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for the mantle and magma chamber processes
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Abstract Spatial and temporal variations in the geo-

chemistry of an extrusive basaltic section of Deccan traps

record progressive changes in mantle melting and crustal

filtration and are relevant to understand continental flood

basalt (CFB) magmatism. In the present work we have

carried out detailed field, petrographic, density and mag-

netic susceptibility, and geochemical investigations on a

small, semi-continuous extrusive section in the eastern

Deccan Volcanic Province (DVP) to understand the role of

shallow magma chambers in CFB magmatism. Four for-

mations, Ajanta, Chikhli, Buldhana and Karanja crop out in

the Gangakhed–Ambajogai area with increasing elevation.

Our studies indicate that: (1) the Karanja Formation repre-

sents a major magma addition, as indicated by abrupt

change in texture, increases in MgO, CaO, Ni, Cr, and Sr,

and drastic decreases in Al2O3, Na2O, K2O, Rb, Ba, REE,

bulk-rock density and magnetic susceptibility; (2) assimi-

lation fractional crystallization, crystal-laden magmas, and

accessory cumulus phases influence the trace element

chemistry of Deccan basalts; (3) the predicted cumulate

sequence of olivine gabbro–leucogabbro–oxide-apatite

gabbro is supported by the observed layered series in a

shallow magma chamber within the DVP; (4) the initial

magma was saturated with olivine, plagioclase, and augite,

and final the pressure of equilibration for the Gangakhed–

Ambajogai section basalts is *2 kbar (*6 km depth); (5)

petrophysical parameters act as proxies for magmatic pro-

cesses; (6) a small layer of oxide-rich basalts may represent

the latest erupted pulse in a given magmatic cycle in the

DVP; (7) parental basalts to some of the red boles, consid-

ered as formation boundaries, might represent small degree

partial melts of the mantle; (8) SW Deccan basaltic-types

continue into the eastern DVP; and (9) in addition to the

magma chamber processes, dynamic melting of the mantle

may have controlled DVP geochemistry. The present study

underscores the importance of mapping specific strati-

graphic intervals in limited areas to understand mantle and

magma chamber processes relevant to CFB magmatism.
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Introduction to processes controlling erupted basalt

compositions in continental flood basalt provinces

Most erupted basaltic lavas in continental flood basalt

(CFB) provinces do not represent mantle-derived primary

melt compositions, but are end products of complex

magma chamber processes (Cox 1980; Farnetani et al.
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1996; O’Hara 2000). Experimental evidence suggests that

the depth of melting in CFB provinces could be as deep as

70–100 km (Herzberg and O’Hara 1998); for this pressure

range, the primary liquids are picritic (see notes 39–45 in

O’Hara 2000). Although minor picritic lavas occur in flood

basalt provinces (Gibson et al. 2000 and references

therein), most of the basalts are quartz tholeiites with fairly

constant MgO contents (5–8 wt.%; Farnetani et al. 1996).

The geochemical hiatus between the predicted picritic

composition and observed tholeiitic composition is inter-

preted mainly in terms of polybaric crystal fractionation

(e.g., Fram and Lesher 1997; Sen 2001). Although crystal

fractionation occurs chiefly at the crust–mantle boundary

(Cox 1980), which acts as a density and rheological barrier

for high-Mg melts (Sparks et al. 1980; Stolper and Walker

1980) gabbroic fractionation at shallower depths has equal

importance in controlling the erupted bulk-rock composi-

tions (Cox and Devey 1987). In addition to polybaric

crystallization, variation in the CFB chemistry is attributed

to mantle source heterogeneity (e.g., Hawkesworth et al.

1988; Ellam and Cox 1991; Ellam et al. 1992) and to

various melting processes (Fodor 1987).

Magma chamber processes and shallow magma

dynamics in CFB provinces have an important bearing on

evolution of the continental crust. During the growth of

magma chambers, continuous replenishment of hot picritic

primary melts, continuous fractionation of cumulates, and

expulsion of evolved and possibly contaminated basaltic

liquids takes place (O’Hara 1977; O’Hara and Mathews

1981; O’Hara and Herzberg 2002). In such a scenario, the

geochemistry of erupted basalts only indirectly reflects

partial melting processes and source compositions. Com-

plications during crustal filtration, including the chemical

effects of plagioclase buoyancy within magma chambers

(Elthon 1984), must be considered in interpreting the

chemistry of the erupted basalts. It has been argued that

uniform MgO contents but variable incompatible elemental

ratios of erupted evolved basalts are due to RTF (recharge,

tapping and fractionation) processes within the magma

chambers (O’Hara and Herzberg 2002), although temporal

variations in source compositions within the melting

regime and crustal assimilation cannot be discounted.

High-resolution sampling studies in a single conti-

nuously exposed lava column within the continental flood

basalt provinces are very few (e.g., Philpotts 1998) but

have contributed significantly to our understanding of

igneous processes (Philpotts et al. 1998, 1999; Philpotts

and Dickson 2000, 2002; Boudreau and Philpotts 2002;

Jerram et al. 2003). The spatio-temporal variations

recorded in the lava column allow us to decipher

important information regarding mantle source composi-

tion and melting conditions, as well as magma chamber

processes.

Geochemistry of Deccan basalts: present understanding

The Deccan traps were erupted predominantly on the

Archean crust of the Indian shield (Chakrabarti and Basu

2006; Ray et al. 2008). The major eruption is considered to

have taken place around 65 ± 1 Ma (see Pande 2002 for a

review of Deccan ages). The traps presently cover an area

[500,000 km2, but originally the area might have excee-

ded 1.5 9 106 km2 (Wadia 1975). Deccan flood basalt

volcanism is clearly associated with extensional tectonics,

which appears due to lithospheric stretching and conti-

nental rifting (e.g., Sheth 2005a). Causative mechanisms

are not known, but the plume hypothesis is still the favorite

(Courtillot et al. 2003; Jerram and Widdowson 2005). The

western margin of the Deccan Volcanic Province (DVP) is

considered to be a major locus of eruptive centers (e.g.,

Raja Rao et al. 1978; Beane et al. 1986). The thickness of

the traps decreases from west ([3000 m) to east (\100 m),

controlled by location of eruptive centers and pre-Deccan

topography (Mahoney et al. 2000; Jay and Widdowson

2008).

A comprehensive stratigraphic framework for the Dec-

can basalts was provided by Beane et al. (1986) based on

studies in the Western Ghats; three major subgroups and 11

formations (Cox and Hawkesworth 1984; Beane et al.

1986; Subbarao and Hooper 1988; Subbarao et al. 1988;

Lightfoot et al. 1990) have been identified. The maximum

combined thickness of the SW Deccan basalts exceeds

3 km (Jay and Widdowson 2008), and they exhibit a

southward migration of superposition of formations.

Increasing degrees of partial melting from north to south

were proposed by Peng and Mahoney (1995), resulting in

the decrease in average bulk-rock Nb/Zr, Nb/Y and Ba/Ti.

Progressive lithosphere thinning can account for shallower

and higher degrees of melting in the southern parts of the

DVP (Kumar 2003). Krishnamurthy et al. (2000) suggested

a decrease in the incidence of high-Mg basalts with time

during the Deccan volcanism.

Most of the Deccan tholeiitic basalts (5–8 wt.% MgO),

considered to be evolved products (Furuyama et al. 2001)

of high-Mg basaltic/picritic primary melts, show mineral-

ogic and major element chemical similarities to mid-ocean

ridge basalts, whereas in trace element chemistry they are

more similar to oceanic island basalts (Melluso et al. 2006).

