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The present study explores the intriguing serpentinised peridotites from the Central Indian Ridge, discovered during the 
Sagar Kanya SK-195 cruise (2003). Detailed petrographic analysis revealed high-relief olivine and clinopyroxene, with 
orthopyroxene showing high-temperature deformation, along with opaque Cr-spinel and magnetite minerals. Mesh and 
brucite textures are prominent. Degree of serpentinisation was confirmed by the presence of antigorite, lizardite, and 
chrysotile, observed using Electron Microprobe Analysis EPMA and BSE imaging. Geochemical data indicated a 
harzburgitic protolith with iron-rich lizardite, and significant Fe enrichment in chromiferous spinel. Spinel, a quantitative 
melting indicator of mantle residues, exhibits compositional diversity and relative proportions of Cr, Fe, and Al in spinel-
group minerals. REE patterns showed a distinct U-shape with a positive Eu anomaly, suggesting the absence of plagioclase 
feldspar. Major element analyses, supported by MgO/SiO2 vs. Al2O3/SiO2 trends, indicated 25 – 30% of partial melting, and 
a negative magnesium loss trend was also observed. Abyssal peridotite samples revealed the effect of regional geological 
processes and environments. Spinel Cr# and Mg# ratios and variations in Th, Zr, and Nb concentrations reflected complex 
melt-rock interactions. Characteristics of serpentinised peridotites suggest a heterogeneous origin influenced by multiple 
tectonic episodes and shared source material, enhancing understanding of serpentinisation, mantle melting, and the 
geochemical evolution of oceanic peridotites. 

[Keywords:  Central Indian ridge, Chromiferous spinel, Degree of serpentinisation, Harzburgitic protolith, Melt rock 
interaction, Partial melting] 

Introduction 
Mantle peridotites are extensively exposed on the 

seafloor at slow-to-intermediate spreading ridges, 
serving as residues from variable degrees of partial 
melting linked to mid-ocean ridge basalt production1-

12. It reveals the nature of the deeper sub-ocean 
lithosphere and asthenosphere, and is prevalent in 
slow-spreading ridges, often representing hydrated 
mantle diapirs uplifted near transform faults13. The 
formation of serpentinites from peridotites is key to 
understanding low-temperature metamorphism14. 
Abyssal peridotites, exposed through tectonic faulting 
at slow and ultraslow spreading ridges, are integral to 
hydrothermal interaction processes at divergent plate 
margins15-18. Despite serpentinisation, relics of mantle 
minerals in abyssal peridotites retain critical 
information on melting and melt extraction beneath 
mid-ocean ridges, highlighting the importance of 
hydrothermal interaction in the rheology of the 
oceanic lithosphere19-23, geochemical budgets24-26, and 
microbial activities27-29.  

Exposures of serpentinites are notably frequent along 
the Mid-Atlantic Ridge (MAR), Southwest Indian Ridge 
(SWIR), and Gakkel Ridge, with various studies 
documenting occurrences through dredging or drilling at 
MAR's axial valleys, transform faults, and detachment 
faults26,30-37. Similar findings have been reported from 
the East Pacific Rise (EPR) and the Galapagos 
Spreading Centre38, with less frequent reports from the 
Carlsberg-Central Indian Ridges (CR-CIR)39,40.  

Detailed mineralogical, chemical, and petrographic 
studies remain sparse for many sites, especially in the 
Indian Ocean Ridge System (IOR)41-43. Studies on 
spinel chemistry have focused on various ridges, 
including MAR, Hess Deep, EPR, SWIR, and Gakkel 
Ridge8,37,43-48. Spinel composition, particularly chromium 
spinel-bearing peridotites, is a crucial tracer of mantle 
melting processes8,44,49 .  

While petrological studies of the Northern Central 
Indian Ridge (NCIR) have concentrated on basalt 
geochemistry and magmatic processes50-56, detailed 
investigations into mantle peridotite and serpentinite 
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geochemistry are limited41,57. Recent studies have 
begun to address the degree of partial melting and 
element behaviour during serpentinisation in the 
southern CIR8,29, leaving the NCIR less explored. 
Hydrothermal systems along these ridges exhibit 
significant CH4 and Mn anomalies, indicative of 
peridotite-hosted systems58-60.  

