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Much work has been done on hydrothermal alteration 
and serpentinization of high-magnesian bulks like  
dunite or peridotite. In contrast, serpentinization of 
dolomite has received scant attention. In this study we 
focus on a system of nearly monomineralic intersect-
ing veins comprising serpentine or epidote or calcite 
developed within Vempalle dolomite of unmetamor-
phosed Cuddapah Supergroup of rocks, Eastern 
Dharwar Craton, India. Our studies show that hydro-
thermal alteration under moderately low temperature, 
low pressure and moderate silica activity can lead to 
extensive serpentinization of the dolomitic host. Deve-
lopment of talc can occur under increased silica activity 
at similar P–T conditions. We also explore the mecha-
nism of formation of chrysotile veins, epidote veins 
and calcite veins that transect the lizardite which rep-
laces dolomite. 
 
Keywords: Dolomite, fluid–rock interaction, lizardite 
and chrysotile veins, silica activity. 
 
THE three commonly occurring polymorphs of serpentine 
are lizardite, chrysotile and antigorite. The first two are 
low-temperature polymorphs frequently occurring together 
in the same environment. Lizardite is volumetrically the 
most abundant serpentine that stabilizes at temperatures 
below ~300°C. Field, isotopic and laboratory evidence 
are in agreement in characterizing antigorite as the high-
temperature form of Mg-serpentine, corresponding to for-
mation temperatures ≥250°C (refs 1–3). Oxygen-isotope 
thermometry-based P–T diagram shows a stable field for 
chrysotile between 195°C and 260°C, with lizardite stable 
below and antigorite above this temperature range1,2. 
However, lizardite and chrysotile frequently occur to-
gether, particularly in retrograde metamorphosed (hydra-
ted) peridotites3. Also, the difference in their Gibbs free 
energies is not more than 2 kJ in the 300–400°C range. 
Above ~300°C, antigorite + brucite is more stable than 

both. In other words, chrysotile is not the most stable 
form of serpentine. A reasonable explanation is that rela-
tive stability of chrysotile and lizardite in nature is deter-
mined not by temperature but by kinetic factors or fluid 
saturation that favours one over the other under different 
circumstances3–5. 
 A number of asbestos mines operating in Pulivendla 
region, Andhra Pradesh, India exploit the serpentine mine-
ralization developed at the contact of mafic sills and 
Vempalle dolomite. A network of serpentine (both lizardite 
and chrysotile), talc, epidote and calcite veins transects 
both the lithologies. Much work has been done on the ser-
pentine formation in altered/retrograde metamorphosed 
peridotites. Nearly pure magnesian end-member lizardite 
and chrysotile (99% Mg3Si2O5(OH)4) have been studied 
in magnesian marbles6–8. However, a comprehensive 
study on their development in dolomite is relatively scarce 
in the literature3,9–15. The present work explores serpen-
tine formation in unmetamorphosed dolomitic rocks and 
the role of fluid therein. 

Regional geology 

The Proterozoic Cuddapah Supergroup unconformably 
overlies the older granites and greenstone belts of the 
Eastern Dharwar Craton. The Cuddapah basin exposes a 
thick sequence of terrigenous and chemogenic sedimentary 
rocks with a comparatively minor fraction of igneous 
rocks in the form of lava flows, sills, dykes and plugs 
(Figure 1). King16 proposed the first ever account of 
Cuddapah stratigraphy, followed by significant develop-
ments by subsequent workers17. Extensive geophysical 
data available on Cuddapahs, especially on western Cud-
dapahs, prove the presence of a massive elliptical gravity 
high below this part of the basin (Figure 1 c)18. The geo-
physical anomaly has been generally attributed to a small 
mantle plume that was active below the southwestern part 
of the Cuddapah basin during the Palaeoproterozoic18,19. 
Chakraborty et al.20 correlated the mafic magmatism, 
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Figure 1. a, Inset map showing the position of Cuddapah Basin in the South Indian Craton. b, Geological map of different sub-basins 
within the Cuddapah Basin in Eastern Dharwar Craton (modified after Geological and mineral map of Andhra Pradesh (2005), Saha et 
al.30; Geological Survey of India, Misc. Pub. No. 30 (ref. 32); Tripathy and Saha33). c, Geophysical map of Cuddapah Basin showing 
gravity high below southwestern Cuddapah (after Chandrakala et al.18). d, Geological map of a portion of the Cuddapah Basin showing 
Vempalle dolomite and the overlying mafic lava flows. The sills in Vempalle are mostly subsurface and can be accessed within mines. 
Sample locations for serpentinite have been marked with red-filled circles (map from Geological and mineral map of Andhra Pradesh 
(2005) and Saha et al.31, Geological Survey of India, Misc. Pub. No. 30 (ref. 32) and modified after the present study). 
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including volcanism and emplacement of sills within sedi-
ments in the western Cuddapah basin with incipient crus-
tal rifting, possibly triggered by plume-related mantle 
upwelling, high heat flow and crustal thinning. 
 The undeformed and unmetamorphosed Vempalle 
Formation in the Papaghni sub-basin of lower Cuddapahs 
is constituted of over 1000 m thick dolomite, limestone, 
chert breccias, shale, siliceous oolite and minor quartzite 
(Figure 1 d). Mafic sills and lava flows dominate the stra-
tigraphy in the uppermost part of the Formation (Figure 
1 d). Individual flows are altered and epidotized. Angular 
clasts of sedimentary rocks, including chert, jasper and 
stromatolitic dolomite along with fragments of pillowed 
basalts within the Vempalle lava suggest explosive sub-
marine eruption20. Barite occurs as disjoint lenses within 
the Vempalle Formation. 

