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ABSTRACT

Coastal stratigraphy near Port Blair, Andaman Islands, where the A.D. 2004 Sumatra-
Andaman earthquake was accompanied by ~1 m of subsidence, provides evidence for two
prior earthquakes, perhaps both from the past 400 yr. The first of these (event I) is marked by
an abrupt mud-over-peat contact best explained by subsidence similar to that in 2004. Event
I1 is evidenced by an overlying chaotic layer composed of mud clasts in a sandy matrix that is
connected with feeder dikes. These mud clasts, probably produced by liquefaction, are capped
by laminated sand and mud that we ascribe to an event II tsunami. Radiocarbon ages of plant
remains in the peat give discordant ages in the range 100 B.C. to A.D. 1950. Event I probably
resembled the 2004 Sumatra-Andaman earthquake in that it was accompanied by subsidence
(as much as 1 m) but not by strong shaking near Port Blair. If event II was the A.D. 1762 Ara-
kan earthquake, the laminated sand and mud provide the first evidence that this earthquake

was associated with a tsunami.

INTRODUCTION

The giant Sumatra-Andaman earthquake (Mw
9.3) occurred on 26 December 2004 at 00:58:53
Universal Time (06:28:53 a.m. Indian Standard
Time) and resulted in a very large fault rupture
of ~1300 km (Ammon et al., 2005; Lay et al.,
2005; Subarya et al., 2006) that occurred along
the plate boundary marked by subduction zone
between the Indian plate and the Sunda micro-
plate (a part of the Eurasian plate) (Fig. 1A).
Along with the destruction caused by the tsu-
nami, coseismic deformation resulted in land-
level changes along the Sumatra-Andaman arc
(Malik and Murty, 2005; Meltzner et al., 2006;
Tobita et al., 2006; Singh et al., 2006; Kayanne
et al., 2007), with significant uplift and subsi-
dence along the west and east coasts, respec-
tively, at various locations in the Andaman and
Nicobar Islands (Malik and Murty, 2005).

Few candidates for giant pre-2004 earth-
quakes have been documented from the vicinity
of the Andaman and Nicobar Islands (Fig. 1A).
Large earthquakes in A.D. 1881 and 1941
were accompanied by land-level changes in
the islands (Ortiz and Bilham, 2003; Bilham et
al., 2005; see the GSA Data Repository'). The
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region’s written history, which can be traced
back to A.D. 1600 (Iyengar et al., 1999), prob-
ably postdates the 2004 earthquake’s most
recent giant predecessor, which occurred soon
after A.D. 1300-1450, according to interpreta-
tion of tsunami deposits in Thailand (Jankaew
et al., 2008).

Here we present geologic evidence for two
pre-2004 earthquakes along a northern part
of the 2004 rupture (Figs. 1A-1D). Previous
work shows that the area contains stratigraphic
evidence for subsidence 656 + 141 cal. (cali-
brated) yr B.P. near Port Blair, and marine ter-
races suggestive of uplift 500-600 yr ago, and
another 900 yr ago (Rajendran et al., 2008). Our
new evidence, the east side of South Andaman
Island near Port Blair, suggests coseismic sub-
sidence from one earthquake, and both shaking
and a tsunami from another.

GEOLOGIC SETTING

The 2004 earthquake at Port Blair was accom-
panied by weak shaking and tectonic subsi-
dence; however, no prominent liquefaction was
reported, except the occurrence of lateral spread-
ing at few places around Sippyghat (Malik and
Murty, 2005; Singh et al., 2006). Subsidence of
~1 m caused inundation of the paddy field and
several residential areas were affected (Malik
and Murty, 2005). The ensuing tsunami reached
heights of 3.0-3.5 m near Port Blair; no signifi-
cant tsunami deposit was reported.

Our study area, Mitha-Khadi, is a lowland
northwest of Port Blair on the west side of Flat
Bay (Figs. 1B and 1C). Historically this lowland

may have been a mangrove swamp behind beach
ridges; these ridges, ~0.5 m high, trend north-
south beside a shoreline to the east (Figs. 1D
and 2). The lowland was farmland at the time
of the 2004 earthquake. An artificial levee 1.0—
1.5 m high kept out the tides, which have a range
of 2 m. The levee has been raised another meter
to permit continued farming since 2004.