This study presents a new report on the 
petrography, mineral chemistry, and whole-rock 
chemistry of serpentinite peridotite recovered from a 
depth of 2700 m at latitude 06°38'30.36" S, and 
longitude 68°19'20.40" E, located between the Vityaz 
and Vema Fracture Zones on the Central Indian Ridge 
(Fig. 1). These samples were collected in 2003 during 
the Sagar Kanya SK-195 cruise (DR#9) conducted by 
the National Institute of Oceanography, Dona Paula, 
Goa. This study aims to elucidate the geochemical 
systematics of abyssal peridotites to understand  
the impact of hydrothermal alteration on  
their composition, thereby contributing to the 
characterisation of the geochemical budget of the 
lithosphere at slow and ultraslow-spreading ridges. 

Geological setting 

The Indian Ocean includes five significant  
mid-ocean ridge systems: the Carlsberg Ridge (CR), 
North Central Indian Ridge (NCIR), South Central 
Indian Ridge (SCIR), Southeast Indian Ridge (SEIR), 
and Southwest Indian Ridge (SWIR). The mid-ocean 
ridges are characterised by divergent plate boundaries, 
where tectonic plates separate, allowing magma to 
rise and form new, fresh oceanic crust. 

This geological activity contributes to the region’s 
ecological and geological diversity, influencing the 
geochemistry of the ocean floor. Basalt and gabbro 
are prevalent rock types present along the CIR  
(along both NCIR and SCIR). Basalt, formed by the 
rapid cooling of lava derived from the mantle, is a 
finely-grained, dark-coloured volcanic rock. Gabbro 
is a coarse-grained intrusive igneous rock that results 
from the crystallisation of mantle magma beneath the 
Earth's surface15,37 . 

The Central Indian Ridge (CIR), a slow-to-
intermediate-spreading ridge, is crucial in separating 
the African Plate from the Indo-Australian Plate.  

 
 

Fig. 1 — Location map of the study area situated on CIR and between Vityaz and Vema fracture zone 
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It features a 500–1000 m deep axial valley, with  
50–100 km-long ridge segments interrupted by 
transform faults and non-transform discontinuities. 
The ridge is characterised by axial volcanic ridges that 
are 15 km long, 1–2 km wide, and rise 100–200 m 
above the axial floor, indicative of melt supply from 
the Earth's mantle forming new oceanic crust16. 

The Central Indian Ridge (CIR) demonstrates an 
intermediate spreading rate of about 30 mm/yr close 
to the Equator and 49 mm/yr near the Rodrigues 
Triple Junction (RTJ). The ridge displays moderate 
obliquity with few large offsets, except for notable 
features like the Mary Celeste Fracture Zone at 18° S. 
The SCIR maintains near-orthogonality, whereas the 
NCIR trends North North-West (NNW) and lacks 
fracture zones. The axial depth of the CIR varies, 
increasing from 3200 m at 20° S to 4000 m at the 
RTJ(ref. 18). 

Dredge samples weighing approximately 1200 kg 
were recovered from a depth of 2700 m. The samples 
comprised serpentinite, serpentinite basalt, gabbro, 
and calcareous sediments, displaying variations in 
size, distinct striations, and slickenside structures.  
 
Materials and Methods 

From the recovered dredged material, twelve 
representative serpentinised peridotite samples were 
selected. Thin sections were meticulously prepared 
for petrographic study. A Nikon Eclipse E200 
polarising microscope was used, while powdered 
samples were utilised for geochemical analysis  
using XRF and ICP-MS for major element analysis. 
The process for detailed petrography entailed cutting 
and grinding thin sections to 2–4 mm thickness, 
ensuring parallelism by sanding and subsequent 
grinding until smooth. Polishing was achieved using 
diamond polishing powder and slow-set epoxy for 
optimal bonding with glass, resulting in near-
transparency. 

Mineral compositions were estimated by Electron 
Probe Micro Analyses (EPMA) on well-polished thin 
sections coated with a carbon film for uniform 
electrical conductivity. Quantitative chemical 
analyses were carried out at the National Institute of 
Oceanography (NIO) in Goa using Wavelength 
Dispersive Spectrometry (WDS) on a CAMECA X5 
electron probe micro analyser, following established 
nomenclatorial rules for mineral classification. 

