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Abstract. We have investigated the benthic foraminiferal changes and is documented in on- and offshore erosion phe-
fauna from sediment event layers associated with the 200homena and deposits. Detailed topographic, sedimentologi-
Indian Ocean tsunami and former storms that have beewal and geochemical investigations documented the complex
retrieved in short sediment cores from offshore environ-nature of erosion and deposition processes of the tsunami
ments of the Andaman Sea, off Khao Lak, western Thai-wave and its backflow along the western coast of Thailand
land. Species composition and test preservation of the benlChoowong et al., 2007; Fagherazzi and Du, 2007; Hawkes
thic foraminiferal faunas exhibit pronounced changes acroset al., 2007; Jankaew et al., 2008; Mard Karlsson et al., 2009;
the studied sections and provide information on the deposiFeldens et al., 2009; Sakuna et al., 2012). However, little is
tional history of the tsunami layer, particularly on the sourceknown on the exact provenance and transport dynamics of
water depth of the displaced foraminiferal tests. In order tosediment particles in tsunamigenic offshore deposits. Spe-
obtain accurate bathymetric information on sediment prove-cific sedimentological characteristics such as thickness of the
nance, we have mapped the distribution of modern faunas itnigh-energy layer, its grain size distribution and sorting have
non-tsunamigenic surface sediments and created a calibrdoeen studied by several authors in order to distinguish be-
tion data set for the development of a transfer function. Ourtween storm and tsunami events (e.g., Morton et al., 2007;
quantitative reconstructions revealed that the resuspension &fortegaas and Dawson, 2007; Dahanayake and Kulasena,
sediment particles by the tsunami wave was restricted to £008). These studies also revealed that it is often difficult
maximum water depth of approximately 20 m. Similar val- to separate a storm layer from a tsunami layer from the sedi-
ues were obtained for former storm events, thus impeding amentological record alone.
easy distinction of different high-energy events. Among other microfossils, benthic foraminifers are fre-
quently found in tsunami deposits, providing information
on the provenance of the sediment components (review by
Mamo et al., 2009). Size distribution, shape and preser-
1 Introduction vation of foraminiferal tests document the hydrodynam-
ics of the tsunami wave but are also influenced by rapid
The devastating tsunami of 26 December 2004 that origi-post-depositional taphonomic processes (Yawsangratt et al.,
nated from a 9.3 magnitude submarine earthquake off th2011). The occurrence of certain marine taxa in onshore
northwest coast of the Indonesian island Sumatra (Stein antsunamites allowed for an assessment of the water depth
Okal, 2005) (Fig. 1) had severe impacts on the coastlinesange from which sediment particles have been resuspended
of southeastern Asia (Bell et al., 2005; Tsuji et al., 2006).and incorporated into the tsunami wave (e.g., Nanayama and
The highly energetic tsunami wave resulted in major coastal
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T : % commonly reflected in a distinct depth zonation of shelf
&m:“ ‘53 ';3’ tan {3 species. Of particular relevance are symbiont-bearing larger
a oy 0 \ foraminifers that are adapted to limited depth intervals within
3 7 F 819" the photic zone, depending on the specific light require-
s 720n | ° r2on, 0 5een ments of the algal symbiont and other habitat variables such
Oo ANDAMAN 72 7»11;9005b31o-c4 as microscale environmental gradients within the substrate
A U SEA o T 8 (Hohenegger et al., 1999; Beavington-Penney and Racey,
g r40nT 3835\ pakarang 2004; Renema, 2006a, b). Different quantitative methods
81128%?08%11/\ Cape have been developed for water depth estimates, e.g, based
87N 7‘}:?,2“\0 o on the ratio between benthic and planktonic foraminifers
j{ 80680 | < (Van der Zwaan et al., 1990), and the distribution patterns
! , }B-OSAO ) - of certain faunas and benthic indicator taxa (Horton et al.,
study area - " 030310-C3> 9 1999; Hohenegger, 2005; Milker et al., 2009). These methods
fon main shock _; ) ; L sotlo i have .been. succ.essfully.applled to pgleobathymetrlc recon-
epicenter & 7 structions in various sedimentary environments (e.g., Nelson
—or vy vy et al., 2008; Rossi and Horton, 2009; Hawkes et al., 2010;

Milker et al., 2011) and also bear a high potential for quanti-
Fig. 1. Bathymetric map of the study area on the inner shelf of the tative provenance studies of tsunami deposits.
eastern Andaman Sea off Cape Pakarang, Khao Lak, southwestern The overall target of the present Study isto generate guan-
Thailand. Shown are the locations of the investigated surface Sedititative data on the provenance of foraminiferal tests in high-

ment sites (small open circles) and the core sites (large grey Cirdesénergy event deposits from the inner shelf off Khao Lak
addressed in this study. See Table 1 for station details. The posi- '

tions of the study area and the main shock of the 26 December zooﬁomprlsmg Iay_ers of the 2004 _ts_unaml and former Sto_rm
iarfvents. For this, benthic foraminifers have been quantita-

Ocean. tively analyzed from surface sediment samples and from two
sediment cores retrieved from selected depositional systems
of the inner shelf of the study area. The recent data set was

Shigeno, 2006; Uchida et al., 2010). Typically, the tsuna-used to establish a transfer function for water depth that was

mite assemblages contain open-shelf taxa, contrasting witthen applied to the fossil faunas. Our data will be particularly

lower diverse brackish faunas in under- and overlying marshuseful for sedimentological and modeling studies on hydro-
or other terrestrial sediments (Uchida et al., 2010). Howeverdynamics, wavelength and amplitude of tsunami waves. They
the published water depth estimates vary significantly, rangwill also contribute to the toolbox for distinguishing between
ing from 30 m or shallower for a historical tsunami of south- storm and tsunami deposits.

