plagioclases identified are of two generations:

1) Plagioclase occurs as medium grained ground mass and mostly exhibit simple

polysynthetic twins.

2) Plagioclase occurs as coarse grained phenocrysts that have oscillatory zones.

The pyroxene is augite in composition occurring as groundmass and as phenocryst. Pyroxene

with oscillatory zone is identified (Fig. 4.6E). Pyroxene with melt inclusions are present (Fig.

4.6F). Plagioclase and pyroxene exhibits simple carldsbad twin (Fig. 4.6B, 4.7A). Oscillatory

zoning is illustrated by plagioclase and pyroxene (Fig. 4.6A, E). Glomeroporhyritic texture is

exhibited (Fig. 4.6D) in which the many phenocrysts are clustered as aggregates of

plagioclase laths (glomerocrysts), present in medium grained groundmass of plagioclase and

pyroxene.

The presence of chert vein in dolerite exhibits comb structure wherein the fibre texture (plane

polarized light in thin section, see Fig. 4.7B) have grown perpendicular to the vein walls. In
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figure 4.7B the first layer is of dolerite (D) and the second layer is the transition of dolerite to

chert (D-C) layer indicating the boundary/fringe undergone silicification. And the third layer

is that of chert (C). A relict phenocryst of plagioclase is replaced by chert and the

replacement is very dominant along the twin plane (Fig. 4.7C).

The fine grained dolerite typically exhibit plagioclase symplectic texture with vermicular

(wormy) intergrowth (Fig. 4.7D) in plagioclase indicating a replacement as pyroxene embays

into plagioclase.

The petrographic description along with EPMA data (Table 4.1) and Back Scattered images

(BSE) were conducted to examine the composition of hornblende schist (Fig. 4.7E, F). It is

observed that the dyke of hornblende schist comprises of ferrohornblende, quartz and

feldspar (albite) and has accessory biotite and illmenite. Ferrohornblende occurs as sheafs

which taper into quartz-albite aggregates and at instances show kink folds.

Fe-rich lithic fragment was identified in dolerite and in hornblende schist with brown colour

in plane polarized light. Using EPMA, it was observed that it is enriched in Fe2O3 (avg ~40%

in dolerite dyke and ~ 23% in hornblende schist) and SiO2 (avg ~50% in dolerite dyke and ~

57% in hornblende schist) (Table 4.1).



70

Fig. 4.5: Photomicrographs of dolerite:
A) Fe-rich lithic fragment (red circle) in dolerite.
B) Back Scattered Image of dolerite (L- lithic fragment, P- Plagioclase, A- Augite).
C) Elongate needle of apatite (red circle) along with plagioclase and augite.
D) Plagioclase exhibiting simple carldsbad twin. Plagioclase exhibiting deformation twins
having lenticular lamellae’s and seen to taper at its termination.
E) Plagioclase with kink folding.
F) Hour glass or sector zoning is seen in plagioclase, wherein opposite sectors are identical
optically and are distinct from the other opposite pair (white circle).
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Fig. 4.6: Photomicrograph of dolerite:
A) Oscillatory zoning is illustrated by plagioclase.
B) Poikilitic inclusions are seen wherein the columnar plagioclase crystal is bearing
inclusions of plagioclase and augite.
C) Plagioclase penetrating twin is noticed.
D) Trachytoid texture consisting of platy plagioclase phenocryst stacked one above the other
giving a parallel alignment of minerals in the rock, which also indicates a glomeroporhyritic
texture (red circle).
E) Oscillatory zoning (red circle) is illustrated by pyroxene.
F) Melt inclusions identified in pyroxene.
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Fig. 4.7: Photomicrograph of dolerite (from A to D) and hornblende schist (from E to F):
A) Pyroxene exhibiting simple carldsbad twin.
B) Presence of fibrous chert vein in dolerite exhibits comb structure wherein fibres have
grown perpendicular to the vein walls. First layer is of dolerite (D), the second layer is the
transition of dolerite to chert layer (D-C) indicating the boundary/fringe undergoing
silicification. The third layer is that of chert (C).
C) Relict phenocryst of plagioclase is replaced by chert and the replacement is very dominant
along the twin plane.
D) Plagioclase exhibiting symplectic texture with vermicular (wormy) intergrowth (red
circle).
E) Hornblende schist with ferrohornblende sheafs which tapers into quartz-albite aggregates.
F) Back Scattered Image of Hornblende schist (FB- Ferrohornblende, A- Albite, I- Ilmenite,
Q- Quartz).



73

4.3 Summary

In this chapter, in addition to petrographic description, EPMA data and BSE is given to verify

the presence of various minerals. With the help of foregoing observations, the immature and

poorly sorted metagreywacke rocks are grouped into five distinctive petrofacies:

metagreywacke; quartzo-feldspathic metagreywacke; metagreywacke with biotite;

metagreywacke cataclasite and argillite. The petrographic description of each of these rock

types is given in detail. The modal analysis data of the metagreywacke is plotted using

various discrimination diagrams for sandstone classification as well as for provenance.

Further, dykes of dolerite and hornblende schist intrude the country rocks of metagreywacke

which are also described in detail to understand its mineralogy and texture.
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Chapter 5

GEOCHEMISTRY OF METAGREYWACKE

AND

ASSOCIATED ROCKS
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It is well recognized that the crustal evolution and the tectonic setting can be indicated from

the geochemistry of clastic sedimentary rocks (Lahtinen, 2000). Geochemical data of

sedimentary rocks provides vital clues on paleoweathering conditions, provenance and

tectonic setting which are interrelated (Condie et al., 2001; Khudoley et al., 2001; Armstrong-

Altrin et al., 2004; Chakrabarti et al., 2007; Chakrabarti et al., 2009; Carranza-Edwards et al.,

2009; Araújo et al., 2010).

In this chapter, besides the geochemistry of metagreywacke, the associated rocks of dolerite

are also discussed. The geochemical studies of dykes are used to focus on petrogenesis by

studying the tectonic context of magma genesis and its emplacement (Balakrishnan et al.,

1999; Moyen et al., 2003; Jayananda et al., 2006; Rogers et al., 2007; Dey et al., 2012; Sarma

et al., 2012).

5.1 Metagreywacke

The geochemistry of Archaean sedimentary rocks has been studied by many workers to

understand their mode of origin and emplacement (Condie et al., 1970; Bavinton and Taylor,

1980; Jenner et al., 1981; Bhatia and Crook, 1986). The geochemical data of major, minor as

well as trace elements and REE of the 22 metagreywacke samples of the study area of

Sanvordem Formation, Goa Group are presented in table 5.1, 5.2 and 5.3. Correlation

coefficient data of major elements is given in table 5.4.

The average value of major oxide composition of argillite is as follows (Table 5.1, 5.2 and

5.5): SiO2 ~ 66.67%, Al2O3 ~ 15.7%, K2O ~ 2.49%, CaO ~ 1.11%, TiO2 ~ 0.63%, Fe2O3t ~

5.33%, MgO ~ 3.52%, MnO ~ 0.06%, Na2O ~ 3.39% and P2O5 ~ 0.11%. The average values

of trace elements of argillite are as follows: Cr ~123.26 ppm, Zr ~149.65 ppm, Sr ~111.96

ppm and tREE ~195.69 ppm. And, the average value of major oxide composition of

metagreywacke is as follows (Table 5.1, 5.2 and 5.5): SiO2 ~ 69.31%, Al2O3 ~ 13.71%, K2O
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~ 2.82%, CaO ~ 0.92%, TiO2 ~ 0.50%, Fe2O3t ~ 5.32%, MgO ~ 2.54%, MnO ~ 0.08%, Na2O

~ 3.24% and P2O5 ~ 0.09%. The average values of trace elements of metagreywacke are as

follows: Cr ~ 77.38 ppm, Zr ~ 104.83 ppm, Sr ~ 140.66 ppm and tREE ~ 139.22 ppm.

In order to understand better the geochemistry of metagreywacke of the present study, the

data is compared with that of:

1) greywacke from Merces, Goa (Widdowson, 2009);

2) greywacke with biotite of Goa-Dharwar sector (Devaraju et al., 2010);

3) greywacke with chlorite-sericite of Goa-Dharwar sector (Devaraju et al., 2010);

4) fine-grained greywacke of Goa-Dharwar sector (Devaraju et al., 2010);

5) Late Archaean (3.5-2.5 Ga) greywacke (Condie, 1993);

6) Archaean greywacke of Fig Tree, Barberton (South Africa) (Toulkeridis et al., 1999)

(Table 5.5).
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Table 5.1: Major oxide (wt%) of argillite (Sr. no. 1 to 14), metagreywacke (Sr. no. 15 to 19),
quartzose-feldspathic metagreywacke (Sr. no. 20), metagreywacke with biotite (Sr. no. 21)
and metagreywacke cataclasite (Sr. no. 22) of the present study area.
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Table 5.2: Trace and REE (ppm) of argillite (Sr. no. 1 to 14), metagreywacke (Sr. no. 15 to
19), quartzose-feldspathic metagreywacke (Sr. no. 20), metagreywacke with biotite (Sr. no.
21) and metagreywacke cataclasite (Sr. no. 22) of the present study area. (nd=not determined)

Sr.no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Sample
no.

01 01B 02 05 06 06B 07 13 15 16A 17A 23B 28A 31

Argillite

Li 47.31 19.99 34.97 30.17 34.02 53.83 56.35 49.38 40.52 nd nd nd nd nd

Be 12.70 13.82 12.50 11.00 10.81 12.48 12.78 11.92 10.53 nd nd nd nd nd

Sc 17.21 5.89 14.40 14.64 15.08 18.39 17.68 12.76 15.23 nd nd nd nd nd

Ti 4310 1740 4040 3810 4120 4460 4390 3610 4560 nd nd nd nd nd

V nd nd nd nd nd nd nd nd nd 81.39 80.26 117.64 61.60 93.93

Cr 135.30 29.73 87.54 163.10 184.40 146.60 152.60 95.98 143.30 122.97 108.67 132.56 111.52 111.32

Co 22.61 6.36 24.67 19.30 20.30 24.96 19.61 16.79 51.94 2.51 9.03 4.76 1.86 14.67

Ni 57.01 12.74 39.33 53.68 51.62 57.04 57.92 34.15 107.80 45.62 37.42 20.06 1.92 39.48

Cu 41.51 9.32 108.50 64.98 68.11 47.25 35.69 33.96 69.37 14.70 6.84 3.94 4.00 73.61

Zn 77.19 28.93 81.58 66.29 76.70 56.62 85.10 44.98 126.00 nd nd nd nd nd

Ga 48.63 21.16 39.42 31.06 32.99 37.44 54.70 43.34 36.06 nd nd nd nd nd

Rb 168.60 86.79 128.30 81.11 99.77 177.00 207.60 148.30 131.50 nd nd nd nd nd

Sr 131.00 117.30 157.00 233.20 212.50 154.70 130.10 125.40 110.50 14.03 10.34 7.24 16.04 148.16

Y 23.50 25.32 23.22 23.93 23.16 22.32 21.51 17.81 25.34 nd nd nd nd nd

Zr 146.30 150.70 171.30 141.40 144.30 160.40 147.10 137.80 202.30 124.05 145.39 135.94 138.66 149.52

Nb 18.51 12.29 18.88 13.33 16.05 18.78 16.26 17.73 29.51 nd nd nd nd nd

Sn 2.56 1.68 2.06 1.77 1.80 2.03 2.52 2.62 2.94 nd nd nd nd nd

Sb 0.19 0.25 0.31 0.45 0.25 0.23 0.09 0.16 0.21 0.49 0.30 0.20 0.08 0.58

Cs 7.78 4.38 7.86 5.30 6.56 11.89 12.79 5.85 6.87 nd nd nd nd nd

Ba 846.60 264.50 675.60 405.10 460.20 516.70 909.80 757.30 585.70 76.31 56.52 69.60 26.40 763.59

Pb 2.97 7.37 4.41 4.30 3.47 5.06 4.48 1.67 4.70 nd nd nd nd nd

Th 7.61 6.79 8.07 7.31 7.50 8.56 6.39 7.62 20.73 nd nd nd nd nd

U 3.24 2.78 3.40 3.47 3.40 3.58 2.69 3.82 10.48 nd nd nd nd nd

La 36.83 41.81 46.01 44.36 56.73 43.68 34.17 18.72 47.13 6.39 57.61 3.40 0.84 33.83

Ce 84.22 103.00 100.70 91.73 111.40 90.35 72.44 43.63 99.66 14.46 119.38 8.00 2.14 71.06

Pr 7.60 9.44 9.34 8.73 10.37 8.96 7.08 4.41 10.69 nd nd nd nd nd

Nd 31.36 39.46 38.68 36.96 44.56 38.44 30.46 19.26 46.72 7.47 57.42 4.78 1.94 27.41

Sm 4.30 4.76 4.79 4.86 5.40 5.26 4.48 3.13 6.48 nd nd nd nd nd

Eu 1.05 0.86 1.20 1.24 1.34 1.33 1.17 0.81 1.49 0.24 0.83 0.24 0.12 1.26

Gd 4.33 4.94 4.72 5.02 5.65 5.31 4.54 3.27 6.26 1.85 8.35 1.70 0.64 5.41

Tb 0.61 0.68 0.65 0.69 0.74 0.71 0.63 0.47 0.83 nd nd nd nd nd

Dy 3.40 3.68 3.51 3.85 3.86 3.70 3.43 2.69 4.58 nd nd nd nd nd

Ho 0.72 0.77 0.74 0.80 0.77 0.74 0.70 0.59 0.93 nd nd nd nd nd

Er 2.26 2.47 2.37 2.48 2.29 2.20 2.10 1.84 2.89 nd nd nd nd nd

Tm 0.35 0.40 0.38 0.39 0.35 0.34 0.31 0.30 0.49 nd nd nd nd nd

Yb 2.18 2.75 2.45 2.48 2.13 2.07 1.91 2.00 3.31 1.63 1.57 2.02 0.86 2.16

Lu 0.33 0.46 0.38 0.38 0.32 0.32 0.29 0.32 0.49 nd nd nd nd nd



79

Cont (Table 5.2)….