Major element concentrations in 12 serpentinised 
peridotite samples were determined at NIO (Goa) 

using X-ray Fluorescence spectrometry (XRF) with a 
spectrometer operating in sequence mode. Samples 
were prepared into 32 mm beads using Merck's 
Spectromelt A12 and a powdered sample, followed by 
heating and cooling to create glass beads for analysis 
using a PANalytical Axios spectrometer based on 
standards BHVO-2 and BCR-2. 

Trace and REE compositions were analysed at 
CSIR-National Geophysical Research Institute 
(NGRI), Hyderabad, using a closed digestion method 
with HF:HNO3 acids for sample digestion. An internal 
standard of 1 ppm Rhodium was added for analysis 
using a High-Resolution Inductively Coupled Mass 
Spectrometer (HR-ICP-MS) in jump-wiggle mode at 
CSIR-NGRI, Hyderabad. Certified reference 
materials UBN were utilised to ensure accuracy, and 
data processing was performed using NuQuant® 
software for automated/manual interpretation of 
spectra. 
 
Results 
 

Petrographic observations 
This study delves into the petrographic intricacies 

of serpentinised peridotite, a metamorphic process 
involving the hydration of olivine and pyroxene in 
Earth's lithosphere. Aimed to enhance understanding 
of the evolution of serpentinised peridotite and  
its geological significance, a NIKON ECLIPSE  
E200 polarising microscope was used. Peridotite, 
comprising olivine and clinopyroxene and classified 
as lherzolite, exhibits high relief and limited colour 
distinction, posing challenges in pyroxene 
identification. Olivine grains exhibit higher relief and 
brighter interference colours in crossed polars, with 
distinct grain boundaries indicating minor alteration 
likely due to serpentinisation. Orthopyroxene  
(Fig. 2a) displays cleavage, first-order grey 
interference colours, elongation suggestive of high-
temperature deformation, and opaque Cr-spinel 
minerals48,61,80. 

The captivating process of serpentinisation 
involves the metamorphosis of olivine into serpentine, 
a hydrated magnesium silicate mineral with a low 
birefringence and a mesh-like texture. Serpentinites 
often retain olivine and pyroxene remnants, 
displaying high relief and low birefringence. 
Antigorite (Fig. 2c), a serpentine type, has a 
consistent fine-grained cross-hatched texture, while 
serpentinite forms fine laths with low relief and low 
interference colours48,61,80. In peridotite rock, bastite 
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crystals tend to interconnect with other serpentine 
minerals and with each other, creating a cohesive 
network. Bastite typically exhibits a brownish tint due 
to impurities. Over time, the original olivine crystals 
in the peridotite are replaced by bastite, resulting in 
pseudomorphic textures where the original form of 
olivine is preserved. However, its mineral 
composition has changed to bastite. 

The structure and content of the serpentinised 
peridotite are influenced by the presence of 
bastite48,61,80 (Fig. 2d) along with other secondary 
minerals such as brucite, magnetite, and chromite. 
These minerals form during serpentinisation. Augite, 
a common pyroxene in basic and intermediate igneous 
rocks, shows moderate to high relief, fractures, and a 
mesh texture (Fig. 2b) with pink second-order 
interference colours48,61,80. Orthopyroxene crystals are 
pink or greenish, displaying pleochroism, cleavage, 
and fractures. Talc and tremolite exhibit distinctive 
characteristics indicative of their formation processes 
during alteration and metamorphism. 

Mineral chemistry 

The study investigates the mineral chemistry of 
serpentinised peridotites (Table S3), focusing on the 
detailed characterisation of their mineralogical 
composition. Stoichiometry for each mineral crystal 
(Tables S1, S2, S3) was calculated and normalised to 
the number of oxygen atoms in the chemical formula, 
with end-member compositions expressed as molar 
percentages. To distinguish different mineral zones 
within the sample, Backscattered Electron (BSE) 
imaging was utilised, capitalising on the contrast 
variations arising from differences in atomic number. 
These variations, effectively highlight changes in 
mineral composition, providing a valuable guide for 
the analysis.  

