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Abstract

The �1.88 km diameter Lonar impact crater formed �570 ka ago and is an almost circular depression hosted entirely in
the Poladpur suite of the �65 Ma old basalts of the Deccan Traps. To understand the effects of impact cratering on basaltic
targets, commonly found on the surfaces of inner Solar System planetary bodies, major and trace element concentrations as
well as Nd and Sr isotopic compositions were determined on a suite of selected samples composed of: basalts, a red bole sam-
ple, which is a product of basalt alteration, impact breccia, and impact glasses, either in the form of spherules (<1 mm in
diameter) or non-spherical impact glasses (>1 mm and <1 cm). These data include the first highly siderophile element
(HSE) concentrations for the Lonar spherules. The chemical index of alteration (CIA) values for the basalts and impact brec-
cia (36.4–42.7) are low while the red bole sample shows a high CIA value (55.6 in the acid-leached sample), consistent with its
origin by aqueous alteration of the basalts. The Lonar spherules are classified into two main groups based on their CIA val-
ues. Most spherules show low CIA values (Group 1: 34.7–40.5) overlapping with the basalts and impact breccia, while seven
spherules show significantly higher CIA values (Group 2: >43.0). The Group 1 spherules are further subdivided into Groups
1a and 1b, with Group 1a spherules showing higher Ni and mostly higher Cr compared to the Group 1b spherules. Iridium
and Cr concentrations of the spherules are consistent with the admixture of 1–8 wt% of a chondritic impactor to the basaltic
target rocks. The impactor contribution is most prominent in the Group 1a and Group 2 spherules, which show higher Ni/Co,
Ni/Cr and Cr/Co ratios compared to the target basalts. In contrast, the Group 1b spherules show major and trace element
compositions that overlap with those of the impact breccia and are characterized by high EFTh (Enrichment Factor for Th
defined as the Nb-normalized concentration of Th relative to that of the average basalt) as well as fractionated La/Sm(N), and
higher large ion lithophile element (LILE) concentrations compared to the basalts. The relatively more radiogenic Sr and less
radiogenic Nd isotopic composition of the impact breccia and non-spherical impact glasses compared to the target basalts are
consistent with melting and mixing of the Precambrian basement beneath the Deccan basalt with up to 15 wt% contribution of
the basement to these samples. Variations in the moderately siderophile element (MSE) concentration ratios of the impact
breccia as well as all the spherules are best explained by contributions from three components – a chondritic impactor, the
basaltic target rocks at Lonar and the basement underlying the Deccan basalts. The large variations in concentrations of
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volatile elements like Zn and Cu and correlated variations of EFCu-EFZn, EFPb-EFZn, EFK-EFZn and EFNa-EFZn, particu-
larly in the Group 1a spherules, are best explained by evaporation-condensation effects during impact. While most spherules,
irrespective of their general major and trace element composition, show a loss in volatile elements (e.g., Zn and Cu) relative to
the target basalts, some spherules, mainly of Group 1, display enrichments in these elements that are interpreted to reflect the
unique preservation of volatile-rich vapour condensates resulting from geochemical fractionation in a vertical direction within
the vapour cloud.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Impact craters are ubiquitous features in the Solar Sys-
tem. Given that the inner Solar System planetary bodies
and some of the Jovian satellites have basaltic crusts
(Walker et al., 1979), impact craters on basaltic rocks are
a common feature on planetary bodies. On Earth, impact
craters on a purely basaltic target are rare. One example
is the �1.88 km diameter simple crater at Lonar in Maha-
rashtra, India (Fig. 1) which is now a saline water lake
(Fredriksson et al., 1973; Kieffer et al., 1976; Fudali et al.,
1980). Isotopic studies indicate that the basalts around
Lonar correlate with the Poladpur suite, one of the mid-
section volcano-stratigraphic units of the Deccan Traps
(Chakrabarti and Basu, 2006). Another example is the
Logancha crater, which is thought to be formed on the
Siberian flood basalts (Feldman et al., 1983; Masaitis,
1999). However, the Logancha crater is difficult to access
due to permanent ice cover. Hence, in the context of plan-
etary analogue studies, the Lonar crater presents a unique
opportunity to study impact cratering on basaltic surfaces.

Early studies considered the Lonar crater to be a vol-
canic crater (Gilbert, 1896; La Touche and Christie, 1912;
Nandy and Deo, 1961). However, the principal reasons to
infer an impact-origin for the Lonar crater are: (i) the pres-
ence of a single crater amidst the vast Deccan Traps, (ii) the
unlikely scenario of flood basalts erupting by formation of
a crater, and (iii) the apparent young age, as inferred from
the thin sediment cover (Lafond and Dietz, 1964). The lack
of Ni and Co enrichments in soils, lake sediments, brines,
plants, and spring water at Lonar prompted Venkatesh
(1965) to suggest that the Lonar crater is non-meteoritic
in origin. However, Hawkes (1967) argued against the
approach of Venkatesh (1965) by showing that even at
the Meteor crater in Arizona, which is clearly of meteoritic
origin, plants and soils do not show any enrichment in Ni
concentrations. The impact-origin of the Lonar crater was
confirmed by the discovery of ‘‘glassy objects” (Nayak,
1972) and shatter cones and shock metamorphic features
in drill-core samples (Fredriksson et al., 1973). Later studies
revealed the occurrence of basalts with different degrees of
shock metamorphism at Lonar, validating an impact origin
(Kieffer et al., 1976). A smaller depression, 700 m north of
the Lonar crater, known as the Ambar crater or Little
Lonar (Fig. 1), is considered to be a second impact crater
(Fredriksson et al., 1973; Master, 1999).

Initial attempts to date the formation of the Lonar cra-
ter yielded recent ages. A study implementing thermolumi-
nescence to the Lonar impact glasses resulted in an age of
52,000 ± 6000 years (Sengupta et al., 1997) whereas fission
track dating yielded an age of 15 ± 13 ka (Storzer and
Koeberl, 2004). However, the above-mentioned techniques
are prone to resetting by alteration and younger thermal
events (cf., Storzer and Koeberl, 2004; Jourdan et al.,
2011). More recently, Ar-Ar dating of melt rock samples
have constrained the formation age of the Lonar crater at
570 ± 47 ka (Jourdan et al., 2011), which is currently the
preferred age of formation.

Early geochemical studies suggested that the Lonar
impact glasses are enriched in the alkali elements Na and
K (Nayak, 1972), as well as in Si (Murali et al., 1987) com-
pared to the target basalt. In contrast, other studies showed
that the impact glasses are chemically similar to the target
basalts, with possible depletion in Na, which was inter-
preted as impact-induced volatile loss (Fredriksson et al.,
1973; Stroube et al., 1978). The originally observed enrich-
ments in Na and Si were thus suggested to be of anthro-
pogenic origin (Fudali and Fredriksson, 1992). However,
enrichments in Na, K and other large-ion lithophile ele-
ments (LILE, including K, Rb, Cs, Sr, Ba) relative to the
target basalts have been observed in the impactites in more
recent geochemical studies too (Osae et al., 2005;
Chakrabarti and Basu, 2006; Son and Koeberl, 2007;
Misra et al., 2009). Preferential melting of plagioclase in
the target basalt upon impact has been suggested as one
of the possible mechanisms to enrich the LILE concentra-
tion of the impact-melts (Misra and Newsom, 2011; Ray
et al., 2017).

Measurements of Nd-Sr-Pb isotopic compositions of
impact breccia suggested that the Archaean basement
underlying the Deccan basalts at Lonar melted upon
impact and contributed to the composition of the Lonar
impact breccia (Chakrabarti and Basu, 2006). However,
this basement melting model has been questioned. First,
an anthropogenic influence on the impact breccia samples
(man-made bricks) analysed by Chakrabarti and Basu
(2006) has been suggested (Misra, 2006; Deenadayalan
et al., 2009; Misra et al., 2009; Maloof et al., 2010). Sec-
ondly, Son and Koeberl (2007) pointed out that the excava-
tion depth of the Lonar crater, estimated by these authors
to be 150–300 m based on the diameter of the crater, is
two to three times less than the expected thickness of the
Deccan basalts at Lonar, rendering the melting of the base-
ment unlikely. However, Nd and Sr isotopic compositions
of impactite samples collected independently by multiple
research groups (Chakrabarti et al., 2006; Schulz et al.,



Fig. 1. (a) Location of the Lonar crater in India and a simplified map of the Lonar crater showing sampling locations of the basalts, impact
breccia, soil sample from which the spherules and non-spherical impact glasses were extracted, and red bole. The basalts L10, L15 and the
impact breccia samples L8 and L27A (circles, C&B) were collected as part of an earlier study (Chakrabarti and Basu, 2006). (b) Field
photographs of in-situ samples of the basalt, impact breccia and red bole at Lonar as well as hand specimen samples of the impact breccia. (c)
Image of the aerodynamically-shaped non-spherical impact glasses and back-scattered electron (BSE) images of three different geochemical
types of spherules, all separated from the soil sample at R7.
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2016) overlap with the composition of the impact breccia
samples of Chakrabarti and Basu (2006) and concur with
the basement melting model (Chakrabarti and Basu,
2006). Borehole drilling at Killari, in the eastern part of
the Deccan Traps (�280 km from Lonar), has revealed
the presence of Archean granites and gneisses beneath
�340 m thick basalts (Gupta et al., 1999) while the lower
estimate of the depth of the Lonar crater by Chakrabarti
and Basu (2006) is 350 m, which is consistent with the pos-
sibility of basement melting at Lonar.

Meteoritic impactor fragments are not preserved at
Lonar. Early geochemical attempts to detect impactor sig-
natures from the impact rocks yielded mostly inconclusive
results (Venkatesh, 1965; Hawkes, 1967). The lack of
excesses in highly siderophile element (HSE, such as Ir or
Pt) as well as moderately siderophile element (MSE, includ-
ing Ni and Co) concentrations were explained by a lack or
limited contribution of the impactor to the melt rock com-
position (Morgan, 1978; Osae et al., 2005). Based on the
lack of HSE excesses, an Ir-poor iron meteorite impactor
was proposed for the Lonar crater (Osae et al., 2005). Using
MSE concentration ratios in Lonar impact spherules
(Misra et al., 2009), as well as HSE concentration ratios
and 187Os/188Os in impact glasses and impact melt rocks
(Schulz et al., 2016), a chondritic impactor has been sug-
gested for Lonar. Based on MSE concentration ratios in
Lonar spherules, this projectile contribution was specified
to derive from an EH-type chondrite (Ray et al., 2017),
whereas Cr isotopic measurements of Lonar impact glasses
suggest a carbonaceous chondritic impactor (Koeberl et al.,
2017).

In an effort to understand the geochemical and isotopic
effects of impact cratering on basaltic targets, we report
major and multi-trace element concentrations of target
basalts and a suite of impactites, as well as Nd and Sr iso-
topic compositions of selected basalts and impactites. We
also report geochemical and Nd and Sr isotopic composi-
tions of a red bole sample, formed by basalt alteration,
from Lonar. We evaluate the geochemical and isotopic
composition of the impactites in terms of melting of the
basaltic target and the basement, mixing of the impactor,
target basalts and the basement, evaporation-
condensation processes accompanying the impact event,
and post-formation aqueous alteration of the samples.

2. SAMPLES AND ANALYTICAL METHODS

Samples of Deccan (target) basalts and impact breccia as
well as soil samples excavated from a shallow pit were col-
lected from several locations around the Lonar crater,
within a few hundred meters from the crater rim, and Little
Lonar in 2013 (Fig. 1a). In this study, the term impact brec-
cia is used for bulk samples showing clear evidence of melt-
ing and shock and is based on arguments presented in
Chakrabarti and Basu (2006) (Fig. 1b). Aerodynamically
shaped impact glasses were hand-picked from the soil sam-
ples collected from the south-eastern rim of the crater
(Fig. 1a). The soil samples were sorted using locally-made
nylon sieves with aperture sizes of 1 mm and 0.5 mm.
The two finer fractions contained impact glasses, which
were hand-picked using sharpened wooden picks under a
binocular stereomicroscope at the Centre for Earth Sciences
(CEaS), Indian Institute of Science (IISc). Among the
impact glasses, spherical-shaped impact glasses with <1
mm diameter are referred to as spherules in the present
study, while elongate and dumbbell-shaped impact glasses
with longest dimensions greater than 1 mm but less than
1 cm are referred to as non-spherical impact glasses
(Fig. 1c). All the products of impact, which include the
impact breccia, spherules and non-spherical impact glasses,
are referred to as impactites. A total of seven basalt samples
and five impact breccia samples were collected. The col-
lected samples were fresh and did not show any visual signs
of alteration. In addition to the above-mentioned samples,
we re-analysed two basalt samples (L10, L15) and two
impact breccia samples (L8, L27A) collected as part of an
earlier study (Chakrabarti and Basu, 2006). A sample of a
clay-rich intra-basaltic horizon derived from weathering
of the Deccan basalt, defined as red bole (Wilkins et al.,
1994) (Fig. 1b), was collected from the Dhar canyon at
Lonar (Fig. 1a).