METHODS

Subduction zone earthquakes result in sud-
den changes in land level (uplift or subsidence),
shaking-induced liquefaction, or tsunami
sediment transport, which are preserved in the
sediments or landforms (e.g., McCalpin, 1996)
and hence can be extracted from stratigraphic
records and by studying landforms (e.g., Atwa-
ter et al., 2005; Cisternas et al., 2005; Satake and
Atwater, 2007).

We excavated trenches and also obtained
geoslices from depths of more than 1.5 m. In
this paper we discuss common features across
five trenches (four north trenches, T1-T4, and
one south trench, T5) and five geoslice sections
(M1-M5) from Mitha Khadi (Figs. 1D and 2).
Diatoms provided paleoecological information
for one of the field locations (M4 in Fig. 2).

We obtained 15 radiocarbon (accelerator mass
spectrometer, AMS) ages by dating charred plant
material, rhizomes, and shell material (Fig. 2).
More details of site description and methods
are given in the GSA Data Repository! (Item
DRII, with a full description of each trench and
geoslicer section with figures, and all the dating
data [Table DR1] are provided in DRIII).

STRATIGRAPHY AND PALEOECOLOGY

Based on the sedimentary characteristics,
sedimentary structures, grain size, and nature
of contacts (depositional and/or erosional), the
lithological sections of the trench and geoslice
sites were classified into six units (a—f, from top
to bottom).

Unit f, the oldest unit, consists of dark gray,
silty, medium to fine sand with shell fragments
low in the unit and peaty material (Figs. 2 and
3C). Laminae of mud and peaty material were
observed in the upper portion. It shows poor
preservation of fossil diatoms, but we infer that
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Unit e is made up of peaty silt, and is occa-
sionally laminated; it changes upward from
very dark brown to light brown. Prominent bur-
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(M) collected from 2005-2006 fieldwork. Yellow
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ied rhizomes and charred plant material were
observed in the M3 and M4 sections (Figs. 2 and
3C). We infer that the peat represents a vegetated
wetland, and that rhizomes, which do not extend
above unit e, represent plants that lived in this

wetland. The unit has a gradational contact with
underlying unit f but a sharp contact with overly-
ing unit d (Fig. 3C). Fossil diatom assemblages
are dominated by a few brackish and marine
species (Pseudopodosira westii, Tryblionella
cocconeiformis, and T. compressa) low in unit e,
by other brackish species (Caloneis lineariz and
Diploneis suborbicularis) in the middle, and by
freshwater and brackish-water taxa in the upper
part (Diadesmis contenta, Pinnularia spp., and
Cosmioneis pusilla). This vertical change in dia-
tom assemblages implies that a vegetated wet-
land became mostly emerged from tidal water
during the deposition of unit e.

Unit d is massive, bluish-gray clayey silt
(Figs. 2 and 3A-3D) that has a sharp contact
with unit ¢ (Fig. 2); in places unit ¢ is intruded
by fine silty sand dikes (Figs. 3A and 3B). Mul-
tiple intrusions of dikes and sills have resulted
in development of a blocky structure. Approxi-
mately 4 cm above the lower contact, a sample
includes many brackish-marine diatom species
(Diploneis suborbicularis, Lyrella lyra, and Try-
blionella cocconeiformis) (Fig. 2). This prob-
ably indicates that the area was submerged to
intertidal depths.

Unit ¢ shows chaotic nature, with a matrix
of silty sand and clasts of mud and peat (Fig. 2;
Fig. DR4b). It is indistinctly layered in trench
T1 (Fig. 3A). The mud and peat clasts were
likely derived from unit d during strong shaking.

