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Four unusually large ice-stones (megacryometeors) 
weighing several kilograms fell in western India dur-
ing October–November 2010. Samples were retrieved 
from three fall events. To study the origin and forma-
tion of these megacryometeors, δ 18O, δ D, chemical 
composition and γ-activity were measured. The range 
of δ 18O–δ D is similar to the local meteoric water, sug-
gesting origin from local atmospheric water vapour. 
The relative humidity at ~4 km altitude was higher 
during a few days before and after the fall. No γ-
activity from cosmogenic radionuclides such as 26Al 
could be detected in the inherent dust. These studies  
indicate terrestrial origin of these megacryometeors.  
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LARGE icy conglomerates, occasionally falling from a 
clear sky even when there are no clouds or precipitation, 
have recently been termed as megacryometeors1. They 
are easily distinguished from hailstones by their unusu-
ally massive (~1 kg to few hundred kilograms) size. In 
the past, such ice stones have also been referred to as ice-
meteors2 and hydro-meteors3. Although their formation is 
not clearly understood, they are considered to have an 
origin different from large hailstones. Megacryometeors 
may share textural, structural and compositional similari-
ties with hailstones that are usually formed due to updraft 
of warm air and downdraft of cold air inside the cumulo-
nimbus clouds during thunderstorm in which super-
cooled droplets crystallize, grow in size and eventually 
fall. In contrast, megacryometeors form suddenly even 
during non-cloudy, clear sky when there is no thunder-
storm activity1,4. The mechanism that generates hails and 
hailstorms is well understood in the context of weather 
scenario, meteorological parameters, heat and radiation 
budget, etc.5–7. However, the formation mechanism of 
megacryometeors is poorly understood due to unpredict-
ability of location and time of fall and logistic difficulties 
of spontaneous sample collection and proper presser-

vation. Therefore, only samples of opportunity have been 
studied so far 8–11.  
 Several causal mechanisms hypothesized for the for-
mation and fall of megacryometeors are: (i) aircraft icing; 
(ii) waste water released from aircraft lavatories; (iii) 
leakage from aircraft water tanks; (iv) condensation trails 
(contrails) of jet planes and (v) extraterrestrial (e.g. 
cometary) origin. It has, however, not been possible to 
identify and associate any specific factor for a particular 
fall.  
 Many meteorites, asteroids and comets contain large 
amounts of water and there is some evidence, though 
highly controversial, that a lot of small icy comets fall on 
the earth12–15. Keeping this possibility in mind and to  
ascertain their origin, it is necessary to study the mega-
cryometeors by various techniques.  
 A list of various events of ice-stone falls in different 
parts of the world, including megacryometeors, has been 
compiled by Martinez-Frias et al.9, and Martinez-Frias 
and Huertas16. It is alarming that megacryometeor fall 
frequency has increased since 1950 and that 46 fall 
events have been recorded between 2001 and 2006 
alone16. However, it is not clear if the increase in fall fre-
quency signifies any systematic change in the atmos-
pheric component of the hydrological cycle or better 
public awareness. Another noteworthy point is the higher 
frequency of larger and massive ice-stones. The earliest 
recorded fall at Córdoba, Spain weighed ~2 kg and sub-
sequently the heaviest fall reported till 2005 was ~18 kg. 
However, recent reports show ice-stones weighing ~50 kg 
at Campinas, Brazil, ~200 kg at Itapira, Brazil in 1997 
and ~400 kg at Toledo, Spain in 2004 (ref. 16).  
 Results of isotopic and chemical studies of ice and melt 
water samples from three of the four megacryometeors 
that fell in quick succession in western India during  
October–November 2010 are reported in this article.  