The bulk rock samples were gently crushed to cm-sized
chips using a rock hammer. Several grams of these chips
were cleaned using 18.2 MX cm water by ultra-sonication
and air dried, and subsequently crushed using an agate
mortar and pestle. Samples L10, L15, L8 and L27A
(Chakrabarti and Basu, 2006) were already in powdered
form, whereas the red bole sample was directly crushed
using an agate mortar and pestle. Approximately 25 mg
of the powdered samples were dissolved in 15 ml screw-
cap Teflon vials using a combination of Suprapur HF (Mer-
ck) and Emsure brand HNO3 and HCl acids (Merck, ACS,
Reag. PhEur), the latter two acids were previously further
purified using a Savillex DST-1000 sub boiling still, accord-
ing to established protocols (Banerjee et al., 2016). After
dissolution, the samples were taken up in 100 ml of 2%
HNO3 in pre-cleaned 125 ml HDPE bottles to achieve a
dilution factor of �4000. All samples were processed in a
class 100 laminar flow work area hosted in a class 10,000
clean room at the CEaS, IISc. The United States Geological
Survey (USGS) rock standards BHVO-2 (Hawaiian basalt),
BCR-2 (Columbia River basalt), and AGV-2 (andesite)
were processed in the same way as the rock samples.

Element concentrations were measured using a Thermo
Scientific X-Series II quadrupole inductively coupled
plasma mass spectrometer (ICPMS) at the CEaS, IISc.
An internal standard mixture with 10 ppb of Be, In, Cs
and Bi was added to all blanks, samples and standards ‘‘on-
line” to correct for instrumental drift. Sample solutions
were introduced from a CETAC ASX-520 auto-sampler,
actively transported through a PFA nebulizer with a flow
rate of 100 lL/min using a peristaltic pump, to an ESI-
PC3 Peltier-cooled spray chamber. Barring elements prone
to spectral overlap from Ar-containing molecular ions
(masses between 40 amu and 86 amu) for which the colli-
sion/reaction cell mode (using a mixture of H2 and He gases
introduced at 7 ml/min) was used, the concentrations of
most elements were determined in the standard mode.
The instrument was tuned to reduce the CeO+/Ce+ ratio
to <2% to minimize oxide-related interferences. The raw
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counts for all elements were corrected for the contribution
from acid blanks and converted to concentrations using
USGS rock standards BHVO-2 and BCR-2, which were
used as calibration standards. The accuracy of the data
was tested by analyzing USGS rock standards AGV-2
and BHVO-2, interspersed with the samples. The experi-
mental results agree within 2% with the corresponding ref-
erence values for the rare earth elements (REEs) and within
5% for the other elements (Supplementary Table A.1).
Internal precision (%RSD, relative standard deviation),
based on three repeat measurements is better than 2%.
Our laboratory acid blanks are <1 ppt for the REEs, <1
ppb for all other elements analyzed barring some major ele-
ments like Na for which it is <10 ppb.

A preliminary size-sorting of the spherules was done
using a stereomicroscope and 35 spherules with the least
number of surface pits were chosen for geochemical charac-
terization. Due to the difficulty in weighing the spherules,
elemental concentration measurements of the spherules
using solution-based ICPMS were not performed. Fresh-
looking spherules were selected for elemental analyses using
laser ablation (LA)-ICPMS at Ghent University (UGent).
These spherules range between �133 and 672 lm in diame-
ter (Table 2). Concentrations of major and trace elements in
thirty-five selected Lonar spherules (Table 2) were deter-
mined using a 193 nm ArF* excimer-based Analyte G2
laser ablation system (Teledyne CETAC Technologies,
Omaha, USA) coupled to an Element XR (Thermo Fisher
Scientific, Bremen, Germany) sector-field ICPMS unit.
Analysis was performed via repeated (2–5 times) laser dril-
ling using a laser spot size of 50 lm in diameter, a laser
dwell time of 20 s, a repetition rate of 40 Hz, and a beam
energy density of 3.51 J/cm2 on the spherule surface. The
spherules and reference materials were mounted in a stan-
dard HELEX 2 double-volume ablation cell. The He carrier
gas (0.5 L/min) was mixed with Ar make-up gas down-
stream of the ablation cell, and introduced into the ICPMS
unit, operated at low mass resolution. Semi-cold plasma
conditions (800 W RF power) were used to reduce Ar-
based interferences. Precise and accurate trace element con-
centration data were obtained based on external calibra-
tion, using matrix-matched MPI-DING glass reference
materials GOR 128-G, StHS6/80-G, GOR 132-G,
ATHO-G, ML3B-G, T1-G, and KL2-G and total oxide
normalization to 100 wt.%. Following this procedure, pre-
cise and accurate major, minor and trace element concen-
trations were obtained for USGS glass reference materials
BCR-2G, BIR-1G and BHVO-2G (Supplementary
Table A.1). Based on the analyses of the reference materi-
als, the reproducibility for the elements measured are typi-
cally 5–10 %RSD depending on the concentration
(Wittmann et al., 2013; Van Roosbroek et al., 2015). How-
ever, the HSE Re, Ir, Pt and Au show precisions of 10–20 %
RSD because of their occurrence in ppb-level concentra-
tions only (Table 2). The limits of detection (LOD) for
Re, Ir, Pt, Au are 1, 1, 0.3 and 3 ppb, respectively.

Neodymium and Sr isotope ratio measurements were
carried out using a Thermo Scientific Triton Plus thermal
ionization mass spectrometer (TIMS) at CEaS, IISc, using
a laboratory protocol described in Banerjee et al. (2016).
Selected basalts, impact breccia, non-spherical impact
glasses, spherules and the red bole were dissolved using
ultrapure HF, HNO3 and HCl acids. Spherules and non-
spherical impact glasses with relatively less pitted surfaces,
were ultrasonicated using 18.2 MX cm water to remove
any surface contamination prior to dissolution for isotopic
measurements. Owing to their small size and weight, four-
teen non-spherical impact glasses were dissolved together
and processed for Sr and Nd isotopic analysis. Similarly, fif-
teen relatively large spherules with an average diameter of
�500 lm (labelled as ‘‘Spherules-large”) were dissolved
together, while seventeen smaller spherules of �250 lm
diameter (labelled as ‘‘Spherules-small”) were dissolved
together and only Sr isotope ratio data was successfully
obtained for these two sets of spherules. Due to the small
sample size and weight, these spherules and non-spherical
impact glasses could not be analyzed for elemental concen-
trations. Strontium and Nd were isolated from the samples
using ion-exchange chromatography. Primary separation
was done using BioRad AG50W X8 (100–200 mesh) resin,
from which Sr was eluted in 3 M HCl, while the REEs
and Ba were eluted in 6 M HCl. The Sr fraction was further
cleaned using the same resin in a smaller column. From the
eluted fraction containing the REEs and Ba, Nd was sepa-
rated using BioRad AG50W X8 (200–400 mesh) resin with
0.2 M 2-hydroxyisobutyric acid at a pH of 4.495. A final
purification of the Nd fraction was achieved using the same
resin but in a smaller column using 6 M HCl. The procedu-
ral blanks for Nd and Sr are measured to be <400 pg. Stron-
tium was loaded using �0.7 M H3PO4 on degassed and
oxidised Ta filaments and analyzed using a single filament
assembly, while Nd was loaded in �0.03 M H3PO4 on
degassed zone-refined Re filaments and analyzed using a
double filament assembly. Instrumental mass fractionation
during 87Sr/86Sr and 143Nd/144Nd isotope ratio measure-
ments was corrected by internal normalization using
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively.
Uncertainties in the 143Nd/144Nd ratios for the samples cor-
respond to 0.000003 (2smean, internal precision). The JNdi-1
Nd isotopic standard analyzed during this study yielded
143Nd/144Nd = 0.512118 ± 8 (2SD, n = 4). Uncertainties in
the measured 87Sr/86Sr are less than 0.000009 (2smean,
internal precision). The NIST SRM 987 Sr isotopic standard
analyzed during this study yielded 87Sr/86Sr = 0.710265 ±
10 (2SD, n = 5).

3. RESULTS

Concentrations of major and trace elements in nine
basalts, seven impact breccia and one red bole were deter-
mined using solution-based ICPMS (Table 1). We have
analysed the bulk sample as well as an acetic acid-leached
sample of the red bole. Among these samples, the basalts
L10 and L15 and impact breccia samples L8 and L27A
were characterized in an earlier study (Chakrabarti and
Basu, 2006) and re-analyzed for comparison in this study.
Elemental concentrations of these four samples are consis-
tent with earlier measurements. Concentrations of Si were
not determined as our dissolution procedure uses HF acid,
the use of which results in loss of Si by volatile-loss of SiF4.



Table 1
Major and trace element concentrations determined by ICPMS after acid digestion of target basalts, impact breccia and red bole from the Lonar crater.

Sample# Rock type CIA Na
(wt%)

Mg
(wt%)

Al
(wt%)

K
(wt%)

Ca
(wt%)

Ti
(wt%)

Fe
(wt%)

Mn
(wt%)

P
(ppm)

Li
(ppm)

Sc
(ppm)

V
(ppm)

Cr
(ppm)

Co
(ppm)

Ni
(ppm)

Cu
(ppm)

Zn
(ppm)

Rb
(ppm)

Sr
(ppm)

Y
(ppm)

Zr
(ppm)

Nb
(ppm)

Ba
(ppm)

R1 Basalt 36.4 1.65 3.5 7.2 0.48 7.6 1.21 10.0 0.128 732 6.8 36 430 109 118 79 121 85 16.4 207 29 127 9.2 96
R3 Basalt 36.9 1.81 3.2 6.7 0.51 6.6 1.52 11.1 0.147 910 7.9 35 435 35 118 52 138 99 18.8 213 37 271 11.7 119
R4 Basalt 37.1 1.82 3.2 6.8 0.29 6.9 1.53 11.0 0.164 1025 5.8 35 440 62 119 53 121 108 8.6 251 35 184 12.2 167
R5 Basalt 36.8 1.69 3.5 6.8 0.138 7.2 1.55 11.7 0.186 1063 8.5 36 430 33 129 53 158 115 4.2 225 36 174 12.1 73
R6 Basalt 37.2 1.85 3.3 6.9 0.50 6.8 1.52 11.5 0.155 827 7.1 35 435 34 124 53 156 99 16.6 216 35 159 11.1 121
R7 Basalt 36.8 1.84 3.4 6.9 0.25 7.1 1.50 11.1 0.21 880 6.0 35 427 34 122 53 119 93 3.8 230 35 165 10.5 125
RLL1 Basalt 36.7 1.84 3.2 6.8 0.50 6.9 1.43 11.0 0.27 973 6.8 35 422 34 123 54 144 108 16.8 219 36 163 10.1 130
L10 Basalt 36.4 1.67 4.1 7.3 0.148 8.0 1.22 10.4 0.147 789 5.4 36 386 112 131 86 129 90 2.4 214 30 131 9.0 76
L15 Basalt 36.4 1.78 3.4 6.7 0.51 6.9 1.51 11.8 0.162 912 7.2 36 432 36 129 55 160 106 18.4 209 36 162 10.2 119
R5b Impact breccia 38.0 1.68 3.1 7.1 0.53 6.8 1.37 10.2 0.153 1016 8.8 34 382 70 113 53 137 104 18.5 248 35 176 11.1 193
R6b Impact breccia 38.0 1.82 3.1 7.1 0.56 6.8 1.42 10.4 0.154 957 9.1 34 390 65 112 52 124 96 19.5 252 36 178 11.4 231
R7b Impact breccia 38.6 1.72 3.2 7.2 0.51 6.8 1.38 10.0 0.150 834 8.8 33 389 80 111 58 103 83 17.9 247 34 285 11.2 198
R8 Impact breccia 36.4 1.66 3.4 6.7 0.37 7.0 1.41 10.3 0.151 385 8.7 35 398 100 130 136 117 101 13.6 243 37 179 11.7 187
R9 Impact breccia 37.0 1.58 3.1 6.8 0.38 7.1 1.26 9.3 0.139 446 8.5 34 368 101 116 70 96 84 14.8 233 33 158 10.6 142
L8 Impact breccia 42.7 1.17 3.9 7.3 0.67 5.9 1.16 9.7 0.151 1522 10.3 32 320 65 112 56 106 74 24 236 33 155 10.0 141
L27A Impact breccia 40.0 1.02 3.0 6.5 0.95 5.8 1.66 10.5 0.167 3935 9.7 33 415 102 120 75 116 108 24 198 30 149 11.6 179
RRB Red Bole (bulk) 0.23 2.4 4.2 0.39 11.7 0.54 6.4 0.042 21 15.3 21 70 47 68 54 147 55 24 160 18.8 125 6.0 60
RRB-L* Red Bole leached 55.6 0.30 3.0 5.8 0.52 3.0 0.80 9.3 0.039 0.087 20 26 171 64 40 77 333 80 34 84 13.8 118 9.6 64

Sample# Rock
type

La
(ppm)

Ce
(ppm)

Pr
(ppm)

Nd
(ppm)

Sm
(ppm)

Eu
(ppm)

Gd
(ppm)

Tb
(ppm)

Dy
(ppm)

Ho
(ppm)