Crustal filtering both at high and low pressures played an

important role in controlling the chemistry of erupted

Deccan basalts (Agarwal et al. 1990; Aoki et al. 1992;

Furuyama et al. 2001; Sano et al. 2001). The importance of

crystal settling in the evolution of Deccan basalts has been

emphasized by Cox and Mitchell (1988). They suggested

that only denser Deccan liquids are porphyritic, with

phenocrysts being strongly biased towards plagioclase; in

contrast, almost all the crystals were removed from the less
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dense aphyric melts. In the porphyritic rocks, most of the

olivine and pyroxene may have been removed by crystal

settling, fractionation being induced by density differences

between crystals and liquid. Cox and Devey (1987) sug-

gested that a parental magma with 7% MgO may crystal-

lize 50% gabbroic cumulates to generate residual liquids

with 5% MgO. Because plagioclase is only 50% of the

fractionating mineralogy, diagnostic chemical signatures of

plagioclase fractionation (especially decrease in Sr) are not

readily documented in the Deccan low-Mg basaltic liquids

(Cox and Devey 1987). Higgins and Chandrasekharam

(2007) speculated on the presence of sub-volcanic magma

chambers beneath the Deccan basalts based on their studies

of giant-plagioclase basalts (plagioclase megacrysts up to

50 mm long).

Prima facie evidence for crystal fractionation at shal-

lower DVP depths comes from the Phenai Mata layered

igneous complex (Sukheswala and Sethna 1969; Prinzhofer

et al. 1988). This complex occurs along the NW periphery

of the Deccan traps, possibly within a paleorift structure

(Koroleva et al. 2002). Cumulate rocks from bottom to top

range from troctolitic gabbro to gabbro–leucogabbro

(including anorthosite) and oxide-rich gabbro. Further,

Bhattacharji et al. (2004) demonstrated the existence of

subsurface magma chambers in the Deccan Volcanic

Province based on 3-D modeling of gravity data.

The geochemical features of most of the erupted Deccan

traps can be explained by mixing models between the least

contaminated Ambenali-type mantle-derived magmas and

three types of contaminants: (1) granitic upper crust, (2)

amphibolitic, granulitic lower crust and (3) continental

lithosphere mantle (Mahoney et al. 1982; Cox and Haw-

kesworth 1984, 1985; Lightfoot and Hawkesworth 1988;

Peng et al. 1994; Dessai et al. 2008). The Bushe and

Poladpur units show evidence of contamination with upper

crustal materials, whereas the Mahabaleshwar Formation

shows evidence for lower crustal contamination or con-

tamination by continental lithospheric mantle (Lightfoot

and Hawkesworth 1988; Lightfoot et al. 1990). Addition-

ally, assimilation of shale by Deccan basaltic magma was

demonstrated by Chandrasekharam et al. (2000). In Dec-

can, the least fractionated [high Mg # (Mg/Mg ? Fe mol.

prop.) rocks] appear to be most contaminated, implying

that most of the contamination took place during magma

ascent or before fractional crystallization within the shal-

lower magma chambers (Devey and Cox 1987; Lightfoot

et al. 1990; Mahoney et al. 2000). Fractional crystallization

accompanied by assimilation has been demonstrated in

only very few cases (Sheth and Melluso 2008). Further,

Sheth (2005b) speculated that a part of the Deccan basaltic

magmas might have been derived by melting of eclogitized

ancient oceanic crust trapped in the Indian continental

lithosphere. The geochemistry of erupted Deccan tholeiitic

basalts is thus controlled by crystal settling at both deeper

and shallower depths and crustal contamination, in addition

to the mantle processes (see Chatterjee and Bhattacharji

2008).

Spatial variation in the Deccan basalt chemistry, based

on regional-scale analyses and chemostratigraphy correla-

tions, is well understood. Further, many of the intensive

studies on the Deccan basalts are centered on the Western

Ghats, Kutch, and Narmada-Tapi areas (Najafi et al. 1981;

Beane et al. 1986; Subbarao et al. 1994; Peng et al. 1998;

Chandrasekharam et al. 1999, 2000; Mahoney et al. 2000;

Shukla et al. 2001; Melluso et al. 2004; Sheth et al. 2004,

2009). However, focused studies on the spatio-temporal

variations in petrological, geochemical and petrophysical

characteristics within a single continuous extrusive section

are rare in the eastern DVP (Shrivastava and Pattanayak

2002; Jay and Widdowson 2008 and references therein).

In the present study, we have undertaken a high-reso-

lution chemostratigraphy investigation of a semi-continu-

ous extrusive sequence from the eastern Deccan Volcanic

Province in order to evaluate mantle and magma chamber

processes. We have focused our study on a 250 m thick

eastern DVP transect covering a continuous exposure of

erupted basalts. We conducted systematic sampling across

four recognizable basalt formations. Forty samples were

collected across the 250 m section and 27 samples were

analyzed for major, trace and rare earth elements in order

to obtain a spatial resolution to identify units representing

abrupt chemical changes. Special care was taken to analyze

samples across formation boundaries to understand magma

chamber processes beneath continental flood basalts. One

sample each of a fragmentary top and a red bole were also

analyzed to understand their relationship with associated

unaltered basalts. Additionally, we also measured bulk-

rock density and magnetic susceptibility on minicores from

representative samples to understand their relationship to

the geochemistry.

Geologic setting, field relations and sampling

Several of the SW Deccan formations extend into the SE

and eastern Deccan, particularly the Ambenali and Poladpur

formations (e.g., Mitchell and Widdowson 1991; Bilgrami

1999). The SE and eastern Deccan Volcanic Province has

been recently mapped in detail by Jay and Widdowson

(2008), who suggested that the Ambenali and Poladpur

chemo-types dominate the area. The present study area falls

in a narrow window that has not been chemostratigraphi-

cally mapped hitherto. The sampled continuous transect

falls between the towns of Gangakhed and Ambajogai (the

G–A section) (Osmanabad Quadrangle of Geological Sur-

vey of India and covers a part of Survey of India Topo
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sheets 56B/5, 56B/6 and 56B/9) within the eastern Deccan

Volcanic Province (Fig. 1). Although, thickness of some of

the formations is relatively less and could be designated as

lava-packages, we have adopted the formational termino-

logy introduced by Geological Survey of India to avoid

confusion. From north to south, a gradual increase in ele-

vation of 250 m (between 400 and 650 m elevated terrain

above mean sea level) is recorded over a horizontal distance

of 45 km. The area was mapped to understand geologic

relations, identify different marker zones, and document the

stratigraphy of the basalts. Most of the sampling in the

present study was carried out along road cuts and quarries.

Excellent vertical exposure allowed us to collect samples

from identifiable flow units. Care was taken to collect

unaltered samples at key locations (for example above and

below the red boles) interspersed along the ca 45 km of road

traverse. The location and elevation of each sample were

recorded employing topographic maps and an altimeter.

Flow characteristics and relations with associated flows

were recorded for each sample.

We mainly used boles of different colors (khakhi, green,

red) and other field features including the type of flow (aa,

pahoehoe), presence and absence of vesicles, fragmentary

tops and bottom of the aa flows, jointing patterns, per-

centage of phenocrysts, etc. as marker horizons and guides

to distinguish individual flows of a formation and the for-

mational contacts. Although the field and petrographic

criteria used in this study to distinguish different forma-

tional boundaries is not unique and fraught with

uncertainties, geochemical distinctions among the four

formations (see later sections) validate our approach.

Four formations, namely the Ajanta, Chikhli, Buldhana

and Karanja, from lower to higher elevation (stratigraphic

horizon) respectively, are exposed. In the studied section,

the Ajanta Formation, forming the base of the stratigraphic

column, is the only pahoehoe flow with characteristic

reddish brown ropy surface structure. This flow is amyg-

daloidal with amygdales ranging from few mm to *2 cm

filled with secondary minerals including calcite, zeolites

and chalcedony. Pipe vesicles are common and range in

length up to 1–2 cm. Due to its highly vesicular nature, the

Ajanta Formation is the most intensely weathered of the

mapped formations. Characteristics of compound flows

such as massive, poorly jointed and amygdaloidal nature

are exhibited by Ajanta basalt. The Chikhli Formation is a

single massive flow of possibly limited extent, because at

places Ajanta is directly overlain by the Buldhana For-

mation. Vertical jointing, horizontal fractures, and sphe-

roidal weathering characterize the Chikhli flow. Rarely, a

basal flow breccia of this formation is exposed. The Chikhli

basalt is moderate to highly porphyritic with plagioclase

size ranging up to 2 cm. The Buldhana Formation is a

thick, single massive aa flow. The flow shows columnar

joints ranging more than 15–20 m in length and ca 3 m in

width. Contacts between the lower three formations are

typified by thin red bole layers suggesting that time gaps

between the different basaltic extrusions were minimal.