eastern India (Satyanarayana et al., 2007) up to 90 m for the

1992 tsunami of Hokkaido (Nanayama and Shigeno, 2006),

and between 50 and 300 m for various tsunamites in Japa@ Study area

and southeastern Asia (Uchida et al., 2010). This compilation

demonstrates that even tests from outer shelf to upper bathydlhe study area is situated 25km off the Khao Lak region

taxa have been documented in tsunamites (Dominey-HowegéThailand) near Pakarang Cape (Andaman Sea) and covers

et al., 1998; Uchida et al., 2010). Sugawara et al. (2009)n area of~ 1000 kn? (Table 1, Fig. 1). The Andaman Sea
studied the foraminiferal content of offshore deposits of theis a marginal sea, separated from the Indian Ocean by the
southwest coast of Thailand related to the 2004 Indian Oceaflicobar and Andaman Islands. It is characterized by a rel-
tsunami on 4 stations from 4.5 m to 20.5 m water depth. Theatively broad shelf region up to 200 km wide in the north,
studied faunas reveal a significant backwash component buand a narrower shelf region in the south (Saidova, 2008). The
lack evidence for transport of particles from deeper to shal-absence of major riverine influence results in sedimentation
lower water depth which might result from their sampling of mixed siliciclastic—carbonate sediments, in many places
strategy. To date, all of these depth estimates have been basddminated by coral-algal sand (Saidova, 2008; Feldens et
on qualitative information of bathymetric species ranges oral., 2009). The region is influenced by the monsoonal sys-
hydrodynamic estimation of the tsunami wave and thereforeem with northeasterly winds during winter and southwest-
remain relatively inaccurate. erly winds during summer. The monsoon system also ac-
In tropical and subtropical regions, the distribution of counts for the hydrologic properties of surface water masses.
benthic shelf foraminifers depends on various factors, suchThe summer monsoon results in stronger waves, influencing
as food availability and quality, substrate-type, bottom cur-the coastal dynamics (Scheffers et al., 2012). In the southern
rent velocity, temperature and salinity, vegetation and lightAndaman Sea, the yearly range of surface water tempera-
penetration (e.g, Szarek et al., 2006; Murray, 2006; Parketures is 26—29C; surface salinities range between 31.5 and
and Gischler, 2011). The specific environmental setting is33 psu (Levitus and Boyer, 1994; Varkey et al., 1996). The
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Table 1. Surface sample and sediment core IDs, sampling year, longitude and latitude, and water depth of the investigated surface samples
and sediment cores (see also Fig. 1).

Sample/core Sampling  Code inthis  Type of Longitude  Latitude Water depth
ID period study (RDA) material (m)
021207-11A 12/2007 1 surface sample °@8.901 9811.512 20.1
021207-12A 12/2007 2 surface sample °@8.459 9811.528 20.1
021207-14A 12/2007 3 surface sample °68.189 9811.433 18.7
021207-16A 12/2007 4 surface sample °@8.147 98 04.652 44.7
031207-21A 12/2007 5 surface sample °@8.989 9758.549 63.4
031207-22A 12/2007 6 surface sample °@8.860 97 59.166 61.8
031207-26A 12/2007 7 surface sample °@8.278 9807.884 33.6
031207-27A 12/2007 8 surface sample °@8.932 9808.094 26.5
031207-29A 12/2007 9 surface sample °@8.938 9808.154 25.1
051207-33A 12/2007 10 surface sample °@8.958 98 10.965 17.0
051207-35A 12/2007 11 surface sample °@8.796 9811.270 15.2
051207-38A 12/2007 12 surface sample °@8.682 9811.168 15.1
051207-40A 12/2007 13 surface sample °@8.584 98 10.655 17.8
051207-42A 12/2007 14  surface sample °@8.319 9810.908 15.7
081207-75A 12/2007 15 surface sample °@8.744 98 10.866 16.5
061208-01A 12/2008 16 surface sample °68.181 98 13.044 10.3
061208-05A 12/2008 17 surface sample °©68.600 9812.217 13.0
061208-0611-B2 12/2008 18 surface sample °@8.250 98 12.067 13.3
061208-11A 12/2008 19 surface sample °@8.917 98 11.850 14.9
061208-12B 12/2008 20 surface sample °08.860 98 10.922 19.4
061208-13A 12/2008 21 surface sample °@8.233 98 12.460 12.6
061208-15B 12/2008 22 surface sample °8B.639 9812.372 14.0
061208-16A 12/2008 23 surface sample °@8.200 9812.592 15.4
061208-19B 12/2008 24 surface sample °08548 9813.265 13.0
030310-21A 03/2010 25 surface sample °08.720 9811.982 15.2
030310-C3 03/2010 sediment core °@8.708 9812.931 9.5
050310-C4 03/2010 sediment core  °@®%.659 98 12.269 15.3