Sr.no. 15 16 17 18 20 19 21 22

Sample
no.

08 09 10 12 22B 21B 21C 27B

Metagreywacke
Quartzo-

feldspathic
metagreywacke

Metagreywacke
with biotite

Metagreywacke
Cataclasite

Li 20.92 64.83 38.89 31.13 nd nd nd nd

Be 8.51 17.24 10.09 11.45 nd nd nd nd

Sc 9.09 16.98 11.24 11.81 nd nd nd nd

Ti 2470 4680 3070 3340 nd nd nd nd

V nd nd nd nd 50.50 38.89 217.81 67.87

Cr 58.98 108.70 75.59 85.68 57.93 48.40 850.75 101.60

Co 10.94 29.53 15.68 16.37 8.35 5.49 90.24 1.70

Ni 21.99 55.09 30.14 31.59 35.76 22.06 347.13 1.15

Cu 60.31 89.46 65.91 39.83 41.41 12.40 290.97 4.39

Zn 23.02 107.50 87.16 54.16 nd nd nd nd

Ga 31.13 57.92 37.15 37.10 nd nd nd nd

Rb 57.33 225.80 138.00 92.79 nd nd nd nd

Sr 108.80 220.30 117.80 143.70 112.71 133.45 183.89 10.42

Y 21.45 26.26 13.51 20.88 nd nd nd nd

Zr 91.68 150.80 105.30 115.20 61.18 57.88 942.53 97.94

Nb 13.79 31.37 19.14 20.11 nd nd nd nd

Sn 2.02 3.56 2.23 2.28 nd nd nd nd

Sb 0.17 0.22 0.21 0.35 0.08 0.20 0.75 0.04

Cs 1.75 11.58 5.68 4.23 nd nd nd nd

Ba 519.40 784.70 629.50 628.90 659.14 474.30 534.33 10.47

Pb 3.00 4.70 3.02 2.20 nd nd nd nd

Th 5.57 10.92 7.04 8.09 nd nd nd nd

U 2.29 5.80 2.66 3.94 nd nd nd nd

La 32.21 37.00 15.18 32.61 24.70 8.55 1061.56 0.26

Ce 66.22 73.67 30.38 69.77 41.71 17.56 1963.95 0.81

Pr 6.52 7.33 3.31 7.20 nd nd nd nd

Nd 27.78 31.60 14.35 31.14 18.17 8.30 594.37 1.46

Sm 3.81 4.52 2.17 4.55 nd nd nd nd

Eu 0.90 1.04 0.55 1.09 1.14 0.73 9.49 0.14

Gd 3.93 4.69 2.22 4.51 4.26 2.02 102.61 0.65

Tb 0.54 0.67 0.32 0.63 nd nd nd nd

Dy 2.98 3.75 1.95 3.42 nd nd nd nd

Ho 0.64 0.81 0.45 0.70 nd nd nd nd

Er 1.98 2.54 1.54 2.12 nd nd nd nd

Tm 0.31 0.41 0.28 0.35 nd nd nd nd

Yb 2.00 2.76 1.89 2.25 1.97 1.39 28.91 0.89

Lu 0.30 0.45 0.30 0.33 nd nd nd nd
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Table 5.3: Ratios of various oxides, trace elements and REE of argillite (Sr. no. 1 to 14),
metagreywacke (Sr. no. 15 to 19), quartzose-feldspathic metagreywacke (Sr. no. 20),
metagreywacke with biotite (Sr. no. 21) and metagreywacke cataclasite (Sr. no. 22) of the
present study area. (nd=not determined)
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Table 5.4: Values of Pearson’s coefficient of correlation of major elements of metagreywacke
petrofacies.

Variable SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5 CIA K2O/Al2O3

SiO2 1.00

Al2O3 -0.42 1.00

TiO2 -0.65 -0.03 1.00

Fe2O3 -0.83 -0.06 0.52 1.00

MnO -0.67 -0.21 0.92 0.70 1.00

MgO -0.32 0.26 0.38 0.05 0.17 1.00

CaO -0.59 -0.22 0.95 0.58 0.97 0.20 1.00

Na2O -0.01 0.45 -0.28 -0.17 -0.26 -0.67 -0.24 1.00

K2O -0.67 -0.01 0.52 0.74 0.58 0.51 0.45 -0.60 1.00

P2O5 -0.78 0.03 0.87 0.71 0.88 0.20 0.86 -0.09 0.46 1.00

CIA 0.48 0.33 -0.60 -0.65 -0.79 0.42 -0.76 -0.20 -0.22 -0.70 1.00

K2O/Al2O3 -0.53 -0.32 0.61 0.73 0.72 0.37 0.60 -0.66 0.93 0.51 -0.42 1.00
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Table 5.5: Average composition of metagreywacke of the study area and greywacke from
other areas for comparison (the numbers within the brackets indicate the number of samples
averaged). 1) greywacke from Merces, Goa (Widdowson, 2009); 2) greywacke with biotite of
Goa-Dharwar sector (Devaraju et al., 2010); 3) greywacke with chlorite-sericite of Goa-
Dharwar sector (Devaraju et al., 2010); 4) fine-grained greywacke of Goa-Dharwar sector
(Devaraju et al., 2010); 5) Late Archaean (3.5-2.5 Ga) greywacke (Condie, 1993); 6)
Archaean greywacke of Fig Tree, Barberton (South Africa) (Toulkeridis et al., 1999); 7)
argillite (study area); 8) metagreyacke (study area); 9) quartzo-feldspathic metagreywacke
(study area); 10) metagreywacke with biotite (study area); 11) metagreywacke cataclasite
(study area). (nd = not determined; na = not available)

Sr.no. 1  (1) 2 (6) 3 (13) 4 (8) 5 (1) 6 (12) 7 (14) 8 (5) 9 (1) 10 (1) 11 (1)

SiO2 67.77 67.31 63.03 63.13 65.00 63.41 66.67 69.31 81.11 49.06 68.50

Al2O3 14.65 12.13 14.16 15.18 15.20 11.85 15.70 13.71 10.29 12.90 20.58

TiO2 0.56 0.79 0.59 0.61 0.61 0.54 0.63 0.50 0.31 3.03 0.22

Fe2O3 6.08 7.67 7.06 7.19 5.90 8.15 5.33 5.32 2.04 11.23 1.35

MnO 0.13 0.08 2.93 3.27 na 0.18 0.06 0.08 0.04 0.56 0.00

MgO 3.07 3.90 0.11 0.11 3.30 6.16 3.52 2.54 0.79 5.29 0.86

CaO 0.95 1.37 2.83 2.22 2.60 2.48 1.11 0.92 0.95 11.86 0.26

Na2O 3.31 2.10 3.51 2.65 3.10 1.68 3.39 3.24 3.16 1.11 9.72

K2O 3.68 3.30 1.92 3.17 2.10 1.85 2.49 2.82 1.26 4.62 0.22

P2O5 0.12 0.11 0.14 0.16 0.14 0.09 0.11 0.09 0.05 0.35 0.05

Sum 100.32 98.76 96.28 97.69 97.95 96.39 99.03 98.52 100 100 101.76

Li na na na na na na 40.73 38.94 nd nd nd

Be na na na na na na 12.06 11.82 nd nd nd

Sc 14 17 14 14 15 14 14.59 12.28 nd nd nd

Ti na na na na na na 3893.33 3390 nd nd nd

V na na na na na na 86.96 50.50 38.89 217.81 67.87

Cr 108 152 108 108 175 539 123.26 77.38 48.40 850.75 101.60

Co na 38 25 28 30 30 17.10 16.17 5.49 90.24 1.70

Ni 33 58 52 54 75 336 43.98 34.91 22.06 347.13 1.15

Cu 41 64 47 69 na 31 41.55 59.38 12.40 290.97 4.39

Zn 109 58 78 91 na 90 71.49 67.96 nd nd nd

Ga na na na na na na 38.31 40.83 nd nd nd
Rb 118 106 80 161 70 94 136.55 128.48 nd nd nd
Sr 114 90 292 390 265 77 111.96 140.66 133.45 183.89 10.42
Y 15 24 23 27 25 16 22.90 20.53 nd nd nd
Zr 191 166 215 271 160 111 149.65 104.83 57.88 942.53 97.94
Nb 13 9 9 14 11 7 17.93 21.10 nd nd nd
Sn na na na na na na 2.22 2.52 nd nd nd
Sb na na na na na na 0.27 0.21 0.20 0.75 0.04
Cs na na na na na na 7.70 5.81 nd nd nd

Ba 721 356 419 713 390 291 458.14 644.33 474.30 534.33 10.47

Pb 12 7 12 14 20 15 4.27 3.23 nd nd nd

Th 16 8 10 13 8 5 8.95 7.90 nd nd nd

U 6 2 3 5 2 1 4.10 3.67 nd nd nd

La na 25.70 30.94 35.10 26 16.21 33.68 28.34 8.55 1061.56 0.26

Ce na 57.98 72.12 85.16 52 31.76 72.30 56.35 17.56 1963.95 0.81

Pr na 4.83 6.38 7.09 3.55 8.51 6.09 nd nd nd
Nd na 20.07 24.74 23.70 22 14.08 30.35 24.61 8.30 594.37 1.46
Sm na 3.69 4.58 3.11 3.90 2.86 4.83 3.76 nd nd nd
Eu na 1.02 1.28 0.69 1.10 0.68 0.94 0.94 0.73 9.49 0.14

Gd na 3.76 4.27 4.95 3.69 2.59 4.43 3.92 2.02 102.61 0.65

Tb na 0.61 0.60 0.44 0.58 0.47 0.67 0.54 nd nd nd

Dy na 4.32 3.40 4.27 na 2.85 3.63 3.02 nd nd nd

Ho na 0.76 0.65 0.49 na 0.61 0.75 0.65 nd nd nd

Er na 2.27 1.83 0.01 na 1.77 2.32 2.04 nd nd nd
Tm na 0.35 0.26 0.22 na 0.28 0.37 0.34 nd nd nd
Yb na 2.20 1.71 1.33 1.40 1.67 2.11 2.17 1.39 28.91 0.89
Lu na 0.33 0.24 0.19 0.25 0.26 0.36 0.34 nd nd nd

Total REE na 127.89 153.00 166.75 110.92 79.64 195.69 139.22 nd nd nd
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The variable trends observed on the variation diagrams with SiO2 at the X-axis and various

oxides (TiO2, Al2O3, Fe2O3, Na2O, CaO and MgO) on the y-axis (Fig. 5.1), indicates mixing

of the different constituents of the sediment and a poor mineralogical maturity (Fernandes et

al., 2016a). The plots of SiO2 with TiO2, Al2O3, Fe2O3, MgO and CaO indicates a negative

correlation, while the plots of SiO2 with Na2O are almost scattered which may result from the

presence of variable feldspar proportions within the rocks (Table 5.4). In figure 5.1B, the

‘argillite’ and ‘metagreywacke cataclasite’ have a comparative higher content of Al2O3 with

respect to the other categories, indicating significant occurrence of clayey matrix (cf. Cullers,

1995). The presence of clay is indicated by enhanced Al2O3 content (10.28-20.71%) and

K2O/Al2O3 (0.02 to 0.36).

Major element and trace element data have been used to classify the sandstones (Pettijohn et

al., 1972; Marston, 1978; Bhatia and Crook, 1986; Herron, 1988; Le Maitre et al., 1989). A

binary variation diagram of SiO2/Al2O3 vs K2O/Na2O (after Wimmenauer, 1984) (Fig. 5.2A)

indicates that majority of the samples of the study area plot in greywacke field, while,

‘quartzo-feldspathic metagreywacke’ plots in quartz-rich greywacke, and ‘metagreywacke

with biotite’ plots in pelitic greywacke field.

The plot of log (Na2O/K2O) against log (SiO2/Al2O3), (after Pettijohn et al., 1972) (Fig. 5.2B)

also emphasizes the greywacke field, but some samples of the study area plot in the

litharenite and arkose field. The above variation diagram of Pettijohn et al., (1972) is

modified by Herron (1988) (Fig. 5.2C) as a binary plot of log (Fe2O3/K2O) against log

(SiO2/Al2O3). Here the samples plot in the shale and wacke fields along with the various

reference greywacke samples while, ‘quartzo-feldspathic metagreywacke’ plot in the field of

litharenite.

On the ternary diagram of Fe2O3t+MgO - Na2O - K2O (after Marston, 1978) (Fig. 5.2D), a

majority of the samples of the study area, plots in the field of greywacke and some in Fe-Mg
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potassic sandstones. The average of Archaean greywacke of Fig Tree, Barberton (Toulkeridis

et al., 1999) and the average of greywacke with biotite from Goa-Dharwar sector (Devaraju

et al., 2010) plots in the field of Fe-Mg potassic sandstone (Fig. 5.2D). Hence, from all the

plots (Fig. 5.2), it is evident that our samples study based on major oxide studies indicate a

greywacke composition.