Er
(ppm)

Tm
(ppm)

Yb
(ppm)

Lu
(ppm)

Hf
(ppm)

Ta
(ppm)

Pb
(ppm)

Th
(ppm)

U
(ppm)

R1 Basalt 9.9 24.8 3.61 17.0 4.87 1.64 5.5 0.89 5.5 1.11 2.86 0.409 2.56 0.362 3.3 0.75 1.73 1.39 0.30
R3 Basalt 14.1 33.9 4.88 22.6 6.2 2.02 6.9 1.11 6.9 1.40 3.58 0.52 3.24 0.456 4.2 0.88 2.1 2.1 0.48
R4 Basalt 16.1 38.1 5.3 24.2 6.4 2.11 7.0 1.10 6.7 1.34 3.39 0.477 3.00 0.415 4.6 0.84 3.3 2.8 0.49
R5 Basalt 13.5 34.3 4.94 23.1 6.4 2.08 7.1 1.14 6.9 1.40 3.60 0.51 3.18 0.444 4.4 0.89 2.7 2.2 0.45
R6 Basalt 13.4 32.6 4.67 21.7 6.0 1.99 6.7 1.08 6.6 1.35 3.47 0.490 3.09 0.432 4.2 0.81 2.5 2.0 0.49
R7 Basalt 13.4 33.2 4.72 22.1 6.0 2.01 6.7 1.08 6.7 1.35 3.46 0.493 3.09 0.431 4.2 0.73 2.4 2.0 0.42
RLL1 Basalt 13.3 33.2 4.70 21.8 6.1 2.00 6.7 1.08 6.6 1.36 3.50 0.497 3.11 0.443 4.2 0.63 2.8 2.0 0.49
L10 Basalt 10.0 25.2 3.68 17.5 4.98 1.69 5.6 0.90 5.6 1.14 2.94 0.421 2.65 0.376 3.4 0.71 1.67 1.42 0.29
L15 Basalt 13.3 32.3 4.63 21.5 6.0 1.95 6.6 1.07 6.5 1.34 3.47 0.50 3.10 0.437 4.1 0.66 2.3 2.0 0.48
R5b Impact breccia 19.0 42.7 5.6 24.8 6.4 1.99 6.8 1.07 6.4 1.33 3.39 0.488 3.04 0.432 4.4 0.75 4.1 3.0 0.58
R6b Impact breccia 19.3 43.6 5.8 25.3 6.5 2.03 7.0 1.09 6.6 1.35 3.49 0.494 3.12 0.436 4.5 0.83 4.4 3.0 0.58
R7b Impact breccia 18.2 41.0 5.5 24.0 6.2 1.95 6.7 1.06 6.4 1.31 3.35 0.479 3.01 0.424 4.3 0.82 4.0 2.9 0.65
R8 Impact breccia 16.0 37.6 5.4 23.9 6.6 2.29 7.2 1.29 7.0 1.58 3.69 0.70 3.29 0.830 4.2 0.97 3.3 2.4 0.59
R9 Impact breccia 15.1 34.8 4.71 21.2 5.6 1.79 6.2 0.97 6.0 1.23 3.13 0.444 2.78 0.391 3.8 0.79 3.4 2.6 0.55
L8 Impact breccia 15.6 37.0 4.96 22.2 5.8 1.90 6.4 1.01 6.1 1.25 3.24 0.467 2.92 0.417 4.0 0.75 1.62 2.9 0.64
L27A Impact breccia 12.8 30.2 4.15 18.8 5.0 1.62 5.6 0.90 5.6 1.13 2.91 0.420 2.62 0.373 3.8 0.75 20 2.6 0.52
RRB Red Bole (bulk) 8.2 16.0 2.51 11.0 2.88 0.91 3.22 0.53 3.29 0.69 1.77 0.253 1.56 0.219 1.92 0.36 4.6 2.0 0.58
RRB-L* Red Bole leached 8.3 15.8 2.10 8.3 2.02 0.63 2.26 0.380 2.50 0.53 1.40 0.205 1.28 0.179 2.8 0.62 6.6 2.7 0.32
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With the exception of samples R1 and L10, the basalt sam-
ples show elemental concentrations that are broadly similar
to one another (Table 1). The concentrations in the impact
breccia samples broadly overlap with those of the basalts
while the red bole shows clear differences (Table 1). For
the spherules, the concentrations of major and trace ele-
ments were determined using LA-ICPMS (Table 2). Signif-
icant compositional variability exists among the spherules
(Table 2). The non-spherical impact glasses were not mea-
sured for their trace element concentrations. Details of
the compositional variations in the Lonar samples are dis-
cussed in the following sections.

3.1. Chemical index of alteration

The basalts and impact breccia samples do not show any
visual signs of alteration. While most spherules show
smooth surfaces with a glassy appearance, back-scattered
electron (BSE) images of some spherules exhibit apparent
surface alteration in the form of pits and roughness of the
surface (Fig. 1c). Given the preservation state of the sam-
ples, especially the spherules, values for the chemical index
of alteration (CIA) of all the samples were calculated
according to Nesbitt and Young (1982), as:

CIA ¼ ½Al2O3=ðAl2O3 þ CaOþNa2OþK2OÞ� � 100 ð1Þ
The target basalts at Lonar show the lowest CIA values,

which range from 36.4 to 37.2. The impact breccia samples
show overlapping CIA (36.4–42.7) with the basalts. Impact
breccia samples L8 and L27A show slightly high values of
42.7 and 40.0, respectively (Table 1). The CIA value of
the bulk red bole sample is 20.4, while that of the red bole
sample leached with 2% acetic acid is 55.6 (Table 1). The
spherules show a relatively large range in CIA values rang-
ing from 34.7 to 65.6 (Table 2) and are sub-divided into
Group 1 (n = 28), with CIA values ranging from 34.7 to
40.5, and Group 2 (n = 7), which shows CIA values greater
than 43.0. The CIA values of the Group 1 spherules overlap
with that of the basalts and impact breccia samples,
whereas the CIA values of the Group 2 spherules overlap
with that of the leached red bole sample (Fig. 2). The
Group 1 spherules are further divided into Groups 1a and
1b based on their MSE concentrations and ratios, as dis-
cussed in Section 3.3.

3.2. Enrichment factors (EF) of elements

Niobium-normalized concentration of an element com-
pared to the Nb-normalized concentration of the same ele-
ment in the average basalt at Lonar is defined as the
‘‘enrichment factor” (EF). The selection of Nb is based
on its fluid immobile (cf., Banerjee et al., 2016) as well as
refractory behaviour (50% TC of 1559 K; Lodders, 2003).
Based on our measurements, the average Nb concentration
in the Lonar basalt is 10.7 ± 2.4 ppm (2SD) (Nb data from
Table 1). The EF of several elements in the basalts, impact
breccia and spherules are plotted in Fig. 3. By definition,
the EF of the average basalt has a value of unity for all ele-
ments. Values of EFNa, EFCa and EFK for the spherules
and impact breccia mostly fall below unity with Group 2



Table 2
Major and trace element concentrations of spherules from the Lonar crater determined by LA-ICPMS.

Sample# Type Diameter CIA Na2O
(wt%)

MgO
(wt%)

Al2O3

(wt%)
SiO2

(wt%)
P2O5

(wt%)
K2O
(wt%)

CaO
(wt%)

TiO2

(wt%)
MnO
(wt%)

FeOT

(wt%)
Li
(ppm)

Sc
(ppm)

V
(ppm)

Cr
(ppm)

Co
(ppm)

Ni
(ppm)

Cu
(ppm)

Zn
(ppm)

Rb
(ppm)

R-Sph-2 1a 274 37.83 1.75 7.3 12.6 49 0.199 0.28 9.7 2.3 0.24 16.6 6.4 35 377 441 114 1386 223 112 9.9
R-Sph-3 1a 398 39.31 1.74 7.1 13.2 47 0.184 0.28 9.4 2.4 0.24 17.8 8.6 36 371 393 122 1612 255 126 11.2
R-Sph-4 1a 429 38.72 1.55 7.5 12.9 48 0.125 0.22 9.7 2.4 0.25 16.9 7.0 34 321 389 120 1478 166 84 7.6
R-Sph-7 1a 347 39.29 2.3 4.5 13.9 48 0.29 0.62 9.4 4.3 0.197 16.5 8.3 32 511 99 58 205 412 173 13.7
R-Sph-8 1a 224 38.41 2.4 5.9 13.5 52 0.092 0.41 9.5 2.4 0.20 13.6 6.4 36 387 145 67 499 209 76 9.7
R-Sph-15 1a 233 40.52 3.2 4.0 16.1 52 0.36 0.56 9.8 1.9 0.157 11.2 11.2 23 312 144 46 233 363 179 12.3
R-Sph-17 1a 200 37.36 1.89 6.0 13.6 49 0.178 0.36 10.6 2.7 0.22 15.7 8.8 39 455 261 80 600 229 113 13.0
R-Sph-18 1a 297 34.71 2.0 6.0 13.1 49 0.192 0.46 11.5 2.7 0.20 14.5 7.0 44 417 130 58 270 191 111 12.9
R-Sph-19 1a 293 39.75 1.28 8.2 14.8 46 0.126 0.22 11.0 2.9 0.25 15.3 7.4 43 343 231 85 995 146 67 9.2
R-Sph-20 1a 329 38.87 1.41 7.5 13.4 48 0.055 0.192 10.2 2.6 0.24 16.5 5.7 39 321 315 117 1423 111 48 6.1
R-Sph-21 1a 420 38.41 1.86 7.8 13.2 47 0.22 0.31 9.8 2.4 0.25 16.6 7.2 36 385 514 128 1778 234 122 10.9
R-Sph-23 1a 235 37.42 1.47 9.1 13.3 44 0.165 0.22 10.7 2.6 0.25 17.8 6.9 41 325 485 134 1570 169 101 7.6
R-Sph-24 1a 272 39.57 1.90 6.8 13.9 47 0.197 0.30 9.8 2.6 0.24 16.9 8.5 40 400 288 93 976 257 113 11.9
R-Sph-26 1a 230 38.64 1.81 7.3 13.1 48 0.20 0.30 9.7 2.4 0.24 16.8 8.3 36 363 433 122 1672 217 120 12.0
R-Sph-27 1a 296 37.31 2.5 5.6 13.9 49 0.32 0.52 10.2 2.5 0.22 14.9 7.4 40 444 129 67 355 374 212 15.2
R-Sph-30 1a 159 39.67 1.75 6.0 13.4 50 0.032 0.23 9.5 2.7 0.23 16.2 7.2 36 354 90 64 273 127 43 5.3
R-Sph-33 1a 158 36.86 1.51 7.5 13.4 47 0.097 0.192 11.1 2.6 0.25 16.1 6.3 8 331 164 94 980 139 61 5.2
R-Sph-35 1a 161 35.98 2.1 8.3 11.9 47 0.30 0.32 9.6 2.3 0.25 17.2 7.0 34 411 685 140 1855 253 134 10.9

R-Sph-5 1b 672 36.76 2.1 5.6 12.9 52 0.26 0.57 10.0 2.4 0.21 13.6 6.8 40 376 86 50 58 202 122 16.9
R-Sph-6 1b 497 38.05 2.3 5.5 14.3 51 0.193 0.50 10.5 2.3 0.195 13.4 8.4 37 370 101 50 64 193 112 14.9
R-Sph-9 1b 385 35.75 1.75 6.6 12.7 48 0.197 0.46 10.7 2.8 0.24 16.0 6.2 50 411 78 55 75 168 123 13.6
R-Sph-12 1b 246 39.36 2.1 5.0 15.2 50 0.25 0.67 10.5 2.5 0.20 13.5 9.5 39 372 56 44 48 213 118 24
R-Sph-13 1b 231 38.87 2.4 6.0 14.3 50 0.25 0.75 9.7 2.3 0.22 13.7 9.2 35 407 94 48 60 197 120 19.0
R-Sph-14 1b 393 38.46 2.2 5.6 14.9 51 0.123 0.47 10.9 2.2 0.194 12.0 5.9 37 374 106 45 72 122 56 13.5
R-Sph-22 1b 252 36.92 2.2 5.6 14.0 51 0.20 0.53 10.8 2.4 0.20 13.1 8.0 41 378 98 51 56 195 122 14.5
R-Sph-29 1b 145 39.13 2.3 5.2 15.2 51 0.22 0.51 10.6 2.4 0.181 12.2 6.1 36 353 90 46 59 187 114 14.2
R-Sph-32 1b 133 39.10 2.3 5.3 15.3 50 0.25 0.64 10.7 2.3 0.20 13.3 8.0 36 371 65 46 51 220 120 19.4
R-Sph-34 1b 199 36.85 2.3 5.3 13.1 52 0.21 0.56 10.0 2.1 0.193 13.9 8.1 32 387 121 52 68 201 126 16.6