Fall locations: geography and weather  

The four megacryometeor fall events were: (i) Haripura 
village, Jhunjhunu district, Rajasthan on 1 October 2010; 
(ii) Titoli village, Ratnagiri district, Maharashtra on  
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7 October 2010; (iii) Borana village, Surendranagar  
district, Gujarat on 8 October 2010 and (iv) Sultana Ka 
Bas village, Jhunjhunu district on 11 November 2010. 
Locations of these events are shown in Figure 1 and a 
summary of important weather features around these  
locations is given in Table 1.  
 The Jhunjhunu district in which two events occurred is 
located in the extreme northeastern part of the Thar desert 
in western India17. The arid climate of this region is char-
acterized by very hot summers and very cold winters with 
poor rainfall during southwest monsoon period (June–
September). It is a drought-prone district with mean  
annual rainfall of 486 mm, based on 1971–2006 data. The 
long-term average of rainfall in October (11 mm) and 
November (5 mm) in Jhunjhunu district is negligibly 
small. No rainfall was reported for this district on both 
days of the fall events.  
 The Surendranagar district, located in the central-
western part of Gujarat, is also arid. It is a drought-prone 
area with average annual rainfall of 490 mm. The long-
term monthly average rainfall for the month of October  
is 10.8 mm at the nearest meteorological observation sta-
tion, Ahmedabad (http://www.imd.gov.in/section/climate/ 
ahmedabad2.htm). No rainfall was reported for this  
district on the day of the fall event.  
 The Ratnagiri district is located in Maharashtra on the 
west coast of India. The climate of this region is warm 
and humid with long-term average annual rainfall ranging 
from 7446 mm in the hilly areas to 2155 mm in the 
coastal region. The long-term average monthly rainfall in 
 
 

 
 
Figure 1. Location of the four megacryometeor fall events in western 
India – (1) Haripura village, Jhunjhunu district, Rajasthan on 1 October 
2010; (2) Titoli village, Ratnagiri district, Maharashtra on 7 Octo- 
ber 2010; (3) Borana village, Surendranagar district, Gujarat on 8 Octo-
ber 2010 and (4) Sultana Ka Bas village, Jhunjhunu district on 11  
November 2010.  

October ranges from 80 to 234 mm. On the day of the fall 
event a small amount (~2.1 mm) of rainfall has been  
reported for this district.  
 It is noteworthy that Jhunjhunu and Surendranagar  
districts are located below international aviation corridor 
through which numerous international flights operate 
everyday.  
 Since all the four megacryometeors fell during post-
monsoon period when no hailstorm activity was recorded, 
the fall of any large icy-conglomeration during this period 
is an extremely unusual phenomenon. Out of the four 
megacryometeor fall events, samples of ice or melt water 
could be retrieved only from three events as described  
below.  

Sampling procedure  

The samples studied were retrieved and preserved by 
some alert villagers soon after the fall events. The sam-
ples were subsequently collected by the Public Heath En-
gineering Department (PHED), Jhunjhunu, Government 
of Rajasthan or by the Physical Research Laboratory 
(PRL), Ahmedabad within a couple of days of each fall 
event.  
 The megacryometeor sample of the fall event on 1 Octo-
ber 2010 in Haripura village was originally collected in 
the form of ice and was preserved in an airtight container. 
As there was no refrigeration facility available in the  
village, the ice melted during storage and the melt water 
was retrieved by the PHED laboratory. The exact dimen-
sion or weight of the megacryometeor could not be ascer-
tained. However, a mini-crater (depth 17.5 cm × width 
20 cm × breadth 30 cm) created by the impact was identi-
fiable by conspicuous absence of grass, destroyed due to 
impact (Figure 2). From the dimension of the mini-crater, 
and as described by onlookers, the megacryometeor could 
have been ~30 kg in weight.  
 Unfortunately, the sample of the second event of 
megacryometeor fall on 7 October 2010 in Titoli village 
could not be retrieved due to logistic difficulties. This 
sample could possibly have given information regarding 
ice stones from humid area in the coastal part of Maha-
rashtra, since other samples collected in this study came 
from arid areas of Rajasthan and Gujarat.  
 The samples of ice and melt water of the third fall 
event of 8 October 2010 in Borana village were retrieved 
from the occupant of the house on which this megacryo-
meteor fell, breaking the tiled roof. The ice pieces were 
preserved in two airtight plastic containers in a domestic 
refrigerator, but due to power failure only one piece of 
ice (with some melt water) survived in one container, 
whereas all the ice melted in the other and only melt  
water could be obtained. From the size of the broken tiles 
(approximately 110 cm × 65 cm) due to impact of 
megacryometeor (Figure 3 a), it is estimated that the ice 
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Table 1. Geographical and weather information about megacryometeor fall locations* 