In the K2O vs Na2O bivariate diagram of Crook (1974), the metagreywacke samples of the

study area plots dominantly in quartz intermediate to quartz-rich field (Fig. 5.2E). Further,

the value of K2O/Al2O3 ratio is less than 0.3 for clays and range from 0.3 to 0.9 for feldspars

(Cox and Lowe, 1995; Moosavirad et al., 2012). However, the value of K2O/Al2O3 ratio of

metagreywacke of the study area is (average) 0.17 (range from 0.02 to 0.36), reveal a

dominance of clay minerals.

The study of REE is more reliable than the major and trace elements as they are not affected

during the erosion, sedimentation and diagenetic processes. The elemental concentration of

REE of metagreywacke petrofacies is normalized using the chondrite values of Sun and

McDonough (1989) (Fig. 5.3). The ‘metagreywacke’ samples have a lower tREE (avg ~139

ppm), as compared to ‘argillite’ with a high content of tREE (avg ~195 ppm). This indicates

that although there is dominance of clay minerals, there is much higher content of clay

minerals in ‘argillites’ than the ‘metagreywacke’.
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Chondrite normalized REE patterns of ‘argillte’ (Fig. 5.3A) show light REE (LREE)

enrichment with an (La/Sm)N ratio of 5.97 to 10.51 and relatively flat heavy REE (HREE)

with an (Gd/Yb)N ratio of 1.64 to 2.65. A negative Eu anomaly is exhibited with Eu/Eu*=

0.54 to 0.79 with an average of 0.74. The samples of ‘argillite’ exhibit a strongly fractionated

REE pattern with (La/Yb)N = 0.98 to 36.68 with an average of 15.50.

Similarly, the chondrite normalized REE patterns of ‘metagreywacke’ (Fig. 5.3B) show light

REE (LREE) enrichment with an (La/Sm)N ratio of 7.01 to 8.45 and relatively flat heavy

REE (HREE) with an (Gd/Yb)N ratio of 1.17 to 2.01. A negative Eu anomaly is exhibited

with Eu/Eu*= 0.69 to 0.77 with an average of 0.73. The samples of quartzo-feldspathic

metagreywacke, metagreywacke with biotite and metagreywacke cataclasite also exhibit a

strongly fractionated REE pattern with (La/Yb)N = 0.29 to 36.72 with an average of 13.47.
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Fig. 5.2: Plots for classification of metagreywacke.
A) Binary plot of SiO2/Al2O3 vs K2O/Na2O (after Wimmenauer, 1984).
B) Binary plot of log (Na2O/ K2O) against log (SiO2/Al2O3) (after Pettijohn et al., 1972).
C) Binary plot of log (Fe2O3/K2O) against log (SiO2/Al2O3) (after Herron, 1988).
D) Ternary diagram of Fe2O3+MgO– Na2O– K2O (after Marston, 1978).
E) Plot of K2O vs Na2O bivariate diagram of Crook (1974).
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Sedimentary rocks have been used to constrain the average composition of the terrains

exposed at the time of deposition. Studies have shown that the Archean upper crust is

generally different from the post-Archean upper crust in chemical composition. The chemical

difference between Archean and post-Archean upper crust have been recorded in REE of

sedimentary rocks. The Archean greywackes are reported to be enriched in Mg, Cr, Co, Ni

and Pd and they are depleted in Ti, K, P, Nb, Ba, Sr, Rb, Th, U and REE compared to the

post-Archean greywackes (Taylor and McLennan, 1985; Condie, 1993; Asiedu et al., 2004).

Archean sedimentary rocks are observed to be inherently richer in Ni and Cr than those of

post-Archean (Condie, 1993). In the binary diagram of Cr against Ni (after Condie, 1993),

the samples of the study area plot in Neoarchean overlapping the post-Archean (Fig. 5.4A).

Since it is difficult to derive the crustal abundances of sediments using Cr and Ni due to its

complex behaviour during weathering, erosion and sedimentation, as such, relatively

immobile elements such as REE and Th are commonly used (Taylor and McLennan, 1983).

The Archean upper crust is differentiated from the post-Archean upper crust by the following

(Asiedu et al., 2004): (1) a decrease in negative Eu-anomaly, (2) a decrease in (Gd/Yb)N ratio

2.0 to 1.0–2.0, (3) a decrease in Sm/Nd ratio from about 0.21 to 0.19 (4) a decrease in Cr/Th

ratio about 20 to 5.7, (5) a decrease in Cr/Sc ratio 13 to 4.1, (6) a increase in Th/Sc ratio from

about 0.5 to 1.0.

Since the ratios of ‘metagreywacke’ and ‘argillite’ are comparably similar, the values here

are considered for the entire range of metagreywacke petrofacies of the study area. The

analyzed metagreywacke petrofacies samples of the study area shows typical Archean

signatures with negative Eu-anomaly of avg ~0.73; a decrease in (Gd/Yb)N ratio from 2.65 to

1.17; a decrease in Sm/Nd ratio from 0.16 to 0.12 ; a decrease in Cr/Th ratio about 24 to 4.3;

a decrease in Cr/Sc ratio from about 12 to 5; an increase in Th/Sc ratio from about 0.3 to 1.3.

In addition, the plot of Eu/Eu* against (Gd/Yb)N ratio (after Taylor and McLennan, 1985), a
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majority of the samples attest to the Archean greenstone sediments (Fig 5.4B). Also, in terms

of the plot of LREE/HREE against (Gd/Yb)N plot (after Taylor and McLennan, 1985), the

metagreywacke samples of the study area plot in Archean field (Fig 5.4C).

5.2 Associated rocks

Geochemistry of dykes of dolerite associated with the metagreywacke is studied for its major

and trace elements. Various geochemical signatures were used to understand the evolution of

magma. In order to have a better understanding of the geochemistry of dolerite dykes from

the study area, the data was compared with those of: 1) dolerite Deccan–type feeder dyke,

Goa (Widdowson et al., 2000) and 2) Desur Lavas, Deccan Traps (Belgaum district,

Karnataka) (Hegde et al., 2014).

The major and trace element analyses are presented in table 5.6. The major element

composition is as follows: SiO2 ~ 49 - 55%, Al 2O3 ~ 12 - 14%, K2O ~ 0.38 - 2.18%, TiO2 ~

1 - 2%, Fe2O3t ~ 12 - 17%, MgO ~ 3 - 6%, MnO ~ 0.17 - 0.27%, Na2O ~ 2 - 3%. The

analysed samples of the dyke range in composition from basalt to basaltic andesite as plotted

in the total alkalies (Na2O+K2O) vs silica diagram (Fig. 5.5A) and in the AFM (A=

Na2O+K2O; F= FeOt; M= MgO) diagram (Fig. 5.5B), the samples follow the tholeiitic trend.

Dolerites with <10 wt% MgO are classified as tholeiitic basalts, while with >10 wt% MgO

are classified as picrite basalts (Dessai et al., 2008). The analysed samples of dolerite of the

study area are tholeiitic basalts as the MgO content range from 3.45 to 6.42.
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The analysed dolerites samples of the study area are plotted on variation diagrams, with MgO

plotted at the X-axis and various oxides/elements (TiO2, FeOt, Ni (ppm) and Al2O3) plotted

at the Y-axis (Fig. 5.6). This variation diagram is widely used for basaltic rocks to understand

the differentiation of magma. MgO exhibits negative correlation trend with TiO2 and FeOt

indicating decrease in TiO2 and FeOt as basalts differentiate. The plot of MgO against Ni and

Al2O3 shows positive correlation indicating enrichment in Ni and Al2O3 during magma

differentiation. With reference to TiO2 against MgO diagram (Fig. 5.6A) the sample of

dolerite dyke from Arambol and Sada headland have plotted in the Poladpur Formation,

while one plots in Bushe and the other two outside the field area. This data is comparable

with the reference data of Goa dyke (Widdowson et al., 2000) and Desur Lava (Hegde et al.,

2014), wherein it lies within the range on the samples of the study area.
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Table 5.6: Major (wt %), minor, trace and rare earth elements (ppm) of dolerite dykes of the
study area (Sr. no. 1 to 5) and related reported dolerite from Merces, Goa (Widdowson et al.,
2000) (Sr. no. 6) and Desur Lava, Karnataka (Hegde et al., 2014) (Sr. no. 7). The numbers
within the brackets indicate the sample number. (nd= not determined; na= not available).

Sr.no. 1 2 3 4 5 6 7

Sample no.
Ribandar

(04)
Chimbel

(14)
Baga
(29)

Arambol
(20)

Sada
(33)

Goa
Dyke

Dessur
Lava

SiO2 49.02 50.20 55.21 50.68 51.12 49.26 49.01
Al2O3 12.23 12.98 12.91 14.47 14.47 13.90 13.45
TiO2 1.37 2.95 1.89 1.70 1.78 2.32 3.75
Fe2O3 17.00 15.49 16.05 12.98 13.53 14.51 15.65
FeO 14.78 13.47 13.96 11.29 11.76 12.62 13.61
MnO 0.27 0.17 0.20 0.19 0.19 0.20 0.25
MgO 5.70 3.87 3.45 6.42 6.07 5.93 5.46
CaO 8.12 5.89 7.24 11.54 11.16 10.40 10.13
Na2O 2.88 3.18 2.96 2.15 2.19 2.56 2.47
K2O 0.88 2.18 1.52 0.38 0.50 0.47 0.30
P2O5 0.20 0.86 0.21 0.14 0.15 0.26 0.47
Sum 97.66 97.77 101.63 100.66 101.17 99.81 114.55
Li 18.70 25.09 nd nd nd na na
Be 4.42 8.61 nd nd nd na na
Sc 37.97 31.41 nd nd nd 31.40 34.00
Ti 8240 18330 nd nd nd na na
V nd nd 267.82 327.73 316.79 na 464
Cr 88.76 25.07 34.53 173.18 176.77 106 na
Co 78.35 52.57 46.05 44.02 43.86 59.57 48
Ni 84.13 52.68 38.20 90.80 88.52 71.29 62
Cu 49.98 41.01 215.43 176.04 169.61 186.71 330
Zn 93.56 112.10 nd nd nd 106.14 123.00
Ga 30.51 46.19 nd nd nd 23.10 na
Rb 31.39 78.19 nd nd nd 12.86 7.10
Sr 257 428.20 247.25 154.47 185.39 225 222
Y 31.47 67.94 nd nd nd 36.14 43.40
Zr 117.10 200.50 174.69 111.09 109.86 146 219
Nb 8.54 28.77 nd nd nd 11.43 23.40
Sn 1.37 2.63 nd nd nd na na
Sb 0.10 0.38 0.24 0.20 0.04 na na
Cs 0.62 5.69 nd nd nd 0.27 na
Ba 436.60 768.80 383.31 98.29 134.76 133.43 222.00
Pb 3.19 5.15 nd nd nd 2.40 na
Th 2.67 2.41 nd nd nd 1.14 2
U 1.27 0.91 nd nd nd 0.35 na

La 13.52 50.50 25.05 8.83 11.16 8.96 18.50
Ce 33.46 115.50 52.75 20.40 25.20 22.77 44.30
Pr 4.02 14.40 nd nd nd 2.95 6.40
Nd 17.47 70.92 29.94 14.49 15.91 15.11 28.10
Sm 3.97 12.36 nd nd nd 3.90 7.26
Eu 1.19 3.40 2.04 1.35 1.38 1.28 2.32
Gd 4.76 13.86 7.94 5.17 5.02 4.13 7.87
Tb 0.81 1.96 nd nd nd 0.71 1.26
Dy 4.89 10.63 nd nd nd 4.27 7.49
Ho 1.06 2.15 nd nd nd 0.85 1.48
Er 3.23 6.04 nd nd nd 2.29 na
Tm 0.50 0.86 nd nd nd 0.35 0.57
Yb 3.10 5.12 3.01 2.84 2.81 2 3.60

Lu 0.48 0.75 nd nd nd 0.34 0.55
Mg# 40.72 33.87 30.58 50.36 47.93 45.59 41.69
Ti/Zr 70.37 91.42 nd nd nd
La/Sc 0.36 1.61 nd nd nd
Zr/10 11.71 20.05 nd nd nd
Ba/Zr 3.73 3.83 2.19 0.88 1.23
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The Mg number (Mg#) value is calculated as Mg# = [Mg2+/(Mg2+ + Fe2+)]*100. The rocks

with high Mg# (>57) values were derived by higher amounts of magma melting or may

represent high temperature magmas, hence, may tend to have high Ni (>100 ppm) values than

those with lower Mg# (<57) values and lower Ni (< 100 ppm) values (Lightfoot et al., 1993;

Xu et al., 2001). It is also observed that more primitive rocks with high Mg# and Ni, tend to

be of more contaminated magmas (Cox and Clifford, 1982; Mahoney et al., 1982; Mahoney,

1988).

The Mg# values of the analyzed dolerite samples range from 30.58 to 50.36 (avg 40.69) as

shown in the variation diagram (Fig. 5.7) of Mg# against SiO2, FeO, Al2O3 and TiO2. The

plot of Mg# against Al2O3 and SiO2 exhibits a positive correlation and in the plot of Mg#

against FeO exhibit a negative correlation. While, the plot of Mg# against TiO2 exhibits a

scatter plot. The lower Ni values (~avg 70.87) indicates lower temperature magmas and its

less evolved and less contaminated nature. The positive correlation between Mg# and SiO2 of

the samples clearly indicate the Si-rich nature of the rocks (cf. Dessai et al., 2008) (Fig 5.7A).