Serpentine veins of the Vempalle Formation 

Srikantia21 reported basic sills from the uppermost Vem-
palle Formation in areas west of Erraguntla and north of  
 
 

 
 

Figure 2. a, Serpentinized veins in underground mine section. b, 
Mined-out green, yellowish-green and greenish-white coloured serpen-
tine. c, Hand specimen showing vein of serpentine in dolomite. Note 
the lobes of serpentine replacing dolomite. d, Hand specimen showing 
thin veins of chrysotile within dolerite sill. e, Hand specimen showing 
lizardite vein in dolomite with fibrous chrysotile vein in lizardite. 

Vempalle town. During our studies, we encountered dole-
rite sills of variable thickness in Sogalpalli as well as in 
Bakkanagarpalle and Midipenta. These concordant intru-
sive bodies are generally medium to fine-grained with an 
occasional quartz-filled vesicle, suggesting shallow level 
emplacement in the accumulating sediment pile. Asbestos 
mineralization is associated with mafic sills of the Vem-
palle Formation21. The present study examined the dole-
rite sills at the contact of dolomite at Brahmanapalle and 
Ippatla that have developed serpentine and talc at both 
the contacts with adjoining dolomite. These serpentinized 
horizons at present can only be studied in underground 
mine sections (Figure 2 a). Green, yellowish-green and 
greenish-white coloured serpentine are presently mined 
from this area (Figure 2 b). Veins of serpentine of varying 
thickness transect both dolomite and dolerite sills at the 
contact of the two lithotypes (Figure 2 c and d). Remnant 
lenses of host rock are often preserved within the veins 
(Figure 2 c). The serpentine in the more massive veins is 
generally very fine-grained aggregate and is cross-cut by 
numerous monomineralic centimetre to millimeter-thick 
veins of fibrous chrysotile asbestos, fibrous calcite or fine-
grained epidote (Figure 2 c–e). 

Petrography and mineral chemistry 

Veins of the Vempalle Formation 

The veins at the contact of mafic sills and dolomite of the 
Vempalle Formation are predominantly serpentine (lizar-
dite and chrysotile), although near-monomineralic epidote, 
talc and calcite veins were also noted. Serpentine is gen-
erally very fine-grained to platy lizardite transacted by 
veins of coarser platy chrysotile (Figure 2 e; Figure 3 a 
and b). The fibres of chrysotile are generally oriented at 
high angle to the vein walls, with fibres from both sides 
meeting along a more or less symmetric midline (Figure 
2 e). Remnant lenses of dolomite are frequently present 
within lizardite or chrysotile (Figure 3 a). Veins of fibr-
ous calcite growing at high angle to the vein wall cross-
cut the lizardite and chrysotile veins, often with remnant 
serpentine within the veins (Figure 3 c). Veins of epidote 
and talc have developed only at the immediate contact of 
dolerite with the adjoining carbonate layer. 
 Micro-Raman spectrometry proves to be a useful chara-
cterization tool for resolving structural differences at the 
scale of the grain, in cases where multiple polymorphs of 
serpentine are present that prove to be optically difficult 
to distinguish. Micro-Raman study of the serpentine veins 
was carried out using a micro-Raman spectrometer (Reni-
shaw In-Via Reflex) at the Geological Survey of India 
(GSI), Kolkata. The device is fitted with a diode laser  
operating at 785 nm, and spectral resolution of 1 cm–1. A 
confocal microscope (Leica) is used to focus the laser on 
the sample, using objective lenses of 20×, 50× and 100× 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 122, NO. 7, 10 APRIL 2022 829