 Jhunjhunu, Rajasthan,  Surendranagar, Gujarat, Ratnagiri, Maharashtra, 
District/state/geographical area  northwestern India  western India  coastal western India  
 

Date of fall (dd/mm/yyyy)  1/10/2010 and 11/11/2010  8/10/2010  7/10/2010  
Latitude (°N) 28.1 22.47 17.13 
Longitude (°E) 75.33 71.47 73.31  
 

Long-term average ground-level weather parameters  
Principal rainy months  June to September  June to September  June to September  
Average annual rainfall (mm)  485.6  490  7446 (Hilly areas)  
    2155 (Coastal)  
Average monthly rainfall (mm) in 11 in October  <10.8  234 (Hilly areas) 
 the month of fall 5 in November   80 (Coastal areas)  
Mean number of rainy days in the  2 (October) 2  11 
 month of fall  2 (November)    
Mean number of days with hail in the  0  0  0 
 month of fall    
Mean daily minimum temperature (°C)  17  20.9  23.6 
 in the month of fall   
Mean relative humidity (RH) (%)  44.3 (October) 33.5  68 
 in the month of fall  42 (November)    

Ground-level weather parameters on the day of fall (3 hourly intervals over 24 h)  
 

  Jhunjhunu 1/10/2010  Ratnagiri 7/10/2010  Surendranagar 8/10/2010  Jhunjhunu 11/11/2010  
 

Total rainfall (mm)  0  2.1  0  0  
Average temperature (°C)  31.8  27  31.6  22.8  
Average RH (%)  43  83  32  45  
Average cloud coverage (%)  0.8  10  2.8  19  
Average pressure (mb)  1008.4  1006.1  1004.5  1012  
Average wind (miles/h)  3.8  4.8  7.3  4.8  

*The information in this table is compiled from various sources listed below.  
1. http://www.worldweatheronline.com/weather-averages/India/ (accessed on 26 July 2011). 
2. http://www.imd.gov.in/section/climate/ahmedabad2.htm (accessed on 26 July 2011). 
3. http://www.imd.gov.in/section/hydro/distrainfall/webrain/rajasthan/jhunjhunu.txt (accessed on 26 July 2011). 
4. http://www.esrl.noaa.gov/psd/ (accessed on 2 September 2011). 
5. CGWB17. 
 
 
stone could have weighed ~20 kg. Another large ice piece 
was reported to have fallen in an adjoining farm, but no 
sample or evidence could be found. 
 The ice sample from the fourth event of 11 November 
2010 in Sultana Ka Bas village was timely collected and 
preserved in refrigerated condition (Figure 3 b) by PHED 
scientists. All these samples were transported to PRL in 
thermos flask where ice and melt water were separated 
before storage in a deep freeze at –5°C until their isotopic 
and chemical analyses could be carried out.  

Isotopic and chemical analyses  

The isotopic composition of water in its various phases is 
expressed in δ per mil (‰) units with reference to inter-
national standard [δ 18O or δ D = (Rsample/Rstd – 1) × 1000]. 
R denotes the abundance ratio of heavy to light isotope 
(R = 18O/16O or 2H/H) in the sample or standard. The melt 
water samples obtained from each megacryometeor were 
analysed for δ 18O and δ D using standard equilibration 
method18,19. Briefly, liquid water samples were equili-

brated with CO2 and H2. The equilibrated CO2 and H2 
gases were analysed using an isotope ratio mass spectro-
meter (IRMS) to measure 18O/16O and D/H ratios to com-
pute δ 18O and δ D respectively. The reproducibility of 
measurements was better than 0.1‰ for δ 18O and 1‰ for 
δ D. Isotopic analyses were done at PRL using the ana-
lytical facility developed under the National Programme 
on Isotope Fingerprinting of Waters of India (IWIN)20–25. 
A detailed description of the analytical procedures can be 
found in Maurya et al.26. 
 The chemical analyses (electrical conductivity (EC), 
total dissolved solids (TDS), pH, chloride) were carried 
out at PHED laboratory for samples from Haripura and 
Sultana Ka Bas, and at PRL for samples from Borana.  
 Examination of ice stones indicated that they were not 
homogeneous and were made of visually different types 
of fragments, some well compacted into transparent ice 
and others fluffy, snow-like material. The ice contained 
significant amount of inherent dust. The surface of ice 
stones was washed with double-distilled water to remove 
any adhering dust from the environment and while  
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handling. The clean interior melt water samples contain-
ing inherent dust were analysed using a gamma ray spec-
trometer, covering the energy range 0.1 to 2 MeV. In this 
range many gamma rays, emitted by cosmogenic radio-  
 
 

 
 
Figure 2. A mini-crater (depth 17.5 cm × width 20 cm × breadth 
30 cm) formed by impact of a megacryometeor which fell at Haripura 
village in Jhunjhunu district, Rajasthan on 1 October 2010 is identifi-
able by conspicuous absence of grass destroyed due to impact.  
 