The contact between the Buldhana and Karanja formations

Fig. 1 Geological map of the

Gangakhed–Ambajogai (G–A)

section of the eastern Deccan

Volcanic Province, modified

after the GSI quadrangle map of

the Osmanabad district,

displaying Ajanta (black),

Chikhli (dark grey), Buldhana

(lighter grey) and Karanja (very
light grey) formations. The

elevation gradually increases

from north to south in the

mapped area. Locations of the

geochemically analyzed

samples are indicated. Inset

shows outline map of part of

India with location of G–A

section within the Deccan

Volcanic Province (shown in

darker grey shade)
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is exposed in the form of a very thick red bole with a

maximum thickness of ca 3 m. The latter is highly friable

with variable thickness, apparently following the local

topography. Buldhana basalts are moderately porphyritic.

The lower six flows of the total 26 Karanja flows are

mapped in the present study. The fragmentary top of the

lowermost flow of the Karanja Formation (K1 flow) con-

tains broken angular fragments of basalts having different

sizes and shapes in the basaltic matrix. The second Karanja

flow (K2 flow) contains a complete spectrum of columnar

structures including a lower colonnade followed by a

middle entamblature zone and an upper colonnade. The

middle, massive part contains columnar joints 3 m high

and 0.3–0.6 m wide; splay joints are developed in the

colonnade zone. A thick red bole is developed between the

second and third flows of the Karanja Formation. A cap-

ping red bole 1–2 m thick with undulating structure is

baked and locally turned into green/khaki color. Chilled

basalt is present just above the red bole, but has undergone

extensive weathering. Pyroclastic material is present just

below the fragmentary bottom of the fourth flow. The fifth

flow is a simple aa flow with a fragmentary top. The sixth

flow of the Karanja Formation shows squeeze-up structure,

possibly formed by quenching of the lava. The squeeze-ups

are present as easily recognizable blocks between the

massive basalts. This flow shows characters of compound

flow. Karanja basalts are sparsely to moderately porphy-

ritic. Based upon all these field observations we have

determined the stratigraphy for basalts in the Gangakhed–

Ambajogai section of the eastern DVP (Fig. 2). As the

flows are near horizontal, we have used elevation above sea

levels as proxy for stratigraphic horizons.

Petrography

Basalts of the four formations of the G–A section are

essentially composed of plagioclase and clinopyroxene

with variable proportions of devitrified glass and oxide

minerals. The G–A section basalts display porphyritic,

Fig. 2 Stratigraphic column for

the lava stratigraphy along the

G–A section, eastern DVP.

Elevations shown on left of the

column are in meters above

mean sea level. Flow

characteristics are shown on the

right side of the column

Contrib Mineral Petrol (2010) 159:839–862 843

123



glomeroporphyritic, seriate, vitriophyric, intergranular and

subophitic textures (Fig. 3a–d). Rare specks of orthopy-

roxene are present only in the Buldhana Formation.

Microphenocrysts of olivine and clinopyroxene are

restricted to the lower flows of the Karanja Formation.

Ajanta, Chikhli, Buldhana and evolved Karanja basalts

contain abundant plagioclase phenocrysts. Modal plagio-

clase is highest in the Chikhli unit, and pyroxene ? oxide

proportions are highest in the Buldhana basalts. At places,

segregations of plagioclase phenocrysts define a glomero-

porphyritic texture, especially in the Chikhli basalts

(Fig. 3e). Phenocrystic plagioclase shows conspicuous

zoning (Fig. 3f) in the basalts of Chikhli, Buldhana and

also in the stratigraphically higher Karanja basalts. Some of

the basalts contain resorbed plagioclase phenocrysts. The

percentage of opaque minerals exhibits a continuous

increasing trend from Ajanta through Chikhli to Buldhana

formations, and the proportion of devitrified glass is much

higher in the Karanja basalts. In some rocks, plagioclase

shows a gradation in grain size from the coarse phenocrysts

to the fine-grained groundmass. Proportions of plagioclase

and pyroxene within the groundmass are variable; only in a

few basalts pyroxene is more abundant than plagioclase.

Locally, pyroxene is altered to reddish-brown biotite.

Groundmass plagioclase laths swirl around phenocrystic

plagioclases, denoting magma flowage, which is further

supported by oriented plagioclase phenocrysts in some of

the porphyritic basalts. In the groundmass, alternate mi-

crozones rich in clinopyroxene and plagioclase define

mottled texture similar to the ones reported from Holyoke

flood basalt (Philpotts et al. 1998). The grain size of

groundmass minerals has a wide range from very fine-

grained (\0.01 mm) to up to mm dimensions. Based on

textural features, the sequence of crystallization in the G–A

basaltic liquid was (olivine) ? plagioclase ? clinopy-

roxene ? orthopyroxene ? oxides ? apatite.

Whole-rock geochemistry

All the samples were powdered to *75 lm size by a

‘‘HERZOG’’ swing-grinding mill using a hard chrome steel

grinding tool. For analysis of the major elements, sample

pellets were prepared by pressing the rock powder with a

Fig. 3 Photomicrographs

depicting textural features and

mineral associations in the G–A

section basalts. Sample numbers

are shown in the upper left
corner of each picture. (a)

Basalt from the Ajanta

Formation displaying subophitic

to intergranular texture; (b)

glomeroporphyritic texture in

Chikhli basalts; note very fine

groundmass; (c) oxide- and

pyroxene-rich basalt exhibiting

intergranular texture in

Buldhana basalts; (d)

porphyritic texture in evolved

Karanja basalt; (e) zoned and

resorbed phenocrystic

plagioclases from the Chikhli

basalts; (f) Chikhli Formation is

similar to giant plagioclase

basalts reported from other parts

of the Deccan Volcanic

Province (Higgins and

Chandrasekharam 2007)
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backing of boric acid powder in collapsible aluminum cups

at 20 tons of pressure employing a ‘‘HERZOG’’ hydraulic

press model TP2d to give pellets 40 mm in diameter. A

Philips PW 1400 microprocessor controlled, sequential

wavelength dispersive X-ray flourescence spectrometer

with 100 KVA X-ray generator and 72 position automatic

sample changer to load and unload the samples was

employed to measure different peaks and background

counts for the major elements. Samples were calibrated

using JGb1. Total Fe was measured as Fe2O3. Analytical

uncertainty was around 1% for Al2O3, MgO, Fe2O3, CaO,

Na2O, K2O and 2% for SiO2 and P2O5.

Standard acid dissolution techniques were employed

for dissolving 50 mg of sample for the estimation of trace

elements by ICP-MS (VG-Plasmaquad). Elements were

converted into ions in the inductively coupled plasma and

the ions, based on their mass, were counted by a Qua-

druple Mass Spectrometer (with counts directly propor-

tional to the concentration of the elements). To determine

the accuracy and precision of the instrument, replicate

analysis of the standards and a basaltic sample were

carried out. Based on these measurements, the precision

of our analysis is better than 5% of the amount present.

Whole-rock geochemistry of the G–A section basalts is

given in Table 1.

On the basis of norms, all analyzed G–A section bas-

alts are quartz tholeiites with variable proportions of

normative hypersthene. Based on the major element

composition and normative mineralogy, the G–A section

basalts are classified as low-K subalkaline quartz tholei-

ites. They exhibit iron enrichment trends characteristic of

tholeiitic basalts.

Liquid-lines-of-descent in terms of major and trace

elements are discussed assuming that the parental liquid to

all the G–A section basalts was similar to the least-differ-

entiated Karanja basalt (Table 1, sample 26 with

MgO = 6.35 wt.%). The compositions were corrected for

phenocrysts and corrected compositions are presented in

Harker-type variation diagrams using MgO as an index of

differentiation (Fig. 4). We have depicted the liquid-lines-

of-descent based on variations in Al2O3, CaO, Sr and Cr

contents as they critically record fractionation processes in

a basaltic magma. Fractionation of plagioclase and clino-

pyroxene in the G–A section basalts is reflected by con-

tinuous decrease in Al2O3, CaO, Sr and Cr with decreasing

MgO contents. The amount of decrease in Ni (40 ppm) for

a decrease of 2% MgO (Table 1) indicates that olivine is

not a major fractionating phase. The fractionation paths of

G–A section basalts mimic the liquid-lines-of-descent

exhibited by experimentally constrained Deccan basaltic

melts (Sano et al. 2001) and calculated gabbro fraction-

ation (Fig. 4).