In a previous discussion61 the chemical 
composition of serpentine minerals, including 
chrysotile, lizardite, and antigorite was examined 
(Table S3). Antigorite, the most common serpentine 
mineral, has a well-studied composition with a higher 
magnesium concentration than iron. Lizardite, another 

Fig. 2 — a) Diopside crystals embedded in mesh texture; b) Olivine altered to serpentine mineral, mesh texture; c) Antigorite polymorph 
of serpentine; and d) Brucite texture observed in pyroxene48,61,80 
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type of serpentine, has a higher iron concentration and 
is often found in hydrothermal veins and low-grade 
metamorphic rocks. The majority of samples in the 
study were found to have a lizardite composition, with 
only one sample belonging to the chrysotile group80 
(Fig. 3). The presence of chrysotile and lizardite on 
the plot may suggest serpentinisation, a metamorphic 
process in which water interacts with minerals, 
transforming olivine into serpentine minerals. 
Lizardite, a low-temperature type of serpentine, is 
stable in relatively colder environments.  

The analysis of serpentine phases in all examined 
rocks indicates chemical signatures consistent with 
serpentines derived from olivine and orthopyroxene81 
(Fig. 4), suggesting a harzburgitic protolith. 
Harzburgite is an ultramafic rock typically consisting 
of olivine and orthopyroxene. The study provides 
further insights into the original composition of the 
rocks before modification, as the discovery of a 

harzburgitic protolith (Fig. 5) reveal their composition 
before modification82. 

In Figure 6, a triangular diagram classifies trivalent 
cations in spinel-group minerals found in 
Serpentinite-Hosted Peridotites (SSPs)83. This 
diagram shows variations in composition based on 
three trivalent cations: Cr³+, Fe³+, and Al³+. The 
positions of the plots on the diagram indicate higher 
levels of Fe within specific fields, suggesting that 
spinel-group minerals in these areas have a greater 
proportion of Fe³+ than other trivalent cations. 

 
Fig. 3 — Al2O3 vs. SiO2 (wt%). Fields of different serpentine 
minerals after Schwartz et al.80 

 

 

Fig. 4 — NiO vs. Cr2O3 (wt%). Fields for olivine and 
orthopyroxene after Kodolánya et al.81 

 
Fig. 5 — A trivalent cation classification triangular diagram, 
in the context of spinel-group minerals from Serpentinite-Hosted 
Peridotites (SSPs), is used to illustrate the compositional variations 
based on three trivalent cations: Cr³+, Fe³+, and Al³+(ref. 82) 

 

 

Fig. 6 — Compositional variability in spinel-group minerals from 
SSPs in a triangular Cr3+− Fe3+ − Al3+ plot83 
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The field of chromiferous spinel49,83-85 (Fig. 7), 
which represents spinel minerals containing 
chromium, is identified within the diagram. The 
composition of chromiferous spinel, along with its 
chromium and trace element content, plays a 
significant role in determining its distinct colours and 
properties. The observed field of spinel plots falling 
between Cr and Al suggests that the compositions of 
spinel-group minerals in serpentinite-hosted 
peridotites are intermediate between those dominated 
by Al and Cr compositions. 

Spinel is a useful indicator of how much of the 
Earth's mantle has melted. The chromium number of 
spinel (Cr#) is an important measure for estimating 
the extent of partial melting. The composition of 
chromium-spinel varies, with core chromium numbers 
(Cr#) ranging from 0.454 to 0.463 (Table S2) and 
core magnesium numbers (Mg#) ranging from 0.61 to 
0.68 (Fig. 8)86. Magnetite is mainly found in the 
groundmass and in the form of veins in the samples 
being studied (Table S1). 

This finding provides insights into the geological 
history and petrogenetic processes of peridotites in 
serpentinite environments. It showcases the 
compositional diversity and relative proportions of Cr, 
Fe, and Al in spinel-group minerals. 
 
Trace and REE 

The Rock/chondrite vs. REE plot (Fig. 9) shows a 
distinct trend in elements, with a positive peak for 
Europium (Eu), suggesting the absence of plagioclase 
feldspar87. This trend also indicates enrichment in 
Light Rare Earth Elements (LREE) and Heavy Rare 
Earth Elements (HREE) compared to Medium Rare 
Earth Elements (MREE). A U-shaped pattern in REE 
from LREE to MREE suggests potential processes 

 
Fig. 7 — Spinel-group mineral compositions from SSPs plotted 
for Cr3+/(Cr3++Fe3+) against Mg2+/(Mg2+ + Fe2+)49,83-85 

Fig. 8 — Spinel Fe3+# versus Cr#. Fields of forearc, backarc and 
abyssal peridotites are from Lian et al.86 

