
ABSTRACT

Lonar Crater, India, is one of the young-
est and best preserved impact structures on 
Earth. The 1.88-km-diameter simple crater 
formed entirely within the Deccan traps, 
making it a useful analogue for small craters 
on the basaltic surfaces of the other terres-
trial planets and the Moon. In this study, we 
present a meter-scale–resolution digital ele-
vation model, geological map of Lonar Crater 
and the surrounding area, and radiocarbon 
ages for histosols beneath the distal ejecta. 
Impact-related deformation of the target 
rock consists of upturned basalt fl ows in the 
upper crater walls and recumbent folding 
around rim concentric, subhorizontal, non-
cylindrical fold axes at the crater rim. The 
rim-fold hinge is preserved around 10%–
15% of the crater. Although tearing in the 
rim-fold is inferred from fi eld and paleomag-
netic observations, no tear faults are identi-
fi ed, indicating that large displacements 
in the crater walls are not characteristic of 
small craters in basalt. One signifi cant nor-
mal fault structure is observed in the crater 
wall that offsets slightly older layer-parallel  
slip faults. There is little fl uvial erosion of 
the continuous ejecta blanket. Portions of the 
ejecta blanket are overlain by aerodynami-
cally and rotationally sculpted glassy impact 
spherules, in particular in the eastern and 
western rim, as well as in the depression 
north of the crater known as Little Lonar. 
The emplacement of the continuous ejecta 
blanket can be likened to a radial ground-
hugging debris fl ow, based on the preserved 
thickness distribution of the ejecta, the effi -
cient exchange of clasts between the ejecta 
fl ow and the underlying histosol, and the 
lack of sorting and stratifi cation in the bulk 

of the ejecta. The ejecta profi le is thickened 
at the distal edge and similar to fl uidized 
ejecta structures observed on Mars.

INTRODUCTION

Motivation

Impact cratering is a dominant surface modi-
fi cation process in the solar system, yet aspects 
of cratering mechanics remain poorly under-
stood. Information about high strain-rate rock 
deformation and ejecta emplacement processes 
are recorded in the geology of impact structures. 
However, due to the high erosion rates on Earth, 
few craters have retained a complete record of 
the cratering process. Lonar Crater, India, is a 
young, well-preserved simple crater formed in 
the Deccan trap basalts, making it a rare ana-
log for impact structures observed on the ba-
saltic surfaces of other terrestrial planets and 
the Moon. The present study focuses on geo-
logic mapping of Lonar Crater (Fig. 1), includ-
ing the structural deformation around the rim 
and the physical properties of the ejecta blanket.

When a bolide impacts a planetary surface at 
hypervelocities, a shock wave propagates both 
down into the surface and up into the projectile, 
compressing both materials and slowing the 
projectile. A rarefaction wave from the rear of 
the projectile and the surrounding free surface 
overtakes the shock wave leading to a decaying 
hemispherical shock pulse. The decaying shock 
pulse generates an excavation fl ow fi eld that 
moves material fi rst downward, then up and out-
ward, creating a hemispherical transient crater. 
The motion is accommodated by brecciation and 
deep fracturing in the target rocks and folding 
in the crater rim. In small (strength-dominated) 
craters, the excavation fl ow is impeded by the 
strength of the crater wall rock, and the transient 
cavity is widened and shallowed by slumping of 
the crater walls in the end stage of crater forma-

tion. Around large (gravity-dominated) craters, 
the shock deformation signifi cantly weakens 
the rock mass, and the fl uid-like collapse of the 
transient crater leads to signifi cant widening and 
shallowing of the cavity and formation of cen-
tral peak structures (Melosh, 1989; Melosh and 
Ivanov, 1999; Kenkmann, 2002).

The details of how rocks respond to the high 
stresses and strain-rates associated with impact 
cratering are still poorly understood (Herrick 
and Pierazzo, 2003). Laboratory-based stud-
ies have provided useful insights into the prin-
cipal styles of fracturing beneath and around 
small (several-cm–scale) crater cavities (e.g., 
Polanskey  and Ahrens, 1990; Ai and Ahrens, 
2006), and seismic studies have estimated the 
depths of fracture zones (summarized in Ahrens 
et al., 2002). Three sets of fractures (conical, 
radial, and concentric) have been observed 
around strength-dominated craters in the lab-
ora tory and in the fi eld. Structural deformation 
around simple impact craters is characterized by 
(1) brecciation (of ejected and displaced mate-
rials), (2) conical and radial fractures, (3) fold-
ing and tearing in the crater rim, (4) uplifted 
strata, and (5) listric faulting and slumping of 
the crater wall (e.g., Shoemaker, 1960; Brandt 
and Reimold, 1995; Kumar, 2005; Kumar and 
Kring, 2008). However, target lithologies and 
preexisting structural features infl uence the 
generation and activation of fractures during 
impact cratering (Kumar and Kring, 2008), 
which complicates the generalization of impact-
induced deformation processes from the limited 
terrestrial data. More detailed geologic studies 
of terrestrial craters are needed to improve our 
understanding of cratering mechanics.

Much of our knowledge of impact ejection 
processes is derived from laboratory experi-
ments and explosion craters (e.g., Roddy et al., 
1977) and observations of lunar craters (e.g., 
Pike, 1976). The principal aspects of the forma-
tion of continuous ejecta structures are captured 
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by the ballistic erosion and sedimentation model 
(Oberbeck, 1975). In this model, an inclined cur-
tain of ballistic ejecta impacts the surrounding 
terrain with increasing velocity from the crater 
rim outward. The thickness of the ballistic ejecta 
decreases with distance by about a –3 power law 
(McGetchin et al., 1973). Around small craters, 
the fi nal ejecta blanket closely resembles the 
ballistic ejecta distribution. However, around 
larger craters, the ballistic ejecta impact with 
suffi cient velocity to generate secondary craters 
that excavate the surrounding surface materials. 
The surface materials are mixed with the pri-
mary ejecta with enough outward momentum 
to generate a radial ground-hugging debris fl ow 
(of unpredicted travel distance). Hence, the fi nal  
continuous deposits around large craters are 
composed of an increasing volume fraction of 
secondary materials with radial distance and a 
fi nal thickness profi le that is shallower than the 
ballistic ejecta profi le (Oberbeck, 1975; Morri-
son and Oberbeck, 1978).

The best studied ejecta blankets around ter-
restrial craters reveal many aspects of ejecta 

dynamics that are still poorly understood. At the 
1.2-km-diameter Barringer Crater (a.k.a. Coon 
Butte and Meteor crater), Arizona, the continu-
ous ejecta blanket contains distal lobes (Grant 
and Schultz, 1993) suggesting that a ground-
hugging fl ow modifi ed an original power-law 
profi le around a small simple crater. The ejecta 
blankets around the larger Ries (24 km) and 
Chicxulub (~170 km) impact structures record 
even larger ground-hugging fl ows. At Ries, the 
continuous ejecta deposit is characterized by a 
large volume fraction of secondary materials 
and ground-hugging debris surge (Hörz et al., 
1983) in agreement with the ballistic sedimen-
tation model. The extent of the debris surge is 
surprising, however, with clasts found as far as 
10 km from their original location. At Ries, the 
large runout of ejecta fl ows has been attributed 
to decoupling of near-surface target material fol-
lowed by dragging of the ejecta curtain along 
the surface (Kenkmann and Ivanov, 2006). At 
Chicxulub , the outward fl ow was likely accom-
modated by subsurface volatiles and the presence 
of basal glide planes (Kenkmann and Schonian, 

2006). In addition, distinct ejecta layers (e.g., a 
ballistic layer overlain by a suevitic layer) have 
been identifi ed at Ries (Osinski et al., 2004) and 
Chicxulub (Wittmann et al., 2007).

