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Petrological and major-trace element mineral chemistry studies have been carried out on pyroxenites from the Pakkanadu alkaline-ultramafic complex from the southern India to understand their origin and nature of magma responsible for ultramafic magmatism in the area. Pyroxenites display cumulus texture and consist of clinopyroxenes (cpx) and amphiboles (amp) as dominant phases with a subordinate amount of apatite, biotite, ilmenite, magnetite, pyrite, sphene, and calcite. Mineral chemistry classifies cpx as augite and diopside, whereas amp falls under tremolite-actinolite and hornblende-actinolite fields. Cpx are alkaline to sub-alkaline in composition and Mg# - Al2O3 compositions suggest their crystallization under high-pressure conditions. A negative correlation between Mg# and TiO2 in cpx suggests early crystallization of magnetite and pyrite; high Mg# (76–92) suggests its link with the Alaskan-type intrusions, which may be crystallized through fractionation-accumulation Processes. Tectonic discrimination diagrams for cpx argue for the magmatic emplacements under an arc-tholeiitic environment in a subduction zone setting. Amp mineral chemistry (high SiO2 and low TiO2) indicate as the products of hydrothermal alteration of clinopyroxenes. A Low Al/Si ratio in the cpx suggests their derivation from silica-oversaturated magma, whereas low-Ti contents reflect slow cooling rate of the magma. Positive Rb, Ba and U anomalies in the multi-element patterns of the cpx probably signifying varying degrees of hydrothermal alteration in the studied samples. However, consistent Nb-Ta depletion can also be attributed to an enriched mantle source of the magma from which pyroxenites were crystallized. Moreover, single-cpx geothermobarometry yielded a crystallization temperature of 905 to 911°C under moderate to high pressure of 3–9 kbar.
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1 INTRODUCTION
Genesis of ultramafic magmatic rocks, particularly pyroxenites connected to ultramafic-mafic complexes, is always a subject of profound discussion as they may be explained through different theories (e.g., Downes, 2007; Xiong et al., 2014; Tilhac et al., 2017). In many cases, pyroxenites are thought to be responsible for chemical heterogeneity in the upper mantle and represent ancient oceanic crust which contributes to the formation and development of mantle-derived melts (e.g., Hirschmann and Stolper, 1996; Hirschmann et al., 2003; Kogiso et al., 2003; 2004; Sobolev et al., 2005; Lambart et al., 2012). Experimental results portray that pyroxenites may be formed as cumulates by intracrustal fractionation of primitive, mantle-derived arc melts (Kay and Kay, 1985; Muntener and Ulmer, 2006). Furthermore, a better understanding of the petrogenesis of arc-related pyroxenites could provide important constraints on the contribution of slab-derived components to mantle-wedge melts as the source of primary arc magmas (Kelemen, 1990; Kostopoulos and Murton, 1992; Hawkesworth et al., 1993; Bernard and Ionov, 2013).
There are several theories known to explain the genesis of ultramafic (pyroxenite/peridotite) complexes. Medaris et al. (1995) have linked genesis of garnet-pyroxenite with the subduction of oceanic plate that tempted them to form as high-pressure crystal segregates from silicate magmas that originated in the asthenosphere and travel up to the lithosphere. Many connected genesis of ultramafic complexes are with the Alaskan-type layered intrusions, which are formed within subduction zones; they may have varying contributions from the subducted slab in arc to backarc settings (e.g., Helmy and El Mahallawi, 2003; Batanova et al., 2005; Helmy et al., 2014). Layered intrusions are thought to be the relics of basaltic magma chambers and constitute a potentially strong tool for decoding the geochemical development of magmas, probing magma chamber filling histories, and comprehending the various mechanisms connected to the solidification of the shallow crust. They often form in anorogenic tectonic settings along with large igneous provinces and considerable mantle partial melting (O'Driscoll and VanTongeren, 2017). Noble (1960) and Taylor (1960) identified the mafic-ultramafic complexes in southern Alaska as a unique class of intrusions, and Irvine (1974) termed them Alaskan-type. Since then, several unique complexes and belts of Alaskan-type mafic-ultramafic intrusions from orogenic belts or modern arc settings have been found globally. Alaskan-type mafic-ultramafic complexes are formed by crystal fractionation and mineral concentration processes and mostly display concentric features, which are likely to be formed in subduction related settings. Although, pyroxenites are discovered in supra-subduction zone environments (McInnes et al., 2001; Garrido et al., 2007; Jagoutz et al., 2007; Bouilholet al., 2011, 2015), however there are a few comprehensive petrological investigations on them from the Indian subcontinent (Sharma et al., 2019).