 

 
 
Figure 3. a, A portion (approximately 110 cm × 65 cm) of the tiled 
roof broken into pieces due to impact of megacryometeor which fell in 
Borana village, Surendranagar district on 8 October 2010. b, Ice sample 
of the megacryometeor which fell at Sultana Ka Bas village in Jhun-
jhunu district, Rajasthan on 11 November 2010.  

isotopes in meteorites or comets, during their exposure in 
space, are expected. Prominent among these radioiso-
topes is 26Al (mean life ~1 million years), expected to be 
>0.1 dpm/g of cosmic dust. The water (487 ml) together 
with the dust was first counted for a period of about a 
week (8618 min) in a Marinelli beaker, using high-purity 
germanium gamma-ray detector, located in a 10 cm thick 
lead shield27. No signal was detected and therefore, to in-
crease the counting efficiency, aluminum was chemically 
separated and counted for 26Al activity. For this purpose, 
after adding known amount of stable aluminum carrier, 
the dust was dissolved in hydrofluoric acid and digested 
with nitric acid, perchloric acid and hydrochloric acid. 
Aluminum hydroxide was precipitated, dried and counted 
on the hyperpure germanium gamma ray spectrometer.  

Results and discussion  

The measured values of δ 18O, δ D and d-excess (=δ D – 
8*δ 18O) of ice and melt water samples are given in Table 2. 
The δ 18O–δ D regression of ice and melt water samples 
defines a line [δ D = (7.7 ± 0.8) × δ 18O + (5.8 ± 1.7); n = 8 
and r2 = 0.94; Figure 4] which is referred to as local 
megacryometeor regression line (LMRL). The slope and 
intercept of LMRL is similar to that of local meteoric  
water line (LMWL) [δ D = (7.7 ± 0.2) × δ 18O + (7.2 ± 0.7); 
n = 120; r2 = 0.96; Figure 4 (inset)] obtained for precipi-
tation at Ahmedabad (23.03°N; 72.55°E), situated in 
western India, near one of the fall locations (Surendrana-
gar)23. The range of isotopic composition (δ 18O: –1.22‰ 
to –3.53‰; δ D: –2.8‰ to –21.5‰) of ice and melt water 
is well within the range of precipitation (δ 18O: 3.7‰ to  
–13.2‰ and δ D: 30‰ to –92‰) at Ahmedabad23 which 
is taken as representative of western India. As the slope,  
intercept and isotopic range of LMRL are similar to rep-
resentative regional precipitation, it seems that the stud-
ied megacryometeors may have been derived from the 
local tropospheric vapour. It may however be noted that 
 
 

 
 
Figure 4. The δ 18O–δ D regression line for ice and melt water sam-
ples of the studied megacryometeors local megacryometeor regression 
line (LMRL) in western India along with the global meteoric water line 
(GMWL)28 and local meteoric water line (LMWL) for Ahmedabad  
(inset).  
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Table 2. δ 18O, δ D and d-excess of ice and ice-melt samples of megacryometeors from western India 

Location       Sample type  δ 18O (‰)  δ D (‰)  d-excess (‰)  
 

Haripura, Jhunjhunu  Complete ice-melt   –1.41   –2.8  8.5 
Sultana Ka Bas, Jhunjhunu  Complete ice-melt-1  –2.27  –10.4  7.8 
Sultana Ka Bas  Complete ice-melt-2  –1.76   –8.3  5.7 
Sultana Ka Bas  Partial ice-melt-1   –2.52  –14.7  5.5 
Sultana Ka Bas  Partial ice-melt-2   –2.10  –10.1  6.7 
Sultana Ka Bas  Ice   –1.22   –5.7  4.1 
Borana, Surendranagar  Ice   –2.22  –11.2  6.6 
Borana  Ice-melt   –3.53  –21.5  6.7 
Ahmedabad  Amount weighted average rainfall (2005–08)  –3.9   –23  7.9 