The Mg# of Arambol, Sada and Ribandar has a close affinity to the dykes of Goa

(Widdowson et al., 2000) and Desur Lava (Hegde et al., 2014) (Table 5.6).
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The abundance of trace elements of the dolerite dyke of the study area are variable with Zr

from 109 to 200 ppm, Sr shows a large range from 154-428 ppm while the compatible

elements such as Ni ranges between 38 and 90 ppm and Cr from 25 to 176 ppm. However,

the Cr value of dyke from Arambol and Sada are in close range (173 to 176 ppm

respectively) and dykes from Chimbel and Baga are in close range (25 to 34 ppm

respectively). While the value of dyke from Ribandar is intermediate (88 ppm). The

incompatible high field strength elements (HFSE) such as Ti, Zr are primarily used as

discriminants between magma types and are immobile during low-temperature alteration

processes (Peate, 1997; Riley et al., 2005) and are not largely modified by moderate amount

of fractional crystallization or susceptible to variable degree of partial melting (Luttinen and

Furnes, 2000; Riley et al., 2005). Zr is an effective index of differentiation in magmas that do

not crystallize zircon (Riley et al., 2005). Based on TiO2 vs Zr plot (Fig. 5.8A), a low Ti-Zr

group is identified. Using the chemostratigraphic classification of upper stratigraphic horizon

ie. Wai Sub-Group of Deccan (Devey and Lightfoot, 1986; Jay and Widdowson, 2008; Rao,

et al., 2011), the data is plotted on Sr vs Ba discriminate diagram (Fig. 5.8B). In the diagram,

the sample of dolerite dyke from Arambol and Sada headland plot in the Poladpur Formation

field along with the average of the Goa dykes of Widdowson et al. (2000).

The large ion lithophile elements (LILE) such as Cr, Ni, Sr, Co, V and La are incompatible in

gabbroic assemblage and hence are plotted against Zr (Fig. 5.9). La shows positive

correlations with Zr while Cr, Ni, Sr and Co shows a negative correlation. The higher Sr

contents 154-428 ppm indicates mafic granulites accompanied with high MgO content

reflecting accumulation of Sr-rich calcic-plagioclase (cf. Dessai et al., 2008).
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The plot of CaO/Al2O3 against Mg# indicates plagioclase fractionation (Fig 5.10A). Further,

in the Ce against Nd diagram, the samples plot along melting path between 1% to 5% of

primitive mantle (Fig. 5.10B). The chondrite normalized REE pattern of the dolerite sample

(Fig. 5.11) shows LREE enrichment, HREE depletion along with a weak negative Eu

anomaly.

The tectono-magmatic ternary discrimination diagram of MgO-Al2O3-FeOt (Pearce et al.,

1977) (Fig. 5.12) indicates that the dolerites are correlated to the continental basalts and to a

lesser extent to ocean island basalt suggesting a continental tectonic setting.
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5.3 Summary

In this chapter whole rock geochemistry of metagreywacke and associated rocks (dolerite

dykes) is presented using the major, trace and RE elements.

The metagreywacke of Sanvordem Formation is compared with the average data of the

following: 1) greywacke from Merces, Goa (Widdowson, 2009); 2) greywacke with biotite of

Goa-Dharwar sector (Devaraju et al., 2010); 3) greywacke with chlorite-sericite of Goa-

Dharwar sector (Devaraju et al., 2010); 4) fine-grained greywacke of Goa-Dharwar sector

(Devaraju et al., 2010); 5) Late Archaean (3.5-2.5 Ga) greywacke (Condie, 1993); 6)

Archaean greywacke of Fig Tree, Barberton (South Africa) (Toulkeridis et al., 1999). The

metagreywacke samples of the study area are comparable in geochemical composition to the

greywackes as mentioned above.

The metagreywacke samples of the study area are plotted on various sandstone classification

diagrams using major oxides, the majority plots indicates greywacke composition. Using

silica variation diagram a poor mineralogical maturity was observed. Various geochemical

signatures were used to understand the behaviour of minerals. The analyses of the trace and

REE constrain the average composition of the terrains exposed at the time of deposition of

the rocks to be that of Archean.

Further, in this chapter the geochemistry of the associated dolerite dykes of Goa are

compared to those of: 1) dolerite Deccan–type feeder dyke, Goa (Widdowson et al., 2000)

and 2) Desur Lavas, Deccan Traps (Belgaum district, Karnataka) (Hegde et al., 2014). It is

studied that a few dykes of the study area have a close affinity to the dykes of Goa

(Widdowson et al., 2000) and Desur Lava (Hegde et al., 2014), representing its relation to

Deccan volcanism while others are of older generation.
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The dolerites exhibit a tholeiitic trend in the AFM diagram. Major oxides along with Mg# are

studied using various binary plots to understand the geochemical nature of rocks, suggesting

lower temperature and less evolved nature of the magma. Tectono-magmatic ternary

discrimination diagram suggests the dolerites have affinity to continental basalts and to a

lesser extent to ocean island basalt.
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Chapter 6

DATA INTERPRETATION AND DISCUSSION
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This chapter deals with the interpretation and discussion and is divided into two sections:

Metagreywacke and Associated rocks. The metagreywacke section discusses the structural

data, petrographic observations and geochemical analyses. Here, the mechanism of formation

of the various structures is interpreted with the help of the field structural data. Diagenesis of

metagreywacke as well as the metamorphic modifications are studied using the petrographic

details. With the aid of geochemistry and geochemical signatures, the provenance,

paleaoweathering and tectonic setting are deciphered. Further, summarizing the data, the

occurrence of a Bouma sequence is delineated and a model for the basin development of

metagreywacke and the evolution of the basin is proposed.

In the other section of associated rocks, dolerite dykes intruding the metagreywacke are

studied to understand their trend of magma evolution. With the help of mineralogy and

textural attributes, the various processes occurring during the crystallization of magma are

deduced to understand its cooling behaviour. Using the major, trace and REE data various

plots are constructed inorder to understand the behaviour of the various geochemical

signatures.

6.1 Metagreywacke

It is well recognised that sedimentary structures are reliable tools to delineate the

environment and the history of deposition of the sediments. The transport of terrigenous

clastic particles from the source terrain to the depositional basin is mainly by hydraulic

suspension (Potter et al., 1984). The various structures are classified based on the

morphology and deformation style and these depend on the driving force, sediment rheology,

mechanism and timing of deformation relative to sedimentation. The sedimentary processes

involving the deposition of metagreywacke and interbedded argillite (originally shale) in the

Goa Group plays significant role in influencing the chemical composition of metagreywacke

(cf. Hegde and Chavadi, 2009). The association of metagreywacke along with argillite in the
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Goa Group is very helpful to model intracrustal processes, evolution, tectonic setting and

provenance (cf. Condie and Wronkiewicz, 1990; McLennan and Taylor, 1991; Feng et al.,

1993; Fedo et al., 1996; Manikyamba et al., 1997).

Based on the data from the previous chapters, here the formation of structures, diagenesis as

well as provenance, paleoweathering and tectonic setting are now discussed.

6.1.1 Formational mechanism of structures

The formation processes of the various structures in metagreywacke are reported for the first

time. The structures are classified based on process of formation and are discussed below.

The various structures identified in the study area are categorised into five groups namely:

1) primary depositional structures (laminations, dropstone, graded bedding, cross

lamination);

2) diagenetic structure (liesegang rings);

3) Soft Sediment Deformation Structures (SSDS) (convolute, flame and load, ball and pillow

(pseudonodule), slump fold, and syn-sedimentary fault);

4) deformational structures (fold and shear zone) and

5) erosional structures (erosional furrows and honeycomb structure).

Here, the process of formation of these structures is discussed.

6.1.1.1 Primary depositional structures

The presence of laminations in the metagreywacke of the study area (Fig. 3.2A) are

suggestive of uniform and regular type of deposition of sediments and represents quiet water

condition in which silt and clay sized particles accumulated.
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The medium to fine grained metagreywacke with conglomerate at its base (Fig. 3.2B, C),

suggests the role of turbidite gravity flow sedimentation deposited by the same sediment flow

mechanism as that of metagreywacke (cf. Feary, 1979, Leggett, 2012).

Dropstone structure (Fig. 3.2B, C) in conglomerate is formed due to the sinking of

quartzitic and granitic pebbles into the underlying soft sediment because of density

difference. This causes a local distortion and bending of the laminae beneath the load

protuberance (cf. Stow, 2010).

Graded bedding (Fig. 4.3B) is an intrabed structure with an upward fining sequence

implying deceleration of sediment-laden current with the coarsest grains settling first

representing normal sedimentation in the sedimentary basin and is formed both due to mass-

flow and distal turbidites or by low-density turbidity flows.

Cross lamination (Fig. 3.2F) present in the study area implies a low flow regime (cf. Stow et

al., 1996).

Besides, the presence of these various structures, an association of argillite in conglomerate

(Fig. 3.2D, E) is identified as interlayer and intercalated lensoid pockets. The presence of

argillaceous derivation within the conglomerates indicates that there were periods when

either the transport mechanism of sediments were inactive or some areas of the depositional

basin were isolated from the rapid downslope movement of coarser materials or due to local

shallow environment in the depositional basin.

Argillite is also observed to be associated with metagreywacke in the study area (refer

chapter 4). The presence of fine-grained argillite associated with metagreywacke indicates

turbidite sequence representing suspension type of sedimentation and reflects lower flow

energy regimes. A horizon of ‘metagreywacke with biotite’ strata is identified by the

presence of a film of mica flakes and clay minerals which is absent at other locations (Fig.



113

3.2A, 4.1F). The presence of this horizon may be interpreted to be the contact of the coarse

and fine grained strata in a turbidite sequence (cf. Bouma, 2004).

6.1.1.2 Diagenetic structure

The liesegang rings (Fig. 3.4A) occur as concentric rings in metagreywacke, bounded by

fissures (cracks) which acted as conduits for the solutions and the rock porosity led to mass

transport of ions generating a rhythmic precipitation. Each joint compartment bounded by

fissures behaved as an independent cell. Liesegang rings either formed during diagenesis or

because of rhythmic precipitation or by diffusional processes, occurring as precipitates in

porous media (cf. Henisch, 1988; McBride, 2003). Liesegang (1913) suggested the diffusion

of cells from inside to outside whereas Carl and Amstutz (1958) opined that the diffusion

occurs from outside to inside. Since in the study area, the bands are perpendicular to the

bedding planes, it indicates the diffusion to have occurred parallel to the bedding planes. The

absence of a nucleus indicates the inception of the rings to be from the rim and not from the

center.

6.1.1.3 Soft Sediment Deformation Structures (SSDS)

Water saturated sediments often result in a variety of SSDS ranging from load, flame,

pseudonodules, slump folds and syn-sedimentary faults (McDonald and Shilts 1975;

Brodzikowski et al., 1987; Chunga et al., 2007; Gruszka and Van Loon, 2007; Van Loon,

2009). The significant controls leading to the formation of deformation structures are rapid

deposition, slope and gravity controlled density currents (Bowman et al., 2004) and also

differential compaction (Mazumder et al., 2009).

The metagreywacke in the study area are massive and laminated while at certain outcrops

mainly at the cliffs of Aguada and at headlands of Arambol, various SSDS are preserved

which possibly could be due to the deformation of the original laminations. The destruction
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of laminations leading to the formation of SSDS is attributed to various reasons: intense

reworking of sediments due to organisms, rapid deposition by suspension, disruption of

sediments due to liquefaction and movement of sediment in the water logged state (cf.

Collinson and Thompson, 1982). Ortner (2007) explained that the SSDS could form during

sediment gravity flow and due to rapid deposition of water and sediments. Due to the rapid

deposition, water is trapped in the interstitial pores of sediments resulting in unstable pore

pressure. During the course of burial and compaction, the interstitial water escapes leading to

the formation of the various styles of SSDS. In the present study area the SSDS could be a

result of these factors associated with the early stages of sediment consolidation. These SSDS

are records of events and conditions between two or more depositional events.

Most of the SSDS such as flame, load and pseudonodules observed in the study area (Fig.

3.3) needs density contrast within the sediment layers. The SSDS mostly results when

liquidised or hydroplastic and more competent sediments are stressed during or shortly after

deposition. Here, the processes of formation of the various SSDS are discussed, of which the

observations of the given structures are reported in Chapter 3.

Convolute laminations (Fig. 3.3A) identified in the study area, probably occur due to the

shear stresses which are set by the turbidity flow which in turn leads to dewatering of

sediments. The structure is known to form due to penecontemporaneous dewatering during

fluidisation – liquefaction processes and expulsion of pore water (cf. Cojan and Thiry, 1992;

Owen, 1996; Rossetti, 1999; Samaila et al., 2006, Kundu et al., 2011). Convolute laminations

are typical of turbidites, which involves deformation of laminated and cross-laminated

Bouma units (Bouma units are discussed later in this chapter) (cf. Selley, 2000).

Flame structures (Fig. 3.3B, Fig. 6.1) Kundu et al. (2011) listed five processes for the

formation of flame structures: 1) fluvial current drag (Kuenen and Menard, 1952), 2) action

of pressure due to loading (Anketell et al., 1970), 3) slope controlled movement of sediment
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load (Brenchley and Newall, 1977), 4) earthquake shock (Visher and Cunningham, 1981;

Sukhija et al., 1999; Li et al., 2008) and 5) differences in dynamic viscosity between

sediment layers (Anketell et al., 1970) when the fine grained sediments behave as diapiric

intrusions (Mills, 1983). The formation of flame structures in the study area is attributed

either to differences in dynamic viscosity between the sediment layers and overlying pressure

of the sediment or slope controlled movement of the sediment deposit due to the difference in

the grain size.

Load structures (Fig. 3.3B, Fig. 6.1) in the study area were seen associated to be with the

flame structures. They have formed as the denser sediments settle into lighter sediments as

there is a gravitational readjustment due to the instability of strata. Owen (2003) observed

that when the substrate is liquidized, it loses its capacity to support sediments and hence there

is a lateral redistribution of the sediment load and these are associated with flame structures.