Pyroxenites have been documented from different cratons and mobile belts in the Indian Shield (e.g., Rao and Raman, 1979; Kutty et al., 1986; Srivastava and Sinha, 2007; Samuel et al., 2014; Renjith et al., 2016). They generally occur as xenoliths or ultramafic massifs or as number of mafic-ultramafic complexes reported in the Granulite Terrane of the southern India, mostly confined to the Cauvery Suture Zone (CSZ) (Figures 1A, B). The prominent ones include i) Salem mafic-ultramafic complex (SMUC), ii) Thenmudiyanur mafic-ultramafic complex (TMUC), iii) Sittampundi anorthosite complex (SAC), and iv) Pakkanadu ultramafic complex (PUC) (Figure 1B). The PUC is the part of the Pakkanadu alkaline-ultramafic complex (PAUC) (cf. Renjith et al., 2016; Srivastava et al., 2022) and it hosts several mafic-ultramafic rocks including serpentinized dunite, peridotite, pyroxenite, hornblendite, amphibolite, mafic granulite, charnockite, migmatite gneiss, etc., however pyroxenites dominate over others.
[image: Figure 1]FIGURE 1 | (A) Simplified geological map of the southern Indian Shield showing division of the Dharwar craton into different segments (cf. Geological Survey of India, 1994; Samal et al., 2021); (B) Geological map of western part of the Northern Granulite Terrane (NGT), southern India (modified after Srivastava et al., 2022). Dashed lines mark the boundaries of the Dharmapuri Rift Zone (DRZ) (after Gopalakrishnan, 2001; Chetty, 2017). Approximate locations of alkaline plutons are also shown (after Renjith et al., 2016). Abbreviations used: JHWL- Jawadi hill west lineament, MPL- Mettur Palakkadu lineament, PCSZ- Palaghat Cauvery Shear Zone, PUMC- Pakkanadu Ultramafic Complex, SAC- Sittampundi Anorthosite Complex, SASZ- Salem Attur Shear Zone, SMUC- Salem Mafic-Ultramafic complex, and TMUC- Thenmudiyanur Mafic-Ultramafic complex. Red rectangle shows location of study area; (C) Geological map of the Pakkanadu alkaline-ultramafic complex (modified after Bhagat et al., 2021).
The PAUC, together with other alkaline-carbonatite complexes associated with the Dharmapuri rift zone (DRZ) (see Figure 1B), is supposed to be derived from a metasomatism induced enriched subcontinental lithospheric mantle (EM-I type mantle) beneath granulite terrane (cf. Kumar et al., 1998; Schleicher et al., 1998; Pandit et al., 2002; Srivastava et al., 2022). Many have studied the PAUC, particularly associated alkaline-carbonatite rocks (e.g., Schleicher et al., 1998; Moller et al., 2001; Pandit et al., 2002; Bhagat et al., 2021; Srivastava et al., 2022), however very less attention has been given to the associated pyroxenite rocks in the PUC.
Although, Sukumaran (1987) suggested that pyroxenites (and dunites), associated to the PAUC, are cumulates and derived from an alkali peridotite source; however no definite genesis is established. There is no detailed petrological and geochemical characterization of pyroxenites of the PUC available; hence, their genetic aspects are still unclear. This work presents a detailed study of field relationships, petrography, and first major-trace mineral chemistry of Pakkanadu pyroxenites to understand genesis and evolution of pyroxenites associated to the PAUC. This will also help to identify its likely genetic relationship with the other coeval rocks along the DRZ. There is no trace element study of clinopyroxenes from any ultramafic complex located along the DRZ, hence this is the first report of such a dataset.
2 GEOLOGICAL SETTING
The southern part of the Indian Shield is a well-known geological province comprising poly-metamorphic crustal blocks that collided together over a period ranging from the Neoarchean to the Neoproterozoic-Cambrian (Santosh et al., 2009; Collins et al., 2014). It is a wedge-shaped granulite terrain that terminates the Indian peninsula in the south and separated from the Dharwar craton by Fermor line in the north (e.g., Naqvi and Rogers, 1987; Ghosh et al., 2004). This terrain has been further divided into Northern Granulite Terrane (NGT) and the Southern Granulite Terrain (SGT) and the E-W trending Palghat-Cauvery Shear Zone (PCSZ) as the boundary which separates them (see Figures 1A, E.g.; Drury et al., 1984; Ramakrishnan, 1988; 1993; Ramakrishnan and Vaidyanadhan, 2010). The transition between the non-charnockitic cratonic terrain (amphibolite facies) in the north and the mobile belt of charnockitic rocks (granulite facies) in the south is marked by a tectonic zone called Salem block, which is characterized by extensive faulting and thrusting (Swaminath et al., 1974; Condie et al., 1982). Stretching from the southern boundary of the Dharwar craton to the PCSZ, it is typified by the presence of orthogneisses, metasedimentary rocks in the form of migmatites, charnockites, and granitoids (Bhaskar Rao, 2003; Clark et al., 2009; Saitoh et al., 2011).