Andaman Sea is influenced by micro- to mesotidal semidi-grab sampler from water depth ranging from 10.3 to 63.4 m.
urnal tides with a tidal range from 1.1 to 3.6 m (ThampanyaThe sites were selected based on detailed sea-floor mapping
et al., 2006). This coastal region of the Andaman Sea is rel{Feldens et al., 2009, 2012) with high-resolution hydroacous-
atively unaffected by strong tropical cyclones. Typhoons cartic systems (side-scan sonar, shallow seismic systems, multi-
occur in the study area but their frequency is low (Kumar beam echosounder) and an underwater video camera in or-
et al., 2008; Phantuwongraj and Choowong, 2012). The abeer to cover a maximum variety of substrates and to get a
sence of larger riverine discharge (Feldens et al., 2009) aslear picture of sediment distribution patterns and morpho-
well as the absence of large storm events between the depdagical features. The two sediment cores were recovered with
sition of the 2004 tsunami deposits and the sampling cama Rumohr gravity corer at 9.5 m water depth (core 030310-
paigns from 2007 to 2010 (Regional Specialized Meteoro-C3, length 97 cm) and 15.3 m water depth (core 050310-C4,
logical Centre (RMSC), New Delhi) allows for the investiga- length 56 cm) (Fig. 1; Table 1).
tion of depositional processes prior to, during and after the According to different lithological units of the cores,
tsunami event in 2004. nine samples of 1 cm thickness were investigated from core
030310-C3 and eight samples from core 050310-C4 (for
) sampling position see Fig. 2). Six samples of core 030310-
3 Material and methods C3 and four samples of core 050310-C4 were taken from
layers characterized by coarser-grained units. Three samples
from core 030310-C3 and four samples from core 050310-C4
For this study, a total of 25 surface samples and two seq\vere taken from_finer-gr_ained layers deposited under normal
é)ackground sedimentation. Two surface samples were taken

iment cores, taken from the investigation area during thre : . . . .
research cruises (November—December 2007 NOvembergnshoreto investigate specimens redeposited during the 2004

December 2008, February—March 2010), were investigate&sunam"
(Fig. 1, Table 1). The surface samples were collected with a

3.1 Surface sediment samples and sediment cores
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Fig. 2. Photographs, X-radiographs and definition of lithological units of sediment cores 030310-C3 and 050310-C4 versus core depth. The
red arrows mark sample positions investigated in the frame of this study.

3.2 Foraminiferal and environmental data In order to examine the relationship between the modern
species in the data set of the surface samples and environ-
Both the surface and core samples were wet-sieved with Mental parameters, a redundancy ana|ysis (RDA) was car-
63 um sieve. The fraction 63 pm was dried at 4C for later  ried out using Canoco (version 4.5) (Ter Braak and Smi-
foraminiferal analysis. The modern and fossil faunas were in{auer, 2002; Leps and Smilauer, 2003). We selected the wa-
vestigated from the- 125 um fraction using representative ter depth and the percentages of silt and clap8 pm), fine
splits containing approximately 300 benthic foraminiferal sand (63-125 um) and coarser-grained sedimei26 um)
Specimens. The identification of the foraminifera on the as environmental parameters. We used a reduced surface
species level was mainly based on the studies of Hottingegata set with 23 species having percentages exceeding 5%
et al. (1993), Jones (1994) and Hohenegger et al. (1999)n the total assemblage. Species counts were square-root-
Rare species or specimens that could not be identified on th@ansformed and environmental parameters were standard-
species level were grouped into their genus or family. Po-ized before analysis. Partial RDAs (with each environmental
tentially relocated benthic foraminifera (broken tests, testsyariable as the only variable) were calculated to evaluate the
fragments, and tests with yellowish-brown coloration) wereindividual influence of the environmental parameters on the

counted separately. foraminiferal assemblages.
In order to extract the dominant modern and fossil benthic

foraminiferal assemblages, a principal component analysi
(PCA) in Q-mode and with varimax rotation was carried out
on the surface samples. A total of 53 modern foraminiferal

taxa having relative minimum abundances of 0.5% on the

total fauna and being present in at least 3 samples werg\./e applied the detrended canonical correspondence analy-
included into analysis. All potentially relocated specimensSIS (DCCA) on the same reduced moder data set used for

were excluded. The number of principal components (PCs (E/)A (coztamlngl]fZS species |W|th pﬁrccﬁnta%es hlgher tf;]an
was selected based on eigenvalue$. PC loadings> 0.4 ) on the total fauna to analyze whether the species show

: : L linear or unimodal distribution in relation to water depth
for each axis were defined as significant (Malmgren and Hag?
1082 Backhts ot ol 2006) lgnificant (Malmg UBirks, 1998, 1995). Birks (1995) suggests the use of linear