The G–A section basalts show moderately fractionated

rare earth element (REE) patterns with small to moderate

negative europium anomalies (Fig. 4e). From the Ajanta

to Buldhana formations, there is a gradual increase in

absolute abundances and magnitude of negative Eu

anomalies (Fig. 4e). Karanja basalts show much lower

abundances (except for an altered sample; Table 1 and

Fig. 4e), and the chondrite-normalized REE patterns of

the Karanja Formation show slightly LREE depletion

[(La/Nd)N \ 1; Fig. 4e)] and fractionated HREE patterns;

these are quite distinct from those of the Ajanta, Chikhli

and Buldhana formations which have LREE enriched (La/

NdN [ 1) and fractionated HREE. The presence of small

amounts of cumulus plagioclase may have slightly

decreased the absolute REE abundances in the Chikhli

basalts. Note the crossing of REE patterns, especially in

the HREE segment.

In the NMORB-normalized incompatible element dia-

gram (Fig. 4f) the analyzed basalts show fractionation of

incompatible elements from left to right with negative

spikes for K and positive spikes for Pb and Ti charac-

teristic of oceanic island basalt (see Sun and McDonough

1989). Much lower enrichment of highly incompatible

elements (even at comparable MgO contents; Table 1)

and pronounced troughs for Rb in the Karanja basalts are

evident. Simple crystal fractionation cannot reproduce the

level of enrichment in incompatible elements (by an order

of magnitude; Fig. 4f) for a 2% variation in MgO

(Table 1) in the G–A section basalts; inputs from conti-

nental crust seem to be necessary as discussed in later

sections.

The fragmentary top exhibits geochemical traits of

both Buldhana and Karanja formations (Table 1; Fig. 4e).

It shows LREE depletion in chondrite-normalized REE

pattern similar to the Karanja basalts but with much

higher absolute concentrations akin to Buldhana basalts

(Fig. 4e). Red bole seems to have gained Fe2O3, K2O, and

mobilized (lost) SiO2, Na2O, Al2O3 and P2O5. Apatite and

the albitic component of plagioclase seem to have been

affected by weathering. Na2O is near zero in red bole,

suggesting that the albitic component has been completely

eliminated from the parental rock. Elements that could

adsorb onto clay surfaces (i.e., large ion lithophile ele-

ments) are all enriched in the red bole. Red bole shows a

‘‘positive Ce’’ anomaly and a more fractionated pattern

than those of basalts (Fig. 4g). The geochemical traits of

red bole do not match either the Buldhana or Karanja

basalts. If the red bole was indeed derived by weathering

of a parental material other than the associated basalts,

then assessment on the mobility of elements based on

comparison with underlain unaltered basalt would lead to

erroneous conclusions.
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Fig. 4 MgO versus major [(a) and (b)] and trace [(c) and (d)]

element variations in the G–A section basalts of the eastern DVP.

Phenocryst-corrected compositions are plotted in the variation

diagrams. Mineral compositions are taken from Sen (1986). The

liquid evolution path for 1 atm experimentally produced melts (Sano

et al. 2001) and calculated low-pressure gabbro fractionation trend are

shown for comparison. The gabbro assemblage considered in the

calculations is Pl = 50%, Cpx = 30%, Ol = 2%, Mt = 4%,

Ilm = 4%, Ap = 1% and intercumulus liquid (ICL) = 9%. Percent-

ages of fractionation are shown. (e) Chondrite-normalized REE

patterns for the G–A section basalts. Note the moderately LREE-

depleted nature of the Karanja basalts. (f) NMORB-normalized minor

and trace element diagram for the G–A section basalts. (g) Chondrite-

normalized REE patterns for red bole from the G–A section. For

comparison, REE patterns for red boles from other parts of DVP

(Widdowson et al. 1997; Ghosh et al. 2006) are also shown. Note that

red boles have more fractionated LREE/HREE than associated

basalts. Also note ‘‘Ce peaks’’ in some of the red boles. Chondrite

normalizing values are after Hanson (1980); NMORB normalizing

values are after Sun and McDonough (1989)

850 Contrib Mineral Petrol (2010) 159:839–862

123



Petrophysics

Bulk-rock density and magnetic susceptibility for selected

freshest basalt samples from the G–A section were mea-

sured on 2.5 cm minicores using a balance and magnetic

susceptibility meter, respectively; the values reported are

averages of at least four minicores. The measured bulk-

rock densities (Table 1) were corrected for phenocrysts and

are considered to represent liquid densities. These cor-

rected densities are plotted in several figures. Density

shows an increasing trend (Fig. 5) with decreasing Mg #

[(Mg/Mg ? Fet) 9 100]. Buldhana basalts, with petro-

graphic and geochemical evidence for the saturation of

oxide minerals, record the highest measured bulk-rock and

liquid densities (Table 1; Fig. 5). During fractionation, an

increase in FeOt and TiO2 contents is reflected in a com-

parable density increase. Where plagioclase is the

dominant fractionating phase, residual liquid density

increases, as is faithfully reflected by the analyzed basalts.

Fluid-dynamic models (Sparks and Huppert 1984)

indicate that during fractionation of basaltic magma, den-

sity increases from the plagioclase-in stage (A in Fig. 5a

inset) to the ilmenite- and/or magnetite-in stage (B in

Fig. 5a inset). Density variation during the complete frac-

tionation history of a Mg-rich basaltic parental magma

(Sparks and Huppert 1984) is shown in the inset of Fig. 5.

Decrease in liquid density from P to A is related to frac-

tionation of olivine ? spinel ± clinopyroxene in the early

stages of primary basalt fractionation. Plagioclase and

augite fractionation that records the interval between A and

B increases the residual liquid density due to iron enrich-

ment. Both petrographic and geochemical evidence provide

support for the fractionation of plagioclase and clino-

pyroxene in the investigated rocks.

Magnetic susceptibility shows a vague negative corre-

lation with Mg # (Fig. 5b). Magnetic susceptibility in the

basaltic rocks is mainly controlled by the modal proportion

of iron oxide minerals. Buldhana basalts with high modal

ilmenite and magnetite expectedly show high magnetic

susceptibility values. For reasons not yet resolved, some of

the Karanja samples and all of the Ajanta samples record

higher susceptibility for comparable Mg #s; at this junc-

ture, we suspect that it could be due to low-temperature

oxidation (maghemitisation) of ilmenite that is believed to

increase the susceptibility of the rocks (Horen and Fleutelot

1998).

Both density and magnetic susceptibility track with the

geochemical indicators, and act as proxies of magmatic

processes. Increases in density and susceptibility during the

fractionation of tholeiitic magma are strongly controlled by

fO2 conditions. During the differentiation of tholeiitic

magma, values of fO2 are very low during the initial stages;

as a result, iron oxides do not crystallize and instead, iron is

enriched in the residual liquids (Osborn 1959), thus

increasing both density and magnetic susceptibility.

Pressure and temperature of fractional crystallization

Earlier studies have suggested that the fractionation and

mixing of Deccan basaltic magmas operated in shallow

crustal magma chambers (Aoki et al. 1992; Cohen and Sen

1994). Sano et al. (2001) further indicated that major ele-

ment evolutionary trends depicted by the Deccan basalts

are reproducible by fractionating the parental magma

at atmospheric pressure and temperatures of the range

1120–1150�C.

Petrography and restricted major element chemistry

suggest that the G–A section basalts are multi-saturated.