 

Fig. 9 — Chondrite normalised vs. REE plot sowing U shape 
trend and positive Eu anomaly for serpentinised peridotite. 
Normalising factors are from Sun & Mc Donough87 
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such as fractional crystallisation. The composition of 
the initial magma source can influence the distribution 
of REEs within rocks. REE and trace element data 
(Fig. 10) reveal various trends and anomalies, 
including a positive U anomaly, negative Nb 
anomaly, and positive peaks for Hf, Zr, Eu, Y, and 
Ho(ref. 87). Positive U anomalies indicate decreasing 
conditions during rock formation, while negative Nb 
anomalies may indicate preferential removal or 
depletion. Positive peaks for Hf and Zr indicate higher 
abundance in the rock. 
 
Discussion 
 

Effects of serpentinisation 
The investigation of abyssal peridotites has 

traditionally been hindered by their extensive 
serpentinisation, which obscures magmatic signatures 
within their compositions1,3,5,6,47,49,62,63. Major-element 
analyses of bulk-rock abyssal peridotites were not 
useful for elucidating pre-serpentinisation processes. 
Niu et al.5-7 employed mineral chemical data and 
estimated primary mineral modes to reconstruct the 
bulk-rock compositions of abyssal peridotites prior to 
serpentinisation building on earlier work by Dick47. 
Quantitative analysis of this data revealed several 
noteworthy phenomena related to mantle melting and 
melt extraction processes, sparking debates among 
researchers64-69. 

In the MgO/SiO2 vs. Al2O3/SiO2 diagram (Fig. 11), 
the 'terrestrial array' represents progressive magmatic 
depletion of a primitive mantle, with highly depleted 
compositions characterised by low Al2O3/SiO2 

values25,70,71. Upon comparison with the global dataset 
of abyssal peridotite compiled by Niu25, it is evident 
that these samples exhibit a similar trend, albeit 
systematically offset towards lower MgO/SiO2 values 
due to MgO loss during seafloor weathering24,25. The 
observed increase in Al2O3/SiO2 with decreasing 
MgO/SiO2 in this dataset can be attributed, at least 
partially, to melt impregnation within the thermal 
boundary layer25. The global collection of abyssal 
peridotites examined by Niu25 shows a trend similar to 
the terrestrial array reported by Jagoutz et al.70. This 
indicates a consistently larger tendency worldwide. 
The values of Al2O3/SiO2 between 0.1 and 0.3 and 
those of MgO/SiO2 between 1 and 1.2–1.4 in CIR 
samples, fall within typical ranges observed in abyssal 
peridotites. The absence of Si-Mg mass transfer 
effects suggests that natural geological processes and 
environments, such as hydrothermal alteration and 
mineralogical composition, contributed to the 
observed geochemical variations. 
 
Degree of mantle melting  

Lherzolites and harzburgites are common 
peridotites with varying mineralogical compositions 
and Mg# ratios. Lherzolites contain magnesium-rich 
olivine and orthopyroxene, resulting in moderate to 
high Mg# values. On the other hand, Harzburgites are 
characterised by their refractory nature, minimal to 
absent clinopyroxene content, and predominant 
presence of olivine and orthopyroxene. They often 
exhibit higher Cr# values due to the absence of 
clinopyroxene. This results in harzburgites fall within 

 
 

Fig. 10 — Primitive mantle normalised vs. REE plot sowing U 
shape trend and positive Eu anomaly for serpentinised peridotite. 
Normalising factors are from Sun & Mc Donough87 

 
 

Fig. 11 — MgO/SiO2 vs. Al2O3/SiO2, Data of the abyssal 
peridotite from the CIR area show a considerable variability 
whereas analyses of a global set of abyssal peridotite 
presented by Niu25 define a trend parallel to the terrestrial array 
(Jagoutz et al.70) 
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a field with higher Cr# values, while lherzolites 
occupy a field with lower Cr# values. 

Abyssal peridotites from fast-spreading ridges 
typically exhibit Cr# values ranging from 0.3 to 0.6, 
while those from slow-spreading ridges range from 
0.1 to 0.3(ref. 72). Primary spinels in abyssal peridotites 
generally display low Cr# values, typically ranging 
from 0.13 to 0.18, with those at the lower end of the 
abyssal range often associated with lherzolites73. 