Unit b comprises parallel, well-laminated
fine to medium yellowish sand and silt. Well-
preserved inclined stratification (toward land),
along with rip-up mud clasts, were observed
(Fig. 2). The lower contact is erosive with unit
c. Grain size and thickness decrease inland;
coarse and thick sand was observed near the
bay and fine and thin sand was observed inland
(Fig. 2A). The south trench (T5) exhibits promi-
nent fine laminated sand with fine silt; however,
it does not show any indication of bioturbation
in all trenches (Fig. 2). Based on the criteria
suggested by Morton et al. (2007), the inclined
stratification, lack of bioturbation, landward
thinning, lateral variation in grain size, presence
of mud clasts, and sharp and erosive contact sug-
gest that unit b was associated with a tsunami.

Unit a, with grayish-black humic fine silty
sand, is the topmost, youngest unit. It shows an
irregular contact with unit b. This unit suggests
probable deposition under an intertidal environ-
ment. The primary sedimentary structures were
possibly destroyed by farming.

PALEOSEISMOLOGICAL
INTERPRETATION

We infer two paleoseismic events predating
A.D. 2004 in the trench and geoslicer stratigra-
phy. Diatoms in the peaty layer (unit e) indicate a
freshwater-brackish marshy environment at the
top of the unit, whereas diatoms in the overlying
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silty clay layer (unit d) show a brackish-marine
environment. A sharp contact between units
d and e suggests a sudden submergence at the
time of the contact (event I; older event). The
chaotic nature and the dikes that probably fed it
(unit ¢) indicate liquefaction, and the laminated
unit b indicates an ensuing tsunami, both pro-
duced by event II.

The radiocarbon (AMS) ages, obtained by
dating charred material, rhizomes of vascular
plants, and shell fragments, ranged from 60 to
3870 “C yr B.P. (Fig. 2). In situ rhizomes from
the upper part of unit e from M2 and M3 gives
an age of A.D. 1670-1950 (samples 8 and 10:

<
<

Figure 3. A: East wall of north trench (T1).
Prominent sand intrusion in unit d was ob-
served in lower left side of trench. Unit b
shows erosive and sharp contact with unit
¢, abundant reworked mud clasts near top,
is devoid of bioturbation, and inclined strati-
fication indicates probable tsunami deposit.
Scale is 1.2 m. B: Sketch of east wall of
north trench. C: Upper section of geoslice
M3 shows inclined stratification toward land
and sharp to erosive contact with unit c.
Unit b is interpreted as tsunami deposit. (For
location, see Fig. 2, column M3.) D: Close-
up view of upper part of geoslice M4 (peel
sample) showing prominent change in sedi-
mentary facies from massive clay (unit d)
and underlying peaty soil (unit e). (For loca-
tion, see Fig. 2, column M4.) This change is
well marked by sharp contact between units
d and e. Sharp termination of rhizome was
observed in unit e.

Fig. 2). Because the detrital charred material
from unit d gives an age of A.D. 1672-1950, the
transition from unit e to unit d is well constrained
as ca. 130 yr “C B.P.,, which corresponds to
calibrated ages of A.D. 1670 or later. Relatively
older ages found in the younger stratigraphic
units, for example A.D. 1300-1420 (sample 5;
see Fig. 2) or 3220 + 40 “C yr B.P. (sample 14
see Fig. 2) in unit b, or charred material dated
as 150 B.C. to A.D. 70 (sample 15, Fig. 2), are
considered as due to reworked material.

The two paleoseismological events are sig-
nificantly different in terms of age and paleo-
seismological characteristics. Event I occurred
ca. A.D. 1670 or later, based on the calibrated
radiocarbon ages of in situ plant material and
detrital charcoal from the peaty layer. Event
II, with liquefaction and a tsunami, occurred
after event I. While event I has no evidence for
strong ground motions and was associated with
clear geological evidence of sudden subsidence,
event II was associated with strong ground shak-
ing and a tsunami. The A.D. 2004 event was not
accompanied by strong shaking, but did involve
a tsunami and subsidence.

We estimate that the amount of subsidence
during event I was as much as 1 m. The peaty
unit e was deposited in a marshy environment,
whereas unit d, with a sharp bottom contact, was
deposited in a deeper (probably marine) envi-
ronment. This height range is approximated by
the difference in habitats of diatom species. The
dominant diatom species show that the environ-
ment was a freshwater or slightly brackish water
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marsh before the event, while two of marine
taxa (Diploneis suborbicularis and Tryblionella
cocconeiformis) suggest that it became marine
between high and mean tides (Kosugi, 1987)
after the event. As the present tidal range is 2 m,
we approximate the amplitude of submergence
to be as much as 1 m.