The record of ejecta processes is even more 
diverse on Mars. Martian ejecta morphologies 
have been described as layered or fl uidized 
(Barlow et al., 2000; Barlow, 2005). Fluidized 
ejecta are found around all fresh, and many 
older, craters larger than a few km on Mars 
(Barlow, 2005). They are characterized by 
lobate  profi les distinct from lunar power-law 
ejecta thickness profi les, longer runout distances 
than lunar craters, and sinuous and continuous 
terminal ramparts (Carr et al., 1977; Mouginis-
Mark, 1978; Barlow and Bradley, 1990). These 
observations suggest that similar processes may 
affect ejecta blanket emplacement on Earth and 
Mars, which are distinct from the ballistic sedi-
mentation model for the Moon and Mercury. 
Suggested mechanisms include the presence 
of an atmosphere (Schultz, 1992; Barnouin-Jha 
and Schultz, 1998, 1999) and/or the presence of 
subsurface volatiles such as liquid water or ice 
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Figure 1. (A) EToPo2 (http://www.ngdc.noaa.gov/mgg/fl iers/01mgg04.html) topography of India (color scale is in meters, coordinates in 
latitude and longitude), showing the extent of the Deccan Plateau (Deshmukh, 1988; Bondre et al., 2004) and the location of Lonar Crater; 
(B) Four-band, pan-sharpened, true-color Quickbird satellite image of Lonar Crater, draped on the digital elevation model of Figure 2. The 
locations of measured stratigraphic sections from Figure 3 are marked with yellow arrows. The crater rim diameter is 1.88 km.
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(Carr et al., 1977; Barlow and Bradley, 1990; 
Stewart et al., 2004). On Earth, the high concen-
tration of volatiles in sedimentary lithologies 
may also contribute to fl uidization of the ejecta 
(Kieffer and Simonds, 1980).

Detailed observations of structural deforma-
tion and ejecta emplacement around simple cra-
ters are a means to improve our understanding 
of the primary dynamic deformation processes  
and may be used to refi ne cratering simula-
tions. Although sketch maps of variable quality 
(LaTouche, 1912; Nayak, 1972; Fredriksson 
et al., 1973a; Ghosh, 2003) have been pub-
lished, no digital elevation model (DEM) or de-
tailed geologic map exists for Lonar Crater. In 
this study, we present a DEM, a geologic map, 
stratigraphic sections, and cross sections of 
Lonar Crater. We describe observations relevant 
to crater formation, deformation, and ejecta em-
placement processes.

Background

Lonar Crater is an ~135-m-deep, ~1.88-km-
diam eter, near-circular depression in the Deccan  
Plateau (Fig. 1A and GSA Data Repository 
Fig. DR11) of the Buldhana District, Maharash-
tra State, India. The rim rises 30 m, on average, 
above the surrounding plains. In the crater, there 
is a saline lake (LaTouche, 1912; Jhingran and 
Rao, 1958; Nandy and Deo, 1961), with a uni-
form depth of less than 6 m (Fig. 2). The crater 
cavity is fi lled with >225 m of breccia over-
lain by 30–100 m of unconsolidated sediment 
(Nandy and Deo, 1961; Fredriksson et al., 1973a; 
Fudali et al., 1980; Grieve et al., 1989). The main 
feeder stream to the lake enters the crater at the 
head of Dhar Canyon in the northeast (Fig. 1B). 
A temple is located at this site, and even in the 
dry winter months, the stream supplies Lonar 
town with potable water (Fig. DR2 [see foot-
note 1]). The outfl ow from Dhar Canyon has 
built a delta into Lonar Lake that currently is 
used for banana farming. A second perennial 
source of water emerges as a spring ~65 m be-
low the main dhara (stream). The temple Ram-
Gaya on the east side of the crater fl oor also hosts 
another small perennial spring. Lonar Lake has 
no stream outlet, and during dry years, a thick 
salt crust forms on the lake bed.

The geologic origin of Lonar Crater, a unique 
structure in an otherwise featureless Deccan 
Plateau (Malcolmson, 1840; Cotton, 1944), has 
been debated since at least Orlebar (1839). Most 
early visitors suggested a volcanic origin for the 

crater, emphasizing its location within a thick 
pile of basaltic volcanic rocks (Orlebar, 1839; 
Blanford, 1870; LaTouche, 1912), and argued 
that the Deccan basalts themselves erupted from 
Lonar Crater (Nandy and Deo, 1961). Others 
considered the crater to be cryptovolcanic in ori-
gin (Blanford, 1870; LaTouche, 1912; Subrah-
manyam, 1985). These authors were led to a 
cryptovolcanic, or steam explosion, hypothesis 
because they realized that the thin sediment fi ll 
in the lake, the immature level of river incision, 
and slope diffusion of the crater wall, required a 
much younger age for the crater than the obvi-
ous antiquity of the Deccan basalt landscape. As 
recently as 1987, some authors have supported 
the cryptovolcanic hypothesis (Crawford, 1983; 
Subrahmanyam, 1985; Mishra, 1987).

In his discussion of Barringer Crater, Gilbert 
(1896) highlighted a few observations that made 
a bolide impact origin appealing (despite con-
cluding that both Lonar and Barringer craters 
were of volcanic origin): (1) the crater is not 
composed of volcanic rock, and (2) there is an 
abundance of iron meteorite fragments strewn 
around the crater rim and adjacent plains. In con-
trast, as the early visitors noted, Lonar Crater is 
contained entirely within basaltic volcanic rocks, 
and no meteorite fragments have been found.

Eventually, the antiquity of the Deccan ba-
salts compared to the physiographically very 
young crater and widely available information 
about sites like Barringer Crater led Beals et al. 
(1960) and Lafond and Dietz (1964) to propose 
an impact origin for Lonar. Soon thereafter, 
direct evidence of shocked materials such as 
maskely nite and impact glass were found at 
Lonar, and an impact origin for the crater be-
came the leading hypothesis (Nayak, 1972; 
Fredriksson et al., 1973a; Fudali et al., 1980; 
Nayak, 1993; Sengupta et al., 1997; Ghosh, 
2003; Storzer and Koeberl, 2004).

The mineralogy of the Deccan trap tholeiitic 
fl ood basalts is predominantly plagioclase (lab-
radorite) and pyroxene (augite and pigeonite). 
The absence of quartz means that it is diffi cult 
to classify the shock level in these basalts, par-
ticularly at low to moderate shock levels (i.e., 
~2–20 GPa), where shock-produced glasses are 
absent or rare. Early pioneering studies of the 
shock petrography of the Lonar Crater basalts 
were conducted by Schaal (1975) and Kieffer 
et al. (1976). These workers noted that the main 
shock effects are the conversion of plagioclase 
to diaplectic glass (maskelynite; Nayak, 1993) 
and vesiculated feldspar glass, and undulatory 
extinction in pyroxene. Shock effects on the 
paleo magnetism of Lonar Crater (Cisowski, 
1975; Poornachandra Rao and Bhalla, 1984; 
Louzada et al., 2008) are subtle and consistent 
with low to moderate shock levels.

At the surface, the most dramatic evidence 
for the impact shock is the presence of impact 
spherules. Around the eastern and western 
rim of Lonar Crater, Nayak (1972) identifi ed 
sculpted, vesicular impact glasses with diam-
eters 0.1–4 cm and densities 1.32–2.65 g cm–3. 
Fredriksson et al. (1973a) also found small 
(0.1–3 mm) flow-banded, teardrop-shaped 
spher ules and larger (10- to 15-cm-diameter) 
pieces that wrap around underlying clasts like 
the Flädle of Ries crater (Hörz, 1965). Sengupta 
et al. (1997) describe spherule-rich layers 5 cm 
below modern alluvium from trenches along the 
western and southeastern crater rim. The chem-
istry and internal structures of the impact glasses 
have been described in detail (Fredriksson  et al., 
1973a, 1973b; Kieffer et al., 1976; Morgan, 
1978; Fredriksson et al., 1979; Osae et al., 2005; 
Chakrabarti and Basu, 2006; Son and Koeberl, 
2007). Glass fragments signifi cantly enriched 
in silica and sodium compared to the Poladpur 
Formation of the Deccan basalts (Murali et al., 
1987; Chakrabarti and Basu, 2006) are associ-
ated with abandoned kilns and fused bricks 
(Fig. DR3 [see footnote 1]) and are likely pro-
duced by humans during the brick fi ring process 
(Fudali and Fredriksson, 1992).

Recently, the relatively young age for Lonar 
Crater formation has been confi rmed. The Dec-
can basalts at Lonar Crater were erupted during 
paleomagnetic Chron 29R (Vandamme et al., 
1991; Louzada et al., 2008, and references 
therein), suggesting a K/Ar emplacement age 
of 64.7 ± 0.6 Ma (Chenet et al., 2007), recently 
recalibrated to ca. 65.1 Ma (Kuiper et al., 2008). 
In contrast, Lonar Crater formed between 15 and 
67 ka (Fredriksson et al., 1973a; Fudali et al., 
1980; Taiwade, 1995; Ghosh, 1996; Sengupta 
et al., 1997; Ghosh, 2003; Storzer and Koeberl, 
2004), as discussed in more detail below.