R-Sph-1 2 367 43.47 0.83 7.3 16.4 46 0.043 0.129 10.9 2.8 0.24 15.6 4.2 41 262 151 67 509 91 43 2.8
R-Sph-10 2 246 52.11 1.11 5.0 15.6 51 0.076 0.34 6.7 2.9 0.26 16.9 13.1 40 353 193 103 1002 210 76 21
R-Sph-11 2 204 49.32 0.71 5.7 25 38 0.136 0.156 13.6 3.4 0.190 12.0 6.9 74 299 251 74 1000 179 76 8.2
R-Sph-16 2 254 46.23 0.57 6.5 14.5 50 0.0128 0.10 8.7 2.8 0.26 15.9 5.8 38 172 124 90 550 24 32 3.8
R-Sph-25 2 296 56.08 0.71 3.3 14.9 56 0.106 1.28 5.0 2.6 0.175 15.8 9.5 32 262 208 43 215 253 104 35
R-Sph-28 2 327 51.55 1.14 4.4 16.3 50 0.079 0.32 7.2 3.2 0.28 16.8 9.4 45 322 136 82 539 88 46 15.3
R-Sph-31 2 230 65.62 0.67 3.5 17.7 52 0.076 0.51 4.2 3.3 0.27 17.4 23.4 42 370 178 87 551 183 108 43

Sample# Type Sr
(ppm)

Y
(ppm)

Zr
(ppm)

Nb
(ppm)

Ba
(ppm)

La
(ppm)

Ce
(ppm)

Pr
(ppm)

Nd
(ppm)

Sm
(ppm)

Eu
(ppm)

Gd
(ppm)

Tb
(ppm)

Dy
(ppm)

Ho
(ppm)

Er
(ppm)

Tm
(ppm)

Yb
(ppm)

Lu
(ppm)

Hf
(ppm)

R-Sph-2 1a 212 32 151 11.1 133 13.9 33.2 4.70 22.4 6.1 1.91 6.6 0.96 6.4 1.25 3.04 0.387 2.69 0.381 3.8
R-Sph-3 1a 205 33 162 12.4 142 13.6 33.8 4.97 24.5 6.9 2.01 7.5 1.13 6.8 1.31 3.43 0.400 3.02 0.471 4.4
R-Sph-4 1a 218 33 152 11.0 143 13.7 34.1 5.1 22.4 6.4 2.03 6.8 1.11 6.0 1.29 3.02 0.471 2.80 0.438 4.0
R-Sph-7 1a 252 30 169 13.0 144 15.2 33.3 4.79 22.0 6.9 2.12 6.6 0.93 6.1 1.16 2.85 0.483 2.74 0.378 4.2
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R-Sph-8 1a 207 34 155 11.2 135 14.4 34.4 4.92 22.2 6.0 2.03 7.2 1.08 6.5 1.30 3.15 0.53 3.25 0.432 4.7
R-Sph-15 1a 313 26 133 9.3 160 14.6 34.2 4.41 22.1 5.3 2.25 6.0 0.88 6.0 1.20 2.86 0.359 2.67 0.392 3.9
R-Sph-17 1a 231 37 178 12.9 162 15.4 38.3 5.3 28.5 7.6 2.13 7.8 1.21 7.2 1.52 3.81 0.54 3.61 0.416 4.3
R-Sph-18 1a 243 37 188 12.9 127 16.6 37.2 5.8 27.6 7.7 2.16 8.4 1.34 8.0 1.53 3.54 0.488 3.29 0.464 4.8
R-Sph-19 1a 248 41 193 13.4 203 19.2 44.0 6.2 29.2 7.8 2.51 8.4 1.30 8.6 1.48 4.31 0.57 3.88 0.55 5.5
R-Sph-20 1a 229 38 181 12.2 156 15.4 36.2 5.3 26.5 7.3 2.06 8.2 1.22 7.5 1.44 4.03 0.50 3.04 0.50 4.9
R-Sph-21 1a 218 36 168 11.5 148 14.5 35.1 4.95 26.0 6.2 1.92 7.2 1.05 7.1 1.34 3.39 0.50 3.17 0.474 4.4
R-Sph-23 1a 238 39 187 12.6 161 16.5 37.8 5.8 24.8 7.3 2.24 7.9 1.28 8.0 1.53 4.09 0.58 3.48 0.52 5.7
R-Sph-24 1a 214 38 178 12.5 138 15.7 36.8 5.6 26.7 6.9 1.99 7.5 1.16 7.1 1.23 3.71 0.54 3.07 0.50 4.5
R-Sph-26 1a 213 34 163 11.4 160 15.2 34.4 4.97 24.4 6.7 1.84 7.3 1.02 7.0 1.38 3.54 0.467 3.08 0.454 4.6
R-Sph-27 1a 219 37 179 12.4 141 15.8 35.6 5.3 23.4 7.2 2.10 7.7 1.15 7.2 1.43 3.62 0.495 3.20 0.413 4.9
R-Sph-30 1a 213 37 175 12.9 145 16.1 39.0 5.5 26.9 7.5 2.14 7.1 1.13 8.0 1.41 3.70 0.490 3.26 0.431 4.9
R-Sph-33 1a 248 37 179 11.6 169 15.7 36.5 5.3 25.1 6.7 2.21 7.4 1.21 7.2 1.56 3.66 0.53 3.48 0.51 5.3
R-Sph-35 1a 208 33 150 11.0 119 13.3 34.2 4.74 22.1 5.4 1.85 6.4 1.00 5.8 1.28 2.96 0.445 2.63 0.383 4.0

R-Sph-5 1b 230 35 182 11.2 179 20.2 42.7 6.3 27.7 7.7 2.09 7.7 1.13 7.2 1.34 3.61 0.480 2.96 0.51 4.8
R-Sph-6 1b 263 35 176 11.7 155 16.9 37.2 5.3 25.7 6.2 2.03 6.8 1.02 6.6 1.19 3.36 0.471 3.03 0.393 4.6
R-Sph-9 1b 242 40 185 12.0 151 17.1 36.1 5.8 25.6 7.1 2.46 8.2 1.32 7.2 1.57 3.89 0.53 3.41 0.472 4.8
R-Sph-12 1b 302 39 198 11.9 193 22.1 46.4 6.6 28.8 7.7 2.35 8.0 1.21 7.4 1.47 3.42 0.489 3.01 0.467 5.3
R-Sph-13 1b 242 32 175 12.6 385 20.0 45.7 5.8 27.2 6.9 2.12 6.5 1.04 6.9 1.18 3.52 0.54 3.38 0.417 5.1
R-Sph-14 1b 247 30 147 10.2 171 17.1 38.9 5.2 22.9 5.5 1.89 6.9 0.89 5.8 1.17 2.78 0.386 2.57 0.419 3.7
R-Sph-22 1b 259 37 180 11.8 186 19.9 42.4 6.1 26.5 7.0 2.14 7.7 1.09 7.6 1.38 3.22 0.465 3.02 0.54 5.0
R-Sph-29 1b 266 37 199 12.1 160 18.5 39.8 6.0 28.7 7.4 2.19 8.5 1.13 7.4 1.24 3.64 0.51 3.31 0.401 5.3
R-Sph-32 1b 263 36 186 12.0 208 18.4 43.0 5.8 26.6 6.4 2.11 8.2 1.19 7.0 1.52 3.31 0.53 3.06 0.288 4.9
R-Sph-34 1b 234 28 149 10.8 152 15.8 36.9 4.94 22.9 5.6 1.81 6.1 0.95 5.7 1.14 2.82 0.414 2.66 0.366 4.4

R-Sph-1 2 267 40 202 14.6 179 17.7 38.8 5.8 29.1 7.3 2.65 8.4 1.28 7.5 1.63 3.63 0.53 3.65 0.52 4.6
R-Sph-10 2 166 45 222 16.8 203 21.3 46.8 6.6 32.2 9.3 2.45 9.5 1.35 8.5 1.89 4.90 0.65 3.90 0.53 6.4
R-Sph-11 2 319 81 374 16.9 175 30.1 36.1 7.5 51 14.8 3.77 17.1 2.42 15.8 3.35 7.8 0.98 7.0 1.03 10.7
R-Sph-16 2 198 40 196 13.8 192 19.1 41.8 5.9 29.7 8.1 2.40 8.7 1.40 8.2 1.64 3.74 0.53 3.29 0.50 5.3
R-Sph-25 2 339 33 231 13.1 306 16.3 26.8 4.86 22.9 5.2 1.86 6.6 0.98 6.5 1.34 3.30 0.480 3.08 0.449 5.4
R-Sph-28 2 197 40 227 16.0 212 20.5 47.4 6.5 30.1 8.9 2.34 8.6 1.27 8.1 1.73 4.06 0.56 3.61 0.493 6.4
R-Sph-31 2 118 51 257 21 250 26.8 58 8.7 39.0 10.1 2.73 11.4 1.54 10.3 2.09 5.2 0.64 4.37 0.65 7.2

Data for chondrites used for normalization are from Taylor and McLennan (1985).

Sample# Type Ta
(ppm)

Pb
(ppm)

Th
(ppm)

U
(ppm)

W
(ppm)

Re
(ppm)

Ir
(ppm)

Pt
(ppm)

Au
(ppm)

La/Sm(N) Ni/Cr Ni/Co Cr/Co Fe/Cr

R-Sph-2 1a 0.63 1.57 2.1 0.50 0.330 <LOD 0.032 0.012 <LOD 1.43 3.14 12.15 3.87 292
R-Sph-3 1a 0.62 0.99 2.5 0.54 0.272 <LOD <LOD 0.0031 <LOD 1.25 4.10 13.24 3.23 351
R-Sph-4 1a 0.63 0.87 2.2 0.44 0.197 <LOD 0.043 <LOD 0.0041 1.35 3.80 12.29 3.24 338
R-Sph-7 1a 0.85 5.0 1.98 0.59 0.414 <LOD <LOD 0.0024 <LOD 1.40 2.06 3.55 1.72 1288
R-Sph-8 1a 0.70 1.50 2.4 0.44 0.145 <LOD <LOD 0.011 <LOD 1.51 3.44 7.48 2.17 729
R-Sph-15 1a 0.65 4.6 2.1 0.54 0.186 <LOD <LOD 0.0042 <LOD 1.74 1.62 5.06 3.13 607
R-Sph-17 1a 0.69 1.85 2.7 0.74 0.488 <LOD 0.009 0.006 <LOD 1.27 2.30 7.50 3.26 467
R-Sph-18 1a 0.71 1.49 2.6 0.54 0.184 <LOD 0.008 <LOD <LOD 1.37 2.08 4.65 2.24 871
R-Sph-19 1a 0.85 0.51 3.5 0.36 0.180 <LOD <LOD 0.0009 <LOD 1.54 4.31 11.64 2.70 516

(continued on next page)
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Table 2 (continued)

Sample# Type Ta
(ppm)

Pb
(ppm)

Th
(ppm)

U
(ppm)

W
(ppm)

Re
(ppm)

Ir
(ppm)

Pt
(ppm)

Au
(ppm)

La/Sm(N) Ni/Cr Ni/Co Cr/Co Fe/Cr

R-Sph-20 1a 0.70 0.25 2.6 0.31 0.190 <LOD <LOD <LOD <LOD 1.33 4.51 12.21 2.70 407
R-Sph-21 1a 0.73 1.44 2.6 0.62 0.326 <LOD 0.009 0.0010 <LOD 1.48 3.46 13.94 4.03 251
R-Sph-23 1a 0.98 2.1 2.7 0.46 0.275 <LOD <LOD 0.0047 <LOD 1.42 3.24 11.67 3.61 285
R-Sph-24 1a 0.74 1.49 2.7 0.56 0.249 <LOD <LOD 0.011 <LOD 1.42 3.39 10.56 3.11 456
R-Sph-26 1a 0.80 1.76 2.4 0.56 0.321 <LOD <LOD 0.0019 <LOD 1.43 3.86 13.75 3.56 301
R-Sph-27 1a 0.81 2.0 2.7 0.72 0.372 <LOD <LOD 0.0039 <LOD 1.39 2.76 5.29 1.91 901
R-Sph-30 1a 0.77 0.185 2.9 0.38 0.104 <LOD <LOD 0.0010 <LOD 1.34 3.03 4.23 1.39 1397
R-Sph-33 1a 0.76 0.58 2.5 0.30 0.188 0.0024 <LOD 0.05 <LOD 1.46 5.97 10.41 1.75 762
R-Sph-35 1a 0.65 2.3 2.2 0.58 0.443 <LOD <LOD 0.0013 <LOD 1.54 2.71 13.29 4.91 196

R-Sph-5 1b 0.72 4.0 2.9 0.67 0.173 <LOD <LOD 0.009 0.009 1.65 0.67 1.16 1.72 1235
R-Sph-6 1b 0.70 2.9 2.8 0.62 0.165 <LOD <LOD 0.012 0.014 1.72 0.64 1.28 2.00 1033
R-Sph-9 1b 0.78 4.1 2.7 0.56 0.158 <LOD 0.017 0.033 0.018 1.51 0.96 1.37 1.43 1591
R-Sph-12 1b 0.65 4.2 3.3 0.65 0.155 <LOD 0.008 0.0015 <LOD 1.81 0.85 1.09 1.28 1878
R-Sph-13 1b 0.85 5.2 3.2 0.81 0.200 <LOD 0.029 0.088 <LOD 1.83 0.64 1.24 1.95 1127
R-Sph-14 1b 0.68 0.95 3.0 0.68 0.096 <LOD <LOD <LOD <LOD 1.94 0.68 1.59 2.33 884
R-Sph-22 1b 0.70 4.1 3.4 0.82 0.305 <LOD 0.018 0.0049 <LOD 1.78 0.57 1.10 1.93 1040
R-Sph-29 1b 0.75 2.9 3.2 0.70 0.216 <LOD <LOD <LOD <LOD 1.58 0.65 1.28 1.97 1057
R-Sph-32 1b 0.57 4.0 2.8 0.55 0.179 <LOD <LOD 0.0022 <LOD 1.82 0.79 1.12 1.43 1579
R-Sph-34 1b 0.60 3.5 2.5 0.70 0.315 <LOD <LOD <LOD <LOD 1.77 0.56 1.33 2.35 892