The samples from slow-spreading CIR include a 
range of lherzolite, harzburgite, and abyssal peridotite 
compositions, as observed from the overlapping fields 
in the Cr# vs. Mg# plot49 (Fig. 12). The CIR samples 
exhibit Cr# values ranging from 0.45 to 0.46, placing 
them within the central to upper range of abyssal 
peridotites74,72. The Cr# value of spinel found in 
mantle-derived harzburgite and lherzolite indicates the 
degree of magma extraction73 during partial melting 
processes. The average extent of melting calculated for 
the CIR abyssal harzburgite using Cr# is approximately 
16.22 %, aligning with previous studies indicating that 
the extent of mantle melting ranges around 10 % at the 
end of a slow-spreading rate and about 22 % at the end 
of a fast-spreading rate6. 

Hellebrand et al.73 further demonstrated that the 
melting range for abyssal peridotites extends from 
approximately 2 % to 18 %. This variation in the 

extent of melting influences the spreading rates. It 
underscores the utility of Cr# values for assessing 
magma-extraction processes in mantle-derived rocks. 
The rock being abyssal harzburgite was also 
confirmed by the plots of FeO, Al2O3, CaO, SiO2 vs. 
MgO %(refs. 1,25,49) (Fig. 13). 

 
Fig. 12 — Diagram showing the chemical composition of spinels 
(blue dots) which are plotted in lherzolite, harzbergites and 
abyssal peridotite fields. The range of spinel from different rocks 
was concluded by Dick & Bullen49 

 
 

Fig. 13 — Plot of FeO vs. MgO, Al2O3 vs. MgO, SiO2 vs. MgO, and CaO vs. MgO, indicative of the type of abyssal peridotite1,25,49 
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While a high Mg# in peridotites suggests minimal 
crustal interaction, higher Cr# values indicate a wider 
extent of partial melting in the mantle. The CIR 
samples fell within the field of Abyssal Peridotites on 
a partial-melting trend of 15 % (Fig. 14)49,84. 

Serpentinisation, a process in which olivine and 
pyroxene in peridotite are transformed into serpentine 
minerals due to hydration, can significantly alter the 
composition of peridotites. Higher Mg# 
concentrations in serpentinised peridotites may 
indicate a more advanced stage of serpentinisation, 
providing insights into chemical modification and 
depletion during serpentinisation. 

Abyssal peridotites may represent partially melted 
mantle rocks. The extent of partial melting can be 
inferred from the weight % of titanium dioxide 
(TiO2), with higher TiO2 concentrations suggesting 
greater melting. The TiO2 vs. Cr# plot (Fig. 15) reveals 
differences in the composition of abyssal peridotites 
compared to other peridotites, indicating varying 
degrees of melting or different mantle sources78,88. 
The Cr# ratio, representing chromium concentration 
relative to the total of aluminium and chromium, is 
often used as a peridotite geochemical indicator. 

Serpentinisation and seafloor weathering cause 
magnesium loss in peridotites24,25 , but the inherent 
magmatic characteristics remain. Robust correlations 
exist among MgO, Al2O3, and CaO due to the 
preferential depletion of the basaltic component during 

mantle melting processes47. Major composition 
indicators like Al2O3, CaO, MgO/SiO2, and Al2O3/SiO2 
are valuable tools for constraining the extent of mantle 
peridotite depletion and estimating mantle melting 
across diverse tectonic regimes, including mid-ocean 
ridges and subduction zones5-7,75-77. 

The CIR peridotites were juxtaposed with a model 
of near-fractional mantle melting of major elements5-7, 
demonstrating that the correlations among major 
oxides and the degree of mantle melting are well-
preserved despite the loss of MgO.  