DISCUSSION AND CONCLUSION

Event [ may be correlated with an earthquake
on 28 January 1679, among the large earth-
quakes known from written records in India.
The 1679 earthquake was widely felt in the
regions from Arakan (Burma), Bengal (Ban-
gladesh), and along the eastern coast of India
along Coromandal and Madras (now known as
Chennai) (Iyengar et al., 1999), indicating that it
was large magnitude (M ~7.5). It is ambiguous
whether this earthquake generated any tsunami
around the southern Andaman area (Rajendran
et al., 2008).

Event II may be related to a large earthquake
on 2 April 1762 in Arakan, as reported in his-
torical records from the coastal region of Myan-
mar (Cummins, 2007). It has been suggested
that this earthquake resulted in uplift of ~3—7 m
along the coasts of Ramree, Cheduba, and Foul
Islands, located offshore of the Arakan coast of
Myanmar (Aung et al., 2008). However, there is
no written record of a tsunami.

Studies of tsunami deposits in Thailand have
revealed tsunami sand layers dated as ca. 550—
700 '“C yr B.P. (ca. A.D. 1300-1450; Jankaew
et al., 2008; Fujino et al., 2009). From the sedi-
ment stratigraphy, it is suggested that this event
was similar to the 2004 Sumatra-Andaman
earthquake, and no such event has occurred
since then. Also, evidence of past earthquakes,
ca. A.D. 1640-1950, has been reported from
Aceh, northwestern Sumatra, and another after
A.D. 780-990 (Monecke et al., 2008). Event 1
in Port Blair may be correlated with penultimate
tsunami in Sumatra, but not in Thailand. Event
I and the A.D. 2004 earthquake had similar
effects in Port Blair; however, their sources may
be different because they produced different tsu-
nami effects in Thailand.

While no evidence of coseismic land-level
change associated with event II was found, it is
possible that the area underwent either coseis-
mic or postseismic uplift. If the uplift was not
coseismic, it must have been transient in the
postseismic period. It did not continue during
the entire interseismic period, because the tide
gauge data at Port Blair indicates subsidence
at a rate of 2.2 mm/yr since A.D. 1916. The
reasons to envisage the uplift are (1) the area
after event I was under subtidal conditions, as
indicated by unit d, and (2) the area was ~1 m
above mean sea level before the 2004 Sumatra-
Andaman earthquake, as suggested from the
uppermost unit a and the subsidence of 1 m dur-
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ing the 2004 earthquake. Thus, it is inferred that
the area underwent subsidence of ~1 m during
event I, and possibly an uplift of ~1 m between
event I and 2004, either coseismic with event II
or during the postseismic period, then subsided
by ~1 m in 2004. It is also suggested that the
uplift could have been the result of slip in the
deeper part of the subducting plate farther east-
ward, resulting in a different pattern of deforma-
tion compared to event I and the 2004 Sumatra-
Andaman earthquake. Slip along the deeper
section might have resulted in uplift of the area
around Port Blair and subsidence farther east.

ACKNOWLEDGMENTS

We acknowledge financial support provided to Ma-
lik, Murty, and Dikshit by the Indian National Centre
for Ocean Information Services, Hyderabad, and the
Department of Science and Technology, New Delhi.
The Japanese team acknowledges the Japan Society for
the Promotion of Science and the Japan Science and
Technology Agency for providing financial support.
We are grateful to the Indian Institute of Technology
Kanpur, the Geological Survey of Japan, and the Uni-
versity of Tokyo for encouraging this collaboration. We
thank Brian Atwater for his valuable suggestions and
comments and constant encouragement. We also thank
two anonymous reviewers for valuable comments and
suggestions. We are grateful to Sudhir Jain for support
during this study and Balaji for help at Port Blair.