R-Sph-1 2 0.93 0.40 3.2 0.28 0.111 <LOD 0.007 0.0019 <LOD 1.52 3.36 7.57 2.25 799
R-Sph-10 2 0.92 1.08 5.3 0.65 0.391 <LOD 0.008 0.011 0.013 1.44 5.19 9.68 1.87 682
R-Sph-11 2 1.67 1.14 6.8 0.61 0.436 0.0042 <LOD 0.0015 <LOD 1.28 3.99 13.51 3.39 371
R-Sph-16 2 0.84 0.047 4.0 0.130 0.102 <LOD <LOD 0.006 <LOD 1.48 4.45 6.14 1.38 1003
R-Sph-25 2 1.08 11.1 4.2 0.51 0.248 0.0036 <LOD <LOD <LOD 1.96 1.03 4.95 4.79 590
R-Sph-28 2 1.05 0.71 4.5 0.48 0.361 <LOD <LOD 0.028 <LOD 1.45 3.96 6.55 1.66 962
R-Sph-31 2 1.31 6.0 7.2 1.22 0.93 <LOD 0.008 <LOD <LOD 1.67 3.09 6.34 2.06 759
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Fig. 2. Chemical index of alteration (CIA) values of the basalts, red bole (leached), impact breccia and spherules from the Lonar crater. The
shaded bar reflects the 2SD of the average CIA of the basalts. The impact breccia samples and most spherules (Group 1) show overlapping
and slightly higher CIA values than the basalts. Seven spherules show significantly higher CIA values and are classified as Group 2. Group 1
spherules are further divided into types 1a and 1b based on additional criteria, particularly the high Ni concentration in Group 1a spherules.
See text for details.
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spherules showing the lowest values (Fig. 3a and b). Some
of the impact breccia and Group 1b spherules exhibit ele-
vated EFK (>1) (Fig. 3a). Group 1a spherules are character-
ized by the highest values for EFNi and EFCr, followed by
the Group 2 spherules (Fig. 3c), while the Group 2 and
Group 1b spherules show relatively high EFTh (Fig. 3d).
The spherules show large variations in both EFCu and EFZn

compared to the melt rocks and impact breccia, which show
slight depletions in both EFCu and EFZn (Fig. 3e). The
EFZn in the spherules, particularly Group 1a, show a posi-
tive correlation with EFPb (Fig. 3f), EFK (Fig. 3g) as well as
EFNa (Fig. 3h). Barring the high EFK, EFCa and EFPb, the
composition of the bulk red bole overlaps with that of the
basalts and impact breccia (Fig. 3).

3.3. Moderate and highly siderophile elements

Cobalt concentrations in the basalts (118–131 ppm) and
impact breccia (111–130 ppm) show a limited and overlap-
ping range. In contrast, Ni and Cr concentrations in the
basalts and impact breccia show larger ranges. Barring
the basalts R1 and L10 with 109 ppm and 112 ppm Cr,
respectively, the basalts range from 34 to 62 ppm in Cr,
whereas the impact breccia range from 65 to 102 ppm in
Cr. The basalt samples R1 and L10 also show higher Ni
concentrations (79 and 86 ppm, respectively) compared to
the other basalts (52–55 ppm). Most impact breccia samples
show overlapping Ni concentrations (52–136 ppm) with the
basalts. The bulk red bole sample shows distinctly lower Co
(68 ppm) but overlapping Cr (47 ppm) and Ni (54 ppm)
concentrations compared to the basalts.

Concentrations of Cr, Ni and Co in the spherules show
relatively large ranges (Table 2). Cobalt concentrations in
the Group 1 spherules (46–140 ppm) overlap, but those of
Group 2 spherules (43–103 ppm) show distinctly lower val-
ues than those of the basalts and impact breccia (111–
131 ppm). The Group 1 spherules are further sub-divided
into Group 1a (n = 18), which exhibit high Ni concentra-
tions (205–1855 ppm) and Group 1b (n = 10) showing
lower Ni concentrations (48–75 ppm). In addition, Group
1a spherules broadly show higher Co and Cr concentrations
as well as significantly higher Ni/Cr (>1) and Ni/Co (>2)
than Group 1b spherules (Table 2 and Fig. 7a, b). The
spherules show higher Cr/Co compared to the basalts and
impact breccia, while Fe/Cr of the spherules and impact
breccia overlap and are distinctly lower than that of the
basalts (Table 2 and Fig. 7a).

Concentrations of the highly siderophile elements (HSE)
Re, Ir, Pt, Au are reported for the first time for selected
spherules from the Lonar crater (Table 2). For several
spherules, the concentrations of the HSE were below the
procedural limits of detection (LOD, Supplementary
Table A.1). While concentration data are limited to 3 and
5 spherules for Re and Au, respectively, Ir abundances
are reported for 12 spherules (5 in Group 1a, 4 in Group
1b and 3 in Group 2), while Pt concentrations are reported
for 26 spherules (15 in Group 1a, 7 in Group 1b and 5 in
Group 2; Table 2). Iridium concentrations in the different
spherule groups show overlapping values ranging from 7
to 43 ppb, with the Group 1a spherules showing the highest
measured Ir concentrations at Lonar (Fig. 4). Platinum
concentrations range from 0.9 to 88 ppb. Four spherules
(R-Sph-9, 13, 28, 33) show significantly high concentrations
(>28 ppb) compared to the other spherules (Table 2).

3.4. Non-siderophile elements

The basalt samples, with the exception of R1 and L10,
show limited variability in non-siderophile element concen-
trations. Compared to the other basalts, samples R1 and



Fig. 3. Co-variation of enrichment factors (EF) of (a) Na-K, (b) Na-Ca, (c) Ni-Cr, (d) Cr-Th, (e) Cu-Zn, (f) Pb-Zn, (g) K-Zn and (h) Na-Zn in
individual basalts, impact breccia, spherules and the bulk red bole sample. The value of 1, shown by the horizontal and vertical lines, denotes
the composition of the average basalt. Also shown for comparison are the EF values of the above-mentioned elements for average chondrites
(data from Mason (1979) and Tagle and Berlin (2008)), upper continental crust (UCC) (McLennan, 2001) as well as basement xenoliths in
Deccan basalts (Ray et al., 2008) including an augen gneiss (BXAG) and a meta-carbonate (BXMC). The variations in EF of the different
elements are explained in terms of aqueous alteration, contribution from a chondritic impactor, basement melting, as well as evaporation-
condensation effects. See text for details.
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L10 show slightly higher Al and Ca but lower concentra-
tions of Na, Ti as well as of most trace elements, including
REE (Table 1). Concentrations of most non-siderophile ele-
ments in the impact breccia broadly overlap with those of
the basalts barring K, Rb, Th, Pb, and Ba, the concentra-
tion of which are higher in many of the impact breccia sam-
ples relative to the basalts (Table 1). The bulk red bole
sample shows depletion in Na but significant enrichments
in K and Ca compared to the target basalt (Table 1). Group
1a spherules broadly show higher MgO concentrations than
Group 1b spherules, while Group 1b spherules show
slightly higher SiO2 and Al2O3 abundances (Table 2).
Major element compositions of the Group 2 spherules over-
lap with both Group 1a and 1b spherules (Table 2).

On chondrite-normalized REE concentration plots
(chondrite values from Taylor and McLennan, 1985), the
basalts and impact breccia are generally characterized by
light REE (LREE) enriched patterns (Fig. 5a), similar to
what has been observed in an earlier study (Chakrabarti
and Basu, 2006). However, the impact breccia samples
show higher LREE fractionation (La/Sm(N) = 1.52–1.88)
compared to the basalts (La/Sm(N) = 1.27–1.57) (Table 1).
The LREE fractionation observed for the Group 1a spher-
ules (La/Sm(N) = 1.25–1.54; value for R-Sph-15 is 1.74) is
mostly lower than that for Group 1b (La/Sm(N) = 1.51–
1.94) (Table 2; Figs. 5a and 7c). The extent of LREE frac-
tionation for the Group 1a spherules is similar to that of the
basalts while the Group 1b spherules show higher LREE
fractionation broadly similar to that of the impact breccia
(Tables 1 and 2; Figs. 5a and 7c). Group 2 spherules show
a wider range in La/Sm(N) values (1.28–1.96) and overlap
with the La/Sm(N) values of both Group 1a and Group
1b spherules (Table 2; Figs. 5a, and 7c). Compared to the
basalts as well as the impact breccia and spherules, the
red bole sample exhibits significantly lower REE concentra-
tions (Table 1 and Fig. 5a). In primitive mantle-normalized
trace element concentration patterns (primitive mantle val-
ues from Sun and McDonough, 1989), the impact breccia
show higher concentrations of the LILE compared to the
basalts (Fig. 5b). The Group 1b and some of the Group 2
spherules show higher concentrations of LILE (Fig. 5b)
compared to the Group 1a spherules. Most of the Group
1a and Group 2 spherules show prominent depletions in
Pb, which are significantly larger than those of the target
basalts (Fig. 5b). In contrast, most of the Group 1b spher-
ules (barring R-Sph-14) do not show any negative Pb
anomaly (Fig. 5b). The Group 1b spherules also show neg-
ative Nb and Ta anomalies, similar to the impact breccia,
which are not observed for the other spherules (Fig. 5b).
The red bole sample shows positive Pb and Zr anomalies,
relatively high Rb, Th and U concentrations, and a distinct
negative Ba anomaly and this pattern is not observed in any
other sample from Lonar (Fig. 5b).

3.5. Neodymium and strontium isotope ratios

Neodymium and Sr isotopic compositions for selected
basalts, impact breccia, non-spherical impact glasses (14
combined together) and the red bole sample are reported
in Table 3 and shown in Fig. 6a. For the spherule samples
labelled as ‘‘Spherules-large” (average diameter of
�500 lm) and ‘‘Spherules-small” (average diameter of
�250 lm), only Sr isotopic data are reported (Table 3
and Fig. 6a, b). These spherules were not analyzed for their



Fig. 5. (a) Chondrite (CI)-normalized REE patterns and (b) Primitive mantle-normalized abundances of trace elements arranged in order of
increasing compatibility towards the right for the Lonar basalts, red bole, impact breccia and spherules. REE concentration data for
chondrites are taken from Taylor and McLennan (1985) and primitive mantle trace element concentration data are taken from Sun and
McDonough (1989). Also plotted for comparison are data for the average UCC (McLennan, 2001) as well as for augen gneiss (BXAG) and
meta-carbonate (BXMC) basement xenoliths in the Deccan basalts (Ray et al., 2008). The gray shades denote the composition of the basalts at
Lonar. See text for details.
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Table 3
Neodymium and strontium isotope composition of selected target basalts, impact breccia, large and small spherules, non-spherical impact
glasses, and red bole from the Lonar crater.