This proposition can be evaluated by plotting the G–A
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Fig. 5 Mg # [Mg/(Mg ? Fet) 9 100] versus density (a) and mag-

netic susceptibility (b) plots for the G–A section basalts. Note the

increasing density and susceptibility with decreasing Mg #. Pheno-

cryst-corrected densities are plotted in the figure. Schematic illustra-

tion of density variation during differentiation of a primitive basaltic

magma (Sparks and Huppert 1984) is shown in the inset. The G–A

section basalts record the A-B fractionation interval of the basalt

differentiation path. Symbols as in Fig. 4
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section basalts in plagioclase-saturated olivine-clino-

pyroxene-quartz pseudo-ternary diagram following the

projection scheme of Grove (1993). All the G–A section

basalts tract parallel to the olivine-augite boundary but very

close to the low-pressure pseudo-ternary invariant point

ol–aug–pig (?plag) (Fig. 6a), with Karanja basalts

showing less-evolved and Buldhana basalts more evolved

compositions. Although the Chikhli and Buldhana basalts

contain up to 15% of phenocrysts, they also plot near the

pseudo-ternary invariant point, implying that their major

element composition was controlled by ‘liquid’ compo-

nents and not by phenocrysts.

Multiple saturation of G–A section basalts allows us to

calculate the final equilibration pressures and tempera-

tures using the formulations of Yang et al. (1996). The

equations express the mole fractions of Al, Ca and Mg in

ol–plag–aug saturated basaltic liquids as function of other

major cation mole fractions and pressure (0.001–

10 kbar). Using the mole fractions of Si, Fe, Ti, Na and

K from a whole-rock analysis, the mole fractions of Al,

Ca and Mg can be calculated for a given pressure. As the

actual equilibration pressure is approached, the calculated

and measured Al, Ca and Mg would converge. These

calculated parameters are plotted in terms of normative

oxygen components (Grove 1993) within the ol–aug–qtz

pseudo-ternary system for basalts (Yang et al. 1996).

Maximum pressure of final equilibrium for the G–A

section basalts (recorded by Karanja) is *2 kbar

(*6 km below the surface; Fig. 6b); the Ajanta magma

fractionated at *1 kbar and the Chikhli and Buldhana

basaltic liquids attained final equilibrium at almost

atmospheric pressures.

Temperatures, calculated for the pressure range 0.001–

2 kbar, vary from 1134 to 1180�C. We have also calcu-

lated the temperatures based on olivine-basalt equilibrium

(Table 1; Ford et al. 1983) and they are 10–20�C lower

than the liquidus temperatures calculated from Yang et al.

(1996) formulations. The small difference between liqui-

dus temperatures and olivine equilibration temperatures

suggest that the melt may have started crystallization

almost instantaneously when it was ponded in the shallow

magma chamber. The present work supports the earlier

studies that the second stage fractionation of Deccan

basalts was operated at shallow depths (Aoki et al. 1992;

Cohen and Sen 1994; Sato et al. 2001). Many studies

have shown that final pressures of equilibrium of basaltic

liquids in the CFB provinces were attained around

3.8 kbar (12.2 km, considered to represent depth of brit-

tle/ductile transition in the crust; Philpotts 1998 and ref-

erences therein). The contrasting pressures of final

equilibration in the DVP and other CFB provinces need to

be assessed in order to understand continental crustal

structure and basement composition. Xenolithic data

indicate that the Precambrian basement beneath Deccan

basalts is highly heterogeneous (Ray et al. 2008); whether

this heterogeneity played any role in shallow ponding and

fractionation of Deccan magmas in general (Sen 2001)

and G–A section basalt magmas in particular require

further investigations.

Fig. 6 Projection of plagioclase-saturated liquids in oxygen units

from Pl ? Or ? Ilm components onto Ol–Di–Qtz phase equilibrium

(a; after Grove 1993). Many of the G–A section basalts plot close to

the Ol ? Pl ? Pig ? Aug ? Liq pseudo-invariant point, which is an

olivine peritectic. Single arrow shows direction of decreasing

temperature and double arrow indicates a reaction boundary.

Calculated projection points (small symbols) of olivine–plagio-

clase–augite saturated liquids having the compositions of the average

Ajanta (A), Chikhli (C) and Buldhana (B) formations of the G–A

section [(Karanja (K) is represented by primitive sample 26)] for

pressures ranging from 0.001 to 10 kbar using equations of Yang

et al. (1996) plotted in the plagioclase-saturated pseudo-ternary

olivine–clinopyroxene–quartz diagram using normative oxygen unit

components (b; Grove 1993). Actual compositions of rocks are shown

in bigger symbols. Presumed fractionation path from Karanja to

Buldhana is shown
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Regional chemostratigraphic correlations

Chemostratigraphic correlation of formations is based on

the assumption that the magma-type of a particular for-

mation is geochemically unique and is not repeated in the

course of a flood basalt province evolution, as the forma-

tion presumably has a time connotation and magma-type

need not have one. An important implication of this

assumption is that the dynamical changes in source com-

position and sequential magma chamber processes are

reflected in the erupted magmas. In the Deccan Volcanic

Province, the Mahabaleshwar area in the SW part is con-

sidered as the type stratigraphic section of the Deccan as a

whole. Here the Deccan Group is divided into three sub-

groups: Kalsubai, Lonavala and Wai, which are further

divided into different formations. Earlier workers have

proposed that the basalt formations from the eastern DVP

mainly exhibit Poladpur-type and Ambenali-type chemo-

stratigraphy (Jay and Widdowson 2008 and references

therein).

Although, the regional chemostratigraphic correlations

may help in geochemical mapping of the province, it is also

possible that individual formations may also have had

distinctly different chemical evolutionary histories (Sheth

and Melluso 2008; Sheth et al. 2009). Our present results

(Fig. 7) suggest that the Ajanta, Chikhli and Buldhana

formations of eastern DVP have affinities of the Poladpur

unit within southwestern DVP. The Buldhana Formation is

very similar to the contaminated upper Poladpur flows. The

Karanja basalts are relatively primitive and least contami-

nated. These characteristics are very typical of the Ambe-

nali-type basalts of Southwest DVP. Based on trace

element signatures, we suggest that the Ajanta, Chikhli and

Buldhana formations are correlated with the Poladpur, and

the Karanja Formation is analogous to the Ambenali

Formation.

Spatial/temporal variations

Studies of the semi-continuous extrusive sequence of bas-

alts help us to unravel the changing conditions of melting

and/or source compositions, and sequential magma cham-

ber processes. Recognition of magma pulses and magma

mixing through geochemical variations within erupted

basalts is akin to understanding these processes through

cryptic (chemical) layering in mafic layered complexes.

Magma chambers record processes of fractionation,

magma replenishment, mixing and steady-state dynamics.

Steady-state conditions are reflected in more or less con-

stant geochemistry and petrophysics of the erupted basalts.

From the Ajanta to the Buldhana formation, a continu-

ous upward decrease in the major elements compatible

with fractionating phases in a basaltic melt is apparent.

This feature in addition to (a) very thin red bole separating

the Ajanta, Chikhli and Buldhana formations, (b) the
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porphyritic nature of all three formations, (c) a concomitant

increase in density and magnetic susceptibility, (d) a

decrease in Ni, Cr and Sr contents, and (e) progressive

increase in REE contents clearly indicates that these for-

mations were derived from a single parental magma that

underwent crystal fractionation in a magma chamber.

These three formations represent semi-continuous eruptive

pulses of residual liquid involving minor time gaps as

indicated by the thin red boles. In contrast, the Buldhana–

Karanja contact is signified by (a) a thick layer of red bole,

(b) a sudden change in texture and mineral contents, (c) a

decrease in density and magnetic susceptibility of the

overlying Karanja unit, (d) an increase in MgO, CaO and

Al2O3 contents, (e) an increase in Ni, Cr and Sr contents,

(f) an increase in liquidus olivine temperature (calculated

based on Ford et al. 1983 equation), and a drastic decrease

in Rb and REE abundances and change in REE patterns.

All of these features strongly suggest that basalts of the

Karanja Formation represent a major magma addition to

the magma chamber feeding the basalt pulses. Represen-

tative variations along the formational boundaries are

shown in Fig. 8. Incompatible element ratios also shift

marginally along the Buldhana–Karanja formational

boundary (Fig. 8g, h, i). Our studies for the first time

indicate that the Karanja Formation in the eastern DVP

represents a zone of magma addition, distinct from the

three lower units.