The schematic illustration (Fig. 6.1) shows the development of flame and load structure into

the pseudonodule. The initial formation of load and flame structure is followed by prominent

load structure, which sinks into the underlying starta to form ball and pillow (pseudonodule).

A B C
LF

Load
Pseudonodule

High Density strata

Low density strata

Fig. 6.1: Schematic illustration showing the development of pseudonodule from a load
structure. Load and flame structures are formed (A), followed by prominent load structures
(B), these load structures sink into the underlying starta (B) to form ball and pillow or
pseudonodule (C). (F-Flame structure; L-Load structure).
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Ball and pillow structures (Pseudonodules) (Fig. 3.3C, D, 6.1) are seen as isolated masses

with variable morphologies in the underlying less dense strata when the load structures

detached from the parent sedimentary bed during liquefaction. The load structure separates

from the overlying sediments as the load bearing strength of liquefied sediment is lost (cf.

Kundu and Goswami, 2008), resulting in sinking of the load cast or denser sediment into the

underlying strata (cf. Kuenen, 1958). This leads to the formation of ball and pillow

(pseudonodules) structure.

The slump folds (Fig. 3.3E) occur as folds in strata bounded by undisturbed sediments above

and below within a sedimentary unit. As such, their formation due to tectonic activity is not

possible. The folds possibly formed when the sediment layers behaved as plastic or semi-

consolidated media and due to gravity the sediments moved down slope (cf. Kundu et al.,

2011), either as the slope exceeds the angle of repose of the sediments (cf. Mills, 1983) or

under the influence of large-scale water movements (cf. Siegenthaler et al., 1987) or an

exceptionally low angle (<1º) subaqueous slopes (Alsop and Marco 2013).

Syn-sedimentary faults are small scale faults bounded by undeformed sedimentary strata

above and below (Fig. 3.3F) indicating their syn-sedimentary origin. These types of faults

and their association with undeformed strata are evident of brittle deformation when the

sediments were partly consolidated (cf. Rossetti and Góes, 2000). Syn-sedimentary faults can

also develop during the late stage of deformation due to a sudden increase in pore water

pressure by the application of stress (cf. Pandey and Pandey, 2015).

The SSDS are observed along a horizon of the Sanvordem Formation which is exposed along

the coast of North Goa at Aguada and Arambol and were probably formed in a single

instantaneous event. These above discussed SSDS are overlain and underlain by undisturbed

sediment and so may not be related to regional tectonics. These undeformed sediments

(above and below SSDS) mark a period of quiescence before and after the growth of the
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SSDS. These might have been as a result of a short natural trigger for the SSDS formation

which disturbed the water saturated semi-consolidated sediments and this is attested by the

limited lateral extent and less thickness of the SSDS strata.

6.1.1.4 Deformational structures

The shear zone (Fig. 3.4B, C) could have possibly formed due to faulting which occurred

contemporary to the major fault of the west coast of India during which time several fault

planes developed in W to WSW direction (cf. Gokul at el., 1985; Iyer et al., 1990). The

presence of quartz veins is due to the emplacement of dolerite dykes when silicic fluids were

injected into the country rock of metagreywacke. Due to faulting, the quartz veins were

sheared and the metagreywacke was mylonitised by ductile deformation leading to haphazard

arrangement of quartz grains within the country rock leading to the formation of

‘metagreywacke cataclasite’ (described in chapter 4).

6.1.1.5 Erosional structures

The erosional structures are formed as a result of different mechanisms such as stream

currents, current-generated microturbulence, obstacle-generated microturbulence and

abrasive action of current-transported debris and sediment. However, most of the structures

formed are soon exposed and destroyed (High and Picard, 1973; Selley 2000).

Erosional furrows are noted in the study area as furrows and ridges (Fig 3.4D). These

structures are formed due to differences in erosional effect on tilted strata of alternate soft and

resistant rock surface which has carved them into a landscape of ridges and furrows.

Honeycomb structure (Fig 3.4E) in the study area is commonly seen along the sea coast.

This results from the percolation of salty sea water through the pore spaces of rocks and

evaporates at the surface forming tiny salt crystals on the surface of the rocks. The growth of
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the salt crystals separates the sand particles from the cementing material, eventually creating

a small depression in the rock. Due to the constant action of salty water the cavity enlarges at

a faster rate creating pits in the rock.

6.1.2 Diagenesis

The framework components of metagreywacke of Sanvordem Formation such as quartz,

feldspar and mica, exhibit various textural features indicating their process of formation. The

metagreywacke is grouped into five distinctive types based on the mineralogy and also is

supported by its geochemistry. They are: metagreywacke; quartzo-feldspathic

metagreywacke; metagreywacke with biotite; metagreywacke cataclasite; argillite. Various

processes which resulted in the mineralogical and diagenetic textural patterns in the

metagreywacke are discussed here.

Quartz present in metagreywacke typically exhibits three habits (Fig. 4.1, 4.2, 4.3):

1) quartz grains with original detrital shape;

2) quartz grains locally interlocked by overgrowth into a quartzitic mosaic, wherein the

original detrital boundaries are not identifiable;

3) quartz grains with denticulated fringe of secondary quartz, which welds them

together.

This variation in texture is mainly due to diagenetic reorganization and as silica readily alters

into other forms, it also dissolves and reprecipitates repeatedly (cf. Larsen and Chilingarian,

1967; Devaraju et al., 2010). Detrital minerals such as quartz and orthoclase (Fig. 4.1) exhibit

pits which may have resulted during transportation of sand grains or may be due to their

formation at high temperatures and then exposed to low temperatures with aqueous solutions

creating disequilibrium but favored dissolution (cf. Milliken, 2003). The framework grains of
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quartz and feldspar exhibit ‘chevaux-de-frise’ texture (Fig. 4.1) which is a diagenetic

encroachment of the matrix over the detrital quartz and feldpsar grains giving a hazy outline

(cf. Carozzi, 1960; Devaraju et al., 2010). The abundant quantity of feldspar in

‘metagreywacke’ and ‘quartzo-feldspathic metagreywacke’ (Table 4.2A; Fig. 4.1) suggests

that either feldspar grains have been able to resist decomposition during transportation or had

been transported from a proximal source. The fragmentation seen in grains (Fig. 4.1C, 4.2F)

of orthoclase and quartz can be recognized as due to compactional mechanism during

diagenesis (cf. Chuhan et al., 2000; Milliken, 2003).

The formation of mica is well seen in ‘argillites’ (Fig. 4.2D, E) wherein the inception of mica

crystallization occurs as ovoid clast which is formed from clay. This stage is the most

advanced stage of diagenesis in progression towards metamorphism and transitional into low-

grade metamorphism and is called as the phyllomorphic stage (cf. Brown and Thayer, 1963;

Chamley, 2013). ‘Quartzo-feldspathic metagreywacke’ and ‘metagreywacke with biotite’

have significant amount of muscovite (Fig. 4.1, Table 4.2) as, either its lattice is more readily

developed from the clay minerals or perhaps it is stable in most of the burial conditions. The

occurrence of muscovite surrounded by quartz (Fig. 4.1E) is a result of the resistance of the

mineral to deformation. It is noted that rocks with higher clay content especially ‘argillite’ are

mica-dominant.

The ‘metagreywacke with biotite’ (Fig. 4.1F) exhibits growth of mica, wherein the size of

mica increases to occupy more of the matrix material. Calcite in ‘metagreywacke with

biotite’ (Fig. 4.1F), may have formed due to precipitation which readily occur upon release of

pressure and decrease in temperature (cf. Carozzi, 1960). Pyrite in ‘argillite’ occurring as

isolated crystals (Fig. 4.2C) owes its formation to oxidation and reduction reactions involving

iron and sulphur which occur late in the rock history. This suggests that sulphur had been

previously held close to the site of pyrite attached to clay and hence late reducing conditions
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resulted in crystallization of pyrite. However, due to groundwater the occurrence of dissolved

oxygen and the oxidizing conditions are restricted to near-surface positions (cf. Milliken,

2003).

Stylolites identified in ‘argillite’ (Fig. 4.2D) occur under conditions of strong pressure

solution which is dominated in rocks bearing argillaceous matrix. Among the micaceous

minerals muscovite is rather resistant to pressure solution while biotite yields more easily to

pressure solution. Pressure solution styolites is an important cause of intergranular volume

reduction which occurs during compaction process of diagenesis (cf. Milliken, 2003).

6.1.3. Metamorphic modification

In the study area, the late diagenetic processes were succeeded by early stages of

metamorphism that gave rise to low grade greenschist facies of rocks (Fernandes et al.,

2016a, b). Metagreywacke association displays textural characteristics from diagenesis to

metamorphism. Recrystallization of detrital quartz imparts a major reorganization in texture

related to grains, cement and the interstitial pore space elimination.

The presence of biotite and muscovite alignment in metagreywacke (Fig. 4.1A) indicates

schistosity of the rocks. In ‘metagreywacke with biotite’, well developed alternate layers of

micas and quartz gives it a schistose texture (Fig. 3.2A, 4.1F). The presence of chlorite as

well as biotite owes their formation to greenschist facies of metamorphism. Intracrystalline

deformation also is evident by tapering deformed twin lamellae indentified in feldspar (Fig.

4.1C, 4.2A). Undulatory extinction in detrital grains of quartz and feldspar (Fig. 4.1A, C)

may be due to intracrystalline plastic deformation. Recrystallization is prominent in ‘quartzo-

feldspathic metagreywacke’ (Fig. 4.1D) wherein quartz is recognized by presence of a

mosaic of new grains owing its formation to grain boundary migration (cf. Blenkinsop,

2000).
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6.1.4 Provenance, paleoweathering and tectonic setting

The geochemical composition of terrigenous sedimentary rocks is a function of the complex

interplay of variables, such as provenance, paleoweathering, transportation and diagenesis.

The framework mineralogy, provenance and the tectonic setting of sedimentary basins are

interrelated (Bhatia, 1983; Banerjee and Banerjee, 2010; Devaraju et al., 2010). Thus, the

composition of sedimentary rocks is useful to recognize the nature of ancient continental and

oceanic basins. Furthermore, the relationship between attributes of the plate tectonic setting

and factors such as relief, physical sorting and diagenesis also govern the composition of

clastic sedimentary rocks (Pettijohn et al., 1972; Blatt et al., 1980; Fernandes et al., 2016a).

The diagenetic process of metagreywacke of the Goa Group is obscured by the effect of low

grade metamorphism but a record of the geological history can be inferred as it is retained in

the detrital sediments (Fernandes et al., 2016a). Trace elements such as La, Ce, Nd, Y, Th,

Zr, Hf, Nb, Ti and Sc which are regarded as insensitive to alteration and have low mobility

during sedimentary processes and also low residence time in water (Holland, 1978; Ma

Yanping and Zhao Jingzhou, 2015) are well-suited to decipher the origin of metagreywacke.

Some of these elements are useful to plot various discriminant diagrams that help to

characterize the tectonic setting of metagreywacke (Bhatia and Crook, 1986). Similarly, the

REE are also very useful to determine the origin of the metagreywacke as these are

incorporated into the sedimentary rocks during the recycling of sediments and get preserved

in them as a record of the average upper crustal elemental abundances (Rashid, 2005;

Fernandes et al., 2016a).

Therefore, on the above basis, I now discuss the provenance, paleoweathering and tectonic

setting of metagreywacke of the Goa Group.
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6.1.4.1 Provenance

The mineralogical and chemical composition of siliciclastic sedimentary rocks are widely

used to investigate their source rocks (Kalsbeek and Frei, 2010; Moosavirad et al., 2012).

Hence, the detrital framework composition of such rocks is a reliable indicator of the tectonic

setting of the provenance.

For the present study, modal analysis of framework components of metagreywacke is carried

out (Table 4.2A) and the data obtained has been plotted on discrimination diagrams. The

ternary Quartz (Q)- Feldspar (F)- Rock fragment (RF) plot (Dickinson, 1985) of the

framework mode shows various provenance fields which includes basement uplift,

transitional continental, craton interior, recycled orogen, dissected arc, transitional arc and

undissected arc. In this plot, the metagreywacke samples of the study area indicates a craton

interior to transitional continental (Fig. 4.4D) reflecting high percentage of quartz grains

representing a typical continent provenance.

A discriminant function diagram (Fig. 6.2A) based on major element oxides of Ti, Al, Fe,

Mg, Ca and K by Roser and Korsch (1988) is effective in distinguishing between the felsic

igneous, intermediate igneous, mafic igneous and quartzose sedimentary provenances. In this

plot, the metagreywacke samples of the study area indicate a dominance of quartzose

sedimentary provenance, while a few samples plot in mafic igneous provenance.  Detrital

components for the quartzose sedimentary provenance were possibly derived from either a

specific crystalline (igneous source) or another sedimentary source.

However, the ultimate crystalline source for the rocks of the present study can be inferred

from their Al2O3 and TiO2 contents. Since Al and Ti are essentially immobile elements and

due to the low solubility of their oxides and hydroxides in low temperature aqueous solutions,

the Al2O3 and TiO2 contents of the siliciclastic rocks can be assumed as practically equal to
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those of their source (Stumm and Morgan, 1981; Sugitani et al., 1996; Moosavirad et al.,

2012). To constrain the provenance of siliciclastic sedimentary rocks, McLennan et al.