Sample# Rock type Nd
(ppm)

Sm
(ppm)

Sm/Nd 143Nd/144Nd(0) eNd(0)
Rb
(ppm)

Sr
(ppm)

Rb/Sr 87Sr/86Sr(0)

R1 Basalt 17.0 4.87 0.29 0.512778 2.73 16.4 207 0.079 0.706128
R3 Basalt 22.6 6.2 0.27 0.512702 1.25 18.8 213 0.088 0.706639
R4 Basalt 24.2 6.4 0.27 0.512562 �1.48 8.6 251 0.034 0.707235
R5 Basalt 23.1 6.4 0.28 0.512675 0.72 4.2 225 0.019 0.706288
R6 Basalt 21.7 6.0 0.28 0.512711 1.42 16.6 216 0.077 0.706329
R7 Basalt 22.1 6.0 0.27 0.512692 1.05 3.8 230 0.017 0.706410
RLL1 Basalt 21.8 6.1 0.28 0.512708 1.37 16.8 219 0.077 0.706751
L10 Basalt 17.5 4.98 0.28 0.512777 2.71 2.4 214 0.011 0.705639
R5b Impact breccia 24.8 6.4 0.26 0.512369 �5.25 18.5 248 0.074 0.708025
R6b Impact breccia 25.3 6.5 0.26 0.512368 �5.27 19.5 252 0.078 0.708639
R7b Impact breccia 24.0 6.2 0.26 0.512379 �5.05 17.9 247 0.072 0.708105
L8 Impact breccia 22.2 5.8 0.26 0.512518 �2.34 24 236 0.101 0.708091
L27A Impact breccia 18.8 5.0 0.27 0.512608 �0.59 24 198 0.122 0.707707
R9 Impact breccia 21.2 5.6 0.26 0.512498 �2.73 14.8 233 0.063 0.707900
R7s-ig Non-spherical impact glass 0.512244 �7.69 0.707834
R7s-sl Spherules-large 0.707234
R7s-ss Spherules-small 0.707589
RRB Red Bole (bulk) 11.0 2.88 0.26 0.512534 �2.03 24 160 0.148 0.707520

Rb/Sr and Sm/Nd ratios are calculated from the ICPMS trace element concentration data in Table 1. eNd(0)
is calculated using the present-day

bulk earth (CHUR) value of 143Nd/144Nd = 0.512638. The eNd(0)
values represent the deviation of 143Nd/144Nd in parts per 104 from the

present-day CHUR value.
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elemental concentrations and are hence not classified into
different groups. The Nd isotopic measurements of these
spherules were not successful because of the limited amount
of sample processed. The impact breccia samples show less
radiogenic 143Nd/144Nd ratios (eNd(0) = �0.59 to �5.27)
than the target basalts (eNd(0) = �1.48–2.73), and more
radiogenic 87Sr/86Sr ratios (0.707707–0.708639) compared
to the basalts (0.705639–0.707235) (Table 3). A re-
analyzed basalt (L10) and impact breccia (L27A) sample
from the earlier study of Chakrabarti and Basu (2006)
yielded consistent results. The non-spherical impact glasses
(eNd(0) = �7.69; 87Sr/86Sr = 0.707834) exhibit the most
unradiogenic Nd isotopic composition of all rock samples
from Lonar analyzed until today (Fig. 6a). The Nd isotopic
composition of the red bole (eNd(0) = �2.03) overlaps with
that of the basalts at Lonar, but this sample shows slightly
more radiogenic Sr (87Sr/86Sr = 0.707520) compared to the
basalts (Fig. 6a).

3.6. Volatile elements

Concentrations of the relatively fluid immobile volatile
elements Cu and Zn show a wide range in the Group 1a
and Group 2 spherules (Cu = 111–412 ppm, Zn = 48–
173 ppm), compared to the more restricted ranges observed
for the Group 1b spherules (Cu = 32–108 ppm, Zn = 3.8–
43 ppm) as well as the basalts, red bole and impact breccia
(Cu = 96–160 ppm, Zn = 84–108 ppm) (Tables 1 and 2).
While the Group 1a spherules show significant enrichments
in Zn and large enrichments in Cu, most of the Group 2
spherules show depletions in Zn and Cu relative to the
basalts. The Group 1b spherules show slightly higher Zn
and distinctly higher Cu concentrations compared to the
basalts and impact breccia (Fig. 8). The Group 1a and
Group 2 spherules also show large variations in EFCu and
EFZn and these variations show a rough positive correla-
tion (Fig. 3e). For the Group 1a spherules, EFZn is also cor-
related with EFPb, EFK and EFNa (Fig. 3f, g, h).

4. DISCUSSION

4.1. Screening for alteration of the impactites at Lonar

The occurrence of a saline lake in the Lonar crater, the
overall high amount of rainfall received in this region, and
the susceptibility of basaltic rocks to aqueous alteration
(e.g., Gaillardet et al., 1999) suggest that chemical weather-
ing of the Lonar impactites and target basalts could have
played a significant role in modifying the geochemical com-
position of the samples since its formation � 570 ka ago
(Jourdan et al., 2011). To quantify the extent of chemical
alteration, the CIA values of the basalts, impact breccia
and spherules were calculated (Tables 1 and 2). This
approach is particularly useful to distinguish variations in
concentrations of elements that are affected by both aque-
ous alteration as well as impact processes. For example, ele-
ments like Na, K and Rb are both fluid mobile as well as
volatile, and variations in the concentrations of these ele-
ments in impactites need to be assessed by screening the
samples for aqueous alteration. The low CIA values of
the basalts and impact breccia samples suggest minimal
effects of aqueous alteration in these samples. Hence, their
geochemical and isotopic variability can be interpreted in
terms of compositional heterogeneity of the Deccan basalt
or impact related processes. The CIA value of the bulk
red bole sample, formed within the flows of the Deccan



Fig. 6. (a) Measured Nd and Sr isotopic compositions of the Lonar basalts, red bole, impact breccia and non-spherical impact glasses. The
two vertical lines indicate the Sr isotopic compositions of combinations of large (�500 lm diameter) and small (�250 lm diameter) spherules.
The compositions of the Lonar basalt, impact breccia and impactites from previous studies (filled gray symbols, Chakrabarti and Basu, 2006;
Schulz et al., 2016) are also plotted for comparison. (b) A plot of Sr isotopic composition versus Sr concentration of the Lonar impact breccia,
non-spherical impact glasses, ’large’ and ’small’ spherules and the average target basalt at Lonar. Also shown for comparison are the
compositions of a meta-carbonate basement xenolith (BXMC), an augen gneiss basement xenolith (BXAG) (Ray et al., 2008) and Dharwar
craton granitoids (Peucat et al., 1989). Mixing calculations suggest 2–8 wt% contribution of the basement to the Lonar impactites. Higher
contributions of the basement, up to �15 wt%, are based on Nd isotopic constraints. See text for details.
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Traps, is anomalously low (20.4). This low value is due to
the high Ca concentration in the sample (11.7 wt%, Table 1),
which is most likely contributed by recent soil carbonates.
Hence, the red bole was leached with 2% acetic acid to
selectively dissolve the carbonates, after which the CIA
value of the silicate residue was determined to be 55.6
(Table 1). The high CIA of the leached red bole, compared
to the unaltered basalts (Fig. 2), is consistent with its origin
by aqueous alteration of the Deccan basalts (Wilkins et al.,
1994).

The CIA values of the spherules were determined to
understand the degree of alteration of these sub-mm-sized
impact glasses. The spherules were initially screened by
examining the surface textures (e.g., ‘‘pitted” versus
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components - target basalts, a chondritic impactor, and the basement underlying the Deccan basalts. The impact breccia and Group 1b
spherules plot on a mixing line between the basalts and the basement represented by the UCC, BXMC and BXAG (Fig. 7c only), whereas
most of the Group 1a and Group 2 spherules show dominant contribution from a chondritic impactor.
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‘‘smooth”), first using a binocular stereomicroscope, fol-
lowed by evaluation of BSE images (Fig. 1c). However,
no apparent relationship was observed between the CIA
values of the spherules and the extent of surface alteration
as inferred by visual inspection of the BSE images. Some of
the Group 1 spherules show pitted surfaces but are geo-
chemically least altered, while some of the Group 2 spher-
ules, which show geochemical evidence for significant
alteration, do not show any signs of surface alteration.
The lack of any apparent relationship is due to the non-
uniform extent of alteration and the small area of sam-
pling/ablation (�50 lm in diameter, few 10s of lm in
depth) of the spherule during LA-ICPMS measurements.
For example, aqueous alteration in a spherule with a high
number of surface pits may not always be pervasive. Even
for such a spherule, a relatively smooth surface was chosen
for LA-ICPMS measurements and the sampling point need
not always be affected by alteration. On the contrary, a
spherule with lesser number of surface pits may have expe-
rienced pervasive aqueous alteration leading to loss of fluid
mobile elements. Analyses of such a spherule using LA-
ICPMS, again on a smooth surface spot, will exhibit loss
of these elements and a high CIA value. Hence, the use of
CIA values to screen spherules for aqueous alteration rep-
resents a more quantitative approach.

4.2. Geochemical variability of the impactites compared to

the target basalts at Lonar

Elemental concentration variations in the different types
of impactites at Lonar compared to the target basalts can
be caused by a variety of processes. In addition to post-
impact aqueous alteration, impact related processes, such
as melting, mixing and volatilization/condensation, may
cause enrichments or depletions in the concentrations of
different elements. To evaluate the relative roles of the
above-mentioned processes as well as preferential melting
of minerals in the target rocks upon impact and the role
of K-rich hydrothermal fluids, enrichment factors (EF)
for different elements were calculated (Fig. 3). Using pub-
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Fig. 8. Plots of (a) Ni/Cr versus Zn and (b) Ni/Cr versus Cu showing compositions of the Lonar basalts, impact breccia, spherules as well as
the bulk red bole. The impact breccia, basalts as well as the Group 1b spherules show restricted Ni/Cr as well as Cu and Zn concentrations,
while the Group 1a and Group 2 spherules show a larger range of values. Our spherule data overlap with published data for Lonar spherules
(gray shade) (Misra et al., 2009; Ray et al., 2017) but show higher Zn and Cu concentrations as well as Ni/Cr than different tektites from all
major tektite strewn fields (labelled as Av. tektites, Moynier et al., 2009, 2010). Also shown for comparison are Zn concentrations for Lonar
impact glasses (Son and Koeberl, 2007). These impact glasses have been labelled x and y based on their Zn isotopic composition (Moynier
et al., 2008). See text for details.
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lished data, EF for average chondrites, the Upper Conti-
nental Crust (UCC), and Deccan basement rocks were also
assessed (Fig. 3). For chondrites, elemental concentrations
used for this study are from Mason (1979), except for Cr,
Ni and Co, which were compiled in Tagle and Berlin
(2008). Data for the geochemical composition of the aver-
age UCC are from McLennan (2001). The compositions
of representative samples of the heterogeneous basement
underlying the Deccan basalts are taken from Ray et al.
(2008). These basement rocks include an augen gneiss, the
composition of which is considered to be similar to that
of the average Archean felsic crust (Ray et al., 2008), and
a meta-carbonate, both of which were found as xenoliths
within the Deccan basalts. The augen gneiss is referred to
as BXAG and the meta-carbonate as BXMC (Figs. 3 and
5–8).

We first consider the EF values of the elements which
can be affected by evaporation/condensation effects as well
as fluid alteration. Sodium and K are volatile elements
(50% TC of 958 K and 1006 K, respectively), while Ca is



R. Das Gupta et al. /Geochimica et Cosmochimica Acta 215 (2017) 51–75 69
refractory (50% TC of 1517 K) (Lodders, 2003). These ele-
ments are also fluid mobile. The high CIA values in the
Group 2 spherules, suggesting aqueous alteration of these
samples, could also be explained by preferential depletions
of K and Na due to impact volatilization (Fig. 3a) relative
to Ca (see Eq. (1)). However, the Group 2 spherules also
show lower EFCa compared to the basalts suggesting loss
of Ca (Fig. 3b). Hence, the high CIA values for the Group
2 spherules are considered to reflect fluid alteration pro-
cesses rather than volatilization during impact.

Unlike the Group 2 spherules, Group 1a and 1b spher-
ules both show basalt-like EFCa (Fig. 3b) and low CIA val-
ues (Fig. 2), the latter suggesting a relatively unaltered
nature of these spherules. However, EFNa in the Group
1a spherules is lower than in Group 1b spherules, which
in turn overlaps with the basalts (Fig. 3a). This difference
in EFNa between Groups 1a and 1b and the depletion in
Na in Group 1a relative to the basalts cannot be explained
by different extents of aqueous alteration, given the over-
lapping CIA values of the Group 1a and 1b spherules,
and thus requires an additional explanation. One possible
explanation is impact-induced volatile loss of Na in the
Group 1a spherules, discussed further in Section 4.5.

Preferential melting of plagioclase in the target basalt
upon impact has been suggested as a possible mechanism
to explain the enrichment of LILE in the impact melts
(Misra and Newsom, 2011; Ray et al., 2017) and this pro-
cess could also affect the CIA values of the impactites.
Sodium and Ca are the dominant elements in plagioclase.
However, with the exception of three samples, none of
the spherules and melts from Lonar show any enrichment
in Na and Ca relative to the basalts (EFNa, EFCa less than
1, Fig. 3b). Hence, any significant role of plagioclase melt-
ing in affecting the CIA values or EF values of the impac-
tites can be ruled out.

Like the EFNa, the EFK in the Group 1a spherules is
also lower than in the Group 1b spherules (Fig. 3a), which
could reflect loss during impact volatilization (cf., discus-
sion in Section 4.5). However, unlike the EFNa, the EFK

values of the Groups 1a and 1b spherules both overlap with
those of the individual basalt samples. Alternatively, the
large variability in K concentrations in the basalts and
the high EFK observed in the Group 1b spherules could
also reflect the involvement of a hydrothermal fluid (cf.,
Hagerty and Newsom, 2003; Ray et al., 2017). However,
the Group 1b spherules with K excesses also have higher
SiO2 concentrations (>50 wt.%) (Table 2), which is not
likely to be derived from a K-rich hydrothermal fluid
(Hecht et al., 2004). Overall, the variability in EFCa, EFNa

and EFK values of the Lonar spherules rule out preferential
melting of plagioclase in the target basalt upon impact and
hydrothermal alteration, but rather reflect aqueous alter-
ation (Group 2 spherules) and/or impact-related volatiliza-
tion (Group 1a spherules).

