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Extraterrestrial Components from Deep Sea Sediments of Indian Ocean

N G RUDRASWAMI* andM SHYAM PRASAD
National Institute of Oceanography (Council of Scientific and Industrial Research), Dona Paula, Goa
403 004, India

(Received on 18pril 2016;Accepted on 1April 2016)

Two different types of extraterrestrial particulate matter collections were undertaken during the last few years — by using
magnets encased in dredges that were dragged along the seafloor and by sieving massive quantities of deep sea sediments
from which cosmic spherules were subsequently isolated. Detailed investigations on close to 1000 sectioned cosmic
spherules revealed the presence of Pt-group nuggets in all the three basic types of cosmic spherules — all of whom had
carbonaceous chondritic meteorites as precursors, thus in a way unifying them. Further, Fe-Ni beads in all types of the
investigated cosmic spherules further confirmed this finding. Oxygen isotopes of relict-grains in silicate cosmic spherules
suggested chondrules from carbonaceous chondrites to be major contributors. In addition, relict chromite grains and dusty
olivines observed in several cosmic spherules suggested that at least 3% of the cosmic material that rains on the earth is
sourced from ordinary chondriteSheAustralasian microtektites found in the Indian Ocean retained unique microimpact
features generated while they were in flight due to inter-particle collisions in the ejecta. This unique phenomenon outlined
the importance of the impact process during estimation of cosmic dust fluxes estimated from lunar materials.

Keywords: Micrometeorites; Deep Sea Sediments; Microtektites; Flux; Chondrites

Introduction their texture and chemical compositions, thereby losing

Particul il having size of £ mi information related to their formation and their parent
articulate material, having size oftens of micrometer,  yioo - ynderstanding the precursors, their thermal

E?f(TW m!llllmgéeorg_(_gve andalBrg\évgleg, 1991’ 19hg?,; history in parent bodies, relation to the meteoritic
ayloretal,, » Gengetal., § dominate the components such as chondrules, calcium aluminum

gxtlraterrestlrll?l mqterla:cl ﬂUXhOf ~30,Q(|)0 Lc_)nt?i_S/ yeﬁr rich inclusions (CAls), and their matrix therefore poses
nly a small fraction of such material which hits the important challenge in the investigation of

top of the_ atmosp_here Survives the rigors of i ometeorites. Earlier studies of mineralogical and
atmospherlc entrywhile a majority gets evaporatgd isotopic investigations have linked a majority of the
during en_try Nevertheless, these mlcrometgorltes micrometeorites to carbonaceous chondritagdt
can be isolated and collected from diverse et al. 1994: Brownleest al., 1997: Greshaket al.

environments and pomprise a vast va_riety of 1998; Rudraswanet al., 2012, 2014)However there
extraterrestrial materials, perhaps even wider thanis ambiguity on the specific component of the

those that make up the known met'eoriszB/(or_et meteorites of which the particles are a part.
al., 1998;Yadaet al., 2005. Many micrometeorites

have shown chemical, isotopic and trace element The samples that are size-sorted are classified
characteristics that can be linked to chondrites. Sinceas mostly Iron, Stony and Glassy type spherules. The
they comprise of diverse materials, understanding theS-type are further divided as barred olivine, radial
chemical and isotopic properties of micrometeorites pyroxene spherules, porphyritic olivine, relict grains,
provides significant insights and enhances our Glass spherules or OAspherules etc. Progressive
understanding of the solar system. Frictional heatingheating during atmospheric entry gives rises to these
during their entry into the Earthatmosphere alters different textures; rarelgome of these texture could
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be primary as well. The bulk chemistry of S-type could be pristine bodies which entered as Fe-Ni
spherules is related to carbonaceous chondktes( particles Herzogetal., 1999. The G-type spherules
etal., 1994; Beckerling and Bischoff, 1995; Brownlee comprise of a dendritic network of magnetites in glass
etal., 1997; Greshaket al., 1998. Howeverlinking and often show the presence of Fe-Ni b&taichard
these spherules to specific chondritic components suclet al., 198Q. The precursors for the G-type spherules
as refractory inclusions or chondrules is very are not known with clarity yet. They have been
challenging, especially considering that chondrules suggested to be the end products from metal-rich stony
constitute ~70% by volum8(early and Jones, 1998  meteorites Blanchardet al., 198Q; an enstatite
I-type spherules comprise of a combination of chondrite(Bates, 1988 or an unknown metal-rich
magnetite and wustite and at times contain a metallicasteroid(Brownleeet al., 1997.