RESULTS

Digital Topographic Survey

With 135 m of relief from raised rim to lake 
level, Lonar Crater is the most signifi cant topo-
graphic feature in this otherwise fl at region of 
the Deccan Plateau. We developed a DEM by 
collecting 64,000 spatial data points using 
consumer-grade, handheld global positioning 
system (GPS) units (Garmin 60c and 76c) while 
walking geologic traverses in and around the 
crater (Figs. 2, DR4, and DR5; the full DEM is 
available in the GSA Data Repository [see foot-
note 1]). The coordinates of the crater center 
are 657867E, 2209626N Universal Transverse 
Mercator (UTM; WGS84, zone 43) or 76.50°E, 
19.97°N, and the present crater rim crest radius 
is 940 ± 25 m. Note that our measured crater 

1GSA Data Repository item 2009131, additional 
fi eld photographs, crater profi les and maps, and a digi-
tal elevation model available for download, is avail-
able at http://www.geosociety.org/pubs/ft2009.htm or 
by request to editing@geosociety.org.
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radius is slightly larger than the 915-m average 
radius previously reported (Fredriksson et al., 
1973a; Fudali et al., 1980).

We found that the GPS units were most accu-
rate when left on and collecting data the entire 
day; therefore, the units were only shut off at 
night. In order to determine absolute accuracy 
and reproducibility of our spatial GPS data set, 
we surveyed six specifi c landmarks (for <5 sec-
onds each) once or twice a day for three weeks 
(over the course of two years). Histograms of 
GPS deviation from the mean are shown in 
Figure DR6 [footnote 1]. We found that the 

1σ error on our GPS measurements averaged 
1.5 m east-west, 1.9 m north-south, and 2.4 m 
in elevation. We evaluated the precision in our 
measurements by comparing a surface gridded 
with 400 GPS data points to a surface gridded 
with 400 data points acquired using a Leica 
TCR303 total station with nominal 2 cm preci-
sion over the same 1600 m2 area on the eastern 
crater rim. Nowhere did the difference between 
the two surfaces exceed 5 m. Furthermore, 75% 
of the area showed <2 m discrepancy between 
the GPS-derived surface and the total station 
derived surface; large errors were isolated to re-

gions that had a dearth of TCR303 data because 
they were not in line of sight to the total station. 
Dual GPS and total station measurements of 
specifi c landmarks confi rmed the observation 
that GPS precision was ±1 to ±3 m in x, y, and 
z directions. The DEM was computed by ap-
plying a universal Kriging gridding algorithm 
(Cressie, 1993) to the GPS data. In regions 
covered by a favorable density of points, DEM 
precision is ±5 m or better. For reference, the 
DEM is fi ve times more precise than ASTER 
 satellite–derived DEMs and not subject to ele-
vation errors caused by vegetation canopy.
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Volcanostratigraphy of Deccan Trap 
Target Rocks

Within the crater, there are six 10- to 25-m-
thick basalt fl ows (Tf0–Tf5; Figs. 3, 4, and DR7 
[footnote 1]), all of which are characterized by 
broad fl ow fronts and nearly fl at upper surfaces 
capped by discontinuous fl ow-top autobrec-
cias (Figs. 5A and 5B). Within a single fl ow, an 
internal stratigraphy is usually developed that 
begins with thin, sporadically developed, fi ne-
grained pipe-vesicle basalt (Figs. 5G and 5H), 
followed by dense, nonvesicular, jointed and 
sometimes fl ow-banded basalt (Figs. 5E and 
5F), which passes upward into vesicular, and 
sometimes amygdaloidal, fi ne-grained basalt 
that is often deeply weathered (Nayak, 1972; 
Fudali et al., 1980). The dense, nonvesicular 
parts of Tf4 (at Penpalmer Dam) and Tf5 (at 
Durga Devi Hill Quarry) have porosities (±1σ) 
of 3.9 ± 1.6 (n = 5) and 3.2 ± 1.9 (n = 5) % 
and densities (±1σ) of 2.93 ± 0.03 (n = 5) and 
2.94 ± 0.04 (n = 5) g cm–3, respectively, similar 
to that found by Fudali et al. (1980). The top 
of Tf4 has sporadically developed microcolum-

nar basalt (Figs. 5C and 5D), which is particu-
larly well developed at Durga Devi Hill Quarry 
(Fig. 1B). The microcolumns display disordered 
90°–90° angles at the true fl ow top, and become 
more widely spaced and better ordered 60°–
120° hexagonal and pentagonal cracks at depth, 
consistent with sequential fragmentation dur-
ing downward propagation of the cooling front 
(Jagla and Rojo, 2002). Both columnar-jointed 
and vesicular autobreccia fl ow tops are very 
permeable and usually deeply altered. When 
the alteration front penetrates more than a few 
centi meters, a fi ne red powdery paleosol (often 
referred to as “red bole”) is commonly devel-
oped between basalt fl ows (Figs. 5C and 5D).

Although previously interpreted as aa fl ows 
(Dube and Sengupta, 1984; Ghosh and Bhadur , 
2003), the lack of prominent fl ow bottom breccia, 
the lack of mixing between fl ow-top breccias 
and fl ow core units, and the sheet-like geom-
etry of fl ows over several kilometers indicate 
greater affi nities to typical infl ated pahoehoe 
(Duraiswami et al., 2003). The northeast and 
east regional elevation highs (Fig. 2) are coin-
cident with the preservation of a thicker basalt 

stack, capped by severely weathered outcrops of 
what we tentatively interpret as a seventh basalt 
fl ow (TF6; Figs. 3 and 4). However, we cannot 
rule out the existence of additional, recessively 
weathering vesicular basalt units between Tf5 
(which defi nes the rim of the crater and the 
quarry on the east side of Durga Devi Hill) and 
Tf6, which caps the top of Durga Devi Hill 
(Fig. 1). Based on the available data, we map 
seven fl ows between the crater fl oor and the top 
of Durga Devi Hill and assume that the North 
Quarries preserve the Tf5–Tf6 contact.

Impact-Induced Deformation of Target 
Basalt Flows

Folding
The raised crater rim and exposed crater wall 

are composed of upturned to overturned basalt 
stratigraphy, typically dipping 10°–30° out from 
the crater (Fig. 6B). Along the rim crest, Tf5 
is recumbently folded and variably brecciated, 
with semi-intact beds preserving a reverse basalt 
stratigraphy (Figs. 6 and DR8 [footnote 1]). The 
slope of the uppermost canyon wall is usually 
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greatest where the rim-fold hinge is preserved 
and vertical fl ow bands in massive basalt from 
Tf5 form a dip slope (Fig. 6C).

The recumbent limb of the rim-fold also 
is parasitically folded around subhorizontal, 
noncylindrical fold axes that are concentric to 
the crater rim (Fig. 6). These parasitic folds 
are open and upright, and resemble wrinkles 
in a carpet. Although parasitic fold hinges are 
not observed, fl ow banding in massive basalt 
blocks 1–20 m in diameter delineate the fold 
limbs. In Figure 7, measurements of the fl ow-
banding dip azimuths fall into three groups: up-
lifted basalt fl ows with azimuths pointing away 
from crater center (solid circles), overturned 
rim-fold blocks with azimuths pointing toward 
and away from crater center (squares), and jum-

bled ejecta blocks with more widely scattered 
azimuths (open circles).

In a companion paleomagnetic study, Louzada 
et al. (2008) conducted fold tests (McElhinny, 
1964) at four locations around the crater rim 
(east, south, northwest, and west). They found 
that the crater rim-fold can be approximated as 
a localized cylindrical horizontal fold with a fold 
axis parallel to the rim, this result confi rms our 
assumption that fl ow banding in massive basalt 
(Figs. 5E and 5F) records paleohorizontal. Two 
sites (eastern and southern rim) pass a complete 
fold test at the 95% confi dence level, where the 
clustering of magnetization vectors increases 
upon 100% unfolding. The positive fold test 
indicates that the primary early Tertiary (Chron 
29R) remanent magnetization in the basalts 

is preserved, and that the primary magnetic 
vectors are folded.