4.3. No contribution of the red bole to the compositions of the

Lonar impactites

The red bole sample from Lonar analyzed in this study is
representative of the wide-spread clay-rich horizons formed
in between different flows of the Deccan Traps. The occur-
rence of red boles within flows of the Deccan Traps is
indicative of their contemporaneous formation �65 Ma
ago with the eruption of the Deccan Traps (Wilkins et al.,
1994). Excluding Ca and to some extent K, the concentra-
tions of most major elements in the red bole are mostly
lower relative to the Lonar basalts and impactites (Table 1).
Trace element concentrations of the red bole are also typi-
cally lower, with the exception of the elevated concentra-
tions for Rb and Pb (Tables 1 and 2). Although the EF
values of Na, Cr, Th and Zn (Fig. 3) as well as La/Sm(N)

values (Fig. 7c) of the red bole overlap with some of the
Lonar impactites, the concentrations of these elements are
lower in the red bole compared to the majority of the
impactite samples (Tables 1 and 2). The lower element con-
centrations in the red bole relative to the impactites rule out
the possibility of the impactite compositions being affected
by incorporation of the red bole material during impact.
The Nd and Sr isotopic compositions of the red bole plots
between the target basalts and the impact breccia (Fig. 6a).
Hence, it could not have contributed to the typically more
radiogenic Sr and less radiogenic Nd isotopic composition
of the impact breccia. Overall, the lower trace element con-
centrations as well as the Nd and Sr isotopic compositions
of the red bole sample rule out significant contributions of
this lithology to the composition of the impactites at Lonar.

4.4. Nature of the impactor at Lonar and its relative

contribution to the spherules

Concentrations of the HSE (e.g., Ir and Pt) as well as the
MSE (e.g., Ni, Cr, Co) are powerful tracers of meteoritic
inputs in impactites because their concentrations are much
higher in most meteorites (e.g., chondrites, irons, primitive
achondrites) than in terrestrial rocks. These elements, along
with Fe, are relatively immobile in most conditions and,
more importantly, exhibit elemental ratios that allow the
identification of the type of impactor even after its mixing
with complex/layered targets (Palme et al., 1978; Evans
et al., 1993; Koeberl, 1998; Tagle and Hecht, 2006; Tagle
and Berlin, 2008; Koeberl et al., 2012; Goderis et al.,
2013). Compared to felsic target rocks, extracting the geo-
chemical and isotopic signature of an impactor on basaltic
target rocks, like at Lonar, poses additional challenges
because basalts have higher concentrations of MSE and
HSE compared to felsic rocks (cf., Schulz et al., 2016).

Compared to the MSE, HSE concentrations are more
sensitive to meteoritic inputs because of their lower concen-
trations in terrestrial, particularly mafic, target rocks
(Koeberl, 1998, 2002; Goderis et al., 2012). However, Pt
concentrations in the spherules do not allow detection of
the impactor at Lonar because of the relatively high con-
centration of Pt in terrestrial basalts compared to Ir
(Rehkamper et al., 1999; Schulz et al., 2016). Some of the
Lonar spherules contain Ir concentrations of 7–43 ppb
(Table 2), significantly elevated compared to the average
UCC (�0.02 ppb) (cf., McLennan, 2001; Peucker-
Ehrenbrink and Jahn, 2001; Rudnick and Gao, 2003) or
the Deccan basalts (average 0.067 ppb) (Crocket and
Paul, 2004; Schulz et al., 2016), suggesting contributions
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from a meteoritic component. The Ir concentrations in the
spherules show a relatively constricted range, possibly
because the sub-ppb values could not be detected as a result
of the LOD of 1 ppb Ir for the applied method. On a plot of
Cr versus Ir concentrations (Fig. 4), the Lonar spherules
plot on a mixing trend between average Deccan basalts
(Ir data from Crocket and Paul, 2004, Cr data from the pre-
sent study) and average chondrites (data from Tagle and
Berlin, 2008) and broadly overlap with the mixing trajecto-
ries between chondritic impactor and common types of ter-
restrial rocks (Tagle and Hecht, 2006). These observations
suggest that the impactor at Lonar was a chondrite.

In the same discrimination diagram (Fig. 4), the field of
iron meteorites plots to the bottom right and overlap with
the composition of some of the Lonar spherules. However,
most Group 1a spherules show higher Cr compared to iron
meteorites (Fig. 4) as well as higher Cr/Co (Table 2) com-
pared to average iron meteorites (<0.06) (Goderis et al.,
2013). The Fe/Cr ratios in the Lonar spherules are lower
than the target basalts (Fig. 7b), while iron meteorites are
expected to mostly have higher Fe/Cr of 2000–60,000 (data
from Mason, 1979; Goderis et al., 2013). In addition, Ni/Cr
ratios in iron meteorites range from 379 to 4000 (Goderis
et al., 2013 and references therein). In the Ni/Cr versus
Fe/Cr discrimination diagram (Fig. 7b), a three component
mixing between iron meteorites (not plotted), basalts and
basement rocks cannot explain the compositions of the
Lonar spherules. Based on the above arguments, we rule
out an iron meteorite impactor at Lonar.

Certain types of achondrites like HEDs and angrites
(labelled as type I in Fig. 4) have lower Ir concentrations
(<10 ppb) than the Lonar spherules (7–43 ppb) and hence,
could not have been the impactor at Lonar. High HSE-
bearing achondrites like brachinites, ureilites, lodranites,
acapulcoites and winonaites (primitive achondrites, labelled
as type II in Fig. 4) exhibit Cr and Ir concentrations partly
overlapping with chondrites (Fig. 4). However, most of
these type II achondrites show Ni/Co and Cr/Co values
(Kallemeyn and Wasson, 1985; Goderis et al., 2013 and ref-
erences therein) that overlap with or are lower than those of
the Lonar spherules (Fig. 7a) and hence, could not have
been the impactor at Lonar.

Simultaneous measurements of the concentrations of Cr
and Ir (upper limits of concentration) in impact glasses and
impactites from Lonar have previously been reported (Son
and Koeberl, 2007). The concentrations of Ir in these sam-
ples are lower (upper estimates ranging from 1.8 to 3.3 ppb)
than those observed in the spherules reported in this study
(7–43 ppb). However, on the Cr versus Ir plot (Fig. 4), the
Lonar impact glasses and impactites from Son and Koeberl
(2007), measured using instrumental neutron activation
analysis (INAA), also plot on the same mixing trend
between average target basalts at Lonar and chondrites,
consistent with a chondritic impactor at Lonar. Using
MSE (Ni, Cr, Co) concentrations and ratios in spherules,
Misra et al. (2009) also argued for a chondritic impactor
at Lonar. Using the same geochemical proxies, a more
recent study (Ray et al., 2017) has argued for an EH-type
chondrite impactor, whereas based on Cr isotopic measure-
ments of impactites, a carbonaceous chondrite impactor
has been suggested for the Lonar impact crater (Koeberl
et al., 2017).

Mixing calculations between average Deccan basalts and
average chondrites suggest that the Lonar spherules contain
a chondritic contribution equivalent to 1–8 wt% (Fig. 4).
Our estimate is lower than that of Misra et al. (2009),
who suggested a 20 wt% contribution from a chondritic
impactor, but overlaps with the estimate of Ray et al.
(2017), who have suggested a 6 wt% contribution from an
EH-type chondritic impactor to the Lonar spherules. Based
on Os concentrations and the 187Os/188Os ratio, a maxi-
mum contribution from a chondritic impactor of 0.03 wt
% was estimated in the bulk impact glasses and melt rocks
at Lonar (Schulz et al., 2016). The relatively low estimates
of the impactor contribution in the bulk impactites com-
pared to the spherules reflect the complex distribution
mechanism of the impactor component in different
impact-products, as also observed at other craters (cf.,
Goderis et al., 2013; Wittmann et al., 2013).

Although the Ir concentrations in the Lonar spherules
are broadly similar (Fig. 4), the concentration ratios of
MSE in the Lonar spherules show significant variability
and overlap with published data for the Lonar spherules
(Misra et al., 2009; Ray et al., 2017) (Fig. 7). Among the
Lonar spherules, only the Group 1a and Group 2 show high
Ni, Cr, EFNi and EFCr and higher Ni/Co, Cr/Co and Ni/Cr
compared to the target basalts (Figs. 3c and 7). In contrast,
the Group 1b spherules show significantly lower Cr, Co,
and Ni concentrations (Table 2) and EFCr and EFNi values
close to unity that overlap with those of the impact breccia
(Fig. 3c). The Ni/Co, Ni/Cr and Fe/Cr values of the Group
1b spherules also overlap with those of the impact breccia
and do not show any contribution from a chondritic source
(Fig. 7). As discussed in the following section, the Group 1b
spherule compositions appear to reflect contributions from
the basement underlying the Deccan basalts.

4.5. Evidence for basement melting in the spherules and

impact breccia at Lonar

The relatively radiogenic Sr and unradiogenic Nd iso-
topic composition as well as the high Rb/Sr and low Sm/
Nd values of the impact breccia at Lonar have been
explained by the melting and incorporation of the Precam-
brian basement beneath the Deccan basalts (Chakrabarti
and Basu, 2006; Chakrabarti et al., 2006). A similar conclu-
sion has been reached by Schulz et al. (2016) based on a
combined Nd and Sr isotopic study of bulk impactites from
Lonar, additionally supported by Os isotopic data on the
same samples. It has been argued that some of the basaltic
melts/glasses around Lonar might be of anthropogenic ori-
gin (Misra et al., 2009; Ray et al., 2017). Hence, in addition
to impact breccia samples, we have analyzed non-spherical
impact glasses as well as spherules in this study, the latter
samples having a definitive impact cratering origin.

To investigate the melting of the basement and its incor-
poration in the Lonar impactites, we focus primarily on the
variability of fluid immobile lithophile element concentra-
tions and Nd and Sr isotope ratios. The varying lithologies
and compositions of crustal xenoliths in the Deccan basalts,



R. Das Gupta et al. /Geochimica et Cosmochimica Acta 215 (2017) 51–75 71
ranging from augen gneiss to metamorphosed carbonates,
highlight the heterogeneous nature of the basement (Ray
et al., 2008). In the absence of any exposed basement sam-
ples at Lonar, the geochemical and isotopic composition of
the Precambrian basement is estimated using data available
for the average UCC (McLennan, 2001), granitic rocks
from the Dharwar craton (Peucat et al., 1989) and crustal
xenoliths BXAG and BXMC (Ray et al., 2008).

The Group 1b and Group 2 spherules show high EFTh

and trend (although weakly) towards EFTh values of the
UCC and BXMC (Fig. 3d). The Group 1b spherules also
show higher EFPb trending towards the values for the
UCC (Fig. 3f), both suggesting contribution of basement
material to these spherules. In addition, the Group 1b
spherules show higher LREE fractionation (La/
Sm(N) = 1.51–1.94) compared to the target basalts (La/
Sm(N) = 1.27–1.57) and overlap with that of the impact
breccia (La/Sm(N) = 1.52–1.88) (Table 1 and 2, Fig. 5a).
Fractionation of LREE is unlikely to have occurred due
to evaporation/condensation following impact as the REEs
are refractory elements (50% TC = 1356–1659 K; Lodders,
2003) and show geochemically coherent behaviour (cf.,
Rollinson, 1993). Consequently, LREE fractionation is
likely to reflect melting and incorporation of the basement,
which is expected to have higher La/Sm(N) (Figs. 5a, 7c). In
addition to higher La/Sm(N), the Group 1b spherules show
relative enrichments in Rb, Ba, Th, U and no depletion in
Pb, similar to the UCC, BXAG and BXMC (Fig. 5b), con-
sistent with basement melting. Another striking feature of
the Group 1b spherules is the presence of negative Nb
and Ta anomalies, similar to UCC, BXAG and BXMC,
which are not observed in any of the other samples at
Lonar (Fig. 5b). The negative Nb and Ta anomalies
together with the lack of any negative Zr or Hf anomalies
in the Group 1b spherules is also consistent with significant
contributions from the basement to these samples. Interest-
ingly, the Group 1b spherules show the lowest EFNi and
EFCr (Fig. 3c), Ni/Co and Ni/Cr (Fig. 7a and b) among
the spherules, although their Ir concentrations are compa-
rable (Fig. 4). The above-mentioned geochemical character-
istics of the Group 1b spherules and their overall
compositional similarity with the impact breccia samples
suggests that these spherules were formed primarily by mix-
ing of basaltic as well as basement melts with some contri-
bution of the impactor to explain the high Ir. The present
study demonstrates that the basement melting signatures
at Lonar are also preserved in the smallest and irrefutable
products of impact cratering, i.e., impact spherules.

The impact breccia samples analyzed in this study show
more radiogenic 87Sr/86Sr and less radiogenic 143Nd/144Nd
compared to the target basalts (Fig. 6a), consistent with
the results of Chakrabarti and Basu (2006) and Schulz
et al. (2016) and the basement melting hypothesis
(Chakrabarti and Basu, 2006). The Sr isotopic composition
of spherules and non-spherical impact glasses as analyzed in
this study show values that are somewhat in between (and
partly overlapping with) the basalts and the impact breccia.
However, the Nd isotopic composition of the non-spherical
impact glasses, also irrefutable products of impact cratering
given their aerodynamic shapes (Fig. 1c), show the most
unradiogenic Nd isotopic composition among all the sam-
ples from Lonar (Fig. 6), providing further support for
the basement melting hypothesis of Chakrabarti and Basu
(2006).