Fe-Ni beadBlanchardet al., 1980. The Fe-Ni bulk _

compositions at first appearance indicate that these>@mple Collection

particles are derived from metal-rich parent bodies, thare have been several collections of

but careful analyses suggest that majority of these,icyometeorites from the stratosphere, Polar Regions
spherules have originated from chondritic bodies andand from the low sedimentation areas of the deep
could even be individual metal grains in chondritic oo, regions of the world oceandirst Indian attempt

meteoriteskierzoget al., 1999. The most accepted 55 heen made during the 2006-2007 comprising of a

explanation for the metal-segregation leading to the 5 sqjve effort involving magnetic (biased collection)
formation of I-type spherules is that the heating of a 4 sieving large quantities of deep sea sediment

carbonaceous silicate particle during atmospheric(unbiased collection¥g. 1). The earlier collection

entry leads to metal segregation due to the pyrolysis, yhe |ndian Ocean started with panel of magnets of
and removal of oxygen. Subsequepsiiicate-metal 416 than 1400 Gauss capacity fixed to a dredge

par_titioning Iegds to the formation of a F_e-Ni bead \hich was dragged along the deep seafloor for a large
inside the particle. This bead would be ejected from . iection of cosmic material. Secongije cosmic

the immiscible silicate regions due to inertial forces goperjes were also collected from deep sea sediments
which upon subsequent oxidation produces WUSTIt o the central Indian Ocean, between longitude 74 to
and magnetiteBrownleeet al., 1983; Genge and - 7¢ g an |atitude -13 and -10 °S, at water depths of

Grady 199§. However cosmogenic radionuclides _5500 m that penetrated the seafloor of ~15 cm
studies in I-type spherules suggests that some of them

300?" ao o deaa o lasn sl an o aun o aaalonaglasaalasaalansy

s

25"N—f &

E L
ZOON—_ o

1 %
150N Sdeetale &

S o oo

v =Y
z =z
Foperl
ll’lll'lllll ']""III'lllllllllllllll'lIlll’
X8
o
% o

E L PR ! 131 é :
0 ® .

. Y ! . >
] : ¢

SOS_ u\"} o ° "
] e vy

10°5 ! <
] 0

ISOS ‘lll'lllllllollllllllllllllllll'lllllllll'llll'llll o Ly ‘-;7 i :,-’ 76 o vi 5
50°E 60 70° 80° 90° 100°E Longtuce (‘E)

Fig. 1: Map showing Central Indian Ocean from where the deep sea sediments was collected for recovering cosmic spherules



Extraterrestrial Components from Deep Sea Sediments of Indian Ocean 655

(Parashagt al., 2010 Rudraswamét al., 2011, 2012, operations. The recovered sediments were sieved
2014, 2015; Prasadtlal., 2013, 201p(Fig. 2). Close using ~200 imsieve size followed by magnetic

to ~3 tonnes (wet weight) of sediment were sieved separation. Cosmic spherules were handpicked under
on two diferent cruises oAkademik Aleksandr microscope from the magnetic separates and mounted
Sidorenko (a research vessel chartered byfollowed by polishing to expose their internal features
Government of India) from 100 closely-spaced (Fig. 3.