The Al2O3 content in CIR peridotite samples  
(Fig. 16) is 0–1 %, corresponding to a 25–30 % model 
melting range25. This is expected due to the inverse 
relationship between MgO and Al2O3 concentrations, 
as aluminium is incorporated into secondary minerals 
during differentiation processes. Higher MgO 
concentrations are typically associated with lower 
Al2O3 concentrations, suggesting a negative 
correlation. The CaO content of the CIR peridotites 
indicates a partial melting extent exceeding 25%, 
likely influenced by MgO depletion and CaO 
reduction due to clinopyroxene alteration78. A 
decrease in CaO concentration is associated with data 
points clustering around 44–48 weight per cent for 
MgO and 0–1 % weight per cent for CaO. Lower CaO 
values correspond to higher MgO values. The model 
suggests a degree of mantle melting ranging from  
6–8% when considering Na2O concentrations between  
0.5–0.7%. This low degree of melting may be 

 
Fig. 14 — Spinel compositions of the studied serpentinite 
samples plotted on Mg# [Mg/(Mg+Fe2+)] vs. Cr# [Cr/(Cr+Al)] 
diagram. Partial melting trend (red arrow) is from Dick & 
Bullen49 and Arai84 

Fig. 15 — Cr# [Cr/(Cr + Al)] vs. TiO2 (wt%). The degrees of melt 
extractions are from Hellebrand et al.73 and Uysal et al.88 
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attributed to Na2O's heightened susceptibility to 
mantle heterogeneity and melt fertilisation due to its 
scarcity in the primitive mantle composition79 and its 
high incompatibility during mantle melting processes. 
Furthermore, Na2O is susceptible to enhanced melt 
fertilisation, potentially making it more fertile than 
the primitive mantle. 

The CaO, Al2O3, uranium (U), thorium (Th), and 
zirconium (Zr) concentrations are indicators for 
estimating mantle melting degrees and understanding 
geochemical processes12,25 (Fig. 17). Usually, the 
concentrations of Zr and Th are inversely 
proportional. The enrichment in Zr and depletion in 
Th in CIR rocks may be linked to interactions 

between serpentinites and immobile trace elements 
and melts. The variability in thorium concentrations 
across samples suggests influences from various 
geological processes, such as differentiation or 
fractionation. 
 
Melt rock interaction and hydrothermal interaction 

The peridotites from the Central Indian Ridge 
(CIR) exhibit notable compositional heterogeneity, 
with variations in Rare Earth Element (REE) 
concentrations attributable to both melt-rock 
interactions and hydrothermal alteration processes. 
The behaviour of highly incompatible elements High 
Field Strength Elements (HFSEs) and REEs is pivotal 

 
 

Fig. 16 — Plots of whole-rock MgO contents against a) Al2O3; b) CaO; and c) Na2O (all in wt%). Element concentrations have been 
recalculated to 100 % on an LOI-free basis. The calculated melting trend for residual serpentinised peridotites using the model of Niu5 is 
shown, which assumes anhydrous polybaric near-fractional melting of a PM source from 2.5 GPa to 0.4 GPa. Numbers along the line 
indicate percentage melting25 
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for understanding their distribution across various 
geological sites. In aqueous environments, light REEs 
(LREEs) exhibit greater mobility than heavy REEs 
(HREEs) and HFSEs. During melt-rock interactions, 
both LREEs and HFSEs are incorporated into the 
peridotite in approximately equal proportions. 

The positive correlations observed in Nb vs. La  
and Th vs. Ce (Fig. 18) indicate that melt-rock 
interactions are a dominant mechanism driving the 
observed compositional variations26,48. The analysed 
samples occupy positions in both the melt-rock and 
fluid-rock interaction fields, indicating the influence 
of both processes on their geochemical signatures. Nb 
and La are frequently used as proxies for these 
interactions due to their distinct geochemical 
behaviours. The majority of samples cluster within 
the melt-rock interaction domain, implying that 
interactions with silicic melts have primarily 
governed their geochemical composition. 
Nevertheless, the anomalous distribution in the Nd vs. 

GdN/LuN plot suggests the involvement of additional 
processes beyond simple melt-rock or fluid-rock 
interactions that affect the behaviour of these 
elements. 
 
Tectonic setting 

The CIR samples appear to have come from both a 
supra-subduction zone and abyssal peridotites, 
suggesting their origin is influenced by multiple 
tectonic episodes. This study used a geochemical plot 
showing the concentrations of titanium dioxide and 
aluminium oxide concentrations in Cr-spinels to 
analyse their compositions. The unique location of the 
plot in the supra-subduction zone and abyssal 
peridotite fields helps differentiate and classify the 
samples based on their fit into various tectonic 
contexts. The Al2O3 vs. TiO2 binary plot (Fig. 19) 
helps understand the petrogenetic processes, 
mineralogical compositions, and tectonic histories of 
the samples85. 