Elsewhere, the assumption of cylindrical 
folding is invalid. The paleomagnetic data in-
stead support the fi eld observation that during 
rim folding, tear zones developed due to dila-
tion of the recumbent limb, and breccia blocks 
experienced substantial (30° or more) vertical 
axis rotation (Louzada et al., 2008). The west-
ern rim breccia blocks are so jumbled that they 
pass a conglomerate test for randomness in 
paleomagnetic directions, indicating that rim-
folding was locally chaotic. Note that pseudo-
concentric fractures in the schematic drawings 
of Figures 6B and 8A are meant to depict per-
vasive brecciation, not specifi cally observed 
concentric fractures.
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Fracturing and Faulting
Although dilation, fracture, and vertical axis 

rotation are all inferred from fi eld and paleo-
magnetic analysis of the rim-fold, no tear zones 
are observed directly as measurable displace-
ment between two adjacent rocks. Even in Dhar 
Canyon (Fig. 1B) where a large gash in the 
crater wall is occupied by a perennial spring, 
there is no signifi cant displacement of the ba-
salt fl ows. Kumar (2005) describes a network 
of radially  striking, steeply dipping fractures 
in massive Tf4 and Tf5 of the crater wall. Al-
though we do not have enough data to question 
Kumar’s (2005) result, the high-angle fractures 
that we typically observe are not consistently 
radial to the crater center and are similar to the 
spaced 60–120 and 90–90 joint sets common in 
undeformed massive basalt outside the crater 
(e.g., Tf4 in the foreground of Figs. 9A and 9B).

Kumar (2005) also describes a network of 
conical fractures in Tf4 and Tf5 of the upper 
crater wall that dip more steeply out of the 
crater than the bedding planes. However, we 
did not fi nd outcrops where quaquaversal frac-
tures cut across fl ow banding at a signifi cant 
angle. Instead, we found that fl ow banding is 
easily mistaken for fractures and that steeper 
quaquaversal dips in the upper crater wall are 
associated with rim-folded fl ow banding, not a 
conical network of cracks.

The most prevalent fault deformation that we 
observe directly is layer-parallel slip along the 
Tf4–Tf5 contact on the crater wall (Figs. 8 and 
DR9 [footnote 1]). Outside the crater, the Tf4 
fl ow top is often a well-developed, ≤1 m thick 

Figure 5. (A, B) Flow-top vesicular auto-
breccia developed on the top of Tf4 in Dhar 
Canyon (Universal Transverse Mercator 
[UTM]: 658335E, 2210507N). (C, D) Colum-
nar joints developed in the upper meter of 
Tf4 below massive basalts at the base of 
Tf5 at Durga Devi Quarry (UTM: 660753E, 
2209124N). Both autobreccia and columnar 
jointing increase the permeability of basaltic 
fl ow tops and lead to preferential develop-
ment of ferruginized paleosols (“red bole”). 
(E, F) Flow banding in massive basalt asso-
ciated with shearing of microvesicles dur-
ing lava fl ow along paleohorizontal (UTM: 
657045E, 2210044N). (G, H) Vesicular Tf3 
fl ow, ferruginized at the top and overlain 
by massive Tf4 with well-developed pipe 
vesicles at North Canyon (UTM: 657580E, 
2210407N). Amygdules, present in some of 
the vesicles are green zeolite, white calcite, 
and/or translucent gray quartz (based on 
preliminary microprobe analysis).
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zone of columnar joints and deep chemical 
alter a tion (Fig. 5C). Inside the crater, the Tf4–
Tf5 contact is a knife-sharp, brick-red–colored 
layer (Fig. 8A) with slickenslides that indicate 
motion of the hanging wall (Tf5) up and into the 
crater (Fig. 8G). This faulting is consistent with 
layer-parallel slip along a weak contact during 
recumbent folding of the crater rim (Fig. 8B).

At Fault Canyon (Fig. 1B), a second, younger 
set of faults is apparent (blue lines in Fig. 4, and 
Kumar (2005) Fig. 1B). It is the only location 
where we observe unequivocal large-scale nor-
mal faults. Two coherent slump blocks (b and 
c in Figs. 8A and 8B) slid into the crater on 
steep normal faults that cut across and displace 
the Tf4–Tf5 layer-parallel slip fault. These 
en echelon normal faults decapitate the rim-
fold. Unfortunately, the rim-fold hinge is pre-
served only around 10%–15% of the crater rim. 
However, landslide scars and rubble piles are 
abundant on the crater wall.

Geologic Mapping of the Ejecta Blanket

Away from the crater edge, the rim-fold brec-
cia pinches out into a thin (up to 7 m thick) but 
continuous blanket of impact ejecta (Fig. DR10 
[footnote 1]). This transition is apparent as 
the prominent change in slope and color 
at the edge of the white rim-fold proximal 
ejecta and culti vated distal ejecta in the satellite 
image (Fig. 1B). Due to extensive land modifi -
cation by farmers, it is diffi cult to say whether 
the apparent scalloping (sinuousity) in the distal 
edge of the modern ejecta blanket is a primary 
depositional feature (Fig. 4). However, existing 
sketches and maps (Fudali et al., 1980; Ghosh, 
2003) of the crater ejecta, albeit different in 
detail from our observations, depict a similarly 

scalloped termination of the continuous ejecta 
blanket and suggest that the scalloping does not 
owe its origin to farm modifi cation of the past 
20 years. Note that the trace of the terminus 
of the ejecta blanket in Figure 4 published by 
Ghosh (2003) is based on the same fi eld work 
as Fudali et al. (1980) in the 1970s.

In distal localities such as Kalapani Dam 
Quarry (Figs. 9A–9D) and the Road-to-Kinhi 
Quarry (Figs. 9E and 9F), undeformed sub hori-
zonal basalt fl ows are overlain by an unsorted 
and unstratifi ed ejecta unit dominated by mas-
sive basalt clasts usually ≤2 m in diameter (but 
see Figs. 9G and 9H) and powdery, deeply al-
tered vesicular basalt clasts in a coarse-grained 
matrix. Because of the similarity in composi-
tion, it is usually diffi cult to determine with con-
fi dence what percent of the matrix is reworked 
alluvium and soil and what percent is primary 
ejecta, except where distinctive substrate units 
are present. A black, muddy histosol up to 
2 m thick, with distinctive white calcifi ed root 
casts, is common in natural depressions within 
the fl ow-top of Tf4 (Figs. 9A–9B and DR10) 
and is disconformably overlain by the ejecta. 
Modern analogues to this muddy histosol 
form today in topographic depressions fi lled 
with grassy wetlands.

In some instances, blocks within the ejecta 
blanket penetrate the underlying histosol, and 
the same histosol unit is mobilized into impres-
sive fl ame structures that penetrate up into the 
ejecta (Figs. 9E and 9F). More common than 
the large penetration stones and histosol fl ame 
structures are an abundance of cm-size rip-up 
clasts of histosol that are incorporated into the 
debris fl ow, and cm-size ejecta clasts that pene-
trate up to 30 cm into the histosol (Figs. 9C 
and 9D). Small histosol clasts may be found 

within the ejecta up to 0.75 m above the ejecta-
histosol contact. However, we did not fi nd any 
histosol clasts in ejecta more than 10 m away 
from an observed outcrop of histosol.

Minimum ejecta thicknesses (Fig. 10) were 
determined by measuring the thickness of ejecta 
above the basement surface. The basement sur-
face was defi ned at the rim by the core of the rim-
fold and elsewhere by the sharp contact between 
the surrounding basalt fl ow structures and the 
debris fl ow layer. All ejecta thickness measure-
ments are considered minimum values, as some 
erosion has occurred throughout the ejecta blan-
ket and, in some cases, the basement rock level 
was not exposed. In locations proximal to road 
or farm excavations, we did not measure ejecta 
thickness unless the ejecta was directly overlain 
by Quaternary bedded alluvium deposits (e.g., 
Figs. 9C and 9D) that predate any accumulated 
anthropogenic debris. Note that Quaternary al-
luvium deposits were not included in the mini-
mum thickness measurements. The symbols in 
Figure 10 refl ect three categories of clast sizes: 
(1) circles—rim-fold material with brecciated 
inverted stratigraphy (Fig. DR8 [footnote 1]); 
(2) squares—large (m-scale) blocks with a 
smaller volume fraction of fi ner grained matrix 
(e.g., Fig. DR10C [footnote 1]); and (3) trian-
gles—small clasts (typically <1 m) in a coarse 
matrix (Figs. DR10D and DR10E [footnote 1]). 
Note the abrupt transition between the rim-
fold and the ejecta debris fl ow. Clasts within 
the ejecta debris fl ow are randomly oriented 
and pass a paleomagnetic conglomerate test 
(Louzada et al., 2008).