magnification. The microscope is equipped with binocu-
lars and a software-interactive video camera, allowing 
precise positioning of the sample and selecting a specific 
region for study. The 514 nm argon laser (2400 lines/mm 
grating) could only be occasionally used due to high fluo-
rescence of the rock. The backscattered light passes through 
a holographic notch filter (HNF), which rejects the abun-
dant elastic Rayleigh scattering, to avoid outshining of 
the weaker Raman signal. The backscattered light is dis-
persed using a 1200 lines/mm grating and is detected on a 
Peltier-cooled CCD-detector. This configuration was used 
to collect data in the spectral region between 100 and 
3690 cm–1. Spot-beam diameter was varied from 0.84 to 
1.2 μm and focus energy was between 15 and 18 mW. 
Accumulation time was generally 50 sec, but was occa-
sionally increased to 100–150 sec. Such scan times and 
accumulation numbers were chosen to provide adequate 
signal-to-noise ratios. Figures 4 and 5 present typical  
Raman spectra of the phases. The spectral resolution for 
each Raman vibrational mode is in the order of ±1–2 cm–1. 
 

 
 

Figure 3. a, Remnant dolomite within chrysotile (PPL). b, Irregular 
chrysotile veins transecting lizardite and fibrous calcite veins cutting 
accross chrysotile veins (XPL). c, Calcite vein within lizardite. The 
calcite is fibrous and grows at a high angle to the vein wall. Note the 
chrysotile grains within the calcitic vein (XPL). 

 Before and after each analysis, any shift in the Raman 
peak position related to spectrometer drift was corrected 
using the first-order Raman band peak position of a sili-
con wafer that ideally exhibits a peak at 520.7 cm–1. The 
in-built Wire 3.4 software was used to perform the back-
ground correction before each Raman band was fitted to 
an in-built mineral library for identification. Finally, each 
corrected spectrum was compared with the RRUFF 
project database22 and the serpentine database of Groppo 
et al.23 to identify the phases. 
 The minerals that could be identified or confirmed using 
Raman spectroscopy are lizardite, chrysotile, dolomite 
inclusions within chrysotile, calcite in veins, epidote in 
veins, talc and dusty graphite (Figures 4 and 5). Lizardite 
was distinguished from chrysotile on the position of the 
Mg(O, OH)6 group vibrations whose characteristic peaks 
for antigorite are in the range ~197–202 cm–1, while the 
same is ~195–197 cm–1 for lizardite and ~191–193 cm–1 for 
chrysotile23. Also variations exist in the peak positions of 
νs Si–Ob–Si which is in the range 688–692 cm–1 for lizar-
dite, 693–694 cm–1 for chrysotile and 683–684 cm–1 for 
antigorite. The Si–O asymmetric vibration band at 1090–
1094 cm–1 for lizardite and at 1102–1110 cm–1 for chry-
sotile could be detected in many samples. None of the 
samples showed the characteristic Si–O–Si stretching band 
at around 1045 cm–1 that typically characterizes antigo-
rite. Also, no sample showed the characteristic peaks of 
279 and 440 cm–1 which appear in brucite along with all 
the typical peaks of lizardite. Only one sample of lizar-
dite had an additional peak at 282 cm–1, which possibly 
does not characterize brucite. Thus brucite can be conclu-
sively eliminated from the possibility of being interwoven 
with lizardite. Table 1 presents a representative set of 
sample analyses. 
 Phase chemical analyses were carried out using elec-
tron probe micro analyser (CEMECA SX100) at the 
EPMA Laboratory, GSI, Kolkata. The instrument was 
operated at 15 kV accelerating voltage and 20 nA beam 
current. The beam size was kept at ~1 μm for all analyses. 
Natural mineral standards were used for all the elements 
and PAP correction was applied. Tables 2 and 3 present 
the representative mineral compositions. Compositional 
data indicate that Mg (2.82–2.86 apfu) and Fe (0.02–
0.04 apfu) are present as the major octahedral cations 
within lizardite, defining an ~XMg value of ~0.98–0.99. 
Al and Cr atoms per formula unit are negligible (Table 
2). Epidote grains from the monomineralic epidote veins 
are Ca- and Fe-rich (Table 2). Table 2 also presents cal-
cite analysis from the calcite fibre veins. 