(1980), proposed a TiO2 versus Al2O3 bivariate discrimination diagram (Fig. 6.2B). On this

diagram the samples plot among the granite and granodiorite line except a few ‘argillite’

samples plot among the granodiorite and (3 granite + 1 basalt) line indicating a mixed

composition.
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Fig. 6.2: Plots for provenance of
metagreywacke:
A) Discriminant function diagram of
metagreywacke based on major element
oxides of Ti, Al, Fe, Mg, Ca and K by Roser
and Korsch (1988).
B) TiO2 versus Al2O3 bivariate discrimination
diagram (McLennan et al., 1980).
C) Binary plot of TiO2 (wt%) vs Ni (ppm)
(Floyd et al., 1989).
D) Bivariate plot of Th/Co vs La/Sc
(McLennan and Taylor, 1991; Cullers, 2002).
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The abundances of Ni (~avg 53 ppm) and TiO2 (~avg 0.68%) in siliciclastic sediments are

useful indicators in provenance studies. Hence, in the binary plot (Fig. 6.2C) of TiO2 (wt%)

vs Ni (ppm) (after Floyd et al., 1989), the source composition of the rocks indicate acidic

igneous rocks and mudstones.

The High Field Strength Elements (HFSE) such as Zr, Nb, Hf, Y, Th and U elements are

enriched in felsic sources rather than the mafic sources as they are preferentially partitioned

into melts during crystallization (Feng and Kerrich, 1990). Zr, Hf and Y reflect provenance

compositions due to their immobile behavior (Taylor and McLennan, 1985; Bakkiaraj et al.,

2010). The ratios of La/Sc, La/Cr, La/Co, Th/Sc, Th/Cr, Th/Co and Eu/Eu* are important to

constraint the average provenance composition (Cullers and Podkoyrov, 2000) as they are

significantly different in felsic and mafic rocks (Cox and Lowe, 1995; Cullers, 1995; 2000).

Variation in Th and La is indicative of felsic while Sc and Co are indicative of mafic and so

is used to differentiate between felsic and mafic provenance (McLennan et al., 1980;

Nagarajan et al., 2007a, b; Kasanzu et al., 2008; Bakkiaraj et al., 2010). As such a bivariate

plot of Th/Co vs La/Sc (cf. McLennan and Taylor, 1991; Cullers, 2002) (Fig. 6.2D) is used to

plot the samples of the present study and this suggests a high ratio of Th/Co and La/Sc

indicating a felsic nature of the source rocks.

The REE pattern and Eu anomaly provide significant clues of the source rock characteristics

(Taylor and McLennan, 1985). Generally, high LREE/HREE ratio and a high negative Eu

anomaly are found in felsic rocks, while the mafic rocks have low LREE/HREE ratio and a

low negative Eu anomaly (Taylor and McLennan, 1985; Cullers, 1994). Archean sedimentary

rocks exhibit a less uniform REE pattern as compared to those typical of post-Archean

(Taylor and McLennan, 1983). In our present study, the analysed samples exhibit negative Eu

anomaly of average 0.73 suggests its derivation from felsic rocks (Fig. 5.3). The steep

(abundant) LREE-enriched pattern indicates Archean sediment derivation from acidic parent
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rocks. This felsic source indicates feldspar-bearing granodiorite rocks to be the main source

of the provenance. Similar findings of the REE patterns were reported by Taylor and

McLennan (1985).

6.1.4.2 Paleoweathering

Paleoweathering is an important factor affecting the composition of sedimentary rocks. As

sedimentary rocks sensu stricto are composed of weathered products they reflect the

weathered profile rather than the parent rock (Nesbitt et al., 1996). Source rock composition,

duration of weathering, climatic conditions and rate of tectonic uplift of source region are the

factors that govern the intensity of chemical weathering of source rocks (Wronkiewicz and

Condie, 1987). Due to chemical weathering, elements such as Ca, Na and K are largely

removed from the source rocks. Hence the proportion of these elements surviving in the soil

profiles is an index of the intensity of chemical weathering (Nesbitt et al., 1997; Moosavirad

et al., 2012).

Various parameters such as chemical index of alteration (CIA, Nesbitt and Young, 1982),

K2O/Na2O (Nesbitt and Young, 1984), Rb/Sr (McLennan et al., 1993) and Th/U ratios

(McLennan et al., 1993) are used to determine the alteration of sedimentary rocks. However,

the widely used and reliable parameter for influence of source rock weathering is estimated

by calculating the CIA (Nesbitt and Young, 1982):

CIA= [Al2O3/( Al2O3+CaO+Na2O+K2O)]x100

Where, CaO is the amount of CaO incorporated in the silicate fraction of the rock.

The high CIA values reflect the removal of liable cations such as Ca2+, Na+ and K+ relative to

the static residual constituents (Al3+) during weathering, conversely, low CIA values indicate

the near absence of chemical alteration and consequently might reflect cool and/or arid
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conditions. The average CIA values are higher in Fe-sand (78), wacke (76), sub-litharenite

(55), arkose (53), sub-arkose (36), and quartz arenite (31) while typical shales average about

70 to 75. In unweathered igneous rocks the CIA values are close to 50 whereas the intensely

weathered residual rock with presence of kaolinite and gibbsite has values ~100 (Nesbitt and

Young, 1982; Fedo et al., 1995). The lower average CIA values in arkose, sub-arkose and

quartz arenite is due to direct input of immature continent detrital minerals into the

depositional system which does not reflect the general chemical weathering conditions in the

source region. Also, the CIA value variation indicates the sediment sorting effect.

Concentration of quartz and feldspar along with heavy minerals are present in the coarse

fraction while weather-able minerals present in the suspended load sediments is due to

physical sorting of sediments during transportation and deposition (Garcia et al., 2004;

Bakkiaraj et al., 2010).

The CIA values of metagreywacke samples of the study area range from 63 to 84 with an

average of 73. The average CIA value of fine grained ‘argillite’ (69) is slightly more than the

coarser ‘metagreywacke’ association (66). In order to understand the extent of alteration in

the above equation a plot of Al2O3 against Al2O3+CaO+Na2O+K2O is drawn (Fig.6.3A)

indicating moderate leaching. The plot of SiO2 versus CIA shows a consistent trend of CIA

with SiO2 (r=0.48) (Fig.6.3B) wherein with increasing silica content CIA is constant during

alteration.

The nature of weathering and the post-depositional modifications leading to the mobility of

elements could be evaluated by plotting Al2O3 (A), (CaO+ Na2O) (CN) and K2O (K) on an

A-CN-K ternary diagram (Fig.6.3C) (after Nesbitt and Young, 1982; 1984). A majority of the

samples of the study area plot away from the plagioclase – K feldspar join line, indicating

moderate to intense chemical weathering in the source area. A few ‘argillite’ plot towards

illite on the A-K edge which do not incline towards the K apex, indicating the presence of
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more illite that kaolinite which probably could be an effect of potash metasomatism, where

post depositional processes convert kaolinite to illite (cf. Nagarajan et al., 2015). However,

the slight amount of added potassium is due to the presence of clastic grains of K-feldspar,

that provide an evidence for detrital nature of K-bearing phases. A ‘metagreywacke

cataclasite’ and an ‘argillite’ plot on the A-CN line while ‘metagreywacke with biotite’ plot

below the plagioclase– K-feldspar join near the field of tonalite-granodiorite. This suggests

different weathering rates of rocks of the metagreywacke as the plots of samples in the

diagram are not concentrated in a single field (Fig. 6.3C).

The characteristic source of clastic sedimentary rocks can be studied using the Th/U ratio as

the ratio increases with increasing weathering (Taylor and McLennan, 1985; McLennan and

Taylor, 1991; McLennan et al., 1990). High Th/U ratio indicates oxidative weathering and

removal of U, also Th/U increases with kaolinite content in highly weathered rocks

(McLennan et al., 1980). Th/U ratio equal to or greater than 4 indicates the derivation of

sediments from the upper crust whereas a value lower than 4 is related to mantle contribution

(Roddaz et al., 2006; Bakkiaraj et al., 2010). Th/U ratio is also a sensitive indicator of

metamorphism and it may reach 8-10 in amphibolites facies and as high as 25 in the granulite

facies (Wedephol, 1991). Bhatia and Taylor (1981) observed that the Th/U ratio for most of

the sedimentary rocks remains uniform at 4.5, while for sediments derived from andesitic and

dacitic rocks the La/Th ratios are 6.7 and 4.5 respectively. This ratio remains constant at 2.6

for most quartzose sedimentary rocks.

The analyzed metagreywacke samples of the study area show Th/U ratio an average of 2.25

(range from 1.88 to 2.65) and the average of La/Th ratio is 4.683 (range from 2.16 to 7.56),

indicating a provenance closer to dacitic to quartzose sedimentary rocks composition. In

Figure 6.3D of Th/U against Th, metagreywacke lie below value 4, in the depleted mantle

source. The low Th/U exists due to sedimentary process and is likely to have resulted from U
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enrichment (avg ~3.96) and hence is accompanied by high U content reflecting the greater

mobility of this element and also reflects the geochemically depleted nature of such

reservoirs (cf. Newman et al., 1984).

The distribution of major elements (P2O5 and TiO2), trace elements (Th, U, Zr, Hf and Nb)

and REE significantly influences the chemical composition of terrigenous sediments. The

average content of Zr (169 ppm) in the metagreywacke samples of the study area is lower

than Post Archean Australian Shale (PAAS) value (210; McLennan et al., 1983) and also

Upper Continental Crust (UCC) value (190; Taylor and McLennan, 1985). Weathering

indices of sedimentary rocks are useful tools to understand the tectonic activity and climatic

conditions of the source region. To understand the climatic condition during sedimentation of

siliciclastic sedimentary rocks Suttner and Dutta (1986) proposed a binary plot of SiO2 wt%

versus (Al2O3 + K2O + Na2O) wt%. The analysed samples in this binary plot indicate

essentially arid climatic condition (Fig. 6.3E).
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Fig. 6.3: Plots for paleoweathering of metagreywacke:
A) Plot of Al2O3 against Al2O3+CaO+Na2O+K2O.
B) Plot of SiO2 versus CIA (r=0.48).
C) Ternary diagram plot of Al2O3 (A), (CaO+ Na2O) (CN) and K2O (K) (Nesbitt and Young,
1982; 1984).
D) Plot of Th/U against Th.
E) Plot of SiO2 wt% versus (Al2O3 + K2O + Na2O) wt% (Suttner and Dutta, 1986).
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6.1.4.3 Tectonic setting

It is well recognized that the crustal evolution and the tectonic setting can be indicated from

the geochemistry of clastic sedimentary rocks (Lahtinen, 2000). The chemical composition of

siliciclastic sedimentary rocks is influenced by plate tectonic setting and depositional basin

and as such the rocks possess different terrain-specific geochemical signatures (Bhatia, 1983;

Bhatia and Crook, 1986; Roser and Korsch, 1986). To delineate the tectonic setting, several

major, trace and REE based discrimination diagrams have been proposed (Maynard et al.,

1982; Bhatia, 1983; Bhatia and Crook, 1986; Roser and Korsch, 1986; McLennan et al.,

1990; McLennan and Taylor, 1991; Floyd et al., 1991; Murphy, 2000). Diagenesis also

influences the bulk composition of sandstones, but the nature of diagenesis depends on the

tectonic setting of the basin (Siever, 1979; Bhatia, 1983; Fernandes et al., 2016a).

Tectonic setting discrimination diagrams for siliciclastic sedimentary rocks of Bhatia (1983)

and Roser and Korsch (1986) are based on immobile and also mobile major elements such as

Na2O and K2O. Bhatia (1983) used parameters such as Fe2O3+MgO, TiO2, Al2O3/SiO2,

K2O/Na2O and Al2O3/(CaO+Na2O) to classify tectonic setting namely: Oceanic Island Arc

(OIA), Continental Island Arc (CIA), Active Continental Margin (ACM) and Passive Margin

(PM). In K2O/Na2O versus (Fe2O3t+MgO) and Al2O3/(CaO+Na2O) versus Fe2O3+MgO

diagrams, the analysed samples of the study area show a scatter at the Ocean Island Arc

(OIA), Continental Island Arc (CIA), Active Continental Margin (ACM) fields (Fig. 6.4A,

B). In the Al2O3/SiO2 versus Fe2O3+MgO and TiO2 versus Fe2O3+MgO diagrams (Fig. 6.4C,

D) the majority samples show a scatter and plot in CIA and a few in ACM. The source of the

rocks that plot in CIA has dominant contribution from felsic volcanic rocks provenance while

those in ACM are derived from granitic gneisses and granites of the uplifted basement

provenance (cf. Bhatia, 1983).
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Armstrong-Altrin and Verma (2005) reported that the tectonic setting discrimination diagram

proposed by Roser and Korsch (1986) is more reliable than the plate tectonic setting of

sedimentary basin proposed by Bhatia (1983). Hence, to improve the discrimination of the

tectonic setting, a plot of K2O/Na2O against SiO2 proposed after Roser and Korsch (1986)

(Fig. 6.5A) is used. In this plot, the samples indicate ACM type of tectonic setting (Fig.

6.5A). This observation is similar to the plot of K2O/Na2O versus SiO2 diagram (Roser and

Korsch, 1986), modified after Murphy (2000), indicating ACM (Fig.6.5B).

Immobile trace elements such as La, Ce, Nd, Y, Th, Zr, Hf, Nb, Ti and Sc are most

appropriate to help discriminate the tectonic setting of siliciclastic sedimentary rocks which

is in turn influenced by parameters such as provenance, relief, weathering, physical sorting

and diagenesis (Devaraju et al., 2010; Fernandes et al., 2016a). The Ti/Zr versus La/Sc binary

plot (after Bhatia, and Crook, 1986) (Fig. 6.6A) indicates that the deposition of the

metagreywacke essentially took place in a Continent Island Arc tectonic setting with a

subordinate tectonic setting of an Active Continental Margin. The ternary discriminant

diagram of CaO-Na2O-K2O, La-Th-Sc and Th-Sc-Zr/10 (after Bhatia, and Crook, 1986) (Fig.