The DRZ in the Salem Block (Figure 1B) underwent two stages of evolution (Gopalakrishnan, 1993); the first stage involved collisional tectonic setting that resulted in the suturing and welding of two crustal blocks on either side of DRZ, whereas the second stage was a rifting tectonic phase that began with the reactivation of shear zones and the development of a tensional fracturing system along NNE-SSW, N-S, and ENE-WSW directions. The latter phase of rifting was also associated with the emplacement of Neoproterozoic alkaline plutons. These alkaline plutons were emplaced along the DRZ within epidote hornblende gneiss (Renjith et al., 2016). The Dharmapuri alkaline-ultramafic province, consisting of carbonatites, syenites, lamprophyres, pyroxenites, and dunites, is approximately 700–800 million years old (Cryogenian) (e.g., Kumar et al., 1998; Schleicher et al., 1998; Miyazaki et al., 2000), therefore the age of the aborted Dharmapuri rift could be Neoproterozoic. This rifting could probably be due to the (Neoproterozoic) southward subduction of the Mozambique Ocean under the Madurai block causing extensional forces in the Salem block (Santosh et al., 2014). This passive mode of rifting within the Salem block-initiated upwelling of asthenosphere, subsequent intruding into the sub-continental lithospheric mantle (SCLM).
The Pakkanadu alkaline-ultramafic complex (PAUC) extends to about 35 km WNW of Salem town in Edappadi block of Salem district of Tamil Nadu. It mainly comprises of ultramafic rocks such as pyroxenites and dunites, carbonatites, migmatitic gneiss and syenites (Figure 1C). Carbonatitic intrusions are also reported within the pyroxenite bodies, mostly concordant fracture-fill, and diatremes (Pandit et al., 2002) (Figure 1C). Cpx exhibit hydrothermal alteration to amphiboles (amp) whereas the dunites are heavily serpentinized and are cut by asbestos and magnesite veins. Field relationship of the studied pyroxenite occurrences along DRZ is well established (e.g., Pandit et al., 2002; Renjith et al., 2016). The rifting and magma formation in the DRZ produced a diverse range of magmatic suites such as syenitoids, pyroxenite, dunite, carbonatite, and lamprophyres. Different magma batches, such as syenite, pyroxenite, and carbonatite, were created from their individual origins and deposited as alkaline intrusive complexes in the DRZ. The presence of intrusive cross-cutting relationships between syenite, pyroxenite, and carbonatite suggests that these litho units were emplaced as discrete magma batches rather than as differentiated products of a single magma. Pyroxenite was the first rock type to form, followed by syenite, and carbonatite was the final rock type to form. This emplacement sequence is seen in all the DRZ’s alkaline complexes (Renjith et al., 2016).
3 METHODS
3.1 Scanning electron microscope (SEM)
The polished thin sections of Pakkanadu pyroxenites were coated with a 20 ηm thin layer of carbon using carbon coater (LEICA–EM ACE200) for scanning electron microscopy studies at the DST-SERB National Facility, Department of Geology, Banaras Hindu University, India. Several mineral phases like cpx, amp, Fe oxides, sphene, apatite, calcite, and pyrites along with their textures and chemical zoning (if any) were identified under Carl Zeiss RESEARCH EVO 18 scanning electron microscope (SEM) using an energy dispersive spectrometer. The backscattered electron images were also acquired for these mineral phases.
3.2 Electron probe micro analyzer (EPMA)
Major element compositions of the constituent minerals, particularly cpx and amp, were determined by EPMA using a Cameca SX-Five wave-length dispersive spectrometry (WDS) at the DST-SERB National Facility, Department of Geology, Banaras Hindu University, India. The polished thin sections were coated with a 20 nm thin layer of carbon for electron probe microanalyses using the LEICA-EM ACE200 instrument. The diameter of the beam was about 1 μm. The instrument with SX-Five software was run at an acceleration voltage of 15 kV and a beam current of 20 nA. The electron gun was fired with a LaB6 source for generating the electron beam. Counting times were 30 s on the peak and 15 s on both left and right backgrounds. Natural andradite was used as an internal standard to verify the positions of crystals (SP1-TAP, SP2-LiF, SP3- LPET, SP4-LTAP, and SP5-PET) for corresponding wavelength dispersive (WD) spectrometers in the Cameca SX-Five instrument. The following X-ray lines were used in the analyses: Na-Kα, Mg-Kα, Al-Kα, Si- Kα, Ca-Kα, Ti-Kα, Cr-Kα, Mn-Kα, and Fe-Kα. Routine calibration, acquisition, quantification, and data processing were carried out using Sx SAB version 6.1 and SX-Results software of Cameca. X-PHI matrix correction is applied to the whole experimental work. The precision of the analysis is better than 1%. The representative major element compositions (in wt%) of the cpx and amp are represented in Tables 2, 3 respectively. The individual point analyses of each sample of the cpx and amp grains are provided in the Supplementary Tables S1, S2, respectively.