Dolomite adjoining the serpentine veins 

The dolomitic rocks at the contact of sills are white or 
grey to buff-coloured and fine-grained in the hand speci-
men, and are frequently stromatolytic (Figure 6 a). The 
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Figure 4. Laser Raman spectroscopic profiles of serpentine grains from the veins. 
 
 
proportion of dolomite to calcite is normally very high. 
However, in the dolomite at the immediate contacts of  
intrusive sills, where abundant serpentine veins have devel-
oped, alizarin red S staining technique helps in the identi-
fication of coarser nodules of calcite within the otherwise 
fine-grained dolomite (Figure 6 b). 

Dolerite sills 

The sills intercalated with Vempalle lava flows are medium-
grained and consist of extensively chloritized clinopyrox-
ene and partially carbonatized plagioclase along with  
medium-grained skeletal magnetite (Figure 6 c and d). 

Epidote has developed profusely in these rocks. Although 
altered, the igneous texture can be easily discerned as  
intergranular to subophitic. At present, mostly fine-
grained chlorite fills the spaces between prismatic sub-
hedral plagioclase grains. Remnant clinopyroxene within  
the fine-grained chlorite has compositions in the range  
~En15–34Fs17–37Wo29–50 (Table 3), while plagioclase is 
strongly albitic (XAb ~0.94–0.95; Table 3). Major portions 
of the plagioclase grains are carbonatized (Figure 6 c–d). 
The Na-enrichment in remnant plagioclase can therefore be 
arguably ascribed to preferential partitioning of Ca in the 
carbonate that partially replaces these grains. Many of the 
sills contain small quartz and chlorite-filled vesicles. Fine 
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Figure 5. Laser Raman spectroscopic profiles of graphite, calcite, epidote and dolomite from the veins of Vempalle Formation. 
 
 
epidote veins transect these rocks near their contacts with 
adjoining serpentinite. 

Discussion 

P–T conditions for serpentinization of dolomite:  
a study from phase relations 

In the absence of suitable geothermometers, the phase  
assemblages in the veins and adjoining rocks have been 
studied to estimate the temperature of serpentine forma-
tion. Development of epidote veins alongside serpentine, 
chloritization, epidotization and carbonatization of the 
sills as well as the overlying lava flows, rare occurrence 

of actinolite partially replacing clinopyroxene in the sills 
and presence of amygdular epidote, chlorite, quartz and 
calcite in the mafic lava flows suggest temperature in sub-
greenschist to lower greenschist facies (Figure 6 c–f ). 
 Stable serpentine polymorphs in the veins are lizardite 
and chrysotile. Antigorite is conspicuously absent. In a 
comprehensive study, Evans3 concluded that chrysotile 
has no stability field and the relative stability of chryso-
tile over its polymorph lizardite is dependent on factors 
like abundance of fluid, supersaturation and availability 
of open pore spaces. Accordingly, the MSH phase dia-
gram of Evans3, reproduced in Figure 7, precludes any 
chrysotile stability field and limits lizardite to tempera-
tures less than 350°C (ref. 3). Likewise, our T–XaSiO2 
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Table 3. Representative clinopyroxene and plagioclase compositions from the mafic sills of Vemapalle Formation 

Formation sample Vemapalle sill PV-140 Vemapalle sill PV-48 
 

Dataset/point Cpx 1 October Cpx 1 October Cpx 14/1 Cpx 17/1 Cpx 18/1 Cpx 30/1 PI 27/1 PI 30/1 
 

SiO2 49.53 49.53 50.36 49.31 49.13 52.53 67.33 68.15 
TiO2 0.74 0.74 0.73 0.61 0.72 0.42 0.01 0.00 
Al2O3 1.79 1.79 1.70 1.17 2.00 1.57 19.57 19.75 
Cr2O3 0.02 0.02 0.02 0.05 0.03 0.16 0.00 0.00 
FeO 15.74 15.74 15.99 19.20 14.57 10.39 0.13 0.15 
MnO 0.31 0.31 0.30 0.37 0.30 0.26 0.00 0.00 
MgO 12.98 12.98 12.28 12.16 13.43 16.50 0.00 0.00 
CaO 17.21 17.21 18.39 16.10 18.34 17.43 0.97 1.15 
Na2O 0.22 0.22 0.24 0.17 0.24 0.16 10.97 ll.03 
K2O 0.00 0.00 0.01 0.03 0.00 0.03 0.08 0.08 
NiO 0.04 0.04 0.00 0.00 0.03 0.01 0.04 0.00 
Total 98.57 98.57 100.00 99.17 98.77 99.45 99.10 100.31 