regression methods for DCCA gradient lengths below 2 SD

3.3 Development of foraminiferal-based transfer
functions
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standard deviation (SD) units, and unimodal methods for graexceeds 5 % for this component compared to the next lower
dient lengths larger than 2 SD units. For this approach, wecomponent (Ter Braak and Juggins, 1993). All calculations
used the CANOCO software package (version 4.5) (Leps andvere performed with the Esoftware, version 1.7.2 (Juggins,
Smilauer, 2003; Ter Braak and Smilauer, 2002). 2003).
For the development of the transfer function, the mod-
ern (training) data set was reduced to benthic foraminiferag Results
identified on the species level, and with relative abundances . . - .
of >0.5% on the total dead assemblages. The fossil datgf.l Lithology and sediment characteristics of sediment
sets were reduced to benthic species present in the surface cores
data set. Potentially relocated specimens were removed froffithe surface sediments are composed of a mixture of silici-
the training data set. The final modern data set consisted oflastic and carbonate particles of varying proportions and
25 surface samples with a total of 49 dead species, rangingrain sizes. The biogenic components predominantly com-
from 10.3 to 63.4 m water depth. In the fossil data sets, a totaprise coral and algal fragments, mollusc shells, echinoid frag-
of 37 species from core 030310-C3 and 38 species from corenents and benthic foraminifers. Differences are also char-
050310-C4 were used for reconstruction. acterized by the sand content 63 um) ranging from ap-
The modern analog technique (MAT) was applied to testproximately 6 and to almost 100 % (Table S1). Most sam-
whether the fossil samples provide good analogs for the modples exhibit high sand contents exceeding 90 %. Local excep-
ern samples by calculating dissimilarity coefficients (MinDC tions are restricted to several shallow mud-dominated sites
(minimum distance to closest analog) dissimilarity coeffi- (6—32 % sand) and the deepest sites (67—-68 % sand).
cients) (Birks, 1995). We selected the square chord distance The sediment cores were subdivided into different litho-
as the dissimilarity coefficient (Overpeck et al., 1985) andlogical units based on grain-size distributions and sedimen-
the seven most similar modern samples. Coefficients lowetary structures, identified by visual inspection and/or by X-
than the 10th percentile have been defined as good analogsdiography images of the cores (Fig. 2).
coefficients between the 10th and 20th percentile have been Core 030310-C3 has been subdivided into six units
considered as fair analogs and coefficients larger than th€rig. 2). Unit 6 consists of medium to coarse silt, with well-
20th percentile as poor analogs (Horton and Edwards, 2006sorted medium silt in its lower part and finely laminated
Birks, 1995; Kemp et al., 2009). For all calculations we usedmedium to coarse silt in its upper part. The contact to unit 5
the C software package (version 1.7.2) (Juggins, 2003).  is sharp and erosional. Unit 5 is mainly composed of very
We tested three methods for the paleo-water depth estifine sand and silt. At its base a sandy clast, two cm in diame-
mates in the sediment cores: the partial least squares (PL3¢r, was found. The lower part of unit 5 consists of coarse silt
method that is based on a linear species—environment reldellowed by a subunit with medium silt showing some lami-
tionship, the weighted averaging (WA) that is based on a uni-nations, and a subunit of coarse silt. The upper part of unit 5
modal species—environment relationship and finally the com-consists of laminated silt, showing a fining upward, and con-
bination of both methods, the WA-PLS method. The latter istains some mme-thick layers of coarse silt to very fine sand.
presented here. The WA-PLS method creates new compadnit 4 is composed of a poorly sorted muddy sand layer and
nents from a data set by maximizing the covariance betweennit 3 consists of finely laminated mud. Unit 2 is composed
the scores of the independent variable (water depth) and thef laminated clayey silt and contains two sand layers with la-
dependent variables (species abundances) (Birks, 1998; Teerites and shell fragments. The lower part of unit 2 consists
Braak and Juggins, 1993). of laminated silt to fine sand and the upper part is composed
In order to obtain a normal distribution, species countsof slightly inclined laminated silt. The uppermost unit 1 con-
were square-root-transformed. In order to evaluate the persists of poorly sorted silt with a finely laminated silt subunit
formance of the transfer functions, we used the apparent coin the lower part and a medium silt subunit in the upper part.
efficient of determinationk?), allowing for an evaluation of Sediment core 050310-C4 has been subdivided into five
the strength of the linear relationship between the observednits (Fig. 2). Unit 5 is composed of very poorly sorted
and estimated water depths in the surface data set. In oroarse silt to fine sand and contains some shells. Unit 4 con-
der to calculate the coefficient of determination of predic- sists of a layer of coarse sand containing shell fragments.
tion (R-Zack) and the root mean squared error of prediction Unit 3 is composed of poorly sorted silt with medium-coarse
(RMSEP) in the surface data set, we used the “jack-knifing”silt in the lower part and medium silt in the upper part. The
(leave one out) cross-validation technique (Horton and Ed{ower part of unit 2 is composed of muddy sand, while the up-
wards, 2006; Ter Braak and Juggins, 1993). Bootstrappingper part is an admixture of poorly to very poorly sorted silt,
cross-validation (1000 cycles) was selected to evaluate theand, gravels and shell fragments, clasts of sapolite, quartz
sample-specific errors of prediction in the fossil data setsand laterites. Unit 1, in the uppermost part of the core, con-
(Birks et al., 1990; Horton and Edwards, 2006). The num-sists of a laminated medium silt layer in the lowermost part
ber of components for WA-PLS was selected according tofollowed by a subunit consisting of an admixture of poorly
the lowest RMSEP values if the reduction in prediction error to very poorly sorted silt, sand, and shell fragments.
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4.2 Distribution of foraminifera in the surface
sediments

Table 2. Results of the principal component analysis (see also
Fig. 4) with the total variance explained by each principal compo-
nent (PC) and the scores of the most important species. The species
In the surface sediments, we identified a total of 59 differ- N bold, having the highest scores, are eponymous for the assem-
ent species. The shallow sites contain a significant amounf!29€s extracted from the surface samples.

