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Supplementary Text 

Error propagation of analytical uncertainties on the equilibrium melt concentrations 

The uncertainty on the calculated concentrations was then propagated as: (σZ/Z)2 = (σX/X)2 + (σ 
Y/Y)2, where Z is the concentration of the element in the equilibrium melt, X is the concentration 
of the element in the clinopyroxene, and Y is the crystal/melt partition coefficient. Relative 
uncertainties on the calculated values for sulfur concentrations in equilibrium melts vary thus 
between 16 and 30% (1 SD) (fig. S8A). The relative uncertainty on the calculated fluorine 
concentrations in equilibrium melts is 25 % (1 SD) (fig. S8B).  

Petrological and statistical outliers in the S-in-cpx dataset 

Sulfur is contained in clinopyroxene as a trace element, and values of 100s-1000s ppm S are 
simply not conceivable to reflect S incorporation in cpx during crystallization at equilibrium from 
a melt [cf. values in ref. (31-32)]. Therefore, S>100 ppm is simply not equilibrium sulfur 
contained in the clinopyroxene structure (S-in-cpx), but in some other phase trapped by the crystal 
(microsulfides, fluid or melt inclusions), or in alteration phases in cracks, or in other 
miscellaneous contaminants upon the sample surface (synchrotron analyses are not carried out in 
vacuum but in a He-fluxed atmosphere). Only S-in-cpx values were suitable for calculation of S 
concentrations in equilibrium melts, hence any analysis was discarded upon showing clearly 
anomalous S peaks in the acquired spectra.  

Of the collected spectra quantified by manual fitting with PyMCA, some still present suspiciously 
high S concentrations. 

An anomalously high S data point can be discarded as petrological outlier, i.e. because translating 
into S concentration in the equilibrium melt above the SCSS for that lava (46, 54), or as a 
statistical outlier, i.e. the data point does not show anomalously high sulfur per se, but it is 
anomalous with respect to the sample (Fig. 2C) or the Formation (Fig. 4B) dataset. These 
anomalies highlight the importance of measuring S in multiple spots and in different crystals from 
the same lava sample, as well as in different samples from the same formation, to account for 
intra-sample and intra-formation variations, and avoid inferring province-wide concentrations 
from anomalously high or low data points [cf. ref. (31)].  

Petrological outliers and the case of sample AMB14-1 

One data point in cpx3 (fig. S2C) from sample D242 from the Mahabaleshwar Fm. (49±7 ppm S) 
(Data S3) [data from ref. (31)] translates into 1943±313 ppm S in the melt, while SCSS = 1305 
ppm for this lava sample. Besides being a petrological outlier, this data point is also a statistical 
outlier.  

One data point in cpx4 of sample MSJ14-8 (Khandala Fm.) shows a concentration of 148±21 ppm 
S, and is coupled with high counts for Cl (quantified automatically by PyMCA, no manual fitting) 
(Data S3 and S7). We interpret this data point as obtained from a fluid or melt inclusion. Melt 
inclusions in pyroxenes from this sample are visible by optical microscopy (cf. blue arrow in fig. 
S2A). This analysis was discarded because not relevant to the scope of this study (and as such, not 
included in the Figures). One point in cpx5 from the same sample shows 72±10 ppm S. This 
translates into 2885±465 ppm S in the melt, significantly above the calculated SCSS (1738 ppm). 
This lava sample does not present sulfides in the phenocrysts, nor in the mesostasis. Differently 
from the other anomalous data point found in cpx4 from this sample, no Cl enrichment 



accompanies this spot analysis. This data point is discarded on petrological basis (red cross in Fig. 
2C) and red font in Data S2. We tentatively explain it as resulting from hitting a crack or some 
impurity on the cpx phenocryst, which is indeed fractured (fig. S2B). Both these data points are 
also statistical outliers 

One point in cpx2 from sample MAT14-6B (Khandala Fm.) (Data S3 and S7) shows 53±7 ppm S, 
translating to 2120±342 ppm in the melt, while SCSS = 1234 ppm. Therefore, we discard this data 
point on petrologic basis. This pyroxene is ophitic, enclosing plagioclase and an altered olivine. 
(fig. S2D). We hypothesize that the beam hit a crack, or one of the many enclosed crystals. 