Si 1.92 1.92 1.93 1.93 1.90 1.96 2.97 2.97 
Ti 0.02 0.02 0.02 0.02 0.02 0.01 0.00 0.00 
Al 0.08 0.08 0.08 0.05 0.09 0.07 1.02 1.02 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.51 0.51 0.51 0.63 0.47 0.32 0.00 0.01 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 
Mg 0.75 0.75 0.70 0.71 0.77 0.92 0.00 0.00 
Ca 0.71 0.71 0.75 0.67 0.76 0.70 0.05 0.05 
Na 0.02 0.02 0.02 0.01 0.02 0.01 0.94 0.93 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
#Cation 4.03 4.03 4.02 4.04 4.04 4.00 4.99 4.99 
X(Mg) 0.38 0.38 0.35 0.35 0.38 0.47   
En 0.38 0.38 0.36 0.35 0.39 0.47   
Fs 0.26 0.26 0.26 0.31 0.24 0.17   
Wo 0.36 0.36 0.38 0.34 0.38 0.36   
XAn       0.05 0.05 
Xab       0.95 0.94 
Xor       0.00 0.00 

 
 

diagram, prepared with the updated thermodynamic data-
set of Holland and Powell24 using PERPLEX 6.6.8 at 
XCO2 ~ 0.001 and P = 3 kbar, suggests a limited stability 
field for lizardite below 200°C and entirely eliminates 
any chrysotile stability field25. Increase in XCO2 values does 
not change the scenario. In contrast, several workers have 
confirmed the survival of both lizardite and chrysotile at 
temperatures in excess of 400°C (ref. 3). Thus, the cur-
rently available thermodynamic dataset cannot be conclu-
sively used for determining the P–T conditions based 
strictly on the serpentine polymorph. 
 The veins of Vempalle, while rich in serpentine (lizar-
dite/chrysotile), calcite and remnant dolomite, generally 
lack talc and tremolite. These serpentine veins directly 
replace the dolomitic host rock (Figure 2 c and e). Figure 
8 a is a T–XCO2 diagram in the CMSV system, constructed 
using the dataset of Holland and Powell24 that allows sta-
bility of dolomite + serpentine assemblage in a wide range 
of XCO2 values at temperatures below 350–400°C at 1 kbar 
pressure. Above this temperature, talc should stabilize in 
the system – a phase that was generally absent in Vem-
palle dolomite, except locally in the immediate contact of 
the intrusive dolerites. Also there is a general up-tempe-
rature expansion of the serpentine stability field towards 
water-rich conditions. Figure 8 b elaborates the red box in 

Figure 8 a, with extreme water-rich phase equilibria that 
preferentially stabilize serpentine to higher temperature. 
Even under such aqueous conditions, the reaction: dolo-
mite + quartz → talc + calcite limits the serpentine + 
dolomite assemblage to temperatures below ~250°C in a 
pressure range 1–3 bar. Note that a general term ‘Serp’ 
representing any polymorph of serpentine has been used 
in the diagrams. This is because while thermodynamic 
calculations predict antigorite stability, the phase ob-
served in our studies is lizardite. The possible reasons for 
such apparent contradiction have been discussed later in 
the article. With no direct geothermometric data, the mi-
neralization temperature for the veins of the Vempalle 
Formation can be conservatively estimated as <300°C 
from phase equilibrium calculations. 
 Based on the similarity of composition of the mafic 
sills to the overlying lava flows, the occasional presence 
of amygdules within the sills and occurrence of stromato-
lytes in the host dolomite, it can be reasonably concluded 
that the magma was emplaced at a very shallow depth and 
was possibly the feeder to the overlying flows. Thus the 
ambient pressure was not more than 1–3 kbar. 
 Figure 8 c presents the T–XCO2 diagram at a higher 
pressure of 3 kbar. A comparative study with Figure 8 a 
suggests that although the serpentine-absent invariant shifts 
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to lower XCO2 values with the rise in pressure, the overall 
serpentine stability field remains largely pressure-insensi-
tive. Further increase of pressure stabilizes aragonite, 
which has not been observed in the system. 
 

 
 

Figure 6. a, Stromatolytic structure in dolomitic marble. b, Recrystal-
lized coarser calcite on fine-grained dolomite adjoining serpentine 
veins – the pink colour in calcite is due to alizarin red S treatment. c, 
Altered dolerite sill showing relict intergranular texture and patchy 
carbonatization of plagioclase laths (PPL). d, Altered dolerite sill 
showing relict intergranular texture with remnant clinopyroxene and 
plagioclase (XPL). e, Altered mafic lava with amydular epidote and 
carbonate. f, Corona of actinolite on clinopyroxene in dolerite sill. 
 
 

 
 

Figure 7. Stability fields of lizardite and antigorite in pressure–
temperature field (from Evans3). 