The observed minimum thicknesses for the 
ejecta blanket show a strong departure from 
the expected ballistic power-law thickness pro-
fi le for small craters (McGetchin et al., 1973; 
Kring, 1995). Instead, at Lonar, the ejecta thick-
ness decays rapidly within 1.2 crater radii and is 
thicker than expected between 1.5 and 3 crater 
radii. There is no signifi cant azimuthal or re-
gional slope dependence on the ejecta blanket 
profi le (Fig. DR11 [footnote 1]); the terminal 
rampart appears in all directions, including 
upslope. Note that we were unable to reproduce 
the exact ejecta thickness measurements at loca-
tions reported in Ghosh (2003).

In order to quantify the brecciation in the 
ejecta debris fl ow, we measured the bulk den-
sity of ejecta deposits in the fi eld. Bulk density 
measurements were conducted at three loca-
tions to the northwest of the crater at distances 
of 1.2, 1.4, and 2.2 crater rim radii from the 
crater center . Using a portable hanging scale 
and a measuring vessel of known volume, we 
determined the mass of material in a 2–3.5 L 
hole dug into the ejecta blanket. With increas-
ing distance from the crater center, the average 

Figure 7. Dip azimuth of fl ow 
banding in massive basalt from 
intact lava fl ows in the crater  
wall, rim-fold, and ejecta blocks. 
Crater wall basalts dip radially 
outward from the crater  and 
can be fi t with a line of slope 1 
with r2 = 0.9. Rim-fold blocks 
have populations dipping radi-
ally out from the crater (solid 
linear regression), as well as 
radially into the crater  (dashed 
linear regressions), suggesting 
parasitic folding around sub-
horizontal, rim-concentric fold 
axes (see Fig. 6). Ejecta blocks 
around the fringe of the rim-fold also show rim-concentric fold axes, but with relatively more 
azimuthal scatter associated with vertical axis rotation near tear zones. Dip information is 
derived from fl ow banding in massive basalts or contacts between fl ow units.
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densities (±1σ) were found to be 1.97 ± 0.50 
(n = 3), 2.39 ± 0.11 (n = 3), and 2.14 ± 0.31 
(n = 2) g cm–3. Using original bulk densities of 
2.9 g cm–3, the porosity in these locations in the 
ejecta ranges between 18% and 32%.

The excellent preservational state of the 
ejecta blanket is supported by the patchy occur-
rence of impact glass and spherules, and a high 
density of ejecta blocks. In some areas, ejecta 
blocks have been cleared for farming, particu-
larly to the west and south. The size distribu-
tion of ejecta blocks is spatially heterogeneous 
with large boulders found throughout the ejecta 
blanket (Fig. DR10 [footnote 1]). Recent reports 
of heterogeneous hydrothermal alteration in the 
rim-fold breccia (Newsom et al., 2005) are not 
supported by this work. Our fi eld observations 
show that previously interpreted altered ejecta 
(e.g., at the Telecom Pits—Fig. 6) are highly 
comminuted materials originating from auto-
brecciated, vesicular or amygdaloidal basaltic 
fl ow tops weathered prior to the impact event. 
In further support of our interpretation, at least 
one comminuted ejecta zone contains well-
preserved  impact glasses and sub-mm glass 
spherules (UTM: 658817E, 2209170N).

Impact glass is most abundant in the rare 
regions of the crater rim that appear to be un-
altered by human activity or mass wasting. We 

collected hundreds of samples of basaltic impact 
glass (Fig. 11) from the southeastern and north-
western crater rim (Fig. 4), and from the south-
western and southeastern rim of Little Lonar 
depression (Fig. 12). Many of the smaller melt 
glasses are aerodynamically and rotationally 
sculpted and must have solidifi ed during fl ight. 
Circular and elliptical vesicles are common, 
particularly toward the center of glassy objects. 
Weiss et al. (2007) conducted demagnetization 
and rock magnetic measurements on more than 
60 sculpted impact glasses. They found that the 
glasses are ineffi ciently magnetized and have 
magnetic remanence that was blocked while the 
samples were rotating, consistent with cooling 
and solidifi cation while airborne.

Little Lonar

Little Lonar (a.k.a. Amber Lake, Master, 
1999) is an elliptical depression ~700 m NNE 
of Lonar Crater rim (center, UTM: 658122E, 
2211223N) currently used for chick pea farm-
ing. The depression has a diameter of ~300 m 
and wall deposits up to >12 m thick (Fig. 12). 
Fredriksson et al. (1973a) and Fudali et al. 
(1980) suggested that Little Lonar is a second 
impact crater formed by a fragment of the larger 
bolide that was responsible for Lonar Crater.

The southern wall of Little Lonar is composed 
entirely of unsorted ejecta blocks of massive ba-
salt ≤1.5 m in diameter within a coarse-grained 
matrix. We dug trenches at the base of the wall 
deposit to determine a minimum ejecta thickness 
for the Little Lonar “rim” (Fig. DR13). However, 
even at 12.4 m, our trench did not encounter a 
basal, intact basalt fl ow. The recovered stratig-
raphy has 4.8 m of ejecta without glass, overlain 
by 2.8 m of ejecta containing locally abundant 
fragments of impact glass (including aero-
dynamically sculpted forms), overlain by 5.2 m 
of ejecta without glass and topped by 0.3 m of 
colluvium.

If Lonar and Little Lonar were a double im-
pact, their bolides would have struck nearly 
simultaneously. Because of its signifi cantly 
smaller size, Little Lonar would have fi nished 
forming and laid down most of its ejecta blan-
ket before the arrival of the ejecta curtain from 
its larger neighbor and subsequent deposition 
of the spherules. For reference, typical tran-
sient crater formation time scales for 1.7- and 
0.3-km-diameter craters in a hard rock struck 
by an asteroid are ~6 and 2 seconds, respec-
tively (Melosh, 1989; Melosh and Beyer, 1998). 
The ballistic fl ight time from near the center of 
Lonar to Little  Lonar is around 17 s. Hence, we 
would expect to fi nd the primary ejecta blanket 
deposited on top of Little Lonar’s Crater rim. The 
observation is just the opposite. The spherule-
rich layer is embedded beneath several meters  
of debris, whereas in other locations around 
Lonar Crater, impact glass from atmospheric 
fallout is concentrated in the upper few centi-
meters of the ejecta. Therefore, we suggest that 
the upper 7.8 m of ejecta at Little Lonar is com-
posed of dirt and boulders that farmers piled up 
around a smaller preexisting depression, rather 
than ejecta from a second crater. The remaining 
5.0 m thickness of primary ejecta is consistent 
with other ejecta thickness observations from 
around Lonar Crater (Fig. 10).

14C Data from Pre-Impact Paleosol 
Organic Matter

Interpretations of the geometry and preserva-
tion of the ejecta blanket, the magnetic signature 
of the ejecta and impacted basalt, and slope evo-
lution of the crater wall require an accurate age 
for the impact event that formed Lonar Crater. 
Unfortunately, the young age and lack of suitable 
mineralogies make direct determination of the 
age of impact very diffi cult. Published ages range 
from 15.3 ± 13.3 ka from fi ssion-track counts 
in impact glass (Storzer and Koeberl, 2004), 
to 45–67 ka, using the thermoluminescence 
method on impact glass (Sengupta et al., 1997). 
Unpublished radiocarbon dating of organic 