All the data points from Bushe sample AMB14-1(Data S2 and S7) show high S concentrations 
(from 25±4 to 72±10 ppm S), and the volcanostratigraphic position of this lava flow, immediately 
preceding the KPB, makes this worth of further discussion. All but 2 data points from AMB14-1 
clinopyroxenes translate to S concentrations in the melt (from 999±161 ppm to 2861±461 ppm) 
that exceed the sulfur concentration at sulfide saturation (SCSS 999 ppm). The data points 
yielding ca. 70 ppm S are both petrologic and statistical outliers. The remaining 9 data points are 
here discussed. 

AMB14-1 lava is slightly more SiO2-rich than the others in the sample set (basaltic andesite, SiO2 
= 53 wt.%), consistent with the observation that lavas of the Bushe Fm. are generally the most 
contaminated by the crust in the Deccan LIP [e.g. (38)]. We tried to apply a higher 
clinopyroxene/melt D_S for this sample (0.032, suitable for andesitic compositions) (36), but 
even so most of the calculated S concentrations would still exceed the calculated SCSS (999 
ppm). 

Clinopyroxenes from Bushe sample AMB14-1 might be recording a transient condition of 
supersaturation in sulfur, possibly due to extra sulfur from an assimilated crustal melt, in which 
case (micro- or nano-) sulfides might have been crystallizing along with pyroxene. This is 
confirmed petrographically, since a few sulfides are visible in thin section. However, the sulfides 
observed in AMB14-1 are clearly interstitial, not included in augite crystals (fig. S7C). 
Basaltic glass with S concentrations higher than SCSS has been measured in nature (55) and in 
experiments (56) in case of crustal contamination with organic-rich shales, which are very rich in 
sulfur [up to ca. 10 wt.%; e.g. (57)]. However, isotopic evidence demonstrates that Bushe lavas 
assimilated S-poor lithologies (granitoids, tonalites, amphibolites, S ca. 280 ppm) (34, 40). Ref. 
(40) found that lavas of the Bushe formation are undersaturated in sulfides, despite their strongly
contaminated nature. They specifically interpret this lack of sulfide saturation as prevented by the
low S concentration of the assimilated lithologies.

Another possibility is that this particular Bushe magma was more oxidized than usual continental 
flood basalts, and capable of dissolving more sulfur in sulfate form (88-89), than that predicted as 
sulfide by the SCSS (46, 54), e.g., fO2 1 log unit above the FMQ buffer. However, that would be 
unusual for Deccan volcanic rocks, which generally crystallized in T-fO2 ranges broadly 
corresponding to the QFM buffer [e.g. (43)] and for LIP-related tholeiitic basalts in general (89). 
Unpublished data from oxides analyses of the collection of L. Melluso from a Mahabaleshwar 
flow and Tapti basalt dykes plot along the FMQ buffer on a T-vs.-fO2 plot (L. Melluso 
collection). However, Bushe lavas are unusual, and warrant further research in this direction, 
because their contaminated nature could explain their more oxidized character. 

Alternatively, the synchrotron beam hit a portion of the crystal that grew during anomalously 
rapid growth, which can lead to a disequilibrium increase in incompatible elements in the 
boundary layer immediately surrounding the crystal (known as “snow plow effect”; cf. studies on 



apatite; 90-91). However, this is unlikely, since the targeted pyroxenes are small phenocrysts in 
an intersertal, glassy mesostasis, and they show textural and chemical equilibrium with the whole-
rock (fig. S2E and S3B). 

Similarly, if the augites were in disequilibrium with the melt, because they crystallized from a 
more primitive parental melt than the AMB14-1 whole-rock, i.e., before significant assimilation 
of crustal material, the calculated SCSS cannot be compared with the concentrations measured in 
the phenocrysts. However, textural and chemical observations (fig. S2E and S3B) which indicate 
equilibrium between these clinopyroxenes and the whole rock.  

We favor the explanation that clinopyroxene crystals from Bushe sample AMB14-1 recorded a 
transient condition of supersaturation in sulfur, before or during the nucleation of sulfides, and in 
this sense the sulfur concentrations obtained in cpx by SXRF are relevant for this study (S-in-
cpx), and translate into minimum S concentrations of 1000 ppm in this Bushe Formation magma. 