REFERENCES CITED

Ammon, C.J., and 12 others, 2005, Rupture process
of the 2004 Sumatra-Andaman earthquake:
Science, v. 308, p. 1133-1139, doi:10.1126/
science.1112260.

Atwater, B.F., Musumi-Rokkaku, S., Satake, K.,
Tsuji, Y., Ueda, K., and Yamaguchi, D.K., 2005,
The Orphan tsunami of 1700: Seattle, London,
University of Washington Press, 133 p.

Aung, T.T., Satake, K., Okamura, Y., Shishikura,
M., Swe, W., Saw, H., Swe, T.L., Tun, S.T.,
and Aung, T., 2008, Geologic evidence for
three great earthquakes in the past 3400
years off Myanmar: Journal of Earthquake
and Tsunami, v. 2, p. 259-265, doi:10.1142/
S1793431108000335.

Bilham, R., Engdahl, E.R., Feldl, N., and Satyabala,
S.P., 2005, Partial and complete rupture of the
Indo-Andaman plate boundary 1847-2004:
Seismological Research Letters, v. 76, p. 299—
311, doi:10.1785/gssrl.76.3.299.

Cisternas, M., and 14 others, 2005, Predecessors
of the giant 1960 Chile earthquake: Nature,
v. 437, p. 404—407, doi:10.1038/nature03943.

Cummins, PR., 2007, The potential for giant tsu-
namigenic earthquakes in the northern Bay of
Bengal: Nature, v. 449, p. 75-78, doi:10.1038/
nature06088.

Fujino, S., Naruse, H., Matsumoto, D., Jarupong-
sakul, T., Sphawajruksakul, A., and Sakakura,
N., 2009, Stratigraphic evidence for pre-2004
tsunamis in southwestern Thailand: Marine Ge-
ology, v. 262, p. 25-28, doi:10.1016/j.margeo
.2009.02.011.

Iyengar, R.N., Sharma, D., and Siddiqui, J.M., 1999,
Earthquake history of Indian medieval times:
Indian Journal of History of Science, v. 34,
no. 3, p. 181-237.

Jankaew, K., Atwater, B.F, Sawai, Y., Choowong,
M., Charoentitirat, T., Martin, M.E., and Pren-
dergast, A., 2008, Medieval forewarning of the
2004 Indian Ocean tsunami in Thailand: Nature,
v. 455, p. 1228-1231, doi:10.1038/nature07373.

Kayanne, H., Ikeda, Y., Echigo, T., Shishikura, M.,
Kamataki, T., Satake, K., Malik, J.N., Basir,
S.R., Chakrabortty, G.K., and Ghosh Roy,
A.K., 2007, Coseismic and postseismic creep
in the Andaman Islands associated with the
2004 Sumatra-Andaman earthquake: Geo-
physical Research Letters, v. 34, LO1310,
doi:10.1029/2006GL028200.

Kosugi, M., 1987, Limiting factors on the distribu-
tion of benthic diatoms in coastal regions—Sa-
linity and substratum: Diatom, v. 3, p. 21-31.

Lay, T., and 13 others, 2005, The great Sumatra-
Andaman earthquake of 26 December 2004:
Science, v. 308, p. 1127-1132, doi:10.1126/
science.1112250.

Malik, J.N., and Murty, C.V.R., 2005, Landscape
changes in Andaman and Nicobar Islands
(India) due to Mw 9.3 tsunamigenic Sumatra
earthquake of 26 December 2004: Current Sci-
ence, v. 88, p. 1385-1386.

McCalpin, J.P., 1996, Paleoseismology: New York,
Academic Press, 588 p.

Meltzner, A.J., Sieh, K., Abrams, M., Agnew, D.C.,
Hudnut, K.W., Avouac, J.P., and Natawidjaja,
D.H., 2006, Uplift and subsidence associated
with the great Aceh-Andaman earthquake of
2004: Journal of Geophysical Research, v. 111,
B02407, doi:10.1029/2005JB003891.

Monecke, K., Finger, W., Klarer, D., Kongko, W.,
McAdoo, B.G., Moore, A.L., and Sudrajat, S.U.,
2008, A 1,000-year sediment record of tsunami
recurrence in northern Sumatra: Nature, v. 455,
p. 1232-1234, doi:10.1038/nature07374.