 It can therefore be reasonably inferred that the P–T 
condition of vein formation was ≤3 kbar and <300°C. As 
the Vempalle Group of rocks is generally an unmetamor-
phosed stack of supracrustals, such lower greenschist to 
sub-greenschist facies condition must have been attained 
only very locally in the immediate vicinity of the sills due 
to thermal flux from the cooling magma. 

Control of silica activity and fluid on  
serpentinization 

Serpentinization of pure dolomite requires addition of 
both silica and H2O to the system. The vein-type serpen-
tinization within the Vempalle dolomite indicates that 
such additive components were accessed through chan-
nellized fluid flow. The effect of silica on dolomitic host 
has been demonstrated in the T-aSiO2 diagram (Figure 9 a). 
Constructed with the software PERPLEX 6.6.8 based on 
Connolly et al.25 and using updated thermodynamic data 
from Holland and Powell24, Figure 9 a shows the relation 
between phases in the CMSV system (CaO–MgO–SiO2–
fluid) under varying temperatures and silica activity. Ser-
pentine (antigorite specifically) has a wide stability field 
over a large range of silica activity up to a maximum tem-
perature limit of 500°C at 3 kbar pressure under extreme 
H2O enrichment (XCO2 ~ 0.001). Very high silica activity 
stabilizes talc at the cost of serpentine. General absence 
of the later phase from the studied veins suggests mod-
erate silica activity at temperatures around 300°C under 
hydrous conditions. However, local occurrence of talc at 
the immediate contact of dolerite sills was possible due to 
a higher silica gradient from the altering pyroxene in do-
lerite. 
 Increase in XCO2 enlarges the stability fields of dolomite 
and calcite. This effectively shifts the reactions towards 
higher temperature and silica activity (white arrows in 
Figure 9 a). In contrast, further decrease in CO2 concen-
tration expands the stability of antigorite to temperatures 
≤300°C. Thus fluid composition as well as silica activity 
have played vital roles in determining the stability of ser-
pentine minerals within Vempalle dolomite. 
 Figure 9 b is an isothermal–isobaric aSiO2 – XCO2 plot in 
the CMSV system at 300°C and 3 kbar. The invariant 
point at XCO2 ~ 0.38 limits direct serpentine development 
from dolomite in the absence of talc to a water-rich envi-
ronment. Also, the breakdown of serpentine to tremolite 
through the reaction calcite + serp → tremolite, restricts 
serpentine stabilization from dolomite to a narrow silica 
activity range (log aSiO2 ~ –1). Decrease in temperature 
shifts the invariant point towards lower XCO2 (white arrow 
in Figure 9 a), effectively increasing the stability of talc 
and restricting that of serpentine towards increasingly 
water-rich conditions. 
 The phase relations suggest that serpentinization of dolo-
mite in the Vempalle Formation took place at <300°C and 
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Figure 8. a, Isobaric T–XCO2 diagram at 1 kbar showing stability field of dolomite (Dol) + serpentine (Serp) assemblage in the CMSV system. b, 
T–XCO2 diagram elaborating the highly aqueous end of (a) (red box). c, Isobaric T–XCO2 diagram at 3 kbar showing stability field of dolomite + 
serpentine assemblage in the CMSV system. 
 
 
≤3 kbar under dominantly hydrous conditions and mode-
rate silica activity. 

Phase relations and development of lizardite and 
talc veins 

Field study in Vempalle dolomite shows that the serpen-
tine veins directly replace the host rock without develop-
ment of talc or tremolite (Figure 2 a, c and e). Remnant 
dolomite lenses were noted within serpentine during  
petrographic analyses (Figure 3 a). Not only was the ser-
pentine interlaced by fibrous calcite veins (Figure 3 b–c), 

but coarser calcite replacing dolomite was also observed 
in the surrounding host rock (Figure 4 b). Our observa-
tions thus suggest the following serpentine and calcite-
forming reaction 
 
 3Dolomite + 2Quartz + 2H2O  
      = 3Calcite + serpentine + 3CO2. (1) 
 
The black arrow in Figure 9 a shows the reaction at 300–
400°C at moderate silica activity and hydrous conditions. 
The reaction can proceed to the right either through a rise 
in temperature or in silica activity, or both. Subsequent
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Figure 9. a, Isobaric T-aSiO2 diagram at XCO2 ~ 0.001 and 3 kbar pressure. The phase relations show stability ranges of lizardite, antigorite and talc 
under varying silica activity. Black arrow represents reaction (1) which can proceed due to rise in temperature or in silica activity, or both. White 
arrows represent direction of shift of the univariant reactions with rise in XCO2, whereas the dotted line represents reaction (1) under extremely 
aqueous condition. b, Isothermal–isobaric XCO2–aSiO2 diagram showing stability field of serpentine. Black arrow demonstrates that progression of 
reaction (1) is more likely through increase in silica activity than a change of CO2 percentage in the ambient fluid. 
 