 
 

 
 

Figure 5. The d-excess–δ 18O plot of ice and melt water of various 
megacryometeors. The melt water from Haripura with comparatively 
high d-excess and enriched δ 18O is particularly distinct in the ensemble 
of samples.  
 
 
intercepts of both LMRL (5.8 ± 1.7‰) and LMWL 
(7.2 ± 0.7‰) are lower than that for Global Meteoric  
Water Line (GMWL; 11.27 ± 0.65‰)28. While the lower 
slope of LMWL is indicative of evaporation from falling 
raindrops in this region29, the lower slope of LMRL may 
or may not be indicative of evaporation/sublimation dur-
ing fall of the studied megacryometeors, as the same 
could also arise from the vapour mass with low d-excess 
values. 
 The d-excess–δ 18O plot can often provide information 
such as the origin of vapour from low humidity region30, 
recycling of vapour31, solid condensation under supersatu-
rated environment32–34 and secondary evaporation from 
falling precipitation18,35–40. Some of these aspects may 
also have relevance to megacryometeors, although such 
studies have not been made so far. Considerable secon-
dary evaporation from falling precipitation results in  
decreased d-excess and correspondingly increased δ 18O, 
and consequent linear trend between the two parameters 
for an ensemble of samples. This, however, is not  
observed in case of the megacryometeor samples (Figure 
5) in spite of the fact that the d-excess values of the two 
ice samples are lower (4.1 and 6.6‰; Table 2) than the 
amount-weighted average d-excess (7.9‰) of rainfall at 
Ahmedabad. That the observed low d-excess of ice is not 
due to partial melting during storage (Figure 5) is sup-

ported by the fact that in case of megacryometeor at  
Borana the d-excess of corresponding melt water is simi-
lar to ice; and in case of Sultana Ka Bas only slightly 
higher than ice (Figure 5). If the low d-excess of ice were 
due to partial melting, the corresponding melt water 
should have considerably higher d-excess which is not 
the case.  
 The absence of any distinct trend between d-excess and 
δ 18O can be ascribed to the possibility that pristine iso-
topic composition of the megacryometeor (at altitude of 
formation), in each event, was slightly different. This is 
also evident from the fact that isotopic composition of 
melt water of Haripura megacryometeor is distinctly dif-
ferent from other samples in the ensemble, suggesting 
that the ice from which it melted (Figure 5) must have 
had considerably different isotopic composition. How-
ever, it is also to be noted that the two most enriched 18O 
values of megacryometeors are observed at Haripura  
(–1.41‰) and Sultana Ka Bas (–1.22‰), which are loca-
ted in a warmer and more arid region compared to  
Borana, where the most depleted 18O value (–3.53‰) is 
observed. Though difficult to speculate due to limited 
data availability, it may well be due to different isotopic 
composition of atmospheric moisture in the two regions 
around the time of fall of the megacryometeor.  
 There is only one other comprehensive stable isotope 
study of megacryometeors which has been reported from 
Spain9. The δ 18O–δ D regressions indicate (Figure 6) sub-
tle differences in isotopic character of megacryometeors 
from western India and Spain. The major difference  
between the two sets is that all samples from Spain (aver-
age d-excess ~15‰) fall above the GMWL, whereas 
samples from western India (average d-excess ~6.5‰) 
fall below the GMWL. In the case of Spain, both slope 
and intercept of LMRL are higher than LMWL41, whereas 
for western India, both slope and intercept of LMRL and 
LMWL are comparable. Possible reasons for the observed 
high d-excess of megacryometeors from Spain could be: 
(i) kinetic fractionation during their condensation under 
supersaturated environment32 and/or (ii) significant  
contribution of land-derived recycled vapour in the mega-
cryometeor mass. The isotopic composition of megacryo-
meteors from western India is largely in agreement 
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Table 3. D/H ratio and δ D in various types of samples from terrestrial and extraterrestrial environments 