The geochemical variations documented in the G–A

basalts with respect to stratigraphic position record three

important magmatic processes. From the Ajanta to the

Buldhana formations (360–460 m elevation), a steady

decrease in MgO, and an increase in incompatible element

concentrations, density and magnetic susceptibility reflect

the process of fractional crystallization. In the overlying

basalts (460–465 m elevation) abrupt increase in MgO

contents, compatible element concentrations, and a drastic

decrease in incompatible element concentrations, density

and magnetic susceptibility are apparent. This is the stage

when a major primitive melt may have replenished the

magma chamber. Replenishment is critically reflected by

abrupt geochemical and petrophysical variation with

respect to stratigraphic horizon in the G–A basalts (Fig. 8).

Addition of a new, less evolved liquid once again made the

magma chamber dynamic, and a new cycle of fractional

crystallization began. This major magma replenishment is

recorded by the erupted Karanja basalts. A period of qui-

escence seems to have occurred between the major erup-

tion of Karanja K1–K2 flows and the overlying flows. It is

important to note that the K2 and K3 flows are separated by

a *2 m red bole, and these quiescent intervals as repre-

sented by the red boles could be very short (Gérard et al.

2006). From the K3 flow upward, insignificant variation in

chemistry and petrophysics reflects the attainment of a

steady-state—the accumulating mineral phases were evi-

dently in the same proportions as those that crystallized in

the expelled liquid, thereby effecting only minor geo-

chemical variations in the erupting basaltic liquid. Such a

situation is possible only if the magma has reached the

eutectic in a multicomponent system. This multiple satu-

ration is characteristically shown by the G–A basalts

(Fig. 6).

Discussion

In this section we discuss the geochemical variation

recorded in G–A section basalts in terms of mantle and

crustal processes. Crossing of the REE patterns among the

G–A section volcanics and (La/Nd)N ratios less than unity

in Karanja basalts suggest that simple melting and frac-

tionation may not be responsible for these features. Dif-

ferent degrees of melting of a homogeneous source or

different degrees of fractionation (accompanied by assim-

ilation) from a single parental magma do not produce

crossing REE patterns. It has been shown that dynamic

melting of the mantle (Vijaya Kumar 2006; Vijaya Kumar

et al. 2006 and references therein) and RTF processes

within magma chambers (Elthon 1984) are capable of

producing melts with crossing REE patterns and variable

incompatible elemental ratios as measured in the analyzed

G–A section basalts. Based on a detailed numerical

experiment, Cox (1988) suggested that variations in inter-

incompatible element ratios measured in a Deccan trap

sequence cannot be explained by RTF processes with a

constant composition for the replenishing magma. The

existence of long-lived magma chambers, for the operation

of RTF processes, was also ruled out in British Tertiary

Volcanic Province (Skye plateau lavas; Dickin et al. 1984).

It is possible that the crossing REE patterns for the melts

originated in the mantle itself; in particular, the LREE-

depleted Karanja basalts require a depleted mantle source.

Further, the level of incompatible element enrichment in

the Buldhana basalts cannot be explained by simple frac-

tional crystallization; the involvement of upper continental

crust is evident.

Parental magma and mantle source composition

Among the analyzed basalts, Karanja Formation sample

26, having the highest MgO, Ni and lowest Rb and REE

concentrations, is the least differentiated. However, this

sample does not represent the primary melt as its Mg # is

only 0.6, and it also shows mild negative Eu anomalies.

The primary mantle-derived magma would have Mg # 0.7

(BVSP 1981) and would lack any Eu anomalies, suggesting

that 26 is fractionated. We have followed the method of
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Fig. 8 Geochemical and

petrophysical parameter

variation with respect to

elevation in the G–A section

Deccan basalts. MgO (a)

decreases with elevation up to

460 m then records a sudden

increase with the beginning of

Karanja Formation. From

500 m upwards, there is little

variation in the MgO contents.

Rb (b), Ba (c), density (d),

magnetic susceptibility (e),

increase and liquidus

temperature (f) decrease with

elevation up to 460 m, then

show a drastic decrease/increase

in the Karanja Formation, and

again from 500 m upwards, all

parameters show only minor

variations. Minor variations in

Rb/Y (g), Zr/Y (h) and Sm/Nd

(i) are also recorded at the

Buldhana–Karanja formational

boundary. These variations in

the erupted basalts are discussed

in terms of magma addition,

fractionation and steady-state

within magma chamber, and are

correspondingly labeled in the

figure. Symbols as in Fig. 4
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Hoffman and Feigenson (1983) for calculating the parental

magma from the differentiated one. The method involves

the addition of minerals that supposedly fractionated from

the parental magma. The calculated REE pattern after

removing the effects of the shallow fractionation (plagio-

clase) and deeper fractionation (olivine and clinopyroxene)

is shown in the Fig. 9. Calculations are based on the

Raleigh fractionation law (Neumann et al. 1954) using

plagioclase, olivine and clinopyroxene mineral/melt parti-

tion coefficients (Bédard 2001).

The parental melt shows a convex-upward REE pattern,

suggesting that the mantle source itself had a similar

topology. The convex-upward REE pattern for the source

possibly indicates two-stage melting of the mantle. In the

first stage, low-degree melting of the originally LREE-

enriched mantle would give rise to high (La/Lu)N alkaline

magma (Fig. 9a). Separation of this high (La/Lu)N alkaline

magma would make the source slightly depleted in LREE,

and, as a result, it would form a convex-upward REE

pattern. The REE pattern for the enriched mantle source

shown in Fig. 9a is similar to that of the mantle source for

continental-rift magmatism (see Vijaya Kumar and Rathna

2008 for details). Five percent continuous melting of the

LREE-enriched source would produce a melt residue with

convex-upward REE pattern after removing melt with

higher (La/Lu)N ratios (Fig. 9a). The mantle residue thus

formed is very similar to the calculated source for the Skye

basalts (Wood 1979; Thompson et al. 1980), which are

considered to have derived by polybaric mantle melting.

The high (La/Lu)N alkaline melt thus produced in the first

stage melting is very similar to the red bole (Fig. 9a).

Could the red boles separating the formation boundaries

represent low-degree melts derived from the mantle with-

out modification in the magma chambers? Widdowson

et al. (1997) suggested that some of the boles are different

from basalts just above or below and may represent

weathered pyroclastic material; the present study indicates

that the original material could be alkaline in character.

In the second stage, the LREE-depleted source is further

melted about 5% to produce melt with LREE-depleted

signature that is compositionally similar to the parental

melt to the Karanja Formation (Fig. 9b). It is well estab-

lished that during formation of the Deccan basalts, the

earliest episode produced alkaline magmas whereas later

ones gave rise to tholeiitic basalts. Our model predicts that

the tholeiitic basalts were derived from the residual mantle

left after the removal of small pockets of alkaline melt.

Such a model indicates that the Deccan mantle might have

undergone dynamic melting to generate both LREE-enri-

ched and -depleted basalts, and explains the REE crossings

measured in the G–A section basalts. Modeling of mantle

melting is based on critical continuous melting of Sobolev

and Shimizu (1992) using published mantle mineral/melt

partition coefficients (McKenzie and O’Nions 1991; Shaw

2000).

Magma chamber processes

Basalts of the Ajanta, Chikhli and Buldhana formations

exhibit a gradual decrease in compatible element concen-

trations and an increase in incompatible element concen-

trations including REE, as generally expected in a

progressively fractionating magma. But the Buldhana

basalts show much higher Rb, REE and other upper crustal

element abundances as compared to Chikhli basalts of
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Fig. 9 Two-stage mantle melting model for the derivation of LREE-

enriched and LREE-depleted basalts. (a) In the first stage, 4–5%

melting of an enriched mantle (source for continental rift magmatism;

Vijaya Kumar and Rathna 2008) produced high (La/Lu)N alkaline

magma. The calculated melt pattern is very similar to the REE pattern

of the red bole that separates the Buldhana and Karanja formations.