6.6B to D) attests to the fact that an overwhelming deposition occurred in a Continental

Island Arc setting. This can be noted in the plot of CaO-Na2O-K2O (Fig. 6.6B) that shows the

sediments were not only deposited in a Continental Island Arc set-up but also in an Active

Continental Margin setting.
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Fig. 6.4: Tectonic setting diagrams of metagreywacke (Bhatia, 1983).
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(2000).
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The tectonic setting can be inferred from the REE distribution (McLennan et al., 1990;

McLennan and Taylor, 1991; Asiedu et al., 2000; Bakkiaraj et al., 2010). The characteristics

of rocks from continental margin have LREE (La/Sm)N enrichment and high total rare earth

elements (ΣREE), while rocks from undifferentiated oceanic arc have low (La/Sm)N ratio,

ΣREE content, and lack of negative Eu anomaly. Active Continental Margin have variable

negative Eu anomaly in the range of 0.6-1.0 (McLennan, 1989). The present study shows an

average of ~5 (La/Sm)N and Eu/Eu* ratio of 0.73. Hence, these values suggest an Active

Continental Margin setting for the metagreywacke of the study area.

Petrological evidence and geochemical data of metagreywacke of the study area suggest that

the deposition of the metagreywacke largely occurred in a deep basin which progressively

changed to shallow basin of a Continental Island Arc to an Active Continental setting.

However, both settings attest to active margin settings, wherein the sediments were either

deposited at subduction arc basins, strike-slip margin or in proximal portions in back-arc

basins (cf. Alvarez and Roser, 2007).

The Sanvordem Formation is characterized by a basement of conglomerate which is

unconformable with thick beds of basal massive metagreywacke and is in turn overlain by

graded metagreywacke and argillite. These beds have structural features such as parallel

laminations and SSDS.
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6.1.5 Bouma sequence

Turbidity current is a mixture of water and detritus flow comprising of mud, silt and sand,

which remains in suspension by turbulence. Due to the force of gravity there is downslope

movement of the flow creating turbidity current which follows the basin floor. As the

turbulence of current decays, sedimentation commences. This resulting facies distribution

represents deposition from turbidity currents (cf. Bouma, 1962; Mutti and Ricchi-Luchi,

1978; Valente et al., 2014) and the various structures can be sequentially arranged to form

regular units of a Bouma sequence. In the study area, the SSDS are associated with the

metagreywacke and are arranged in a regular fashion to obtain a Bouma sequence with 5

ideal units (A to E) (Fig. 6.7, Table 6.1).

The Bouma sequence consists of texture and bedding subdivisions which result from

changing hydraulic regimes (Potter et al., 1984; Larsen, 1986; Potter et al., 2012). The

various structures exhibited by this entire succession of metagreywacke can be integrated to

portray the internal structure of the Bouma sequence in which each surge of turbidite flow

produces an individual graded sequence or a turbidite. The SSDS, typically the convolute

laminations, are characteristics of turbidites, which imply deformation of either massive or

laminated or cross laminated Bouma units. The deformation results due to the dewatering of

sediment aided by shear stresses set up by the turbidity flow (Collinson and Thompson, 1982;

Valente et al., 2014).
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Fig. 6.7:  Sketch of the Bouma units in an ideal sequence (Bouma, 1962; Walker, 1965;
Middleton and Hampton, 1973).
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Table 6.1: Interpretation of the process of formation of an ideal Bouma sequence (Bouma,
1962; Walker, 1965; Middleton and Hampton, 1973) and also of the study area.

Ideal Bouma unit Interpretation Bouma unit in study area

E Pelagic Mud
Sediments settle from suspension in

a basin
Not identified

D
Parallel

laminae

Sediments settle from suspension in

a basin
Parallel laminae present

C

Convolute

lamination
Penecontemporaneous dewatering Convolute lamination present

Ripple- Cross

laminated
Sedimentation in lower flow regime Cross lamination present

B
Parallel

laminae
Sedimentation in high flow regime Parallel laminae present

A Massive Rapid deposition of sediment Massive metagreywacke present

Basal

conglomerate
Initial high power erosive phase of

the water current

Conglomerate present

An ideal Bouma sequence has 5 units from A to E. In the present study area there are four

units from A to D. The unit A is massive well graded and formed due to the rapid deposition

of coarse to fine sediments during the initial surge of turbidity currents. The unit A is

succeeded by B unit which is laminated as deposition of planar bed form. This unit is in turn

overlain by C unit that formed during low velocity flow deposition and shows convolutions

and the various SSDS. Followed by this is D unit with fine laminations that indicate

settlement of sediments from suspension in a basin. The E unit of pelagic mud is not

identified in the study area. This unit was perhaps eroded (Refer Table 6.1).

The various sedimentary structures and their inferred depositional processes of the

metagreywacke in the study area are listed in table 6.1 and 6.2. Based on the various
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morphologies of the structures in metagreywacke, the following inferences are drawn

regarding the events of formation and evolution (Fig. 6.8) of the basin:

1) Turbidite current at continental margin lead to rapid deposition of sediments.

2) Initially the coarser deposits produced conglomerates.

3) Subsequently the deposition of coarse grained/sand-rich to fine grained/mud-rich

sediments occurred.

4) Due to the process of liquefaction, during the lithification of these water saturated

sediments, the SSDS were formed.

5) Deposition of sediments further continued as the SSDS horizon is overlain by

undeformed strata.

6) Dolerite dykes intruded in the country rocks of metagreywacke leading to the

occurrence of cracks and fissures in metagreywacke and along these quartz veins

occurred.

7) The studied region was locally deformed due to folding and faulting causing a fold

and a shear zone. The deformation phase is younger as compared to the dyke

emplacement as evident from the sheared quartz veins.
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Fig. 6.8: Schematic illustration of a model depicting the phases of basin development in the
study area.



146

Table 6.2: Sedimentary structures and their inferred depositional processes of the heterolithic
succession of metaconglomerate and metagreywacke sequence of the study area (Sanvordem
Formation).

Structures Interpretation
Primary depositional structures

Dropstone structure
(Fig. 3.2B,C)

Dropped fragment cause local distortion
and bending of laminae beneath the
protuberance

Graded bedding (Fig.
4.3B) Low density turbidity flow

Cross lamination
(Fig. 3.2F) Megaripple bedform migration

Liesegang rings (Fig.
3.4A)

Diagenesis or because of rhythmic
precipitation
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Soft sediment deformation structures

Convolute structure
(Fig. 3.3A) Penecontemporaneous dewatering

Flame and Load
structure
(Fig. 3.3B)

Differences in viscosity between
sediment layers

Ball and pillow (Fig.
3.3C,D)

Sinking of denser sediments into
underlying strata

P

Slump Fold (Fig.
3.3E)

When slope of sediments exceed angle of
repose, leading to down slope movement
of sediments

Syn-sedimentary
faults
(Fig. 3.3F)

Brittle deformation when sediments are
either unconsolidated or partly
consolidated

Structural deformation structure

Sheared zone (Fig.
3.4B,C) Associated with faulting
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6.2 Associated rocks

The petrology and geochemistry of the dolerite dykes associated with the metagreywacke aid

in interpretation of complex petrogenesis which varies both in space and time. The magmatic

behaviour includes fractional crystallization, magma mixing and assimilation which in turn

results in triggering of volcanic eruptions (Cox and Hawkesworth, 1985).

6.2.1 Crystallization trend of dolerite dyke

Based on textural and mineralogical observations of the associated dolerite dykes, I now

discuss the crystallization process. The texture of dolerite is variable from porphyritic to

ophitic / sub-ophitic. The contacts of mineral grains of feldspar and pyroxene commonly

have irregular interpenetrating edges indicating simultaneous crystallization of these

minerals.

Porphyritic texture in dolerite is exhibited by coarse-grained phenocrysts of plagioclase and

also of pyroxene with medium gained groundmass (Fig. 4.5 to 4.7). This texture is attributed

to two-stage cooling of the magma that results from the slow crystallization at depth to form

phenocrysts, this is followed by rapid cooling of the remaining melt to form the medium

grained groundmass. The dolerites exhibit a dominance of plagioclase phenocryst which

probably led to commencement of plagioclase crystallization and a delay in pyroxene

nucleation leading to supersaturation of pyroxene in the melt. This resulted in formation of

many small crystals of pyroxenes in the groundmass. The presence of glomeroporphyritic

texture with euhedral plagioclase suggests involvement of feldspar in the evolution of magma

(Fig. 4.6D). The plagioclase in dykes is of two generations: medium grained in the

groundmass, with simple polysynthetic twinning and coarse grained phenocryst exhibiting

oscillatory zoning. Crystallization of plagioclase in the interstices between pyroxene may be



149

as a result of a higher ratio of nucleation to growth rate of the plagioclase as compared with

that of pyroxene.

Besides these various textures, there is presence of plagioclase and apatite as melt inclusions

in the host grains of plagioclase and pyroxene (see Fig. 4.5C, 4.6A, B, F). Study of inclusions

helps to decipher the order of paragenesis of mineral crystallization. The inference from this

texture is:

1) The inclusion growth inhibited before the host mineral, only for that particular grain

of the host rock.

2) The two minerals may have nucleated at exactly the same time, but one grew faster

and outlasted the growth of the other.

3) The host mineral may have nucleated before the inclusion.

These possibilities depend on the difference in ratio of nucleation rate to growth rate of the

two minerals involved. However, elsewhere in the same rock, the included mineral may still

be growing.

The comb layering of chert in dolerite (Fig. 4.7B) is a type of unidirectional solidification

structure, involving heterogeneous nucleation. Crystallization is forced to occur rapidly in the

form of elongate crystals perpendicular to the solid walls of the dolerite producing chert

comb layering.

The presence of small, elongate, apatite needles (Fig. 4.5C) in the dolerite dykes attests to

their crystallization in the interstitial melt. The stage of their crystallization cannot be

determined by textural observations alone. Apatite is seen engulfed by larger grains of

plagioclase. However, the occurrence of apatite may reflect the small concentrations of
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phosphorus which is relatively insoluble in melts (cf. Watson and Capobianco, 1981; Evans

and Hanson, 1993; Vernon, 2004).

Symplectic texture (Fig. 4.7D) seen in dolerites, although rare, is observed as an intergrowth

of minerals. It is a replacement texture wherein the plagioclase exceeds pyroxene when

unreacted (Mg, Fe)+ 2, together with Na+1 from the reacting plagioclase which migrates

outward into surrounding plagioclase and reacts with the anorthite molecules to form albite.

Ca+2 is released in reaction and migrates to evolving symplectites where it enters into

clinopyroxene. Similar plagioclase–clinopyroxene intergrowths in dolerites were reported

(Gardner and Robins, 1974; Harker, 1909; Ashworth and Chambers, 2000).

The trachytoid texture of plagioclase phenocrysts with the groundmass of plagioclase (Fig.

4.6D) is caused either by flow currents in the magma and/or rotation during crystallisation.

The magmatic flow needs sufficient melt for the crystals to passively rotate and align

themselves without deforming internally (cf. Paterson et al., 1989; Vernon, 2000).

The plagioclase and pyroxene exhibits concentric zones (Fig. 4.6A, E) which are a type of

oscillatory zoning wherein the zones are parallel to the advancing crystal faces. The

concentric zones in plagioclase are also seen in which small glass inclusions are present.

Minerals such as plagioclase and pyroxene, belonging to solid-solution series continuously

react with the surrounding magma melt during crystallization. Inorder to attain equilibrium

during cooling between the growing crystal and the melt, diffusion and ion exchange occur

and led to compositional changes giving rise to growth of zones (Allėgre et al., 1981). Sector

zoning (Fig. 4.5F) identified in dolerites is formed by different crystal faces growing with

slightly different chemical compositions (cf. Watson and Liang, 1995; Vernon, 2004). The

twins of plagioclase and pyroxene although have same chemical composition, their crystal

orientation is different with respect to each other and have a common lattice row or a plane.
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The other associated rock identified in the study area is the hornblende schist exhibiting

sheafs of ferrhornblende along with quartz-albite aggregates.

6.2.2 Petrogenesis

The geochemistry of dolerite dykes of the study area is compared with related dykes such as:

1) dolerite Deccan–type feeder dyke, Goa (Widdowson et al., 2000) and 2) Desur Lavas,

Deccan Traps (Belgaum district, Karnataka) (Hegde et al., 2014). The dolerite samples of the

study area plotted on AFM diagram (Fig. 5.5B) indicate a tholeiitic trend indicating well-

differentiated magma and defining an iron-enrichment trend (cf. Bose, 1997).

In the plot of MgO against Ni (Fig. 5.6C) the positive correlation of Ni with MgO, suggest

that the parent magma is not primary but rather an evolved magma (cf. Mandal et al., 2012).

The abundance of the compatible trace element Ni ranges from 38 to 90 ppm which is low as

the primary tholeiitic liquids and is consistent with crystallization of olivine fractionation.

However, tholeiitic fractionation is significantly controlled by clinopyroxene and plagioclase.

Total or high degree of melting of eclogite or amphibolites may give rise to basalts with 5-

8% MgO and as such can generate significant amount of liquid leading to rapid flooding and

eruption (Hegde et al., 2014). The MgO content of the analysed samples of the study area on

an average is 5%, indicating a high degree of melting of the source. The plot of Al2O3 vs

MgO (Fig. 5.6D) shows positive correlation and is a strong indication of plagioclase

fractionation process which is important as MgO content is on an average of 5 wt % (much

below 6 wt%; cf. Cox and Hawkesworth, 1985; Riley et al., 2005). The effect of

crystallization is quantitatively evaluated using CaO/Al2O3 against Mg# plot (Fig. 5.10A) that

again suggests plagioclase fractionation.