Fig. 2: Grab sample collection during cruises ofAkademik Aleksandr Sidorenko: (A) Grab, (B) grab lowered in deepsea, (C)
grab picked deep sea sediment brought back to deck, (D) sample unloaded, (E) sample sieving and processing and (F)
cosmic spherules under microscope
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[Spectrum 1

100um Electron Image 1 r—‘l—UﬂOw’n—‘

Electron Image 1

Fig. 3: Different types of cosmic spherules: (A) relict-grain bearing (zoned olivines), (B) scoriacious (C) porphyritic (D)
cryptocrystalline (E) barred, (F) glass, (G) G-type spherule with a Fe-Ni bead and (H) I-type spherule with a Fe-Ni bead
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Discussion (RMN), out of which 23, 26, and 5 nuggets are from
23 |-, 21 S- and 5 G-type cosmic spherules,
Platinum Group Element Nuggets in Cosmic  yegpectively Rudraswamét al., 2019. For the first
Spherules time, RMNs were reported from all the three basic
types of cosmic spherules. This is so far the largest
number of nuggets observed in any study of cosmic
spherules. The RMNs in all the three spherule types

spherules Brownleeet al., 1984).Rudraswamiet _ :
al. (201L) examined 175 I-type spherules out of which follow metal segregation patterns which suggested
their formation during atmospheric entry due to

13 spherules have shown PGNs among which four _ o " )
nuggets are of um size. In addition to these, they alsd‘leatlng and oxidation of chondritic materials. I-type

discovered nanometer size PGNs. Both the nuggetspherules show volatilization sequence in refractory

types are common phenomenon in I-type spherules.metal elements from a chondritic source. The

The lage micron sized nuggets are dominated by Ir relatively volatile RMEs in I-type spherules are
Os and Ru. while the sub-micron sized P&Hie depleted or distributed in numerous smaller nanometer-
dominated by Pt, Rh and Pd. The large size nugget$zed nuggets. Whereas in G-type spherules, RMNs

are usually found one per spherule and are locatecoW closer relations_hip to CI (_:hondrites and do not
close to the edge of the spherule. Howgtrere are show any large volatile depletion. S-type spherules

hundreds of nanometer-sized nuggets that areRMNs were reported to be enriched in the volatile

distributed in the magnetite phases of the spherules@nd refractory PGERdraswamet al., 2019. The
Chemically the pm-sized PGNs shows chondritic Os/ enrlchmen'F patterns and elemental ratios are cI(_)se to
Ir ratios, but are depleted in the volatile PGE (Pt, Rh, C! composition for refractory elements, suggesting a
and Pd) relative to chondritic ratios. The Palladium is €0Mmon formation process. Pulse heating during
depleted in pm sized nugget while it has been observed@tMospheric entry of the particle seems to be a
in 8% of sub- um sized nugget. The refractory PGE COmpetent procedure for PGE segregation into
Os and Ir are absent in the sub- pum sized nuggetsTU99ets.

The;e obse_rvations suggest that the PGE Wergs|ass Cosmic Spherules

fractionated into the IPGE (I0s, Ru) and PPGE

(Pt, Rh, Pd) efficiently during the short span (seconds)Observation of 36 glass spherules that has smooth
of atmospheric entrirhe fractionation of PGE has and spherical external features led to the understanding
implications on the understanding of the Earttore of the fractionation, fragmentation and ablation
formation. This process also has implications on theprocess of the large sized spherules during
identification of projectiles based on PGE atmospheric entryRudraswamiet al., 2012.
measurements in meteorite impact ejeétdarge Externally many glass spherules contain either a Si-
fraction of the cosmic spherules that enter the earthrich glass or Fe-Ni rich cap over their surfaces. The
are completely vaporized leaving these PGE nuggetsaatmospheric entry of the spherules have preserved
released in the troposphere, suggesting that that somthe relict grain even while the temperature experienced
of these nuggets could also be a part of the meteoribdy them is ~1708C required for vaporization of
smoke observed in the troposphere. volatile elements like Fe and resulting in enrichment
of Si, Ca and Mg. The Calculations with a chemical
ablation model (CABMOD) suggest an entry velocity
of ~11-16 km/sec to attain the temperature required