of larger foraminifera with higher percentagesfshphiste-

gina radiata Pararotalia stellata Dentritina ambiguaOper- PpC EXpla'”oed Species Scores
culina ammonoidesOperculina complanataAmphistegina axis _ variance (%)
lessonij Amphisteginasp. 1 and\eorotalia calcar(Fig. 3, 1 14.29 Amphistegina radiata 5.71
Appendix A). Further dominant taxa inclu&iphonaperta Operculina ammonoides 131
sp. 2 (with a maximum of 32.1%)Quinqueloculinasp. g;%?)?t?i?:lle;g;iggiws é'gg
1 (14.7 %),Discorbinella bertheloti(19.3 %), Neoeponides Amphisteginasp. 6.74
praecinctug16.8 %)Saidovina subangularigl4.1 %),Cibi- Amphistegina lessonii 0.62
cidoides pseudoungerianyd7.2 %) andQuinqueloculina Siphonapertap. 1 0.57
seminula(9.1 %). Most of these taxa show a distinct bathy- 10.08 Neoeponides praecinctus 332
metric zonation, with species occurring with higher numbers Operculina complanata 3.03
at the shallower stations such Rsstellata, Borelis schlum- Saidovina subangularis 2.85
bergeri, A. lessonii, S. elliptica, D. ambigaadN. calcar, at Cibicidoides pseudoungerianus 2.78
stations with intermediate water depths sucAa=diata, O. Discorbinella bertheloti 2.26
ammonoidesindN. praecinctusand at stations with higher Anomalinoides colligerus 0.89
water depths such & subangularigndC. pseudoungeri- Reussella spinulosa 0.70
anus(Fig. 3). e . 0
We observed relatively high amounts of potentially re- : :
deposited specimens with maximum percentages of 24% 3 38.50  Siphonapertasp. 2 5.80
(mean of 10.5%) on the total assemblages at the shallower Amphistegina radiata 2.80
. . . Quingueloculinasp. 1 1.84
sites from approximately 10 to 30 m water depth, while the Operculina ammonoides 111
deeper sites contained lower amounts (mean of 3 %).
The PCA explains 89.1 % of the total variance in the sur- 4 8.86  Discorbinella berthelofi 4.28
face data set for the first six principal components (PCs) (Ta- Rosalinaspp. . 3.88
. . Quinqueloculina seminula 1.96
ble 2). The stations deeper thar?t5 m water depth are domi- Triloculina oblonga 1.65
nated by &Neoeponides praecinctus—Operculina complanata Ammonia tepida 1.05
assemblage (PC2) witB. subangularisC. pseudoungeri- s 886 Operculing ammonoides 3.49
anusandD. berthelotias associated species (Fig. 4, Table 2). ' Dgntrmna ambigua 3:24
This assemblage explains 10 % of the total variance. The sta- Amphistegina lessonii 3.20
tions at intermediate water depths (between 16 and 34 m) are Siphonapertasp. 3 1.38
characterized by thAmphistegina radiat@assemblage, con- Amphisteginap. 1.24
tainingO. ammonoideandN. praecinctugs associated taxa Borelis schlumbergeri 1.23
(PC1) (Fig. 4, Table 2). This PC explains 14.3% of the to- Discorbinella bertheloti 1.02
tal variance. The shallower stations, between 13 and 26 m Pararotalia stellata 1.02
water depth in the northern and middle part of the study 6 8.56 Pararotalia stellata 6.13
area, are dominated by tt&iphonapertasp. 2 assemblage Amphistegina radiata 1.89
(PC3), withA. radiata, Quinqueloculinap. 1 andO. am- Borelis schlumbergeri 131
monoidess associated species (Fig. 4, Table 2). This PC ex- g;;';gﬁﬂ?i‘;g{i‘z?étim c? ':55
plains 38.5 % of the total variance. The shallowest stations in Quingueloculina seminula 061

the study area, with water depths between 10 and 15m, are
characterized by three assemblages, each of them explain-
ing almost 9% of the total variance in the data set (Fig. 4,

Table 2). TheDiscorbinella berthelotassemblage (PC4) ap- Associated species of this assemblagefareadiataandB.
pears in the southern part of the study area and inclRdss  schlumbergeri

alina spp.,Q. seminula, T. oblongandA. tepidaas associ- The results of the redundancy analysis (RDA) applied on
ated taxa. Th®perculina ammonoides—Dentritina ambigua the surface samples show that the water depth, explaining
assemblage (PC5) occurs in the northern part of the studw total of 22 % of the variancep(> 0.001) in the data set, is
area and contains. lessoniias the most important associated the most important environmental parameter, followed by the
species. Finally, théararotalia stellataassemblage (PC6) proportion of silt and clay (pelite) (20.5 %, < 0.002), fine
occurs in the southernmost part of the study area (Fig. 4)sand (19.5%p < 0.002) and the coarser fraction (17.0 %,
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Fig. 3. Relative abundance of selected recent benthic foraminifera from surface sediments versus water depth, showing a distinct bathymetric
zonation. Only species having a relative abundance 5% on the recent assemblages are presented.

Table 3. Results of the redundancy analysis (RDA).

Axes 1 2 3 4 Captured p value
variance (%)

Eigenvalues 0.296 0.135 0.068 0.014
Species—environment correlations 0.905 0.945 0.802 0.529
Cumulative percentage variance

of species data 29.60 43.10 49.80 51.20

of species—environment relation 57.80 84.10 97.30 100.00

Correlation

Water depth 0.685 —0.567 0.210 -0.001 22.2 <0.001
Fraction< 63 mum 0.699 0.245 —-0.426 -0.123 20.5 <0.002
Fraction> 125 mum —-0.627 —-0.394 0.038 0.310 17.0 <0.001
Fraction 63—-125 mum 0.643 0.438 0.398 0.098 19.5 <0.002

p <0.001) (Table 3). Water depth, pelite and fine sand are¢he PC4 assemblage, such@sberthelotj T. oblonga, Q.
positively correlated to the first RDA axis, while the con- seminulaandA. tepida,show a correlation to finer-grained
tent of coarser-grained sediment is negatively correlated tsubstrate. In contras@. ammonoides, Siphonapersp. 1
the first RDA axis (Fig. 5, Table 3). This axis explains a and Siphonapertasp. 2 show a close relation to coarser-
total of 29.6 % of the total variance in the data set (Ta-grained material. The species of the PC5 assemblage (
ble 3). Species of the PC2 assemblage, sucls.asub- lessonii, D. ambiguand Siphonapertasp. 3) together with
angularis C. pseudoungeriany®Anomalinoides colligerys  A. radiataandQuinqueloculinasp. 1 exhibit a relation both
N. praecinctus, and O. complanatshow a clear correla- to shallow water and to coarser-grained material (Figs. 4 and
tion with increasing water depths, while other species, suctb).