Figure 8. Two generations of faults are preserved in Fault Canyon (Fig. 1B). Panel (A) is a 
schematic drawing of the faulted region, sketched as if the artist were sitting on the crater 
rim on the northwest side of Dhar Canyon (H; refer to legend from Fig. 4). The older gen-
eration of fault is depicted in (A) as the sharp red line tracing the primary volcanic contact 
between vesicular and brecciated fl ow 4 (Tf4v) and basal massive fl ow 5 (Tf5m). The fault 
is best exposed along the “n2” normal fault on block “b,” as shown in (E; vertical scale is 
~80 m) and zoomed-in on in (F; Maloof for scale; Universal Transverse Mercator [UTM]: 
658393E, 2210326N). A close-up of the fault in (G) reveals slickensides that indicate hang-
ing wall–into-the-crater (thrust) motion essentially parallel to the dip of the local bedding. 
The strike and dip of the fault plane and fl ow boundary are 314 and 11, respectively, with 
the slickensides plunging 9°. Some of the brecciation apparent in Tf4v may be associated 
with the faulting, although primary autobrecciation of this fl ow top is apparent in North, 
Dhar, and Hotel Canyons (but not at Durga Devi—Fig. 5C). The once continuous thrust 
fault is displaced into “t1,” “t2,” and “t3” by a younger generation of listric normal faults 
or slumps, labeled “n1” and “n2.” Normal fault “n1” is shown in (B—Soule for scale), (C—
Soule for scale), and (D—hammer for scale) and juxtaposes Tf5m in block “b” against Tf4v 
in block “a” along an active human footpath. The trace of “n1” is irregular, but in (C), the 
dip direction–dip is 235–69. In (E), the trace of “n2” separates blocks “b” and “c,” has dip 
direction–dip of 214–76, and occupies the gully in which we measured the Fault Canyon 
stratigraphic section in Figure 3. In each panel labeled A–H with a white capital letter in a 
black rectangle, the “ ” indicates the cardinal direction in which the camera is oriented; 
yellow or black arrows indicate the viewing direction represented in the panel indicated 
with the yellow capital letter in a black oval; each fault block is labeled with a lowercase 
“a,” “b,” or “c”; each fault trace is labeled with red letters “t” for thrust and “n” for normal 
fault; white lines with triangles are thrust fault traces, and white lines with squares are nor-
mal fault traces; displacement on the faults in (A) is denoted with opposing half arrows or 
opposing circled circles ( ) and circled “x’s” ( ); each lava fl ow is labeled with blue letters 
in a white box. Note: the colors associated with Tf3–Tf5 are not the same in (A) and (H).
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Figure 9.
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materials  from drill cores in the lake sediments 
imply approximate  lower limit ages between 
15 and 30 ka (Sengupta and Bhandari, 1988).

We collected histosols and organic-rich 
swamp muds for radiocarbon measurements be-
neath the distal ejecta blanket at: three locations 
at Kalapani Dam (UTM: 656087E, 2208221N; 
Figs. 9A–9D), two locations at the Road-to-
Kinhi Quarry (UTM: 656343E, 2209784N; 
Figs. 9E and 9F), and one location at a large pit 
preserving 0.3 m of muddy histosol overlain by 
0.7 m of ejecta with histosol clasts, in turn over-
lain by 3.8 m of clean ejecta (UTM: 656919E, 
2211078N). We removed macroscopic root 
hairs from each specimen and then pre-treated 
each sample using the standard acid-base-acid 
(ABA) extraction method (Grootes et al., 2004) 
to isolate the humin fraction of the soil (thought 
to be the oldest, most nonreactive, and least con-
taminated organic component of the soil).

Sample δ13C values range between –10.4 and 
–15.6, suggesting that isolated organic material 
derives from C4 plants. The 14C results obtained 
at the National Ocean Sciences Accelerator Mass 
Spectrometry (NOSAMS) Facility give a variety 
of ages, and show a linear correlation between 
14C-age and δ13C, with older samples being en-
riched in 13C. Kalapani Dam histosols are 1.79 ± 
0.045, 23.5 ± 0.20, and 27.5 ± 0.18 ka; Kinhi 
Quarry histosols are 11.65 ± 0.07 and 13.15 ± 
0.085 ka; and the pit histosol is 40.8 ± 1.1 ka.

It is not surprising that the histosols from dif-
ferent locations are different ages, as many gen-
erations of muddy wetland soils are visible even 
across the modern landscape. One interpretation 
of the data is that the very young 1.79 ka age 
represents modern contamination, the 11.65 ka 
measurement represents a maximum age for 
Lonar Crater, and the 23.5–40.8 ka ages are from 

older, pre-impact histosols. Such an interpreta-
tion would be broadly consistent with previous 
age estimates and the excellent state of preserva-
tion of Lonar Crater despite the seasonally wet 
monsoonal climate. To test this hypothesis, future 
work could attempt to isolate and date material 
such as pollen or charcoal that more clearly was 
deposited during histosol formation. Microscope 
work at the Limnological Research Center , Uni-
versity of Minnesota (Vania Stefanova and Amy 
Myrbo, 2005, personal commun.) did isolate 
Pinus and Tricolpate pollen, as well as charcoal, 
in our samples, but unfortunately not enough for 
material-specifi c AMS 14C dating.

DISCUSSION

Preservation State and Reconstruction of 
Lonar Crater

Lonar Crater is a remarkably well-preserved 
impact crater. Ejecta preservation has been 
aided by light ground shrub cover (Fudali et al., 
1980), and a reduction in surface runoff as a re-
sult of the high permeability of the ejecta blan-
ket. The crater cavity and rim are protected by 
the state from new construction, but the ejecta 
blanket is not. Unfortunately for geologists, the 
residents of Lonar town and surrounding farms 
are steadily removing and reworking the ejecta 
blanket. Nevertheless there are rare areas where 
the presence of an impact spherule-rich layer 
suggests that the original ejecta surface of fi ne 
debris and impact glass has been unaltered by 
human activity or mass wasting.

The erosional state of Lonar is only a little 
more developed than that of Barringer Crater, 
which is similar in size and age to Lonar Cra-
ter. Roddy (1978) estimated from mass-balance 

considerations that erosion at Barringer Crater 
resulted in (1) a widening of the initial crater by 
30 m to 1.186 km, and (2) a decrease in average 
rim height of 20 m, to a present-day value of 
47 m. This erosion is equivalent to the removal 
of 20%–25% of the overturned fl ap and contin-
uous ejecta blanket. Grant and Schultz (1993) 
estimated that erosion was less, with 10–15 m 
of rim height lowering and only one meter of 
removal of the continuous ejecta blanket. The 
rim-fold hinge at Barringer Crater is locally ob-
served around a third of the crater rim (Shoe-
maker, 1963), compared to 10%–15% at Lonar.

Based on the mass of the sediments in the 
crater fl oor derived from fi ve drill cores and a 
gravity survey, Fudali et al. (1980) estimated the 
original crater rim diameter to be 1710 m, for 
a widening of ~120 m. They also estimated an 
original rim height of 40 m, which was linearly 
extrapolated from the current outer rim crest 
slope to the original rim radius. Due to erosional 
shallowing of the original rim crest slope, this 
extrapolation must be considered a lower limit. 
Fudali et al. (1980) estimated the eroded volume 
of material deposited as sediments in the crater 
fl oor (modeled as a 1330 × 108 m cylinder) to be 
about 7 × 107 m3 at the pre-impact density. With-
out further drilling or geophysical surveys of the 
crater fl oor and breccia lens, we have no means 
to improve upon this estimate of the eroded 
mass. We can revisit the original crater radius, 
by reconstructing an annulus of material along 
the crater wall. The height of the annulus is the 
sum of the present average lake to rim height of 
135 m, the 108 m of sediments, and a few meters 
for the lake. The reconstructed radius  is ~50 m 
smaller than the present radius, for an original 
rim diameter of 1780 m. The simple reconstruc-
tion is a rough estimate of the fresh crater  diam-
eter, as the contribution to the sediments from 
Dhar Canyon has not been separated from the 
average erosion around the crater wall.

Unfortunately, access to the breccia lens is 
severely limited by the crater lake and collu-
vium deposits. Knowledge about the breccia 
lens is primarily derived from fi ve drill cores 
and a gravity survey (Fudali et al., 1980). At 
400 m below the crater fl oor level, the cores did 
not conclusively penetrate through the breccia 
lens to the hard trap below, and there was no 
consistent correlation between the contents of 
each core. In an unpublished tomography sur-
vey conducted by India’s National Geophysical 
Research Institute, the bottom of the breccia 
lens was constrained to be less than 500–750 m 
below the crater fl oor (S.S. Rai, 2005, personal 
commun.). More accurate measurements of the 
mass of the breccia lens would aid geometric 
reconstruction of the transient and fi nal (pre-
erosion) crater diameters.