3.3 Laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS)
Trace element analysis of the cpx was obtained by LA-ICPMS at the Spectrum facility of the University of Johannesburg, South Africa. A 193 nm ArFRESOlution SE Excimer Laser (formerly Australian Scientific Instruments, Fyshwick; currently Applied Spectra, Sacramento) was coupled to a Thermo Fisher iCAP RQ ICP-MS. A laser spot size of 80 μm, beam energy of 6 mJ, and a beam attenuation of 25% was used at a repetition rate of 10 Hz to achieve on-sample fluence of 1.9 J/cm2. Ablations were done in a Laurin Technic dual-volume cell under a helium atmosphere with a He flow of 0.35 L/min, which was mixed with argon nebulizer gas at a flow rate of 0.8 L/min. N2 gas at a flow rate of 1 L/min was added to the laser signal before entering the ICPMS to improve signal intensity. Analyte intensities were optimized before analyses while ensuring an oxide ratio below 1%. NIST612 standard glass was used as the bracketing standard, with 29Si used as the internal standard. NIST610 and USGS reference glass BCR2G were used as secondary standards to evaluate the accuracy of results. Sets of 10 sample spots were bracketed by NIST612 analyses, along with NIST610, BCR2G, and JJ1424 (cpx mineral standard) as secondary standards. This allowed regular monitoring of accuracy and reproducibility. Accuracy and reproducibility were estimated from repeat analyses of the NIST610 as an unknown during the analytical sessions. The reproducibility was calculated from repeat measurements of the NIST610 reference glass, BCR2G and JJ1424 and were found to be <6%. The GLITTER software package (Van Achterbergh et al., 2001) was used for data reduction and processing. The trace element compositions (in ppm) of the cpx are represented in Table 2. The raw data of the trace elements of the clinopyroxenes along with the standards for reference are represented in the Supplementary Table S3.
4 RESULTS
A total of nine fresh samples from the pyroxenite exposures were collected for the present study (see Table 1). Later, after careful petrographic examinations, out of the 9 samples, 4 samples were selected for the detailed studies (see red stars in Figure 1C).
TABLE 1 | List of samples along with their geographic coordinate locations.
[image: Table 1]4.1 Petrography
The pyroxenites are coarse-grained and are composed predominantly of cpx (diopside and augite), amp, and Fe-Ti oxides.
Cpx are subhedral in shape with a prismatic habit and are pale green in color. They are extensively fractured and exhibit high relief. The amp found at the cpx grain boundaries are most likely secondary in nature (Figures 2C, D), and might have developed as a result of the deuteric alteration (uralitization). It suggests that a moderate degree of alteration affected the samples; however, their igneous texture is intact. The amp exhibit subhedral shape along with prominent 2-set cleavage and are secondary in nature (Figures 2E, F). The samples also contain 3%–4% opaque phases which are probably Fe-Ti oxides (ilmenites).
[image: Figure 2]FIGURE 2 | Field photographs showing (A) pyroxenite body from the Pakkanadu alkaline-ultramafic complex (B) pyroxenite occurring in the carbonatite-mica schist rock; Photomicrographs of the studied pyroxenite samples displaying cumulate texture; both in plane-polarized light (C,E) and cross-polarized light (D,E). Abbreviations used: Clinopyroxene (Cpx), Amphibole (Amp).
4.2 Scanning electron microscope (SEM) studies
Back scattered electron (BSE) images, along with their semi-quantitative energy-dispersive spectra (EDS) data were obtained (Figures 3, 4). Based on the EDS data, the mineral phases like cpx, hornblende, apatite, sphene, calcite, ilmenite, biotite, magnetite, and pyrite were identified in the studied pyroxenites (Figure 3). The BSE images clearly show the alteration of cpx to amp by reaction replacement as well (see Figure 4). BSE studies and EDS data suggest existence of iron-oxide (magnetite) and iron-sulphide (pyrite) together; this could possibly be inferred as a replacement of magnetite by pyrite due to hydrothermal alteration. The presence of other accessory phases like ilmenite (Figures 3C, E), calcite (Figure 3C), apatite (Figure 3D), biotite (Figure 3F), and sphene (Figure 3C) were also identified.
[image: Figure 3]FIGURE 3 | Back scattered electron (BSE) images of the studied accessory minerals (A) Apatite (Ap) (B) Amphiboles (Amp) (C) Sphene (Sph) (D) Apatite (Ap) (E) Ilmenite (Ilm) (F) Biotite (Bt) of the Pakkanadu pyroxenites. Abbreviations used: Clinopyroxene (Cpx), Amphibole (Amp), Pyrite (Py), Hornblende (Hbl), Apatite (Ap), Sphene (Sph), Calcite (Cal), Ilmenite (Ilm), Biotite (Bt).