as B. schlumbergeriand N. calcar, exhibit an association

with lower water depths (Figs. 4 and 5). The species of
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PC Loadings . . . L
02 00 02 04 06 08 10 according to their membership to the principal components (PC) ex-

tracted from PCA (compare with Fig. 4). The distribution of recent
Fig. 4. Distribution of recent benthic foraminiferal assemblages ex- foraminifers exhibits a strong relation to water depth but also to the
tracted with Q-mode principal component analysis. Shown are PQgrain size of the substrate. Species of the PC2 assemblage have a
loadings. Loadings- 0.4 indicate statistically significant influence relation to deeper water depths and species of the PC6 assemblages
of the respective fauna (Malmgren and Haq, 1984). Ocean Dataccur more frequently at shallower water depths. For surface sam-
View (Schlitzer, 2012) was used for data interpolation. For scaleple codes see Table 1.
bar see Fig. 1.

Sediment core 050310-C4 contains a total of 33 fossil
species, each with percentages larger than 1% on the total
assemblages. The most dominant species in this corb.are
Sediment core 030310-C3 contains a total of 48 fossilPertheloti(with a maximum relative abundance of 21.2 %)
species, each with percentages larger than 1% on the tot@ndSiphonapertap. 2 (13.2 %) (Fig. 6b, Appendix A). Fur-
assemblages. The most abundant species in this coterare  ther species with relative abundances between 5 and 10 % are
phistegina radiata(with a maximum relative abundance of (in descending ordedAmphisteginzsp. 1,A. radiata, Quin-

21.4%), Siphonapertasp. 2 (19.4 %) Discorbinella berth- quelocuh.nasp. 1,Q.U|.nqueloc_ullna semmula, Spiroloculina
eloti (17.8 %) ancParrellina hispidula(11.9 %) (Fig. 6a, Ap- communisand Elphidium craticulatum(Fig. 6b). The con-

pendix A). In addition, species with percentages between gent of potentially relocateq specimens in core 050310-C4 is
and 10 % include (in descending ord@yinqueloculinasp. lower than that observed in core 030310-C3, with a mean

1, Elphidium craticulatum Quinqueloculina seminuland ~ value of 48 % (Fig. 8).

Borelis schlumberger{Fig. 6a). Core 030310-C3 contains

a very high content of redeposited tests with a mean valu¢t-4 Quantitative paleo-water depth reconstructions

of 76 %. A maximum with 95 % redeposited specimens was

found in the lowermost part of the core at 86.5cm, andThe short gradient Iength of 1.74 SD for the first axis of
minimum values with 43—48 % redeposited Specimens Weréhe DCCA ImpIIeS a more linear distribution of the SpeCies

observed in the upper part of the core at 5.5 and 33.5cnin relation to water depth (Table 4). This can be explained
(Fig. 8). by the limited water depth range (approximately 10 to

63 m) included in this study, masking the common unimodal
bathymetric species distributions. Although the weighted

4.3 Distribution of fossil foraminifera in the sediment
cores
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A: Sediment core 030310-C3
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Fig. 6. Distribution of the most abundant fossil benthic foraminifera in sediment cores 0303(@8)@8d 050310-C4B). Only species with
a relative abundance of 5% on the fossil assemblages in the sediment cores are presented.

Table 4. Results of the detrended canonical correspondence analy- w0

sis (DCCA). The short length of gradient for the first axis indicates A x> 1B
a linear species—water-depth relationship in the surface samples. £, | ’ 5| .,“ . .
%7 .
z 7 *
1 2 3 4 ] got—
T 40 —| S A
Eigenvalues 0.236 0.123 0.07 0.017 § i 24 g2 ’: .
Lengths of gradient (SD) 1.738 1.723 1.112 0.706 £y | 73 8 ¢
& R -4 — 4
1 1.
. . . o R2‘=0.97 5 :
averaging—partial least square (WA-PLS) method theoreti- : 2‘0 4‘0 6‘0 8‘0 ! 2‘0 4‘0 6‘0 8‘0
cally works better for gradient lengths of 2 and higher (Birks, Observed water depth (m) Observed water depth (m)

1998; Ter Braak et al., 1993), this method provided the best .
prediction potential from all methods applied. Moreover, this 719 7- Observed water depths versus estimated water depths by
method can detect the influence of additional parameterrgzi(\j/\é:l;;)s transfer function in the surface sampflépand their
such as substrate (Birks, 1998; Horton and Edwards, 2006). '

The transfer function created by the WA-PLS method re-

veals a significant linear correlatio®{ = 0.97 and cross- ~ To test the robustness of the transfer function, the appli-
validated R2 , = 0.92) between the observed and the esti-cation of the MAT method showed that, in core 030310-C3,
mated water depths in the surface data set for the selectegl,e good analog and four fair analogs, but also four poor
second component (Table 5, Fig. 7). The residuals in the surypajogs with MinDC values above the 20th percentile, were
face data setrange betweeb.06 mand 2.71mwithamean 4ynd (Fig. 8). In core 050310-C4, two samples have good
of 2.25m (Fig. 8). The apparent root mean squared errognaings with MinDC values below the 10th percentile and