Figure 9. (A, B) Vertically jointed massive basalt of Tf4 occupies the foreground in this 
image from Kalapani Dam (Universal Transverse Mercator [UTM]: 656085E, 2208231N). 
Black histosol with white calcifi ed root casts fi lls a natural depression in the pre-impact 
basalt landscape. The light-brown layer on top of the histosol is unsorted impact ejecta 
consisting of ≤1.5-m-diameter massive basalt clasts, powdered and deeply altered vesicular 
basalt clasts, and reworked ≤0.15-m-diameter chunks of underlying black histosol localized 
in the lowermost 30 cm of the ejecta pile adjacent to histosol outcrops. The impact ejecta 
layer truncates the root casts in the underlying histosol. (C, D) At Kalapani Dam (UTM: 
656085E, 2208231N), the succession of black histosol with white calcifi ed root casts overlain 
by light-brown ejecta is in turn truncated by darker brown, modern cross-bedded alluvium. 
(E, F) At the quarry on the road to Kinhi (UTM: 656126E, 2209737N), Soule points to a 
2-m-diameter massive basalt clast in the ejecta unit. Basalt clasts impinge on the underlying 
histosol, and large clasts often cause fl uidized injections of histosol into the ejecta (right-
hand side of image). (G, H) Swanson-Hysell is belayed by Maloof into a new well (UTM: 
658857E, 2211813N). At this location, a 9 × 2 × ? m clast preserves an intact, but upside-
down progression from massive fl ow-banded to vesicular and autobrecciated basalt and is 
surrounded by fi ner ejecta. The ejecta overlie a discontinuous layer of histosol and ≥5 m of 
undeformed massive Tf5 basalt stratigraphy.
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Based on their (lower limit) reconstruc-
tion, Fudali et al. (1980) suggested that the rim 
height at Lonar was anomalously low. Typi-
cal rim heights around fresh simple craters are 
0.036DR for the Moon (Pike, 1977), 0.04DR to 
0.05DR for Earth and Mars (Fudali et al., 1980; 
Stewart and Valiant, 2006), where DR is the 
pre-erosion rim diameter. If Lonar were similar 
to other terrestrial craters with an original rim 
height of 0.04DR, the total thickness of the 
rim would be ~71 m (for DR = 1780 m). Based 
on our DEM, the rim height above the pre-
impact  level varies from 18 m in the northeast 
(near Dhar Canyon) to 68 m in the southwest, 
which refl ects the regional slope. We confi rm 
that the average present-day rim height is ~30 m. 
In the rim-fold to the northwest and southeast, 
perpendicular to the regional slope, the total 
heights are 35 and 33 m, respectively. At these 
locations, the preserved ejecta deposit is ~10 m 
thick. A maximum average ejecta thickness of 
13 m is observed on the north rim-fold (Fig. 4).

The extent of the uplifted strata in the rim-fold 
can be used to estimate the amount of erosion 

of the rim crest and the original rim height. The 
rim uplift constitutes 20%–40% of the total rim 
height in large experimental craters (Carlson and 
Jones, 1965; Dillon, 1972). Near the rim, the total 
thickness of ejecta and uplifted material decays 
with distance by a –3 power law (McGetchin  
et al., 1973). At the present-day rim radius of 
940 m, the total thickness should be ~60 m. 
Hence, it is possible that ~30 m of rim crest 
topography has been removed and transported 
into the crater or outward into the near-rim 
ejecta blanket. Comparisons with the inferred 
amount of erosion for Barringer Crater indicate 
that this amount is a reasonable estimate. The 
stratigraphic uplift of ~20 m in the preserved 
rim-fold is ~33% of the expected origi nal thick-
ness (60 m), in perfect agreement with the range 
observed around experimental craters. Hence, 
the observed stratigraphic uplift suggests that the 
original rim height was typical of other terrestrial 
craters and implies an average of 30-m of verti-
cal erosion at the present-day rim crest.

In summary, the estimated pre-impact rim 
diam eter is 1780 m and rim height is ~70 m. 

The amount of observed uplifted strata at the 
rim is consistent with other simple impact and 
explosion craters.

Crater Wall Deformation

Because of the small size of the crater, rock 
and shock deformation features in the crater 
rim-fold and ejecta are limited. Microfaulting 
in the crater wall is diffi cult to observe because 
of the homogeneous nature of the target rock 
and preexisting jointing and fl ow banding. The 
strain from the rim-fold was primarily accom-
modated along contacts between Deccan fl ows. 
Although fracturing and brecciation clearly are 
pervasive in the overturned fl ap of the rim-fold, 
the tear zones do not penetrate as radial fractures 
with observable offset in the crater wall basalts 
below Tf5. In contrast, at Barringer Crater, tear 
faults are oriented parallel to an orthogonal set 
of preexisting regional vertical joints (Shoe-
maker, 1963; Kumar and Kring, 2008). In the 
absence of such large-scale preexisting weak-
nesses in the target, small crater dynamics may 
not result in large differential displacements in 
the crater wall (Melosh, 1989).

Because the rim-fold hinge is only locally 
preserved and landslide scars and rubble piles 
are abundant, normal faulting probably accom-
modated much of the post-impact crater wall 
collapse that generated some of the material that 
forms the breccia lens in the crater cavity. Al-
though it is diffi cult to tell whether the normal 
faults at Fault Canyon continue to a depth below 
the crater lake, their dips must be shallow enough 
to cause 5°–10° of observed back rotation in the 
slump blocks. More often than not, the crater-
rim–tangent normal faults themselves are not ob-
served directly because the hanging-wall blocks 
have probably foundered into the lake. We cannot 
say for certain whether this normal faulting oc-
curred immediately following crater formation, 
or subsequently over the past >~12,000 years.

Ejecta Volume

The good preservation of the ejecta allows 
us to estimate a total volume of the continu-
ous ejecta blanket. Like at Barringer Crater, the 
amount of vertical erosion in the ejecta blanket 
is expected to be much less than at the rim crest, 
because the steep topography of the rim accel-
erates erosion compared to the gently sloping 
(2°–6°) ejecta blanket. A total ejecta volume 
estimate is constructed by binning all the mini-
mum ejecta thickness measurements (Fig. 10) 
into 25–100 m increments in radial distance 
and calculating a solid of revolution assuming 
axisymmetry. We integrate the radial thickness 
profi le between the present-day rim and a radial 
distance of 2200 m from center, which is the 
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Figure 10. Minimum ejecta thickness measure ments (fi lled circles—rim fold; fi lled squares—
large blocks; open triangles—small clasts; see also Fig. 4) at Lonar Crater. Average Lonar 
ejecta thickness profi le of the continuous ejecta blanket (solid black line, 50-m radial  bins) is 
compared to a ballistic ejecta thickness from experimental craters (dashed line, McGetchin 
et al. [1973]) and the topographic profi le for a typical fresh Martian crater (solid gray line, 
scaled to Earth, from Stewart and Valiant [2006]). Rceb denotes the average extent of the 
continuous ejecta blanket (vertical dotted lines). Note accumulation of ejecta amounting to 
~5 times ballistic predictions at the distal edge of continuous ejecta blanket.
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average extent of the continuous ejecta blanket. 
Using the average value in each radial bin (solid 
black line in Fig. 10), the total ejecta volume is 
3.4 ± 0.3 × 107 m3. Using the maximum value 
in each radial bin, the total ejecta volume is 
6 ± 1 × 107 m3. The error denotes the 1σ sensitiv-
ity to bin size. We stress that the average ejecta 
volume should be considered a minimum value.

The excavated volume of material is diffi cult 
to predict because of uncertainties in the magni-
tude of widening between the transient and fi nal 
crater diameters. Instead, we compare the Lonar 
ejecta volume to measured ejecta blanket vol-
umes around Martian craters. Fits to measure-
ments of continuous ejecta volumes around 
Martian craters with diameters of 3 km and larger 
predict ejecta volumes between 5 – 10 × 107 m3 
for Lonar-sized craters (Stewart and Valiant, 
2006). An example measured Martian ejecta 
profi le is shown in Figure 10 (solid gray line). 
The measured volume of ejecta around Martian 
craters was larger than could be explained by 
standard calculations of the excavated volume 
from the transient crater, even when accounting 
for reasonable amounts of bulking and addi-
tion of secondary materials. In order to fi t the 
observed ejecta volumes, Stewart and Valiant 
(2006) needed to make a modifi cation to the 
standard relationship between transient crater 
diameter at the preexisting surface level and 
fi nal crater rim diameter. They found that the 
ratio should be ~1.4 (reduced from 1.56 recom-
mended by Melosh [1989]). In other words, the 
amount of wall collapse in simple craters is re-
duced. The agreement between ejecta volumes 
around Lonar and Martian craters suggests that 
the same scaling modifi cation applies to simple 
terrestrial craters.

The similarity between the volume of con-
tinuous ejecta deposits around Lonar Crater 
and fresh Martian impact craters also sup-
ports our inference of excellent preservation at 
Lonar Crater.