The possibility of basement melting at Lonar hinges on
the thickness of the Deccan basalts at Lonar and the depth
of the Lonar crater. Depth estimates for the Lonar crater
vary from 230 to 245 m (Fudali et al., 1980) to 150–300 m
(Son and Koeberl, 2007). Based on numerical models, the
depth of a simple crater is considered to be 0.2–0.33 times
its diameter (Melosh, 1989). Using this relationship, the
depth of the transient Lonar crater was estimated between
350 and 610 m (Chakrabarti and Basu, 2006). The latter
depth estimate for the Lonar crater is more than the thick-
ness of the Deccan basalts (�340 m), estimated from drill
hole studies near Killari, which is located south of Lonar,
in the eastern fringe of the Deccan traps (Gupta et al.,
1999). While the exact thickness of the Deccan basalts at
Lonar is not known, the depth estimates of the Lonar crater
and the thickness of the Deccan basalts from the eastern
part of the Deccan Traps are consistent with our geochem-
ical and isotopic data for the Lonar crater basalts and
impactites, which suggest that the basement beneath the
Deccan basalts melted upon impact at Lonar.

The contribution of the basement melt to the Lonar
impact breccia and non-spherical impact glasses can be esti-
mated using two component mixing models between the
basalts at Lonar and representative samples of the base-
ment. Our first approach is based on the use of the Nd iso-
topic compositions as well as Nd concentrations of the end-
members. Compositions of the basalt are taken from the
present study while for the basement, we use data reported
for granitic rocks from the Dharwar craton (Peucat et al.,
1989), for which Nd isotopic data are available. Neody-
mium isotopic data has not been reported for the basement
xenoliths BXAG and BXMC (Ray et al., 2008). The aver-
age Nd concentration of the Lonar basalts is 21.2 ppm
whereas the average 143Nd/144Nd ratio is 0.512701. The
average Nd concentration of the granitic gneiss samples
6610, 6611, 6612, and 6615 (Peucat et al., 1989) is 15.6
ppm whereas the average 143Nd/144Nd ratio of the above-
mentioned samples is 0.510579. Our calculations suggest
that the ranges of 143Nd/144Nd ratios observed in the Lonar
impact breccia and non-spherical impact glasses require
between 6 and 27 wt% contribution of the basement. These
calculations are sensitive to the Nd concentrations of the
end-members. While the Lonar basalts show a limited
spread in their Nd concentrations, the granitic gneiss sam-
ples show a large range in Nd from 2.2 to 34.6 ppm. If we
consider only sample 6610 with the highest Nd concentra-
tion (34.6 ppm) as representative of the basement, the com-
positions of the impact breccia and non-spherical impact
glasses require up to 15 wt% contribution of the basement.
This estimate is closer to estimates based on Sr isotope
ratios.

The Sr concentration and 87Sr/86Sr of the average Lonar
basalt is 221 ppm and 0.706427, respectively. Strontium iso-
topic data are available for the granitic gneiss samples
(Peucat et al., 1989) as well as the augen gneiss (BXAG)
and meta-carbonate (BXMC) xenoliths (Ray et al., 2008).
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The Sr concentrations of the average granitic gneiss,
BXAG, and BXMC are 546 ppm, 284 ppm and
1025 ppm, respectively, whereas their corresponding
87Sr/86Sr ratios are 0.719555, 0.72801, and 0.70935. Our
calculations suggest that basement rocks akin to the augen
gneiss or the Dharwar granites contribute 2–4 wt% to the
compositions of the spherules and 4–8 wt% to the composi-
tions of the non-spherical impact glasses and impact breccia
(Fig. 6b). However, the Sr isotopic composition of the
Lonar impactites cannot be explained by mixing with a
pure meta-carbonate basement with a BXMC-like composi-
tion (Fig. 6b). The discrepancy between the basement con-
tribution estimates in the impact breccia and non-spherical
impact glasses using Nd isotope ratios versus Sr isotope
ratios is most likely due to the heterogeneous composition
of the basement, as observed in the basement xenoliths
(Ray et al., 2008). Our estimates of the basement contribu-
tion are thus consistent with the <15 wt% contribution esti-
mate of Schulz et al. (2016), also based on the Sr and Nd
isotopic compositions of bulk Lonar impactites.

4.6. Evidence of impact volatilization and re-condensation

and melt-chondrite mixing in the spherules

Impact cratering involves fracturing, melting of the tar-
get rock and vaporization of the impactor as well as the tar-
get rock. Geochemical and isotopic studies of impact rocks
provide a better understanding of the complex interplay of
the above processes. To study the possibility of elemental
fractionation due to evaporation upon impact and subse-
quent condensation, we studied the variations of volatile
element concentrations in the Lonar impactites. Zinc
(50% TC of 726 K) and Pb (50% TC of 727 K) have similar
volatility and are more volatile compared to Na (50% TC of
958 K), K (50% TC of 1006 K) and Cu (50% TC of 1037 K)
(Lodders, 2003).

Low concentrations of Na in Lonar impact glasses were
suggested to result from impact-induced volatile losses
(Fredriksson et al., 1973; Stroube et al., 1978). The rela-
tively low EFNa, EFK as well as EFPb in the unaltered
Group 1a spherules of this study and their positive correla-
tions with EFZn (Fig. 3f, g, h) could reflect volatile loss
upon impact. However, Pb, Na and K are also fluid mobile,
whereas Cu and Zn are relatively fluid immobile. The
Group 1a and Group 2 spherules show correlated EFZn

and EFCu variations (Fig. 3e) and large variations in Zn
and Cu concentrations (Fig. 8). These variations do not
show any clear mixing trends between the basalts, chon-
drites, and the basement (UCC, BXAG, BXMC) (Fig. 8).
Some spherules show Zn and Cu concentrations that are
even higher than the above-mentioned end-members. The
overall Cu and Zn concentrations in the Lonar spherules
are significantly higher than the average concentrations
reported in tektites from all major strewn fields (Ivory
Coast, Australasian, Central European, North American)
(Moynier et al., 2009, 2010) (Fig. 8) and overlap with the
concentrations reported earlier for Lonar spherules
(Misra et al., 2009; Ray et al., 2017) and Lonar impact
glasses (Son and Koeberl, 2007). While the depletions in
Zn observed in some of the spherules relative to the basalts
(Fig. 8) can be explained due to volatile loss upon impact,
the enrichments in Zn in some of the spherules require a dif-
ferent explanation.

One possibility is that the high Cu and Zn concentra-
tions in the Lonar spherules result from mixing with Cu
and Zn-bearing sulfides, which could be present in the base-
ment. However, the occurrence of such sulfides beneath the
Deccan basalts is merely speculative. Zinc-bearing sulfides
are also expected to be enriched in Pb owing to their similar
chalcophilic behaviour. The moderate positive correlation
between EFPb and EFZn in the Group 1a spherules
(R2 = 0.68) (Fig. 3f) is consistent with the sulfide admixture
hypothesis. However, most of the Group 1a spherules show
negative Pb anomalies (Fig. 5b), which is inconsistent with
mixing with sulfide-rich rocks, as mixing with sulfides
would have enriched the spherules in Pb. In addition, the
moderate positive correlation between EFK and EFZn

(R2 = 0.70) (Fig. 3g) as well as EFNa and EFZn

(R2 = 0.62) in the Group 1a spherules rules out the contri-
bution of sulfides, as sulfides do not contain any significant
amounts of K or Na. The impact breccia samples at Lonar,
which show clear isotopic and geochemical evidence for
melting of basement rocks, do not show any enrichment
in Zn and Cu, opposed to the spherules (Fig. 8). Overall,
the above observations suggest a volatility-driven mecha-
nism to explain the Zn and Cu enrichment in the Lonar
spherules.

Stable isotope ratios of Cu and Zn have been shown to
fractionate during impact cratering; tektites are depleted in
the lighter isotopes of Cu and Zn, which are preferentially
volatilized during impact (Moynier et al., 2009, 2010). Pre-
viously characterized Lonar impact glass samples (Son and
Koeberl, 2007) (labelled type x and y, Fig. 8), which mostly
exhibit higher Zn concentrations compared to the basalts,
were analyzed for their Zn isotopic compositions by
Moynier et al. (2008). The d66/64Zn of the x-type glasses
are relatively low and range between �0.39 and �0.3‰
while the d66/64Zn for the y-type glasses range from 0 to
+0.4‰.

Tektites (distal ejecta) from different parts of the world
are typically depleted in the lighter isotopes of Zn and this
depletion is explained by evaporation in a diffusion-limited
regime (Moynier et al., 2009). A Rayleigh distillation model
predicts that the volatile loss of Zn is accompanied by loss
of lighter isotopes of Zn (Moynier et al., 2009). To satisfy
mass balance considerations, the lighter isotopes of Zn
should be enriched in a complementary reservoir (conden-
sate), which is also expected to be enriched in Zn concentra-
tions. This volatile-enriched component is expected to be
found at the periphery of the ejecta plume where tempera-
tures are lower.

The x-type impact glasses from Lonar are anomalously
enriched in the lighter isotopes of Zn (Moynier et al.,
2008). The high Zn (and Cu) concentrations in the Lonar
spherules, along with the enrichment in lighter isotopes of
Zn in the Lonar x-type impact glasses are best explained
by condensation from a volatile-enriched vapour conden-
sate. This volatile-enriched component is uniquely pre-
served at the Lonar crater. Since all spherules of this
study were collected from the same location (Fig. 1a), the
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preservation of the volatile-enriched component does not
have any lateral spatial significance and is best explained
by geochemical and isotopic fractionation in a vertical
direction within the vapour cloud. The impact spherules
that experienced volatile loss were possibly carried to
greater vertical distances and these condensates eventually
landed in the same place as the other spherules, which tra-
versed less vertical distances.

5. CONCLUSIONS

This study reports major and trace element concentra-
tions of 9 target basalts, 7 impact breccia, a red bole,
non-spherical impact glasses using solution-based ICPMS
and 35 sub-mm sized spherules using LA-ICPMS from
the Lonar crater. We also report Nd and Sr isotopic
compositions of selected samples.

(1) The chemical index of alteration (CIA) of the impact
breccia and majority of the spherules (Group 1) at
the Lonar crater shows overall low values suggesting
minimal aqueous alteration in these samples. Seven
spherules show significantly higher CIA (Group 2),
which overlap with that of the red bole, a product
of basalt weathering. Therefore, CIA values may be
used to screen impactites for late-stage aqueous
alteration.

(2) The trace element and Nd and Sr isotopic composi-
tions rule out any significant contribution of the
red bole-type weathered material to the composition
of the impactites at Lonar crater.

(3) The MSE ratios in the Lonar spherules rule out con-
tributions from an iron meteoritic as well as achon-
dritic impactors and agree with a chondritic
impactor at Lonar. Significantly elevated Ir concen-
trations compared to the target basalt in some spher-
ules, along with high Cr concentrations in the same
samples, suggest contributions of up to 8 wt% of a
chondritic impactor in the Lonar impactites. The
meteoritic contribution is particularly prominent in
the Group 1a (higher Ni than Group 1b) spherules
and in the Group 2 spherules.

(4) The relatively radiogenic Sr and unradiogenic Nd
isotopic compositions of the Lonar impact breccia
are consistent with melting of the Precambrian base-
ment upon impact at Lonar. Two component mixing
calculations between the target basalts and samples
representative of the basement suggest less than 15
wt% contribution of the basement to the Lonar
impactites. The considerable LREE fractionation,
high enrichments in Rb, Ba, Th and U relative to
the target basalts, lack of depletion in Pb, presence
of negative Nb and Ta anomalies in the Group 1b
spherules and their overall geochemical similarity to
the impact breccia suggests contributions from the
basement to the compositions of these spherules.
The basement contribution is between 2 and 4 wt%
for the spherules and highest (�15 wt%) for the
non-spherical impact glasses. The present study
demonstrates that the basement melting signatures
at Lonar are also preserved in the smallest and irrefu-
table products of impact cratering, i.e., the spherules.

(5) The variability in the moderately siderophile element
ratios (Ni/Co, Cr/Co, Ni/Cr, Fe/Cr) as well as La/
Sm(N) values of the spherules and impact breccia at
Lonar crater require mixing between three end-
members: the target basalts, a chondritic impactor
and the basement underlying the Deccan basalts.

(6) Geochemical variations of non-fluid mobile volatile
elements in the Lonar spherules reflect evaporation-
condensation effects accompanying the impact crater-
ing event. While some spherules show depletions in
Zn and Cu, consistent with volatile loss, several
spherules show enrichments in these volatile ele-
ments. The enrichments in Zn and Cu in the spher-
ules are best explained by condensation from a
volatile-enriched vapour condensate and reflect geo-
chemical and isotopic fractionation in a vertical
direction within the vapour cloud.

(7) This study highlights the importance of spherules, the
sub-mm sized products of impact cratering, the com-
positions of which can not only record the projectile
contribution to basaltic targets, but also the complex
interplay of melting, mixing and evaporation-
condensation processes during an impact event.
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