[image: Figure 4]FIGURE 4 | (A) Photomicrograph and (B) BSE image of the studied pyroxenite samples. (C) Energy spectra of (A) augite and (D) hornblende of the studied pyroxenite samples. Amphiboles are developed over clinopyroxenes is visible as orange blebs in figure (A) and dark shades in the BSE image (B).
4.3 Mineral chemistry
The mineral chemistry of cpx and amp present in these pyroxenite samples were analysed. Major elements were analysed for cpx and amp, whereas trace elements were done only for cpx and is represented in Tables 2 and 3.
TABLE 2 | Representative major (in wt% oxides) and trace element (in ppm) contents of pyroxenes along with estimated pressures and temperatures of the studied samples.
[image: Table 2]TABLE 3 | Representative major element concentrations (in wt% oxides) of amphiboles in the studied pyroxenite samples.
[image: Table 3]4.3.1 Major-element geochemistry
Clinopyroxene: The MgO content in cpx ranges from 12.55 to 16.82 wt% and are relatively rich in Ca (Wo43-48) whereas poor in Ti and Cr. The Mg# [Mg/(Mg+Fe) *100] ranges from 76 to 92. They fall in the diopside field (Figure 5A) on the pyroxene classification diagram (Morimoto et al., 1988). The Al2O3 vs. SiO2 plot (Figure 5B) shows that they are non-alkaline in nature (Le Bas, 1962) and the Mg# vs. Al2O3 (Figure 5C) bivariate plot suggests that they are crystallized under high-pressure conditions (Medaris, 1972).
[image: Figure 5]FIGURE 5 | (A) Pyroxene ternary classification diagram plotted for pyroxenes from this study (after Morimoto et al., 1988); (B) SiO2 vs. Al2O3 diagram plotted for pyroxenes (after Le Bas, 1962); (C) Al2O3 vs. Mg# variation plot for analysed pyroxene grains showing high pressure and Alaskan-type intrusion field conditions (after Medaris, 1972) and also compared with the previous studies data from Tonsina Complex, South Alaska [Burns (1985); DeBari and Coleman (1989)]. The trend is characterized by an increasing Al2O3 content with decreasing Mg# is observed in pyroxenes from volcanic rocks in the Aleutian arc, lower crustal cumulates, the Tonsina ultramafic-mafic assemblage. (D) Mg# vs. Si (a.p.f.u) diagram for amphiboles (after Leake et al., 1997), classifying them as Tremolite-Actinolite-Hornblende. Abbreviations used : Cpx - clinopyroxene, Amp - Amphibole.
Amphibole: They exhibit high MgO (19.10–20.48 wt%), high Al2O3 (1.81–3.93 wt%) and lower CaO (11.19–12.83 wt%) contents compared to cpx. The Mg# ranges from 81 to 88, almost similar to those in cpx. High SiO2 (53.76–55.76 wt%) and low TiO2 (0.03–0.33 wt%) contents indicate that they are the products of hydrothermal alteration of clinopyroxenes. In the Si vs. Mg# plot (Figure 5D), they fall in the tremolite-actinolite field and hornblende-actinolite fields (Leake et al., 1997).
4.3.2 Trace-element geochemistry of clinopyroxene
In the primitive mantle-normalized spider diagram (Figure 6A), a strong negative Ti- and Zr-anomalies have been observed in all samples, however, there is a low to moderate negative anomaly in Hf. Sr shows positive anomaly in all samples. Furthermore, PKD 22/2 and PKD 22/8 reflect negative Nb-anomaly whereas, PKD 22/3 and PKD 22/6 exhibit positive Nb-anomaly. The chondrite-normalized rare earth element (REE) pattern of cpx (Figure 6B) of three samples (PKD 22/2, PKD 22/3, and PKD 22/6) are sub-parallel to each other and exhibit negligible to moderate enrichment in Light-REE with slightly depleted Heavy-REE. The LREE/HREE ratio (La/Yb)N for PKD 22/2 and PKD 22/3 is 2.05 and 4.07, whereas, for PKD 22/6, the ratio is nearly 1. In contrast, sample PKD 22/8 displays depletion in LREE compared to HREE with (La/Yb)N ratio of 0.13; this also shows a significant negative Eu-anomaly (Eu/Eu* = 0.4–0.6). The other three samples do not show such anomaly (Eu/Eu* = 0.92–1.15). However, a uniform enrichment in Middle-REE with respect to HREE has been observed for all the samples having (Gd/Yb)N values ranging from 1.39 to 4.17.
[image: Figure 6]FIGURE 6 | (A) Primitive mantle normalized multi-element spidergram for the clinopyroxenes, and (B) Chondrite normalized REE pattern. Chondrite normalizing values has been taken from McDonough and Sun (1995), whereas Primitive mantle normalizing values has been taken from Sun and McDonough (1989).