Ejecta Blanket Emplacement

The excellent exposure of the continuous 
ejecta blanket in multiple quarries makes Lonar 
an invaluable and unique site for study of ejecta 
emplacement processes. Assuming that the ejecta 
thickness profi le at Lonar has not been altered 
signifi cantly by erosion or human activities, the 
Lonar profi le is remarkably similar to lobate, 
rampart-terminated ejecta blankets observed 
around fresh craters on Mars (solid gray line, 
Fig. 10). The profi le consists of two sections: 
(1) an inner section that is composed primarily 
of large ejecta blocks that were not signifi cantly 
mobilized  post-emplacement, and (2) an outer 
ejecta section composed of smaller clasts and 
coarse matrix that was involved in a radial debris 
fl ow. In between the two sections is a moat-like 
feature in the ejecta profi le that is commonly 
seen around Martian craters (Stewart and Valiant , 
2006). Ramparts terminating Martian ejecta 
blankets are often scalloped or sinuous (Barlow, 
1994) in a manner similar to Lonar Crater (Fig. 4).

The observed ejecta thickness profi le signifi -
cantly departs from the expected ballistic power 
law around small craters. In Figure 10, the –3 
power law (dashed line) has the same volume 
as the average ejecta thickness profi le (solid 
black line). In the outer ejecta (beyond 1400 m 
from crater center), the Lonar ejecta blanket 
has ~20%–30% more material compared to the 
power-law profi le. The observations of lateral 

bulldozing, vertical mixing, and the lack of size 
sorting and stratifi cation suggest that most of the 
outer continuous ejecta blanket was involved in a 
post-ballistic debris fl ow. The unsorted clasts and 
abrupt termination of the ejecta blanket imply  a 
chaotic or turbulent ground-hugging debris fl ow, 
similar to the ejecta (Bunte Breccia) found at the 
larger Reis crater (Hörz et al., 1983). The amount 
of secondary materials mixed with the primary 
ballistic ejecta is not as signifi cant as measured 
at Reis (up to >90% of the volume in the outer 
continuous ejecta) because most of the ballistic 
ejecta at Lonar impacted at velocities lower than, 
or comparable to, that needed for substantial sec-
ondary cratering (~100 m/s, Oberbeck, 1975). 
Hence, Lonar-sized craters may represent the 
transition between simple ballistic emplacement 
and ballistic sedimentation.

At Lonar, the shallow water table and sur-
face mud deposits may have contributed to the 
ejecta dynamics; however, the ejecta deposit 
is not characteristic of clast size sorted water-
supported debris fl ows on Earth. Estimates of 
the runout effi ciency of ground-hugging ejecta 
fl ows on Mars are much less than found in ter-
restrial water-supported debris fl ows (Ivanov, 
1996; Barnouin-Jha and Buczkowski, 2007). 
However, incorporation of groundwater may 
have fl uidized the fl ows at Lonar (and Barringer ) 
crater in ways still not fully understood.

Alternatively, shear in a weak basal layer 
has been suggested to support horizontal ejecta 
fl ow around larger craters on Earth and Mars. 
Modeling of Martian ejecta fl ows suggests that 
basal glide is the dominant fl ow mechanism 
( Barnouin-Jha et al., 2005). At Lonar, the muddy 
histosol may have contributed to basal glide. The 
fl ame structures (Figs. 9E and 9F) may have 
formed when basalt clasts in a ground-hugging 
debris surge impacted or bulldozed the under-
lying substrate. In most cases, the injected histo-
sol was broken up by the ejecta fl ow into small 
clasts and incorporated into the matrix. (In order 
to preserve the observed histosol fl ame, the ejecta 
fl ow must have stopped just after its formation.) 
This observation is consistent with Fudali et al. 
(1980) who state that “fi nal emplacement of most 
of the debris in the outer portions of the continu-
ous blanket involved radial motion at very low 
angles, with enough force in the terminal stage to 
strongly affect the substrate.” They cite examples 
of “large, individual blocks of ejecta ... [which] 
plowed along the original surface for some dis-
tance, bulldozing accumulations of soil ahead 
of them” in “some sort of ground-hugging de-
bris surge.” In other places (e.g., Kalapani Dam 
Quarry), the ejecta-histosol contact is a fl at plane 
over several meters.

The departure from a monotonically decreas-
ing thickness ejecta profi le at Lonar Crater is 

Figure 11. Basaltic impact glass spherules and fl ädle with a variety of splash forms recov-
ered from undisturbed regions of the crater rim and at Little Lonar (Fig. 4). Note pancake-
toroid (A—upper-middle) and dumbbell (B) forms.
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not predicted by the ballistic sedimentation 
model. Distal thickening and rampart forma-
tion is expected for a debris fl ow with a friction-
dominated ridge toe (Pierson and Costa, 1987; 
Major and Iverson, 1999). At this time, we are 
not able to accurately quantify the relative con-
tributions from mixing of secondary materials 
and horizontal fl ow to the fi nal ejecta profi le; 
however, the low velocities (<150 m/s) associ-
ated with the ballistic ejecta and the abundant 
fi eld evidence for horizontal fl ow suggest that 
the distal thickening of the continuous ejecta 
may be primarily a result of the post-ballistic, 
ground-hugging fl ow.

The atmospheres on Mars and Earth may 
have contributed to the fl ow dynamics. How-
ever, similar rampart ejecta structures have been 
observed around craters on the atmosphere-
less Jovian icy moon Ganymede (Boyce et al., 
2008). Further work is necessary to under-
stand the dynamics of the fl ow and the primary 
mechanism(s) that lead to the observed highly 
mobile behavior of ejecta around terrestrial and 
Martian craters.

CONCLUSIONS

We developed a digital elevation model and 
a geological map of Lonar Crater, India, with 
horizontal and vertical resolution of 1–3 m. 
Lonar Crater formed in at least six 10- to 25-m-
thick basalt layers typical of infl ated pahoehoe 
fl ows. The fl ows grade upward from massive 
fi ne-grained pipe-vesicle basalt to nonvesicular 
jointed and sometimes fl ow-banded basalt. Flow 
tops are often characterized by columnar joint-
ing, and vesiculation and weathering.

Along the crater rim, the uppermost fl ow 
is recumbently (and parasitically) folded 
around rim concentric, subhorizontal, non-
cylindrical fold axes. Rim-folding was lo-
cally chaotic resulting in breccia blocks that 
have been shown to be randomly oriented 
through a paleomagnetic conglomerate test; 
the rim-fold hinge is preserved around only 
10%–15% of the crater rim.

The present-day rim diameter is 1.88 ± 
0.05 km. The erosional state of Lonar Crater is 
comparable to Barringer Crater, with an esti-

mated decrease of the rim crest by ~30 m and 
an increase in the rim-to-rim crater radius of 
~50 m. New radiocarbon dating of histosols 
and organic-rich swamp muds at the base of the 
ejecta blanket suggest a maximum age of ca. 
12 ka for the impact event.

Unlike at Barringer Crater, no signifi cant 
vertical displacement of the basalt fl ows in the 
crater walls was observed along identifi able 
tear zones. Layer-parallel slip between the two 
upper most fl ows in the crater wall near Dhar 
Canyon was observed, consistent with slip 
along a weak contact during recumbent folding 
of the crater rim.

Millimeter- to centimeter-sized vesicular im-
pact glasses were collected around the eastern 
and western rim of Lonar Crater. Many of these 
glasses are aerodynamically and rotationally 
sculpted and solidifi ed during fl ight. Based on 
the stratigraphic distribution of impact glasses 
in the walls, an ~300 m depression known as 
Little  Lonar, we conclude that the structure is 
not a second impact crater. The size, location, 
and stratigraphy of Little Lonar also rule out 
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Figure 12. Panoramic photograph (A), digital elevation model (B; see Fig. DR12 [footnote 1]), and Quickbird satellite image (C) of Little 
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secondary cratering as its origin. Rather, the 
depth of the depression has been exaggerated by 
clearing of its interior for farming and piling of 
material onto the surrounding wall.

The current continuous ejecta blanket has 
a scalloped distal termination. Occasionally, 
centimeter- to meter-sized blocks within the 
ejecta blanket locally penetrate the underlying 
histosol, deforming and mobilizing the histosol 
upward. More commonly, locally derived cm-
sized rip-up clasts of histosol and similar sized 
ejecta clasts are incorporated in the debris fl ow 
and underlying histosol, respectively. Effi cient 
turbulent mixing, a lack of sorting and stratifi -
cation, and a distal overthickening of the ejecta 
blanket strongly support ejecta emplacement via 
a ground-hugging debris fl ow after the initial 
ballistic deposition.

The topographic profi le of the continuous 
ejecta blanket, total volume, and distal structure 
are remarkably similar to fl uidized ejecta fea-
tures on Mars. Hence, Lonar Crater may be used 
to test different physical models for the forma-
tion of fl uidized ejecta blankets.
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