Sulfur concentrations measured along core-to-rim traverses (SXRF) 

We analyzed some of the crystals along traverses, with multiple spots (up to 48) in core-to-rim or 
rim-to-rim lines (Data S3, S7). The step-size was set between 6 and 11 µm. This was done to 
check for zoning in the S concentration and to investigate the existence of correlation between S 
and the major elements crystal chemistry (only FeO, MgO and CaO are plotted in Figs. S4-S6, the 
other clinopyroxene major element compositions are reported in Data S2).  
To avoid inferring sample- or even formation-wide S concentrations based on anomalous points, 
the analysis of multiple points in a crystal, and of multiple crystals in a rock sample is 
recommended. 



Fig. S1. 
A) Whole-rock compositions of the investigated lava samples are plotted volatile-free on a TAS
(Total Alkali Silica) (92) diagram. Enlarged inset included for clarity. Whole rock major and trace
element data for the investigated Western Ghats lava samples are available in Data S1, including
data from ref. (42) and data published here for the first time. Uncertainties are smaller than the
data symbols. B) Whole-rock TiO2 compositions of our data are plotted along with a partial
compilation of published data from the Western Ghats lava pile (35). Our data are plotted as large
symbols, compiled data as small symbols.



Fig. S2. 
Photomicrographs of some the targeted clinopyroxenes showing anomalously high S 
concentrations by SXRF. Photos A and B are taken with reflected light, C with parallel polars and 
D and E with crossed polars. Note different scales. Blue arrow in A indicates a melt inclusion. 
Green square in B indicates the location of SXRF analyses in this clinopyroxene. 





Fig. S3. (previous page) 

A) Clinopyroxene quadrilateral components of the targeted crystals (EMP analyses in Data S2).
The major element compositions of the investigated clinopyroxenes fall within the augitic field as
defined by the quadrilateral components Di (diopside, CaMgSi2O6), Hd (hedenbergite,
CaFeSi2O6), En (enstatite, Mg2Si2O6) and Fs (ferrosilite, Fe2Si2O6), following the classification of
ref. (93). Groundmass pigeonites and augites of the same samples were not plotted. The data
points are color-coded per lava Formation (see legend in C). B) Clinopyroxene-whole rock
equilibrium for the analyzed pyroxenes is shown on a Rhodes diagram. The equilibrium curves
are built using a clinopyroxene/melt Fe-Mg KD= 0.27±0.03 (94). Only clinopyroxene core
compositions in equilibrium with host rocks were used to estimate crystallization pressures and
temperatures. These are shown in colored symbols, the remaining compositions are reported in
gray. Compositions above the equilibrium curve can represent xenocrystic pyroxenes; data
plotting below the equilibrium curve (mostly rims of zoned clinopyroxenes) reflect late
crystallized clinopyroxene and cumulus effect, as reflected also texturally by e.g. samples
BOR14-2, MAT14-6B (fig. S2D), MAT14-1 (fig. S6). C) Crystallization temperature and
pressure estimates for the investigated augites [(calculated following (95)]. The uncertainty is
±0.14 GPa (1 SD; standard error of estimate) in the calculated pressure, and ± 45 °C (1 SD;
standard error of estimate) in the calculated temperature (95). For clarity, uncertainties are shown
for one data point only.