 
breakdown of serpentine to diopside strictly limits the 
stability field of serpentine + dolomite + calcite within a 
narrow temperature range. With further decrease in XCO2 
the stability field of serpentine expands enabling the reac-
tion to occur at temperatures <300°C (dotted line in Fig-
ure 9 a). The serpentine thus formed was restricted to the 
channels of fluid movement within dolomite, thereby 
forming serpentine veins of varying width. 
 The stable serpentine polymorph with lowest Gibb’s 
free energy predicted from the equilibrium equation is an-
tigorite. Lizardite is stabilized only in a restricted field at 
higher XH2O-lower silica–low temperature conditions (Fig-
ure 9 a). However, the phases observed during petro-
graphic analyses were lizardite and chrysotile (Figure 5). 
Remnant dolomite lenses within lizardite or chrysotile 
and complete absence of antigorite suggest that these 
phases have developed directly from dolomite break-
down. Figure 9 a shows that in an open system with large 
amounts of pure H2O flux, reaction (1) will shift to lower 
temperatures towards the lizardite stability field. Under 
such a situation, other stabilizing factors like crystal struc-
ture, surface free energy or small quantities of other ele-
ments in the system may have expanded the lizardite 
stability range, so that reaction (1) produces lizardite  
directly instead of antigorite. This will be in confirmation 
with observations made by several other workers studying 
natural systems, where lizardite or chrysotile exists at 
temperatures in excess of 400°C (ref. 3). 

 Talc veins are restricted to the immediate vicinity of 
the mafic sills. Figure 9 a indicates that talc formation from 
dolomite can be achieved under identical P–T conditions 
as that of reaction (1), if only the silica activity is higher 
in the domain. The talc-forming reaction under such situ-
ation is as follows 
 
 3Dolomite + 4Quartz + H2O  
       = 3Calcite + Talc + 3CO2. (2) 
 
Thus, only variation in silica can decide between serpen-
tine or talc-rich assemblages developed over small dis-
tances. 

Development of chrysotile veins 

Chrysotile veins transect the thicker mass of fine-grained 
lizardite in the studied rocks (Figures 2 e, 3 b and 5). Tex-
tural relation thus shows that chrysotile formation slightly 
post-dates serpentinization (lizardification) of dolomite. 
 Laboratory studies and thermodynamic calculations indi-
cate that lizardite is more stable in the MSH system, 
while chrysotile is a metastable phase. Chrysotile com-
monly grows as vein-filling cross-fibre and slip-fibre3. At 
nanoscale, chrysotile may be seen to fill voids formed by 
the deformation of host lizardite3. While the Gibb’s free 
energy values of lizardite and chrysotile are not signifi-
cantly different, extant studies confirm that chrysotile  
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requires open space/pore space and a small degree of  
supersaturation for growth as this particular polymorph 
cannot exert force of crystallization, except parallel to its 
C-axis3,4. 
 In our studied veins, the preferential growth of lizardite 
can be attributed to the capacity of the mineral to exert a 
force of crystallization. Lack of significant pore space at 
the initiation of the reaction possibly favoured lizarditre 
structure over chrysotile. However, progression of reac-
tion (1) to the right involves Δν = –21.73 cm3, i.e. a de-
crease in bulk volume assuming the infiltrated fluid 
completely moves out of the system. If the product calcite 
is also removed in aqueous solution as Ca2+ and HCO–

3, 
then Δν rises to –131 cm3 (molar volume data from Min-
cryst database; http://database.iem.ac.ru/mincryst)26. 
Such reduction in volume will lead to significant space 
development in the rock in the form of pores or cracks, 
thereby allowing further fluid permeation and conditions 
conducive for chrysotile crystaliization/recrystallization 
from the existing lizardite. 