Alpine peridotites can provide insights into the 
mantle source, the extent of melting, and interactions 
with other crustal materials during ascent. The study 
of alpine peridotites was conducted using the trivalent 
cations triangle diagram, commonly used to assess 
Cr-spinels in peridotites hosted by serpentinite. The 
triangle plot (Fig. 20) includes three trivalent cations: 
Cr³+, Fe³+ + 2Ti⁴+, and Al³+(ref. 89). Selecting trivalent 
cations is crucial in understanding the compositional 
changes of Cr-spinels in peridotites hosted by 
serpentinite. The data points/plots lie within the field 
linked to alpine peridotites, indicating that the Cr-
spinel compositions in these peridotites align with the 
geochemical signature characteristic of alpine 
peridotites. 

The Fe-Cr-Al ternary plot, encompassing fields 
such as Nidar peridotites, Mariana forearc peridotites, 
and abyssal peridotites, reveals that the spinel samples 
predominantly plot within the abyssal peridotite field 
(Fig. 21)49. This positioning confirms that the rock 
type is characteristic of abyssal peridotite settings. 
The ternary plot effectively illustrates the 
mineralogical composition based on the 
concentrations of iron, chromium, and aluminium. 
The highlighted fields of Nidar peridotites, abyssal 
peridotites, and Mariana forearc peridotites delineate 
distinct geochemical domains. The spinel samples, 
located within the abyssal peridotite field, exhibit a 
geochemical signature akin to that of abyssal 
peridotites, implying a common geological origin  
or mechanism. These samples likely   originated  from  

 
 

Fig. 17 — Serpentinites from the given study show relatively high 
immobile trace element concentration indicative for melt-rock 
interaction processes. a) U vs. Th; and (b) Zr vs. Th. Symbols as 
in Figure 3(refs. 12,25) 
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Fig. 19 — Al2O3 vs. TiO2 binary plot (after Kamenetsky et al.85) 
of Cr-spinels in comparison to modern-day tectonic settings 

 

abyssal plains or oceanic spreading centres, reflecting 
similar geological environments. The geochemical 
congruence suggests   a   shared   source   material   or 
mantle reservoir, with analogous tectonic and 
magmatic processes influencing the formation of 
these peridotites. The occurrence of the samples in the  

 
 

Fig. 20 — Triangular trivalent cation plot of Al3+− (Fe3++2Ti4+) 
Cr3+ (after Jan & Windley89) for Cr-spinels from SSPs 

 

abyssal peridotite region may indicate partial melting 
or magma differentiation, potentially linked to 
igneous events. 

 
 

Fig. 18 — Deviating trends for melt-rock interaction and hydrothermal alteration: a) Nb vs. La; b) Th vs. Ce; c) Nd vs. Gd/LuN; and d) 
Th vs. Gd/LuN(refs. 26,48) 
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Fig. 21 — Ternary plot of Fe-Cr-Al showing fields such as nidar 

peridotites, mariana forearc peridotites, abyssal peridotites, 

wherein the spinel samples are plotting in the field of abyssal 

peridotites49 

 

Conclusion 

Petrographic analysis of serpentinised peridotite has 

delineated its mineralogical composition, confirming the 

presence of olivine, pyroxene, spinel, magnetite, and 

serpentine polymorphs. The high degree of 

serpentinisation was evidenced by the presence of 

antigorite, various serpentine polymorphs, inclusions, 

alteration veins, mesh textures, and brucite formation. 

Major oxide analysis identified an atypical negative 

magnesium trend, suggesting differentiation processes in 

olivine-serpentine transformations, distinct from typical 

seafloor weathering patterns. Trace and rare earth 

element analysis indicated that negative Nb anomalies 

result from magma extraction in subduction zones, while 

positive Hf and Zr anomalies suggest crystal melting and 

magma differentiation. 

The Cr# vs. TiO2 and Mg# plots confirmed the 

serpentinised peridotites as abyssal harzburgites 

associated with ocean ridges. Further, derived partial-

melting values suggest these rocks originated from a 

mantle source, experiencing significant melting. 

Mineral classification and tectonic setting analysis 

predominantly classify these rocks as abyssal 

peridotites setting, with indications of alpine 

peridotite and supra-subduction zones. The Cr-spinel 

characteristics reinforce an abyssal peridotite origin, 

indicating a common geological mechanism. 
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