Fig. S4. (previous page). 
Photomicrographs of cpx4 and 5 of sample AMB14-4 (Ambenali Fm.) at crossed polars (A-B) 
and in reflected light (C-D). White arrows in C-D) indicate sulfides present in the lava sample, all 
are interstitial around the silicates, in the mesostasis. The green lines in C-D) mark the SXRF 
analytical traverses in cpx4 and 5, respectively. Sulfur and chlorine concentrations in cpx5 are 
plotted in E (line a-b) and F (line c-d). Sulfur and chlorine concentrations in cpx4 are plotted in G 
(line c-d). Chlorine concentrations are qualitative, based on automatic peak fitting. Uncertainties 
on the S concentration values are reported in Data S3.  
Sulfur in cpx 5 varies from below detection limits to 10 ppm. Rhythmical zoning in S is visible in 
the rim-to-rim traverse a-b in cpx5 (E), but not in the orthogonal traverse c-d (F). S in cpx5 is not 
correlated with the major element variation (CaO and FeOT wt.% as shown in H in blue circles). 
In H) CaO and FeOT are uniform throughout cpx5, and show slight decrease and increase at the 
very rim, respectively. The EMP traverse follows ca. the a-b path reported in D). Concentrations 
of the other major elements for this crystal are reported in Data S2. 
Low S concentrations (3-5 ppm) are visible for most of cpx 4 (G), and get below detection limit at 
the rim. S in cpx4 is not correlated with the major element variation (CaO and FeOT wt.% as 
shown in H in orange triangles), which stay uniform throughout the crystal.  
Two high S spots are found one at the rim and one at the core of cpx5 and 4, respectively, and we 
consider them as statistical outliers (that is, anomalous with respect to the rest of the dataset from 
the same crystal). Because they are not accompanied by concomitant high Cl concentrations, we 
interpret these local outliers as resulting from the beam hitting secondary microsulfides, for 
example in a crack. Major element concentrations (CaO and FeOT; wt.%) are shown for the same 
crystals. The crystals show very uniform compositions except some perturbation at the very rim 
(FeOT enrichment and CaO depletion). Note different scales. 





Fig. S5. (previous page). 
Photomicrographs of cpx2 of sample AMB14-3 (Poladpur Fm.) at crossed polars (A), parallel 
polars (B) and in reflected light (C-D). White arrows in C-D) indicate sulfides present in the lava 
sample, all are interstitial around the silicates (in the mesostasis) or in cracks. The green lines in 
C) mark the SXRF analytical traverses in cpx2. Sulfur and chlorine concentrations in cpx2 are
plotted in E (core to rim lines b-a and c-d). Chlorine concentrations are qualitative, based on
automatic peak fitting. Uncertainties on the S concentration values are reported in Data S3. The
major element (electron microprobe analyses) traverse follows b-a.
Two high S spots are found at the mantle and core of cpx2, and we consider them as statistical
outliers (that is, anomalous with respect to the rest of the dataset from the same crystal). Because
they are not accompanied by concomitant high Cl concentrations, we interpret these local outliers
as resulting from the beam hitting secondary microsulfides, for example in a crack, as supported
by textural evidence, or miscellaneous contaminants on the surface. The rest of the data
population is fairly uniform (4±2 ppm). S in cpx2 is not correlated with the major element
variation (CaO, MgO and FeOtot wt.%) as shown in F). Major oxide concentrations (CaO and
FeOtot; wt.%) are shown for the same crystal. Slight normal zoning is visible, with increase in
FeOtot and decrease in CaO and MgO towards the rim. Concentrations of the other major oxides
for this crystal are reported in Data S2. Note different scales.





Fig. S6. (previous page). 
Photomicrographs of cpx1 of sample MAT14-1 (Neral Fm.) at crossed polars (A) and in reflected 
light (B). White arrows in B) indicate sulfides present in the lava sample, all are interstitial around 
the silicates, in the mesostasis. The green line in B) marks the SXRF analytical traverse in cpx1, 
from which sulfur and chlorine concentrations in cpx are plotted in C). Chlorine concentration is 
only qualitative, based on automatic peak fitting. Uncertainties on the S concentration values are 
reported in Data S3. Sulfur in cpx 1 varies from below detection limits to 10 ppm, and is not 
correlated with the major element variation (normal zoning, increase in FeOtot and decrease in 
MgO) as shown in D). The EMP traverse follows ca. the a-b path reported in B) and major 
element concentrations (CaO, MgO and FeOtot; wt.%) along this traverse are shown. 
Concentrations of the other major elements for this crystal are reported in Data S2. Note different 
scales. 



Fig. S7. 
A-E) Photomicrographs of the targeted samples in reflected light. Sulfides are only found in a
minority of the samples (7 out of 23 lavas) and only in very small amounts and size in the
mesostasis or in cracks, i.e., interstitial with respect to the silicate phases. These sulfides are thus
interpreted as secondary, or crystallized later than clinopyroxene. White arrows indicate the
sulfides. Note different scales.