Similarity of the calculated melt and red bole REE (except for La)

suggests that most of the Ce peaks in Deccan weathered products, in

reality, could be La troughs, and some of the red boles may represent

low degree mantle melts. Removal of high (La/Lu)N melt by

continuous melting of mantle produced mantle residue with convex-

upward REE pattern. (b) In the second stage, 5–6% melting of the

mantle residue (a total melting of 10–12%) produced the LREE-

depleted melt parental to Karanja Formation. The parental melt to

Karanja Formation was calculated by removing the effects of

plagioclase, clinopyroxene and olivine fractionation from the least

evolved basalt (sample 26). Mantle source for Skye basalts (Wood

1979) with convex-upward REE pattern is shown for comparison. A

critical continuous melting equation (Sobolev and Shimizu 1992) was

used in calculations; partition coefficients, and mantle source

composition and melting proportions are after McKenzie and O’Nions

(1991) and Shaw (2000), and Gurenko and Chaussidon (1995)

respectively
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similar MgO contents. This suggests that Buldhana basalts

might have undergone crustal contamination before

attaining their present compositions. Modal orthopyroxene

in Buldhana rocks may provide petrographic evidence for

crustal contamination. It is well known that the interaction

of basaltic magma with the granitic crust will crystallize

orthopyroxene (Bowen 1928). In general the least con-

taminated Deccan basalts have higher TiO2 (2–4 wt.%) and

Sr (190–240 ppm) and lower Ba (\100 ppm) contents

(Sano et al. 2001). But among the G–A section basalts Ti-

rich Buldhana (TiO2 [ 3 wt.%) and Sr-rich Chikhli

(*250 ppm) basalts record higher levels of crustal con-

tamination (Ba = 116–153 ppm; Rb = 5–24 ppm).

Through a series of calculations using trace element

concentrations, we have assessed the importance of

assimilation-fractional crystallization (AFC) and crystal-

laden melts in the geochemical variation of G–A section

basalts (Fig. 10). Upper continental crust (Taylor and

McLennan 1985) is considered as assimilate, and the ratio

of the rate of assimilation to the rate of fractional crystal-

lization (r) is considered as 0.2. Both fractional (Neumann

et al. 1954) and assimilation fractional crystallization

(DePaolo 1981) explain the measured Cr and Sr variation,

but elevated concentrations of Sr in the Chikhli basalts are

due to cumulus plagioclase. The importance of AFC and

the cumulus nature of accessory minerals are brought out
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Fig. 10 Cr versus Sr (a), Zr versus Rb (b), Cr versus Rb (c) and Nb

versus Rb (d) plots for the basalts of G–A section. Original

compositions of the basalts are plotted to recognize cumulus phases

especially in Chikhli and Buldhana formations. Liquid evolution

curves were calculated for both fractional crystallization (FC) and

assimilation fractional crystallization (AFC). Each tick on the

fractionation curves indicates 10% fractionation (shown in a and b).

Upper continental crust (Taylor and McLennan 1985) is used as

assimilate. Ratio of the rate of assimilation to the rate of fractional

crystallization (r) is considered as 0.2. Geochemical variation in the

G–A section basalts is better explained by assimilation fractional

crystallization. Note the deviations shown by Chikhli and Buldhana

basalts from the calculated trends due to presence of cumulus phases.

Symbols as in Fig. 4. Fractionation assemblage considered in the

calculations is Pl = 50%, Cpx = 30%, Ol = 2%, Mt = 4%,

Ilm = 4%, Ap = 1% and intercumulus liquid (ICL) = 9%. Equa-

tions for fractional crystallization and assimilation fractional crystal-

lization are after Neumann et al. (1954) and DePaolo (1981)

respectively; partition coefficients and upper continental crust assim-

ilate composition are after Bédard (2001) and Taylor and McLennan

(1985) respectively
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by variation in Cr, Zr, Nb and Rb (Fig. 10). Although AFC

calculations predict the observed Rb concentrations, the

Buldhana basalts contain higher concentrations of Cr, Nb

and Zr than predicted; cumulus ilmenite/magnetite and

apatite can explain those concentrations as well as the

elevated abundances of Ta, Y, and Hf. Cumulus plagio-

clase, oxide and apatite in the Chikhli and Buldhana basalts

suggest that anorthosite and oxide–apatite-rich gabbros

should be an integral part of the cumulate stratigraphy

beneath the erupted basalts. If the order of fractionating

mineralogy as revealed by textures and geochemical vari-

ation is any clue, the cumulate stratigraphy within shallow

magma chambers beneath the erupted basalts should be

olivine gabbro (troctolite) ? leucogabbro (anortho-

site) ? oxide–apatite gabbro. The Phenai Mata complex,

the only exposed shallow-level magma chamber in the

Deccan Province, essentially contains the predicted layered

sequence (Sukheswala and Sethna 1969; Prinzhofer et al.

1988).

Based on these observations, we have developed a

model that summarizes the processes responsible for the

petrographic, petrophysical and geochemical variation in

the Deccan basalts in general, and the G–A section basalts

in particular (Fig. 11). The model depicts dynamic melting

of the mantle and two-stage differentiation of mantle-

derived melts. Dynamic melting produces both LREE-

enriched [(La/Nd)N [ 1] and LREE-depleted [(La/

Nd)N \ 1] Mg-rich basaltic/picritic parental melts. The

changing source composition from LREE-enriched to

LREE-depleted with progressive melting is what consti-

tutes the dynamic melting regime (Vijaya Kumar 2006 and

references therein). The parental melts segregated within

lower crustal magma chamber (s) and underwent the first

stage fractional crystallization dominated by olivine and

clinopyroxene (±spinel), thus producing Fe- and Al-rich

tholeiitic melts (Fig. 11). Ni and Cr contents in the least

evolved G–A section basalts suggest that they underwent

extensive early, high-pressure fractionation of olivine and

clinopyroxene. Fractionated melts migrated to upper crus-

tal regions where the melts again ponded, but in shallow-

level magma chambers. Second stage fractionation in these

shallow magma chambers (*6 km depth) was dominated

by plagioclase, olivine and clinopyroxene; oxide- and

apatite-rich cumulates could also have been an integral part

of these upper crustal cumulates. Trace element variation

in the analyzed G–A section Deccan basalts is a reflection

of the late, low-pressure fractionation. Our data indicates

that fractionation was assisted by upper crustal contami-

nation. Highly fractionated and contaminated melts erupt

as continental flood basalts. Our model is similar to the

Fig. 11 A schematic model that

summarizes the processes

responsible for the petrographic,

petrophysical and geochemical

variation in the G–A section

basalts. Increasingly darker
shading in the dynamic melting

regime represents increasingly

melt-depleted portions. Two-

stage fractionation accompanied

by assimilation of mantle-

derived dynamic partial melts

explains the phase equilibria

and geochemical characteristics

of the Deccan basalts. Possible

depths and pressures at which

melting and crystallization

processes operated are shown in

the left panel of the diagram
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classic paradigm for the continental flood basalt volcanism

put forth by Cox (1980), but additionally illustrates the

relevance of a dynamic melting regime, upper crustal

contamination and apatite–oxide cumulates on the nature

of erupted flood basalts.

Conclusions

We have conducted high-resolution chemical mapping of a

250 m thick, continuously exposed basaltic section of the

eastern Deccan Volcanic Province, to understand mantle

and magma chamber processes beneath flood basalt prov-

inces. Dynamic melting of the mantle source, and magma

chamber crystal fractionation, assimilation, addition of new

magmas, and attainment of steady-state are recognized in

the erupted basalts due to this high spatial resolution

sampling.