(RMSE) and jack-knifed root mean squared error of predic-the remaining six core samples have fair analogs with values
tion (RMSEP) for this component i2.45m and+4.09 m, between the 10th and 20th percentile (Fig. 8).

respectively, showing a relatively good predictive potential
of the transfer function (Table 5).
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Fig. 8. Sediment core images with their lithological units (see also Fig. 2) and paleo-water depths in cores 030310-C3 and 050310-C4
estimated with the WA-PLS transfer function (open cireldsad analogs; light blue circlesfair analogs; blue circles good analogs;
calculated by modern analog technique). The vertical black lines mark the water depth where the sediment cores were taken. Further are
shown the percentages of broken foraminiferal tests, proportion of the coarse fraction, and total relative abundances of species indicative for
shallower waterB. schlumbergeri, P. stellata, A. lessonii, N. calcar, D. ambignd Amphisteginap.) and deeper wateh (radiataandO.
ammonoideksin the study area (see also Figs. 3, 4 and 5). The shaded areas indicate storm layers (S) and the 2004 tsunami deposits (T).

Table 5. Results of the WA-PLS transfer function with the root  The paleo-water depths estimated with the transfer func-
mean squared error, the apparent coefficient of determinakien ( tion range from 10.3642.54) m to 18.2741.51) m for core
the cross-validated coefficient of determinatio?ﬁ(:k), the root 030310-C3 and from 14.40H1.91) m to 17.80 £2.00) m
mean squared error of prediction (RMSEP) calculated by crossfor core 050310-C4 (Fig. 8). The mean sample-specific er-

validation, and the reduction in RMSEP (% change). The selectedror, calculated by bootstrapping, is 1.88 m for core 030310-
component for the paleo-water depth estimates in cores 030310-Cg3 5nd 1.59 m for core 050310-C4.

and 050310-C4 is shown in bold.

Component RMSE R2 R2 RMSEP % change 5 Discussion

jack
1 450 0.90 0.85 5.46 . . .
5 245 097 092 4.09 95,12 5.1 Ecology of benthic foraminifera in the study area
3 1.67° 099 092 3.98 2.69 Our results imply that both water depth and substrate act as
4 107099 092 405 -165 relevant factors on the distribution of benthic foraminifers in
5 0.79 1.00 0.92 3.94 2.63

the study area, explaining a large part of the observed fau-
nal variability (Fig. 5). Similar relations have been reported
from comparable environments of the lower photic zone on

Nat. Hazards Earth Syst. Sci., 13, 3113428 2013 www.nat-hazards-earth-syst-sci.net/13/3113/2013/