The high Ba/Zr ratio (average ~2.4) signifies a considerable amount of crustal contamination

(typical <1, minimal crustal contamination; Kent and Fitton, 2000). The binary plot of Ce vs
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Nd (Fig. 5.10B), elaborates the crustal contaminated magma and also partial melting of the

primitive mantle. Plots along the Nd axis would indicate significant range of contamination

(Horan et al., 1987). However, the studied dolerite dyke samples plot lie along the calculated

melting path between 1% to 5% of the primitive mantle. This range is reported to be

consistent within the limits of the tholeiitic magma generation (cf. Langmuir et al., 1977;

Bender et al., 1984).

The chondrite normalized REE pattern of the dolerite dykes of the study area (Fig. 5.11)

display an LREE enrichment, HREE depletion pattern and a weak negative Eu anomaly.

Generally, LREE enrichment and a flat HREE pattern are commonly produced by crustal

contamination (cf. Polat et al., 1997). The weak negative Eu anomoly probably owes its

presence due to either removal of some plagioclase from a felsic melt by crystal fractionation

or by the partial melting of rock in which some feldspar is retained in the source (cf.

Rollinson, 1993) and is also indicative of crustal contamination (cf. Sano et al., 2001). In the

study area, the Eu anomaly could be as a result of either one or a combination of the above

reasons.

Trace elements along with REE data can be used to define the Deccan Trap Basalt

Formations so as to provide a comparison with the dykes of Goa and that of the adjacent

basalt formation. As such Deccan Formations of Bushe (older), Poladpur, Ambenali and

Mahabaleshwar (younger) are comparable to the dykes of Goa (Widdowson et al., 2000). The

Poladpur Formation is essentially consistent with contamination by crustal materials probably

of granitic type. The Ambenali Formation is less contaminated but is similar to Poladpur.

While the Mahabaleshwar Formation consists of basalts derived either from a relatively trace

element-enriched mantle source or are contaminated with a different crustal component that

affected the Poladpur (Mahoney et. al., 1982; Cox and Hawkesworth, 1985).
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To correlate the study area samples with the Deccan, bivariant diagrams of TiO2 against MgO

(Fig. 5.6A) and Ba against Sr (Fig. 5.8B) are used. In both bivariant diagrams, among the five

dolerite samples, dyke samples from Arambol and Sada plot in Poladpur Formation field.

As the Mg# of Arambol, Sada and Ribandar have a close affinity to the reference samples of

Goa dyke and Desur Lava, while the other samples have a lesser range of Mg#. The REE

pattern of the dyke of Ribandar and Chimbel exhibits a weak Eu anomoly. However, Deccan

basalts typically do not display Eu anomaly (Widdowson et al., 2000). This indicates that

possibly these two dykes (from Arambol and Sada) are of younger generation and related to

the post-Deccan Traps that occurred at the end of Deccan volcanism about 63 Ma

corresponding to late Mesozoic tectonism, while the other dykes could be the older dykes of

Precambrian age. This study can be corroborated by the structural feature of cross cutting

relation which is observed at Aguada.

From the above discussion, using the major and trace element geochemistry of the dolerite

dykes of Goa, a few dykes show a strong affinity to the Deccan and the related dykes while

the other dykes may have been older as that of the Precambrian origin. The dykes showing

affinity to Deccan, in particular, resembles the upper stratigraphic unit (Wai Subgroup) of

Deccan showing close affinity to the Poladpur Formation. The Wai subgroup comprises

about 50% of the Deccan Traps representing a maximum eruptive phase (Widdowson et al.,

2000; Self et al., 2006; Rao et al., 2011). Vanderkluysen et al. (2011) inferred that the dyke

systems of western India of Nasik-Pune region and also the coastal swarms are the feeders for

the upper Formations of the Wai Sub group (Poladpur, Ambenali and Mahabaleshwar). It is

deciphered by various authors (Ernst et al., 2005; Rao et al., 2011) that although Deccan Trap

have multiple entry zones through the lithosphere, it is related to a single mantle plume

source.
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The occurrence of the hornblende schist in the study area owes its formation to be the product

of mixing between Deccan basalt magmas and the partial melting of Precambrian

amphibolites (cf. Sheth et al., 2009).

6.3 Summary

The metagreywacke suite of rocks comprises of various textures and structures which are a

result of the various processes starting from the deposition of sediments to the diagenesis and

deformation. Recrystallization and intracrystalline deformation has led to structural

deformation of minerals. Low grade metamorphism resulted in green schist facies of rocks

with an abundance of chlorite and biotite. With the aid of geochemical signatures of the

metagreywacke, the composition, provenance, paleoweathering and tectonic setting were

deciphered.

The provenance delineated from the major, trace and REE including Eu anomaly attests to a

felsic source. The influence of source rock weathering was determined using chemical index

of alteration. The climatic condition during sedimentation of metagreywacke indicates arid

type.

Using various major, trace and REE study, it is delineated that the tectonic setting was active

continental margin type wherein the sediments are known to be deposited either at subduction

arc basins, strike-slip margins, or in proximal portions in back-arc basins.

Based on the textural and structural features of the metagreywacke, the identified Bouma

sequence is ascribed to have resulted from turbidity current. A model depicting the phases of

basin development is also discussed.

In this chapter, crystallization trend and petrogenesis of dolerite dykes are also discussed. The

dykes comprise of plagioclase, pyroxene (augite), apatite, Fe-rich lithic fragment and
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ilmenite. The various processes leading to the textural features such as porphyritic, ophitic,

presence of inclusions, symplectic and trachytoid are discussed.

Using the geochemical signatures the dykes are found to be tholeiitic and their fractionation

was significantly controlled by plagioclase. The effect of crystallization suggests plagioclase

fractionation. The rocks have LREE enrichment, HREE depletion and a weak Eu anomaly.

Besides, hornblende schist formation is also reported in the study area with sheafs of

ferrohornblende along with quartz-albite aggregates.
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Chapter 7

SUMMARY AND CONCLUSION
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The State of Goa (India) is situated in the Northwestern part of the Western Dharwar Craton.

It is observed that the sedimentary facies and their structures were dependent on the water

depth and nature of sediments deposited in the basin.

With the aid of petrological attributes, the metagreywacke of Sanvordem Formation, Goa

Group is distinguished into five petrofacies: metagreywacke; quartzo-feldspathic

metagreywacke; metagreywacke with biotite; metagreywacke cataclasite and argillite. The

Sanvordem Formation of Goa Group is dominated by clastics. This is formed due to

deposition of load from a turbulent turbidity current which remained in suspension until it

slowed down, leading to deposition of coarse grains to the base of the flow forming a

conglomerate with extraneous pebbles. The units grading upwards from a well-graded

metagreywacke (A), through a laminated (B), followed by a cross laminated unit (C) and a

laminated unit (D). These units are identified in the field to form and resemble a substantial

part of the Bouma sequence. The rapid deposition of saturated sediments led to the formation

of the SSDS. This event of deposition was followed by folding process. The intrusion of

dolerite dykes into the country rock led to the occurrence of various quartz veins which in

turn was followed by faulting in the region.

This is for the first time that SSDS have been delineated in the metagreywacke facies of Goa

Group and also the presence of dropstone structure seen in conglomerates and liesegang rings

in metagreywacke. Regional geology and structural data also attest to the presence of Bouma

sequence. All these structures are indicative of a turbidite depositional environment which

largely occurred in a deep basin which progressively changed to a shallow basin

environment.

The mineralogy, modal data and microstructures are significant parameters to delineate the

diagenetic and post-diagenetic modifications. Diagenesis is noted by the presence of variable

texture exhibited by the minerals such as:
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1) The presence of pressure solution styolites and fracturing of detrital mineral grains

that indicates compaction.

2) Pitted appearance in detrital grains of quartz and feldspars that suggest dissolution.

3) Lobate contacts and overgrowth in quartz formed due to compaction.

4) Precipitation along fractures as a result of cementation of silica.

A transition from advanced diagenesis to early metamorphism is noted from the

phyllomorphic stage that led to the commencement of mica formation. Recrystallization and

the presence of triple junction in quartz are evidences of the initiation of the metamorphic

processes. Intracrystalline deformation exhibited by the kink folds identified in feldspars,

undulose and wavy extinction in quartz and mica also attest to metamorphism. Further, the

metamorphic character is clearly indicated by schistosity. ‘Metagreywacke with biotite’

exhibits a schistose texture.

To understand the geochemical attributes, the metagreywacke of the study area is compared

with the average data of greywacke from Merces, Goa, Goa-Dharwar sector, Late Archaean

(3.5-2.5 Ga) greywacke and Fig Tree, Barberton (South Africa). The geochemical

characteristics of metagreywacke of the study area indicate a dominance of quartzose

sedimentary provenance with subordinate amount of mafic igneous provenance. The trace

elements such as La, Sc, Th and Co suggests felsic nature of the source rocks and this is

supported by the REE pattern and negative Eu anomaly of 0.73. The felsic source indicates

that the main source was that of feldspar-bearing granodiorite rocks.

The trace elements such as Th, U and La are widely used to understand the source of clastic

sedimentary rocks. The analyzed metagreywacke shows an average Th/U ratio of 2.25 and

La/Th ratio is 4.683. These values indicate a provenance closer to dacitic to quartzose

sedimentary rocks composition.
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Paleoweathering in the source area affects widely the composition of sedimentary rocks and

is in turn governed by source rock composition, duration of weathering, climatic conditions

and rate of tectonic uplift of source region amongst the other factors. The chemical index of

alteration (CIA) value ranges from 63 to 84. There is a consistent trend of CIA with

increasing silica content indicating that CIA is constant during alteration. Evaluating the

major oxides mobility of elements on an A-CN-K ternary diagram, indicates absence of

potash metasomatism during diagenesis. However, the slight amount of added potassium is

due to the presence of clastic grains of K-feldspar, provided as an evidence for detrital nature

of K-bearing phases.

The tectonic setting discrimination diagrams and the trace element data of the

metagreywacke of the study area attest to active continental margin setting. Further, in the

active continental margin settings, the sediments are either deposited at subduction arc basins

or strike-slip margins or in proximal portions in back-arc basins. Also, the analysis of trace

and REE constrains the average composition of the terrains exposed at the time of deposition

to be that of Archean.

The intrusion of dolerite dykes within the country rocks of metagreywacke was studied

based on field, petrographic and geochemical composition. The dolerite dykes of Goa mainly

comprise of plagioclase, pyroxene (augite) with accessories of apatite, Fe-rich lithic

fragments and ilmenite. The mineralogy and textural characteristics attest to a higher ratio of

nucleation rate to growth rate of the plagioclase as compared with that of pyroxene. The

presence of apatite needles in dolerite reflects the small concentrations of phosphorus which

is relatively insoluble in melts.

Amongst the dolerite dykes studied from Goa, two of the dykes (Arambol and Sada)

represent younger generation dykes and related to the post-Deccan Traps that occurred at the
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end of Deccan volcanism about 63 Ma corresponding to late Mesozoic tectonism, while the

other dykes could be the older dykes of Precambrian age. This study can be corroborated by

the structural feature of cross cutting relation which is observed at Aguada. This indicates the

younger dyke to be related to Deccan eruption while the older dyke to be of a much older

age, possibly Precambrian age.

The dykes of the study area range in composition from basalt to basaltic andesite. The

relation between various major oxides and Mg# as well as trace elements suggests that the

dykes formed from an evolved magma and that fractionation was controlled by plagioclase.

Plagioclase fractionation is supported by the correlation of MgO with Al2O3 and was

evaluated from the trend of Mg# with CaO/Al2O3. The negative Eu anomaly owes its

presence due to either removal of plagioclase from a felsic melt by crystal fractionation or by

the partial melting of rock in which feldspar is retained in the source.

The behaviour of trace elements such as Nd and Ce is consistent with the limits of the

tholeiitic magma generation. The LREE enrichment, HREE depletion pattern and a weak

negative Eu anomaly, possibly imply a low degree of melting than crustal contamination.

Further, these dolerite dykes exhibit an affinity to continental basalts and to a lesser extent to

ocean island basalt.

The hornblende schist is reported for the first time, comprising of ferrohornblende, quartz and

albite with minor presence of biotite and opaques. This owes its occurrence to various dykes

and sills that are reported to be product of mixing between Deccan basalt magmas and the

partial melting of Precambrian amphibolites.

7.1 Epilogue

The Sanvordem Formation of Goa Group is a turbidite deposit with conglomerate at the base

followed by metagreywacke litho units. This resembles a Bouma sequence. The provenance
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for the sediments deposition attests to a felsic source. Petrological and geochemical data

suggest that the deposition of the metagreywacke largely took place in a deep basin that

progressively changed from that of a continental island arc to a shallow basin of active

continental setting. Subsequent to the deposition of sediments, the basin underwent tectonic

disturbances which led to the three cycles of folding events of the country rocks and intrusion

of dolerite dykes.

Future work on the age of metagreywacke and sequence stratigraphy would help to

understand the basin and the exact cause of the various SSDS present in the study area. A

thorough study on the intrusion of dolerite dykes with respect to its age determination would

help to understand the exact timing and the generation of dykes. This would in turn help to

delineate the plume or/and the mantle magma activity at the time of its intrusion. Once an

integrated study is carried out, the metagreywacke can be well related to Dharwar Group of

rocks and the dolerite dykes of Goa can be correlated to the Deccan activity and or the

Precambrian dyke emplacement activity.
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