4.4 Geothermobarometry
The chemical composition of pyroxene in igneous rocks varies widely in composition from intermediate to ultramafic, which is sensitive to the change in pressure and temperature of magmatic systems (e.g., Mercier, 1980; Nimis, 1995; Putirka et al., 1996; Nimis and Ulmer, 1998; Nimis, 1999; Nimis and Taylor, 2000; Putirka, 2008). Constraining pressure (P) and temperature (T) of crystallization may decode the evolutionary path of the magma, and thus reveal the possible mineral phases that can coexist (e.g., Thompson, 1974; Botcharnikov et al., 2008). Considering the compositional sensitivity of the major element compositions in the cpx, several empirical cpx-based thermometers and barometers have been developed and calibrated to estimate their P and T of crystallization. In the present study, the abundance of cpx and absence of orthopyroxene (opx) in the pyroxenite samples directed to use single-cpx thermobarometry. WinPyrox program, developed by Yavuz (2013) was employed to calculate the P and T of crystallization. The crystallizing temperatures for the pyroxenites ranges from 905°C to 911°C using the equation of Molin and Zanazzi (1991) based on the diffusive Fe-Mg intracrystalline exchange ordering in cpx. This equation is valid for the magmatic rocks containing cpx only, which is observed in our samples. For the estimation of pressure, we have considered the geobarometry proposed by Nimis and Ulmer (1998), which is firmly suitable for cumulate pyroxenites, and cpx coexisting with basic or ultrabasic melts, respectively. The pressures of crystallization have been estimated to range from 3 Kbar to 9 Kbar.
5 DISCUSSION
5.1 Origin of Pakkanadu pyroxenites
Genesis of different types of pyroxenite rocks, particularly connected with Alaskan-type, layered ultramafic and ophiolitic complexes have been the subject of prime interest in recent times. Alaskan-type complexes frequently coexist with ophiolite complexes exposed along subduction zone boundaries, thrust belts and shear zones (Saleeby, 1992; Thakurta, 2018). Many workers believe that the Alaskan-type complexes are cumulates formed during crystallization of hydrous mafic and ultramafic magmas (e.g., Murray, 1972; Himmelberg and Loney, 1995). Therefore, it is argued that the pyroxenites intruded within the crustal magma chambers, which formed as cumulates and are connected with thick to thin veins or dykes on various scales (Berly et al., 2006). They may also occur as a result of subduction of the oceanic lithosphere, recycling of layers within the subduction zone through mantle convection, and interactions of melts or fluids in the upper mantle (Kornprobst et al., 1990; Pearson et al., 1993).
Cpx from the pyroxenite samples of the present study show a negative correlation between Mg# and TiO2 plot (Figure 7A) that supports fractional crystallization and thereby formation of cumulates. However, concentration of Cr2O3 increases with decreasing Mg# (Figure 7B), which is inconsistent with magmatic differentiation. Moreover, it could be related to the simultaneous crystallization of iron-bearing phases in the intercumulus trapped liquid (Hodges and Papike, 1976). The higher Mg# (76–92) in cpx suggest that they may have evolved as typical Alaskan-type intrusions through crystal fractionation-accumulation processes of a Mg-rich, hydrous parental magma. Such Mg-rich mafic and ultramafic intrusions from a variety of Alaskan-type complexes are known (e.g., Himmelberg and Loney, 1995). The Al2O3 content increases with decrease of Mg# in cpx which signifies a typical igneous trend until plagioclase is present in these pyroxenites (Figure 5C). This pattern has previously been seen in pyroxenes from volcanic rocks in the Aleutian arc (Kay and Kay, 1985), lower crustal cumulates (DeBari et al., 1987), the Tonsina ultramafic-mafic assemblage (DeBari and Coleman, 1989), and experimental work on pyroxenites (Müntener et al., 2001). Therefore, this Mg# vs. Al2O3 bivariate plot (Figure 5C) for cpx supports the Alaskan-type evolution. The typical occurrence of magnetite in these pyroxenites and other locations is observed in ultramafic complexes worldwide (e.g., Himmelberg et al., 1986; Thakurta, 2018). Tectonic discrimination diagrams based on cpx chemistry, i.e., Ti + Cr vs. Ca and Ti vs. Alt plots (Figures 8A, B) reveal their formation under an arc tholeiitic environment in subduction zone tectonics (cf. Leterrier et al., 1982).
[image: Figure 7]FIGURE 7 | (A) TiO2 vs. Mg# and (B) Cr2O3 vs. Mg# diagrams for the clinopyroxenes from the Pakkanadu pyroxenites.