Sample   D/H (×10–6)  δ D (‰)*   Reference 
 

Solar nebula  20  –870  64, 65  
Protosolar nebula hydrogen  26 ± 10 to 30 ± 4  –833 ± 64 to –807 ± 26  66, 67  
Bulk Earth  149 ± 3  –43 ± 19  68  
Earth’s atmosphere  155  0  18, 45  
Earth’s meteoric water  – 10 to –250  18, 45  
Megacryometeors (western India)  155.3 to 152.4  –2.8 to –21.5  Present study  
Megacryometeors (Spain)  151.8 to 136  –25.7 to –127.1  9  
Comet Halley  316 ± 34  1028 ± 218  69–71  
Comet Hyakutake  290 ± 10  861 ± 64  72  
Comet Hele-Bop  330 ± 80  1118 ± 513  47  
Comet 103P/Hartley2  161 ± 24  34 ± 150  48  
LL3 Meteorite  
 Interstellar water (clays)  730 ± 120 3686 ± 77 46, 47 
 Interstellar water (pyroxene chondrules)  479 ± 8  2075 ± 51    
Water out-gassed from carbonaceous meteorites  130 to 280  –165 to 798  73–75  
Organic macromolecules extracted from carbonaceous chondrites  320 to 1200  1054 to 6700  75–80  
Vienna standard mean ocean water (VSMOW)  155.76 ± 0.05  0  81  

*Some of the cited publications have mentioned hydrogen isotopic composition either only in D/H or δ D units. For the sake of convenience, values 
in both units are presented using the formula: δ D = [(D/H)sample/(D/H)VSMOW – 1] × 103. The value of (D/H)VSMOW = 155.76 × 10–6. 
 
 

 
 
Figure 6. Comparison of δ 18O and δ D values of megacryometeors 
from western India and from Spain with reference to GMWL28.  
 

with that of the local precipitation, hence these do not 
suggest any special condensation mechanism or recycled 
source.  
 In the past, there has been some speculation about  
extraterrestrial origin of megacryometeors42. There have 
also been news reports of extraterrestrial life forms found 
in the ice meteorites (http://www.24-7pressrelease.com/ 
press-release/ice-meteorite-found-with-extraterrestrial-
lifeforms-182667.php). However, according to Beech43, 
and Beech and Nikolova44 extraterrestrial origin of 
megacryometeors is highly improbable due to almost im-
possible survival under sublimation in space and cata-
strophic destruction during journey through the Earth’s 
atmosphere. 
 In this context, deuterium content of megacryometeors 
could also be a diagnostic tool to verify its terrestrial  
vis-à-vis extraterrestrial origin. Compared to water in the 
Earth’s atmosphere and hydrosphere (δ D = ~ + 10‰ to  
–250‰)18,45, extraterrestrial objects such as water out-