\é/e;e reportgdalveg/oijrely 'CT any oth_er spﬁt\eru_le. for glass spherule formation. These condition indicate
udraswamet al. ( ) made a massive effort in the micrometeoroid undergoes a mass loss of ~ 20%.

mounting and sequential _polishing of 992 cosm?c An increase in velocity changes the chemical
spherules collected by raking the deep seafloor V,V'thcomposition of the particles or have Fe-Ni bead.
magnets. T_he spherules were ground Seoluer't'a”yHowever further heating of the spherules does not
every 10 micrometers, polished and observed in the, o o Fe N bead, but possesses a platinum group
S.EM for pote_ntlz_al PGE nuggets. This enormous effort nugget at the front end. This is the only glass spherules
yielded the finding of 54 Refractory Metal Nuggets reported by us that has micrometer nugget in them.

The platinum group nuggets (PGNs) of micrometer
(>3 um) sizes have been reported earlier in I-type

After the initial discovery PGE nuggets in I-type
spherules by Brownleet al. (1984), such nuggets
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The nugget has a diameter of ~ 3 um and contains alkpherules was estimated to be ~160 tons per annum
the PGE, although some volatile PGBie depleted. (Prasadet al., 2013. This is the flux of cosmic
The PGE in the nugget seems to have a trend that imaterials that have survived the harsh conditions of
different other PGE of I-type spherules, and seemsthe ocean flooiThe actual flux may be much higher

to be related to Calciumluminum rich Inclusions  as many spherules could have been destroyed in the
(CAls), the earliest solar system objects to be formed.sieving process, error in the diameter measurement
Further the trace element geochemistry of the glassof the cosmic spherules and sedimentation rates, apart
spherules suggested enrichment of 1.6 times the Cfrom etching in the seawater that affect such an
chondrite values, suggesting that atmospheric entryassessment. Howevehis is the best estimate for
heating has not led to significant change in thesegreater than 200 um size spherules that survived the
refractory elements and seems to have greatatmospheric entryrhe unbiased collection done on
resemblance to carbonaceous chondrites. Thehese ten grab samples have the various textural
Chemical ablation model (CABMOD) was used to features similar to those from polar collectiofaylor
determine the entry condition which will produce these et al., 2000, except for a slightly higher percentage
spherules and estimate the mass loss. The modedf I-type (5.2%) and G-type (3.3%) spherules in
suggested us to restrict the entry velocity frdimid. ~ Antarctic micrometeorites collection, except for the

16 km/s and suggest an ablation ~20%. I-type and G-type which have slightly higher
_ percentage of 5.2 and 3.3% respectivdlis is
Flux of Cosmic Spherules because I-type and G-type spherules have offer

ndreater resistance to etching thereby increasing the
percent contribution compared to other spherules. The
elemental ratios for all these spherules analyzed are
tclose to Cl and CM carbonaceous chondrites,
suggesting these meteorites as the precursors for a
majority of particulate cosmic materials on the earth.

Nearly 3 tons of sediments collected from more tha
100 locations of Indian Ocean were sieved. This is
perhaps the lgrest collection dbrt so far To
understand the flux of the micrometeorites tha
survive the atmospheric entry and also to gain an
insight into the micrometeoroid complex over long
resid(_ence timesl?_rasadet al. (2013) investigated Fe-Ni Beads in Cosmic Spherules