Morton, R.A., Gelfenbaum, G., and Jaffe, B.E.,
2007, Physical criteria for distinguishing sandy
tsunami and storm deposits using modern ex-
amples: Sedimentary Geology, v. 200, p. 184—
207, doi:10.1016/j.sedgeo.2007.01.003.

Ortiz, M., and Bilham, R., 2003, Source area ad rup-
ture parameters of the 31 December 1881 Mw
= 7.9 Car Nicobar earthquake estimated from
tsunamis recorded in the Bay of Bengal: Jour-
nal of Geophysical Research, v. 108, no. B4,
2215, doi:10.1029/2002JB001941.

Rajendran, K., Rajendran, C.P., Earnest, A., Ravi
Prasad, G.V., Dutta, K., Ray, D.K., and Anu,
R., 2008, Age estimates of coastal terraces in
the Andaman and Nicobar Islands and their
tectonic implications: Tectonophysics, v. 455,
p- 53-60, doi:10.1016/j.tecto.2008.05.004.

Satake, K., and Atwater, B.F., 2007, Long-term per-
spectives on giant earthquakes and tsunamis
at subduction zones: Annual Review of Earth
and Planetary Sciences, v. 35, p. 349-374,
doi:10.1146/annurev.earth.35.031306.140302.

Singh, S.K., Ortiz, M., Gupta, H.K., and Ramadas,
D.G.A., 2006, Slow slip below Port Blair, An-
daman, during the great Sumatra-Andaman
earthquake of 26 December 2004: Geophysical
Research Letters, v. 33, L03313, doi:10.1029/
2005GL025025.

Subarya, C., Chlieh, M., Prawirodirdjo, L., Avouac,
J., Bock, Y., Sieh, K., Meltzner, A.J., Nata-
widjaja, D.H., and McCaffrey, R., 2006, Plate
boundary deformation associated with the
great Sumatra-Andaman earthquake: Nature,
v. 440, p. 46-51, doi:10.1038/nature04522.

Tobita, M., Suito, H., Imakiire, T., Kato, M., Fujiwara,
S., and Murakami, M., 2006, Outline of verti-
cal displacement of the 2004 and 2005 Sumatra
earthquakes revealed by satellite radar imagery:
Earth, Planets and Space, v. 58, p. 1-4.

Manuscript received 27 August 2010
Revised manuscript received 15 January 2011
Manuscript accepted 2 February 2011

Printed in USA

GEOLOGY, June 2011



Downloaded from geology.gsapubs.org on February 24, 2015

Geology

Geologic evidence for two pre-2004 earthquakes during recent centuries near
Port Blair, South Andaman Island, India

Javed N. Malik, M. Shishikura, T. Echigo, Y. lkeda, K. Satake, H. Kayanne, Y. Sawai, C.V.R. Murty
and O. Dikshit

Geology 2011;39;559-562
doi: 10.1130/G31707.1

Email alerting services click www.gsapubs.org/cgi/alerts to receive free e-mail alerts when new
articles cite this article

Subscribe click www.gsapubs.org/subscriptions/ to subscribe to Geology

Permission request click http://www.geosociety.org/pubs/copyrt.htm#gsa to contact GSA

Copyright not claimed on content prepared wholly by U.S. government employees within scope of
their employment. Individual scientists are hereby granted permission, without fees or further
requests to GSA, to use a single figure, a single table, and/or a brief paragraph of text in subsequent
works and to make unlimited copies of items in GSA's journals for noncommercial use in classrooms
to further education and science. This file may not be posted to any Web site, but authors may post
the abstracts only of their articles on their own or their organization's Web site providing the posting
includes a reference to the article's full citation. GSA provides this and other forums for the
presentation of diverse opinions and positions by scientists worldwide, regardless of their race,
citizenship, gender, religion, or political viewpoint. Opinions presented in this publication do not reflect
official positions of the Society.

Notes

© 2011 Geological Society of America F
THE
GEOLOGICAL
SOCIETY

OF AMERICA