Fig. S8. 
Concentrations of S (A) and F (B) calculated in melts in equilibrium with the analyzed 
clinopyroxenes are plotted in order of stratigraphic height and color-coded per Formation. 
Uncertainties on the calculated values are plotted as ±1 SD error bars and are between 22-31 % 
relative for S, and 25 % relative for F. In A) petrological outliers (n=5) are reported in gray (see 
Supplementary Text). 



Fig. S9. 
A-B) Plots of Cu (ppm) and Cu/Zr vs. MgO (wt.%) for the investigated samples (large symbols)
and other Western Ghats lavas [data from refs. (40, 96-98)]. A compositional field for Central
Deccan and Tapti volcanics is shown for comparison [data from refs. (98-99)]. The incompatible
behavior shown by Cu and other chalcophile elements (40) argues against sulfide saturation of
these lavas during their evolution. The strong enrichment in Cu in Wai group lavas is due to the
presence of native Cu, as shown by the BSE image in C). Small sulfides found in the lavas (figs.
S4-S7) are interstitial and most likely secondary, potentially hydrothermal (99), as suggested in
D) by the presence of niccolite and chalcopyrite in a Tapti basalt dyke, shown here for
comparison (BSE image from a sample of L. Melluso’s collection).



Fig. S10. S and F in the equilibrium melts are plotted along whole-rock Th/Nb as proxy for 
crustal contamination. (Data S1 and S3). 



Fig. S11. 

(A) Maximum and minimum fluorine concentrations (ppm) measured in clinopyroxene are
plotted against the average concentration of TiO2 (wt.%) in the clinopyroxene. (B) Fluorine
concentrations (ppm) calculated in the equilibrium melt are plotted against the the whole-rock
concentration in TiO2 (wt.%). Data S1-S3.



Fig. S12. Max F measured in clinopyroxene in ppm (A), whole-rock TiO2 concentration in wt.% 
(B), and the whole-rock isotopic compositions reported as time-corrected εHf (C), and time-
corrected εNd (D) are plotted in stratigraphic order (cumulative stratigraphic height) for the here 
studied samples (A-B) and for rock samples from ref. (45). The εHf and εNd values of the 
samples for the literature are connected by a continuous line. The position of the samples along 
the y-axis in C-D is adjusted from ref. (45) to match the Formation of pertinence in A-B to allow 
for comparison. 



Data S1. (separate file) 
Overview of the sample set. Whole-rock (wt%) and trace element (ppm) compositions are 
reported for the targeted lava samples along with a brief petrographic description of the textures 
and the presence or absence of sulfides. Ages (in Ma) are from ref. (1-2).  

Data S2. (separate file).  
Major element compositions (in wt%) of all the analyzed clinopyroxenes and other clinopyroxene 
phenocrysts in the same lavas. Pressure and Temperature estimates (95) are reported only for 
clinopyroxene compositions in equilibrium with the whole-rocks. 

Data S3. (separate file).  
Sulfur (synchrotron-light XRF) and fluorine (SIMS) concentrations in clinopyroxenes are 
reported in ppm. Each measured data point is accompanied by the relative analytical uncertainty. 
Calculated concentrations in the equilibrium melt (in ppm) are reported for each data point, 
except for the petrological outliers, are accompanied by absolute uncertainties (in ppm) obtained 
by combining analytical and partition coefficient uncertainties. The petrological outliers discussed 
in the Supplementary Text are reported in red. For each lava sample we report the cumulative 
stratigraphic height in the Western Ghats lava pile, the calculated clinopyroxene-melt partition 
coefficient for fluorine (33), the calculated sulfur concentration at sulfide saturation (SCSS) (46), 
and, when available, the high-precision plagioclase 40Ar/39Ar age in Ma (1-2).  

Data S4. (separate file). Total sulfur and fluorine magmatic and degassed budgets are calculated 
for the Western Ghats Formations based on our dataset following the approach of (48). The 
eruptive volumes are taken from (36). Degassing rates are estimated based on these calculations 
coupled with high-precision 40Ar/39Ar ages (1-2). 

Data S5. (separate file). Major element compositions (wt%) for the clinopyroxenes analyzed by 
SIMS are used to calculate the appropriate clinopyroxene/melt fluorine partition coefficient based 
on site occupancies (33). 

Data S6. (separate file). Raw data from SIMS analyses, including standards. 

Data S7. (separate file). Raw data from SXRF analyses. 
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