cosmic spherules isolated from ten such grab samples

(i.e., from ~300 kg of deep sea sediment). The grabThe Fe-Ni bead formation in the cosmic spherules is
usually penetrates the seafloor up to ~15 cm andan atmospheric entry phenomenon. The beads are
covers an area of 50 x 50 cm making the equivalentcommonly observed in all types of cosmic spherules
carpet area of 2.5 square meters. Nearly 45 Kg ofdue to heating during entry that gives rise to reduction
sediment is picked grab during each operation. Thewithin the particle where the metal segregates due to
samples were sieved onboard using 200 pum mesh andiderophile attraction and is later released in the
the magnetic material from the sieved sediment.atmosphere due to inertial forcdrdwnleeet al.,
Spherules were hand-picked under the binocular1984, 1997. The I-type spherules are thus generated
microscope from this material. Understanding the by the release of metal particles which, during
terrestrial age of the cosmic spherules is key toatmospheric entryhave oxidized leading to the
calculate the flux of the micrometeorites. Pragad formation of wustite and magnetite. Beads are found
al. (2013) also took three cores from this part of the in all cosmic spherules, and the PGE contained in the
Indian Ocean. From these cores, they isolatedbeads could lead to understanding of the fundamental
Australasian microtektites which have an age of 0.77aspect of the origin of all cosmic spherules.
Ma (Kunzet al., 1995; Izett and Obradovich, 1992 Rudraswamét al. (2014)investigated ~2000 cosmic
This event was used as a chronostratigraphic markespherules in a search for Fe—Ni beads, out of which
and the rates of sedimentation were calculated. Base85 Fe—Ni bead containing spherules from all the basic
on the peak abundance of micrometeorites, theytypes, i.e., |-, S-, G-types cosmic spherules were
suggested a terrestrial age of 0-50,000 years for thanalyzed for the refractory metal elements such as
cosmic spherules recovered from these sedimentsRe, OsW, Ir, Ru, Mo, Pt, Rh and P@ihe PGE content
Further based on the number of cosmic spherulesof these beads confirmed the classical understanding
abundance and sedimentation rates, the flux of cosmimf the process of bead formation during atmospheric
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entry as suggested by Brownlgel. (1984). More  sediment, out of which 15 spherules distinctly retained
importantly the Cl and Os normalized data suggestedsignatures of their parent bodies. Seven spherules
that the precursors for all the three different types of contained chromites that had chemical features
cosmic spherules have a source which is close to Cresembling sub-groups of ordinary chondrites. The
chondritic — thus providing a unifying argument for all remaining spherules showed dusty olivines as relic
cosmic spherules. Furthermore, the PGE content ofgrains. Dusty olivine chondrules have been found
the beads in I-type spherules as compared to G- andiominantly in unequilibrated ordinary chondrites and
S-type spherules were much higher indicating greaterwere suggested to have formed due to solid state
efficiency of segregation of PGE in metal and also reduction of fayalite (Rambaldi and wasson, 1982).
due to variation in oxidation potential between the Fe—Two of these spherules reported by Prasiadl.
Ni and the PGE. The study supported metal rich(2015) appeared to be chondrules from an
carbonaceous chondrites as precursors for beadinequilibrated ordinary chondrite and another spherule
formation in the cosmic spherules. was identified as a Porphyritic Olivine Pyroxene

_ _ o . (POP) chondrule. The bulk chemical composition of
Oxygen Isotope in Relict Olivine of Cosmic the cosmic spherules indicate an ordinary chondritic
Spherules source for all the spherules. The chromite bearing
spherules are less than a few percent of the total

Oxygen isotopes are useful to understand the origin ; . _ e .
and the processes undergone by the cosmic materiaisollection. They have retained their composition during

during the early solar nebula. Relict olivine grains (€ €artrs atmospheric entrfrhese micrometeorites

enclosed in the cosmic spherules were chosen fOIaIso prc_)yide evidence of contribution from ordinary
this study as they have survived the heating duringghondntlc sources to the fI_uxes on the earth._lt is
atmospheric entrRudraswamét al. (2015)selected likely that there could be a higher number of particles
twelve cosmic spherules from ~1500 that containedWith ordinary chondritic origin, but alteration during
Mg-rich relict grains with sizes greater than 20 am. atmospheric entry does not allow us to estimate their
total of 31 oxygen isotope analyses were done usingXact input.