[image: Figure 8]FIGURE 8 | (A) Ti + Cr (a.p.f.u) vs. Ca (a.p.f.u) plot (after Leterrier et al., 1982) of cpx grains displaying Arc-like signatures. (B) Alt vs. Ti plot showing tholeiitic nature of the studied cpx grains (after Leterrier et al., 1982).
5.2 Magma characterization
Alaskan-type plutonic complexes typically show their association with arc magma chambers and their origin has been linked to cumulate rocks, which have been derived from the crystallization of hydrous mafic and ultramafic magmas (e.g., Irvine, 1974; DeBari and Coleman, 1989; Himmelberg and Loney, 1995). The Pakkanadu pyroxenites have well-preserved cumulate textures and indicate fractional crystallization of the magma.
The Si vs. Al plot of the studied cpx (Figure 9A), which is based on concept that the molecular concentration of SiO2 in magma determines the amount of silicon in tetrahedral sites of pyroxenes (Kushiro, 1960), a silica under-saturated magma has less silica and is insufficient to fill the tetrahedral site of pyroxenes, therefore, the rest tetrahedral positions are occupied by aluminium and results in a high Al/Si ratio. Whereas, in the case of silica, oversaturated magma, Si is present in excess and occupies the tetrahedral positions in pyroxenes, hence Al/Si ratio is less. Therefore, it suggests that most cpx from Pakkanadu pyroxenites are likely to be crystallized from silica over-saturated magma.
[image: Figure 9]FIGURE 9 | (A) Al (a.p.f.u) vs. Si (a.p.f.u) plot of cpx grains discriminating between Silica under-saturated and silica over-saturated nature of the magma (Kushiro, 1960). (B) Aliv + Na (a.p.f.u) vs. Aliv + 2Ti + Cr (a.p.f.u) plot (after Schweitzer et al., 1978) of cpx grains showing the high and low oxygen fugacity condition for the magma.
Reaction of melt with cpx to form amp is a widely reported phenomenon in cumulates, mantle pyroxenites, and metasomatized peridotitic mantle (e.g., Best, 1975; Francis, 1976; DeBari et al., 1987; Neal et al., 1988; Coltorti et al., 2004). PKD 22/2 pyroxenite sample shows blebs of brownish orange amp developing over cleavage planes of cpx grains (Figure 4B). These blebs of amp may have developed due to interaction of melt with initially crystallized and settled cpx grains (Smith, 2014). Melt reacting with cpx need not be cogenetic rather may has been formed earlier and progressively replaced with amp by later melt.
Barberi et al. (1971) and Gibb (1973) have stated that Ti content of cpx will be lower if it has crystallized before plagioclase and this provides a confirmation of the first appearance or early crystallization of magnetite. Mineral chemistry of the studied samples have shown the presence of Fe-Ti-O bearing phases, which could be either titano-magnetite or ilmenite. If these phases are early crystallizing, then the mantle source region (i.e., if we generally assume the mantle to be the source of these pyroxenites) should have high oxygen fugacity (fO2). Moreover, Alvi + 2Ti + Cr vs. Aliv+ Na plot (Figure 9B) confirms that the cpx of present study were crystallised in a highly oxidising environment, which supports the early crystallisation of Fe-Ti-O phases. Kelley and Cottrell (2009) have linked the high fO2 (oxidizing condition) of the mantle to enrichment by slab-derived fluid-mobile incompatible trace elements (metasomatism) as a result of subduction (Kelley and Cottrell, 2012; Brounce et al., 2014). Therefore, the studied samples have high fO2 values which indicate an enriched mantle source.
The cpx from the Pakkanadu pyroxenites show negative Nb-Ta anomaly (Figure 6A), which could be linked to arc related magmas. However, U, Th, Rb, Ba and Li in cpx show positive anomalies in all pyroxenite samples except PKD 22/6, which shows negative anomalies for U, and Th, and comparatively low normalized values for Rb and Ba (Figure 6A). PKD 22/2 shows the highest U, Th, Rb, and Ba normalized values, followed by PKD 22/8, PKD 22/3, and least in PKD 22/6. The relative variation of these elements suggests that PKD 22/6 is heavily affected by hydrothermal alteration while PKD 22/2, PKD 22/3 and PKD 22/8 are least affected. This is also consistent with petrographic observations, where PKD 22/2 exhibits initial signature of alteration as amp are found along the grain boundaries and cleavage planes of cpx, while PKD 22/6 shows highest modal abundance of amp among all the samples. Hence, Nb-Ta anomaly is linked to arc magmas or maybe possibly related to an enriched mantle source.