gassed from carbonaceous meteorites (δ D = ~ –165‰ to 
798‰) and ice in comets (δ D = ~ 860‰ to 1100‰) have 
large deuterium enrichment46,47. These measurements  
refer to comets that had their origin from Oort cloud. 
However, recently a Jupiter family comet 103P/Heartley2 
with origin in the Kuiper belt was reported48 to have δ D 
value of 34 ± 150, which overlaps with the terrestrial 
source values. A compilation of hydrogen isotopic com-
positions reported for various types of samples from ter-
restrial and extraterrestrial environments is given in Table 
3. The δ D range of megacryometeors, both from western 
India and Spain, is considerably lower compared to the 
reported ranges for comets (Halley, Hyakutake and Hele-
Bop) or interstellar water (in clays and pyroxene chon-
drules in LL3 meteorites), except for the comet 103P/ 
Heartley2. Therefore, based on deuterium isotopic com-
position, the possibility of extraterrestrial origin of the 
studied megacryometeors cannot be ruled out.  
 This possibility of extraterrestrial origin of the studied 
megacryometeors from western India is however ruled 
out based on the absence of γ-activity due to any of the  
γ-emitting cosmogenic radionuclides expected in meteor-
ites and interplanetary dust. Of nearly a dozen gamma-
emitting radionuclides detected in meteorites, 26Al should 
be detectable (>0.1 dpm/g) in the amount of dust present 
(0.45 g) if the inherent dust in any of the three megacry-
ometeors was exposed to cosmic rays in the interplane-
tary space. Counting rate in the 26Al channels (1808 KeV) 
for chemically separated and precipitated aluminum was 
found to be 7.96 ± 3.6 cpd (counts per day), whereas the 
background counts rate was 7.66 ± 2.5 cpd. This signal 
was indistinguishable (within statistical error), indicating 
absence of 26Al activity in the embedded particulate mat-
ter in the studied megacryometeors. Thus there is no  
evidence of exposure of the dust, embedded in the mega-
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cryometeor, in the interplanetary space. Microscopic  
examination indicated that the dust was mostly sand  
expected from the local desert and did not show presence 
of any organic threads, filaments or any other indication 
of life-form in the melt water.  
 Earlier studies, based on atmospheric soundings from 
National Ocean and Atmospheric Administration (NOAA) 
coupled with NCEP/NCAR reanalysis data, indicated that 
formation of megacryometeors may be associated with 
certain atmospheric attributes such as undulations of the 
tropopause, meandering of polar front, ozone anomalies 
and strong wind turbulence10,16,49. To study if such per-
turbations could be identified in relation to the fall events 
from western India, we show in Figure 7 relative humid-
ity and temperature at three pressure levels (1000, 850 
and 600 mb) during a few days before and after the fall 
events. The data are obtained from NCEP reanalysis50 
from NOAA (http://www.esrl.noaa.gov/psd/data). A con-
spicuous increase in the relative humidity is noticed at all 
the fall locations, from nearly zero to ~40% (Haripura), 
>20% (Borana) and ~30% (Sultana Ka Bas) at 600 mb 
level (~4 km altitude) during a few days before and after 
the events (Figure 7 a–c). Similar variation in relative 
humidity at 800 and 1000 mb pressure levels does not ex-
ist but, in general, an increasing trend is noticeable after 
the fall events. Although no conspicuous change in tem-
perature is observable at any altitude, the temperature at 
600 mb level was 0°C at Borana (Figure 7 e) and very 
close to 0°C at other two locations (Figure 7 d and f ) on 
the fall days. These observations suggest that the studied 
megacryometeors could have been formed at an altitude 
greater than ~4 km (600 mb level) with subzero tempera-
tures.  
 From the average vertical profile of atmospheric tem-
perature at Ahmedabad during post-monsoon period22,23, 
the sub-zero temperature is normally observed above 
~5 km. The possibility of megacryometeor formation at 
altitude much greater than 5 km (hence at much lower 
temperature than 0°C) can be ruled out in view of the fact 
that at temperatures much below 0°C, the kinetic effects 
of vapour deposition under supersaturated condition be-
come effective, resulting in higher d-excess in the ice32, 
which is not observed in case of the megacryometeors 
studied here (Figure 5). Thus, it seems reasonable to  
hypothesize that the studied megacryometeors from west-
ern India condensed within an altitude range of 4–6 km.  
 It is noteworthy that, apart from natural perturbations 
in large-scale synoptic meteorology, aircraft condensation 
trails (contrails) are associated with increased relative 
humidity and decreased air temperature on small spatial 
scales. The aircraft engines emit water vapour, CO2, NOx, 
hydrocarbons, CO, sulphur gases, and soot and metal par-
ticles as by-products of high-temperature combustion of 
jet fuel. Emission of water vapour and resultant increase 
in relative humidity is responsible for contrail formation 
with possible contribution of sulphur-bearing gases in 

providing condensation nuclei. Persistent contrails often 
evolve and spread into extensive cirrus cloud cover, 
which is indistinguishable from naturally occurring 
clouds. Contrails persist when the ambient atmosphere is 
ice-supersaturated. Without ice supersaturation, contrail 
ice crystals evaporate on timescales of seconds to min-
utes49. Persistent contrails are more significant in terms of 
local climate because they have a more substantial effect 
on the radiative balance. Persistent liner contrails are  
estimated to cover, on average, about 0.1% of the Earth’s 
surface51. The highest percentage of contrail cover occurs 
in regions with the highest air traffic52. In this context, it 
may be noted that the region of megacryometeor fall is 
one of the busiest air corridors in India. Thus, aircraft-
mediated formation of megacryometeors is possible. 
However, the possibility that the studied megacryo-
meteors could have fallen from aircraft as frozen waste 
flushed from toilets is unlikely because no traces of blue 
disinfectants normally used in airplanes were present in 
the samples.  
 The chemical properties of the melt water samples 
from three fall events are given in Table 4. A comparison  
of these with the reported values for rainwater in different 
regions (urban, forested, coastal, arid, etc.) of India29,53–57 
 