ion microprobe. The dz_ata lie close 'Fo the (_:CAM Microtektites

(Carbonaceous Chondriémhydrous Mineral) line, _ o

with A0 ranging from 5 to 0%o. The data overlay A small group has been working on meteorite impact
oxygen isotopic compositions of chondrules from CV €jecta recovered from sediment cores from the
CK, CR and CM carbonaceous chondrites which Central Indian Ocean. More specificallthe
indicated that chondrules from carbonaceous investigations were focused on the tektite producing
chondrites are precursors of relict grains in cosmic Australasian impact which took place over 0.77 Ma
spherules. Furthethe chemical compositions of ago. Since reporting the discovery of a flanged
olivine were found to be comparable to olivines from australite button in the Indian Oce#figsad and Rao,
chondrules of carbonaceous chondrites. Three cosmid 990, this group has made several discoveries. The

spherules had relict grains that wé@-rich (A170 more recent among them being the observation of
—-21.9 to —18.7%0), similar to oxygen isotopic impact generated microcraters on the microtektites

compositions observed in refractory inclusions, and tektites of théustralasian tektite strewn field

amoeboid olivine aggregates (AOAs), and some (Prasad and Sudhakat996, 1998; Prasad and
porphyritic chondrules from carbonaceous chondrites. Khedekay 2003. The aspect of microimpacts has
These grains appeared to have formed in the inneferhaps been the most extensively investigated aspect
solar nebula. Three olivine grains from two cosmic Of lunar research. Prasad and his group had earlier
spherules that hat'80 values > +20% were suggested thatthe similarities between the ubiquitously

understood as mixing with stratospheric oxygen during found microcraters on lunar materials and those on

atmospheric entry the Australasian microtektites suggest that the
micrometeoroid flux on the lunar surface had been

Ordinary Chondritic Eelation overestimated by several investigators.

Prasadtt €. (2015)investigated 481 micrometeorites Intensive investigation into this phenomenon on

that were separated from ~300 kg of deep sea4600Australasian microtektites fromllsediment
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of the microimpacts seems to show distinct variations
with distance from the source crafidne total number

of microcraters on each microtektite decreases
drastically from North to South indicating systematic
decrease in the spatial density of the ejecta, and
decrease in collisional activity between microtektites
with distance from the proposed source crater location.
Closer to the proposed source crater location, the
microcraters are predominantly small, pit bearing with
radial and concentric cracks, suggestive of violent
interparticle collisions. The scenario is reverse farther
from the source crater with smaller numbers of
impacted microtektites due to increased dispersion of
the ejecta and the microcraters argésaind shalloyw

Fig. 4: SEM image of a hypervelocity microimpact crater on

an Australasian microtektite. The collision took place implying gentle collisions with larger particles. These
while the particle was in flight in the ejecta (the observations provide systematic ground truth for the
microtektite has a diameter of ~200 um) processes that have taken place as the ejecta of a

large oblique impact which generatedAhestralasian
tektite strewn field is emplaced. The microimpacts
appear to have occurred during the descent of the
ejecta and their intensity and number density decrease
"hs a function of the spatial density of the ejecta at

any given place and with distance from the source
transect shows 4091 such features. These sampl

| db , di £ 3900 gion. These features could help understand
are located between approxw_nate |s'Fan_c esof 3 .~ processes that take place during ejecta emplacement
5000 km from the suggested impact site in Indochina

. . : on planets with substantial atmosphere such as Mars
and therefore constitute distal ejecta. The morphology

cores along an N-S transect in the Central Indian
Ocean have been carried out optically for microimpact
features on their surfaces. Detailed scanning electro
microscope examination of 68 microtektites along this

andVenus.
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