The Ajanta, Chikhli, Buldhana and Karanja formations

crop out in the area with increasing elevation. The erupted

basalts underwent differentiation either on the surface or in

shallow magma chambers at *6 km depth. Highly hetero-

geneous crust beneath the Deccan basalts, causing density

heterogeneities, could be one of the factors for the ponding

of the magma at these shallower depths. The predicted

bottom-to-top sequence within the shallow magma cham-

bers is olivine gabbro (troctolite) ? leucogabbro (anor-

thosite) ? oxide–apatite gabbro. The present study

suggests that anorthosites and oxide–apatite-rich gabbros

are an integral part of the cumulate stratigraphy beneath the

mafic lavas. The Phenai Mata complex exhibits the pre-

dicted layered sequence (Sukheswala and Sethna 1969;

Prinzhofer et al. 1988). The Ajanta, Chikhli and Buldhana

basalts represent semi-continuous eruptive phases of an

evolved liquid, reflecting brief time gaps. Geochemical

variation in these three formations is due to assimilation-

fractional crystallization of a single parental magma; Rb,

Ba and REE concentrations indicate upper continental crust

contamination within shallow magma chambers. The

Karanja basalts record addition of a new magma pulse into

this chamber. Replenishment of the shallow magma

chamber is reflected by an abrupt change in textures,

increase in MgO, CaO, Ni, Cr, and Sr, and decrease in

Al2O3, Na2O, K2O, Rb, Ba, REE, and bulk-rock density

and magnetic susceptibility along the Buldhana–Karanja

boundary. Formational terminations in the Deccan basalts

are generally correlated with the eruption of basalts con-

taining giant plagioclase laths. Our present study shows

that a small layer of oxide-rich basalts represents the latest

erupted pulse in a given magmatic cycle. Due to higher

density, its extrusive volume may be limited—hence this

unit is easy to overlook in regional stratigraphic studies.

Some of the red boles separating the formational

boundaries may represent small degrees of melting of the

mantle peridotite source that escaped magma chamber

processes. In some cases, the well-known positive Ce

anomalies in the red boles could be an artifact of La

depletion.

Crossing of REE patterns in the erupted basalts reflect

dynamic partial fusion of the mantle. Further, a convex-

upward REE pattern for the (calculated) mantle source also

suggests a two-stage mantle melting. Low degrees of

melting in the first stage resulted in alkaline magmas, and

partial fusion of the residues in the second stage produced

tholeiitic basalts, as represented by the LREE-depleted

Karanja samples. We suggest that dynamic melting of the

mantle may be relevant to a fuller understanding of flood

basalt geochemistry in general and Deccan geochemistry in

particular. The present study illustrates the significance of

detailed traverses across small stratigraphic intervals in

unraveling complex mantle and magma chamber processes

relevant to continental flood basalt volcanism.
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plume. In: Foulger GR, Natland JH, Presnall DC, Anderson DL

(eds) Plates, plumes, and paradigms: Boulder, Colorado, Geol

Soc Amer Spec Paper 388:477–501

Sheth HC (2005b) Were the Deccan flood basalts derived in part from

ancient oceanic crust within the Indian continental lithosphere?

Gondwana Res 8:109–127

Sheth HC, Melluso L (2008) The Mount Pavagadh volcanic suite,

Deccan Traps: geochemical stratigraphy and magmatic evolu-

tion. J Asian Earth Sci 32:5–21

Sheth HC, Mahoney JJ, Chandrasekharam D (2004) Geochemical

stratigraphy of flood basalts of the Bijasan Ghat section, Satpura

Range, India. J Asian Earth Sci 23:127–139

Sheth H, Ray JS, Ray R, Vanderkluysen L, Mahoney JJ, Kumar A,

Shukla AD, Das P, Adhikari S, Jana B (2009) Geology and

geochemistry of Pachmarhi dykes and sills, Satpura Gondwana

Contrib Mineral Petrol (2010) 159:839–862 861

123



Basin, central India: problems of dyke-sill-flow correlations in

the Deccan Traps. Contrib Mineral Petrol 158:357–380

Shrivastava JP, Pattanayak SK (2002) Basalts of the Eastern Deccan

volcanic province, India. Gondwana Res 5:649–665

Shukla AD, Bhandari N, Kusumgar S, Shukla PN, Ghevariya ZG,

Gopalan K, Balaram V (2001) Geochemistry and magnetostra-

tigraphy of Deccan flows at Anjar, Kutch. Proc Indian Acad Sci

(Earth Planet Sci) 110:111–132

Sobolev AV, Shimizu N (1992) Ultra-depleted melts and permeability

of the oceanic mantle (in Russian). Dokl Acad Sci Russia

236:354–360

Sparks RSJ, Huppert HE (1984) Density changes during the fractional

crystallization of basaltic magmas: fluid dynamic implications.

Contrib Mineral Petrol 85:300–309

Sparks RSJ, Meyer P, Sigurdsson H (1980) Density variation amongst

Mid-ocean ridge basalts: implications for magma mixing and the

scarcity of primitive lavas. Earth Planet Sci Lett 46:419–430

Stolper E, Walker D (1980) Melt density and the average composition

of basalt. Contrib Mineral Petrol 74:7–12

Subbarao KV, Hooper PR (1988) Reconnaissance map of the Deccan

Basalt Group in the Western Ghats, India. In: Subbarao KV (ed)

Deccan flood basalts. Geol Soc India Mem 10 (enclosure)

Subbarao KV, Bodas MS, Hooper PR, Walsh JN (1988) Petrogenesis

of Jawhar and Igatpuri formations, western Deccan basalt

province, India. In: Subbarao KV (ed) Deccan flood basalts.

Geol Soc India Mem 10:253–280

Subbarao KV, Chandrasekharam D, Navaneethakrishnan P, Hooper

PR (1994) Stratigraphy and structure of parts of the central

Deccan basalt province: eruptive models. In: Subbarao KV (ed)

Volcanism. Wiley Eastern, New Delhi, pp 321–332

Sukheswala RN, Sethna SF (1969) Layered gabbro of the igneous

complex of Phenai Mata, Gujarat state. J Geol Soc India 10:177–

187

Sun S-S, McDonough WF (1989) Chemical and isotopic systematics

of oceanic basalts: implications for mantle composition and

processes. In: Saunders AD, Norry MJ (eds) Magmatism in the

ocean basins. Geol Soc Lond Spec Publ 42:313–345

Taylor SR, McLennan SM (1985) The continental crust: its compo-

sition and evolution. Blackwell, Oxford, p 312

Thompson RN, Gibson IL, Marriner GF, Mattey DP, Morrison MA

(1980) Trace-element evidence of multistage mantle fusion and

polybaric fractional crystallization in the Palaeocene lavas of

Skye, NW Scotland. J Petrol 21:265–293

Vijaya Kumar K (2006) Mantle melting models: an overview. Deep

Continental Stud India Newslett 16:2–10

Vijaya Kumar K, Rathna K (2008) Geochemistry of the mafic dykes

in the Prakasam alkaline province of Eastern Ghats Belt, India:

implications for the genesis of continental rift-zone magmatism.

Lithosphere 104:306–326

Vijaya Kumar K, Narsimha Reddy M, Leelanandam C (2006)

Dynamic melting of the Precambrian mantle: evidence from rare

earth elements of the amphibolites from the Nellore-Khammam

schist belt, South India. Contrib Mineral Petrol 152:243–256

Wadia DN (1975) Geology of India, 4th edn. Tata McGraw-Hill, New

Delhi, p 508

Widdowson M, Walsh JN, Subbarao KV (1997) The geochemistry of

Indian bole horizons: palaeoenvironmental implications of

Deccan intravolcanic palaeosurfaces. In: Widdowson M (ed),

Palaeosurfaces: recognition, reconstruction and palaeoenviron-

mental interpretation. Geol Soc Lond Spec Publ 120:269–281

Wood DA (1979) Dynamic partial melting: its application to the

petrogenesis of basalts erupted in Iceland, the Faeroe Islands, the

Isle of Skye (Scotland) and the Troodos Massif (Cyprus).

Geochim Cosmochim Acta 43:1031–1046

Yang H-J, Kinzler RJ, Grove TL (1996) Experiments and models of

anhydrous, basaltic olivine-plagioclase-augite saturated melts

from 0.001 to 10 kbar. Contrib Mineral Petrol 124:1–18

862 Contrib Mineral Petrol (2010) 159:839–862

123


	Geochemical investigation of a semi-continuous extrusive basaltic section from the Deccan Volcanic Province, India: implications  for the mantle and magma chamber processes
	Abstract
	Introduction to processes controlling erupted basalt compositions in continental flood basalt provinces
	Geochemistry of Deccan basalts: present understanding
	Geologic setting, field relations and sampling
	Petrography
	Whole-rock geochemistry
	Petrophysics
	Pressure and temperature of fractional crystallization
	Regional chemostratigraphic correlations
	Spatial/temporal variations
	Discussion
	Parental magma and mantle source composition
	Magma chamber processes

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