 

 
 
Figure 7 a–f. Temporal variation in relative humidity (RH) and tem-
perature at three pressure levels during a few days before and after the 
day of the megacryometeor fall event, marked by an arrow. A con-
spicuous increase in the relative humidity at 600 mb (~4 km) is obser-
ved at all locations. The plot is based on NCEP reanalysis data 
provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, 
from their website http://www.esrl.noaa.gov/psd/.  
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Table 4. Chemical properties of melt water samples of three mega- 
  cryometeors from western India 

Parameter  Haripura  Borana  Sultana Ka Bas  
 

pH  6.2 6.5 6.3 
TDS (ppm)  120 243 110 
EC (μs/cm)  233 486 223 
Chloride (mg/l)  30 66 20 

 
reveals that pH of megacryometeor samples (6.2–6.5) is 
well within the reported pH range (4.8–7.2) for rainwater, 
but the chloride concentration and EC of megacryometeor 
samples (chloride: 20–66 mg/l; EC: 223–486 μs cm–1) are 
higher than the reported range (chloride: around 1–
8.4 mg/l; EC: around 25–100 μs cm–1) for rainwater. These 
higher values of chloride and EC possibly indicate higher 
salt content in the atmospheric air in the region of ice 
formation/accumulation. This may possibly be indicative 
of the local origin in the arid region above western India. 
Among the three stations from where megacryometeor 
samples were collected, Borana has much higher values 
of EC and chloride concentration compared to the other 
two stations. This may be possibly due to the proximity 
of Borana village to a low-lying corridor, linking the Gulf 
of Cambay and the Gulf of Kutchchh, where surface soil 
(and also the shallow groundwater) is known to have 
higher salinity due to evaporative enrichment of salts in 
the stagnant water, draining from adjoining higher eleva-
tion areas. Also, the proximity to the Arabian Sea coast 
may be another reason for higher salt content in the local 
atmosphere and any precipitation therefrom.  
 Our observation that all the sampled megacryometeors 
have higher EC and chloride concentration than local 
rainwater may also indicate the role of hygroscopic solu-
ble inorganic atmospheric salts in reducing the degree of 
supersaturation required for condensation of atmospheric 
water vapour to occur on inorganic aerosols58–60. In addi-
tion to this direct effect, small amounts of inorganic salt 
can also affect the ability of the organic particles to act as 
cloud condensation nuclei and resultant condensation of 
water vapour on organic aerosols61–63.  
 A simple calculation shows that a small volume (5–
8 × 103 m3) of atmospheric air above 850 mb, even in this 
dry region, contains sufficient moisture (5 g/m3 or 
~0.5%) for the formation of a 25–40 kg megacryometeor. 
But, if the efficiency of vapour to ice condensation is 
low, larger air mass is required. However, an aircraft 
moving through an atmospheric disturbance encounters 
enough air and may provide enough condensation sur-
faces on its body and wings, at some sheltered locations, 
for a megacryometeor to form.  

Summary and conclusion  

Results of a multi-proxy study of three megacryometeors 
that fell in quick succession in western India, during  

October–November 2010, are reported. Cosmogenic ra-
dioactivity, specifically 26Al, characteristic of extraterres-
trial matter, was not detected in the ice and melt water 
samples. The chemical parameters of these samples are 
within the normal range of variation in rainwater in the 
region, except for chloride and EC. The oxygen and hy-
drogen isotopic composition of the ice and melt water 
samples reveals that the range of observed variation is 
also well within the range of variation for local precipita-
tion. The slope and intercept of δ 18O–δ D regression line 
of ice and melt water are also comparable to those of the 
LMWL. These observations indicate that water molecules 
in the megacryometeors should be of atmospheric origin 
in western India. The three fall locations lie below one of 
the busiest air corridors in western India. This coupled 
with the observed increase in relative humidity at above 
4 km elevation, during a few days before and after the fall 
events, suggests that perturbations in atmospheric para-
meters and/or mediation of aircraft may be responsible 
for their formation in the present cases.  
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