Development of epidote veins and source of silica 

Epidotization or epidote veins are known to occur in varied 
low-temperature geological settings like obducted ophio-
lites, skarns, propylitic altered mafic volcanics, in late-stage 
veins related to silicic intrusions, along hydrothermally 
altered shear zones and from active geothermal systems27. 
 The dolerite sills and overlying mafic lavas of the Vem-
palle Formation are highly altered with extensive chloriti-
zation, carbonatization, epidotization and rare development 
of actinolite, which suggests sub-greenschist to greenschist 
facies metamorphism in the presence of binary H2O–CO2 
fluid (Figure 4 c–f ). As the Cuddapah Supergroup is in 
general unmetamorphosed, such local extensive alteration 
must have been related to magma emplacement-related 
higher thermal flux and therefore occurred contempora-
neously with igneous activity. A number of thin epidote 
veins transect the altered sills and are particularly com-
mon close to the serpentinite veins. Figure 6 presents the 
laser Raman spectrum of such an epidote grain. 
 The CMASV (CaO–MgO–Al2O3–SiO2–fluid) reactions 
that can lead to the development of chlorite + epidote + 
carbonate assemblage from clinopyroxene and plagio-
clase are as follows 
 
 5Di + An + 6CO2 + 4H2O = Clin + 6Cal + 9Qz, (3) 
 
 5Di + 4An + 5CO2 + 3H2O 
 
      = Clin + 5Cal + 9Qz + 2Zo. (4) 
 
While CO2 required for these reactions could have been 
provided by the serpentinizing dolomite, reactions (3) and 
(4) produce SiO2 which is a necessary component for 

prograde serpentine or talc development. The carbonate 
thus formed through plagioclase breakdown acts as a  
localized carbon sink, thereby decreasing the concentra-
tion of dissolved carbonate/bicarbonate in the permeating 
fluid (Figure 4 c and d). Very local remobilization of 
alumina in the permeating fluid along with more easily 
mobilized Ca2+ and Fe+2 led to the formation of the epi-
dote veins. 

Development of calcite veins 

Monomineralic veins with brown, fibrous, calcite grains 
at a high angle to the vein walls cut across both lizardite 
and chrysotile veins (Figure 3 b and c). Remnant lenses of 
serpentine often persist within these veins (Figure 3 b and 
c). This makes calcite veins the latest stage of hydrother-
mal veining in the serpentinized Vempalle dolomite. 
 Both reactions (1) and (2) produce calcite. Solubility of 
calcite in the ambient fluid depends largely on its pH. At 
low acid concentration, calcite dissociates in the fluid as 
CaCO3 + H+ = Ca2+ + HCO–

3, thus keeping the reaction 
products Ca2+ and HCO–

3 in solution. 
 Precipitation of calcite from the veins, although com-
mon in nature, is more difficult to explain. As is well 
known from modern oceans, fall in temperature should 
increase calcium carbonate solubility. However, loss of 
acidity of the solution, development of alkalinity or reduc-
ing conditions favour calcite precipitation8,28–30. Consump-
tion of CO2/HCO–

3 during carbonatization of plagioclase 
in reactions (3) and (4) could have acted as the local car-
bon sink, thereby decreasing acidity of the circulating flu-
ids. That a reducing ambience was attained in the calcite 
veins could be confirmed from Raman spectroscopic 
identification of fine-grained graphite associated with 
calcite (Figure 6). How the reducing condition was 
created is a matter of speculation in absence of isotopic 
data. REE signature of the serpentine + calcite veins 
matches well with the adjoining altered mafic rocks (Fig-
ure 10). Absence of negative cerium anomaly precludes 
active participation of oxygenated seawater. High-tempe-
rature dissociation of algal mats in the adjoining carbo-
nates could have contributed further reducing conditions 
(Figure 4 a). Also, deposition of calcite within a vein re-
quires slightly supersaturated fluid with respect to the 
components28. Such conditions could have been easily 
achieved within small domains as reaction (1) or (2) pro-
ceeded to the right and more H2O was consumed in ser-
pentinization. 

Conclusion 

Serpentinization of high-magnesian bulks like dunite or 
peridotite has been well studied. However, dolomitic rocks, 
another potentially Mg-rich bulk received scant attention. 
This study shows that serpentinization of dolomite without 
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Figure 10. Chondrite normalized REE distribution plot for Vempalle lava (pale green), dolerite sills (dark green) and serpentine veins (orange). 
 
 
 
development of talc and tremolite can be achieved under 
a restricted set of conditions which include low tempera-
ture (≤300°C), low pressure (<3 kbar), extremely water-rich 
fluid and only moderate silica activity. The study also 
explores the possible variability in mineral assemblage 
with variations in fluid composition or silica activity. Thus 
under higher silica activity, talc-rich veins are expected in 
identical P–T conditions. Also, fluid composition plays a 
major role in the stabilization of serpentine. Epidote veins 
in the complex had formed through leaching of clinopy-
roxene and plagioclase in the adjoining dolerite sills. The 
calcite veins were the last to develop when the circulating 
fluid gradually became oversaturated with respect to cal-
cium carbonate and possibly also evolved a higher pH. 
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