Enrichment in large-ion lithophile elements (LILEs) and depletion in high-field strength elements (HFSEs) are characteristic of arc magmas generated from enriched mantle sources (e.g., Tatsumi et al., 1986; McCulloch and Gamble, 1991; Arculus, 1994; Hawkesworth et al., 1994). Cpx from the Pakkanadu pyroxenites exhibit enrichment in incompatible elements (U, Sr, La, Ce) and depletion in Ti-Zr-Hf. A few incompatible elements, such as Rb, Ba and Th, are more enriched; however, PKD 22/6 shows depletion in these elements, which could be due to higher hydrothermal alteration causing mobilisation of these elements from cpx to alteration products. Nevertheless, the observed enrichment in incompatible elements and depletion in Ti-Zr-Hf can also be due to crustal contamination. However, mineral chemistry and oxygen fugacity analysis of cpx suggest an enriched mantle source for the magma from which they were crystallised. Therefore, the observed anomalies can be associated to a subduction modified metasomatized mantle source with the presence of phases like rutile (in which Ti-Zr-Hf are compatible). This is also supported by negative Nb-Ta anomaly as these elements are also compatible in rutile.
The Rb-Sr isochron of pyroxenites in the Sevattur alkaline complex along the DRZ shows a concordant age of 773 ± 13 Ma and an initial strontium ratio of 0.70536, which indicates an enriched mantle source (cf. Kumar and Gopalan, 1991). Therefore, Sevattur pyroxenites are derived from an enriched mantle source. The Pakkanadu pyroxenites are emplaced along the same DRZ at ca. 763 ± 61 (U-Th-Pb CHIME thorianite dating; Bhagat et al., 2021) might also bear the same magma source. This inference is in accordance with the mineral chemistry and trace element data of cpx which shows variation consistent with rocks generated from a metasomatized mantle.
5.3 Depth of crystallization
The crystallisation history of pyroxenites formed in arc cumulate settings is mostly dependent on the Mg# of the pyroxenes and will help to unravel the processes of its formation. The high Mg# of cpx in the ultramafic cumulates demonstrate the incompatibility of crystallization in low-pressure conditions. Having un-zoned and compositionally homogeneous cpx in cumulus and inter-cumulus minerals may indicate slow cooling in the magma chamber of the Pakkanadu pyroxenites. Flower et al. (1977) suggested slow cooling and un-zoned minerals may occur in a high-pressure crystallization environment. Lofgren et al. (1974) and Donaldson et al. (1975) have shown that fast cooling rates favour entry of Ti, Ca, Fe, and Al into the pyroxene lattice. These pyroxenes have a low concentration of Ti, which is suggestive of slow cooling rate. Similar results, as evident from the Mg# vs. Al2O3 plot (Figure 5C), are obtained for cpx of the Pakkanadu pyroxenites, which suggest their crystallisation in a high-pressure environment (cf. Medaris, 1972).
Pakkanadu pyroxenites occur as intrusive, and their interaction with the host alkaline and ultramafic rocks suggests that the mantle underwent effective melt channelization and segregation processes prior to crystallization. Petrographic studies (Figures 2A, B) show cumulate textures and significant levels of shearing. The cpx typically have Mg# values between 76 and 92, which distinguish them as formed in equilibrium with mantle partial melts by fractional crystallization. The absence of aluminous mineral phases does not necessarily indicate that the parental melts were aluminium poor rather; it indicates that the cotectic fraction of aluminium was low at the pressure and temperature at which the pyroxenites crystallized. The high aluminium contents in the cpx suggest that they crystallized from melts with high aluminium content, which are typical of high-pressure cumulates. These pyroxenites crystallize at temperatures between 905 and 911 °C and pressures between 3 and 9 kbar, which is lower to temperatures between 1022 and 1088 °C reported for the wehrlite and 900 °C for olivine, coupled with similar pressures between 9.8 and 10.6 Kbar for the evolution of clinopyroxenes (Maitra et al., 2006). Highly extracted magnesian melts are responsible for the generation of these pyroxenite cumulates and wehrlites under the pressure of 15 Kbar formed at shallower levels near the base of the crust (Maitra et al., 2006).
6 CONCLUSION

• Pyroxenites of the Pakkanadu alkaline-ultramafic complex contain primarily clinopyroxenes and amphiboles with minor accessory phases like Fe-oxides, sphene and pyrites. Amphiboles are the products of hydrothermal alteration of clinopyroxenes and are secondary in origin.
• Petrography and mineral chemistry of clinopyroxenes reveal that these pyroxenites are cumulates crystallised from a tholeiitic arc-related magma at 905 to 911°C under moderate to high pressure of 3–9 Kbar pressure conditions.
• The geochemical signature of Sevattur pyroxenites emplaced along DRZ suggests a metasomatized mantle source similar to the studied Pakkanadu pyroxenites, which are evident from the trace element patterns (enrichment in incompatible trace elements and depletion in Nb-Ta-Ti-Zr-Hf) and oxygen fugacity studies in clinopyroxenes.
• The Pakkanadu pyroxenites show the Alaskan type magmatism along the DRZ, similar to the adjacent Salem mafic-ultramafic complex and generated from a metasomatized mantle source.
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