Y. Milker et al.: Sediment transport on the inner shelf off Khao Lak 3123

a mixed siliciclastic—carbonate inner shelf (e.g., Renemaflat but is typical for rubble and macroalgal environments at
2006a). Many species and the majority of the identified fau-the reef slope (Renema, 2006a). A similar adaption can be
nas exhibit a distinct bathymetric zonation (Figs. 3 and 4).also inferred for the miliolidSiphonapertap. 2.
All faunas except for PC 40. bertheloti fauna) contain The deepest environments of the study area, below 30 m
symbiont-bearing larger benthic foraminifers as dominantwater depth, are characterizedMypraecinctugndO. com-
or associated components. The relative bathymetric zonaplanata The latter species typically replac®sammonoides
tion and habitats of larger foraminifers off Khao Lak are at deeper sites and has been reported from sandy substrates
comparable to other areas of the Indo-Pacific realm andbetween 30 and 90 m (in some areas down to 150 m) water
thus, are likely controlled by various physical and biolog- depth, where it is likely adapted to low light intensities and
ical factors, most of which are related to the requirementsow water energy (Hohenegger, 2004; Renema, 2006b).
of the species-specific symbiotic algae (Hallock, 1981; Ho-
henegger et al., 1999; Beavington-Penney and Racey, 2004.2 Quantitative reconstruction of redeposition
Renema, 2006b). The main factors include water tempera- processes during the 2004 Indian Ocean tsunami
ture, light penetration, nutrient concentration, food availabil-
ity and transport, energy at the benthic boundary layer andOur results demonstrate significant redeposition of sediment
substrate type and grain size. particles in the offshore sediments during the 2004 Indian
In the shallowest environments of the study area, betweei®cean tsunami, including site-specific uprush and back-wash
approximately 10 and 15 m water depth, three distinctive fauprocesses (Fig. 8). Our results are in general agreement with
nas are observed: the larger foraminif€rsammonoides, D.  previous observations documenting the severe impacts of the
ambiguaand A. lessonii,which dominate PC5 in the shal- tsunami event on coastal and shallow-water environments
low northern parts of the study area (Fig. 4), are typically from the study area and adjacent regions (Bell et al., 2005;
associated with strong to medium light intensity, moderateTsuiji et al., 2006; Hawkes et al., 2007). The tsunami-induced
to low water energy, and sands or rubble with sand on thaun-up at Pakarang Cape reached more than 15m in height
reef flat (Hohenegger et al., 1999; Renema, 2006b). The disand resulted in the deposition of a few-centimeter-thick sand-
tribution maximum ofA. lessonicommonly occurs between rich tsunamite layer (Szczucinski et al., 2005; Choowong et
10 and 20 m water depth (Renema, 2006b), which is consisal., 2007; Hori et al., 2007, Jankaew et al., 2008, Brill et
tent with its occurrence in our study area (Fig. 3). In con-al., 2012). Goto et al. (2007) estimated that about 12500 m
trast,0. ammonoidebas been reported from a wider depth of Pakarang Cape were eroded by the 2004 Indian tsunami
interval, including distribution maxima between 10 and 30 mand a high amount of boulders were transported from off-
(Renema, 2006a), in other areas between 40 and 60 m (Hashore into the intertidal zone during the uprush. Hawkes et
henegger, 2004). Further to the south, this fauna is replacedl. (2007) have shown that the shoreline of Thailand and
by PC4, dominated by the non-symbiont-bearibgberth- Malaysia was influenced by up to three waves and a run-up of
eloti and Rosalinaspp. (Figs. 3 and 4). The cosmopolitan up to 2 km to the inland. Lay et al. (2005) reported inundation
specied. berthelotiinhabits various shelf and deep-sea en- heights of up to 13 m for Sumatra, Thailand and Sri Lanka.
vironments and has a clear preference for fine-grained subOn the inner shelf of the study area (9-15m water depth),
strates (Milker et al., 2009), where it likely profits from spe- event layers of commonly 20—25 cm in thickness were iden-
cific biogeochemical conditions and the availability of suf- tified as tsunami deposits (Sakuna et al., 2012). Based on
ficient food particles on and below the sediment surface. Inthe sedimentological observations and 210 Pb dating, assess-
the study area, this fauna is confined to depressions in theng the decline in the excess of 210 Pb activities from the
reef flat that operate as sediment traps for muddy sedimentsearby area (Sakuna et al., 2012), the 2004 tsunami deposits
(Feldens et al., 2012). To the south, this fauna is replaced byre 18 cm thick in core 030310-C3 (lithological unit 2) and
the Pararotalia stellatafauna. Little is known on the ecol- 13 cm thick in core 050310-C4 (lithological unit 2) (Figs. 2
ogy of this species, but it seems to be associated with sandgind 8). Downcore, below the tsunami layers, we observed
substrates and has been reported as typical inner-shelf taxatistinct sand layers in both cores, which were interpreted as
in the study area (Hawkes et al., 2007; Yawsangratt et al.storm layers. Core 030310-C3 contains three event layers,
2011). with one thicker layer in lithological unit 4 and two thinner
The environments at intermediate water depths are domilayers in lithological unit 5. Core 050310-C4 contains one
nated by theSiphonapertap. 2 fauna between 15 and 25m, relatively thin event layer (lithological unit 4) (Figs. 2 and 8).
and theAmphistegina radiatdauna between 20 and 30 m The paleo-water depth estimates for core 030310-C3 indicate
water depth (Figs. 3 and 4). The larger foraminiferradi- a sediment transport from deeper waters to the core location,
atais a characteristic taxon in both faunas and prefers firmsimilar for both the storm layers and the tsunamite (Fig. 8).
substrates with maximum abundances between 20 and 40 ffihe paleo-water depths estimated in the storm layers are
water depth, where it is adapted to variable light intensities15.32+ 1.54 m for the storm layer in lithological unit 4, and
and moderate to low water energy (Hohenegger et al., 199917.94+ 1.42m and 18.2% 1.50 m for the lower and upper
Hohenegger, 2004). This species commonly avoids the reefayer in lithological unit 5, respectively. In the tsunami layer,
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we estimated paleo-water depths between 12100m depths shallower than 45m in uprush deposits of the 1993
and 18.23+1.68 m. Based on the modern water depth of Hokkaido tsunami.
9.5m at this site our results demonstrate a net transport from Our paleo-water depth estimates in core 030310-C3, re-
deeper to shallower environments but also limit the rework-trieved from 9.5 m water depth, reveal a provenance of par-
ing and resuspension of particles to a maximum water depthicles in the tsunami layer from approximately 13 to 18 m
of approximately 20 m. This result is supported by the low water depth (Fig. 8). This result is in accordance with ex-
proportion of foraminifera (between two and four percent) isting studies demonstrating that, within 8 km distance to
in the core that in the present ocean occur in higher perthe shoreline, the occurrence of the 2004 tsunami layer was
centages at deeper water depths26 to ~60m) (Fig. 3).  restricted to a maximum water depth of 9 to 18 m (Feldens et
Based on the regional seafloor topography (Fig. 1), particlesl., 2012; Sakuna et al., 2012). These studies also attributed
have been transported over approximately 5 km distance. Thdifferent lithologies and structures within the tsunamite to
reconstructed maximum water depth of 20 m is lower thanvarious phases of the tsunami event; i.e., marine sand layers
most previous reconstructions based on foraminifers that inwere related to uprush and intercalated muddy intervals to
ferred resuspension depths of 45-300 m (Dominey-Howes dbackwash phases.
al., 1998; Nanayama and Shigeno, 2006; Uchida et al., 2010). Our paleo-water depth reconstructions of core 050310-
Obviously, the energies and depth impacts of tsunami wave€4 show that the particles within the tsunamite were de-
can vary significantly, based on the distance to the sourceived from slightly deeper water depths of 16:84.56 m
area and the specific coastal morphology (Rabinovich et al.(Fig. 8). However, our reconstructions show a higher vari-
2011). On the other hand, the majority of existing reconstruc-ability for this core, hampering a straightforward reconstruc-
tions are simply based on general assumptions and observéon of redeposition processes from the paleo-water depth es-
tions of benthic foraminiferal distribution ranges, lacking re- timates alone. The higher variability in the estimated paleo-
gional reference data sets and a robust statistical assessmewater depths in core 050310-C4 could be a consequence of
As a consequence, at least some of the reported maximuriine lower amount of larger foraminifera in this core. Larger
water depths could be overestimated since many species froferaminifera are particularly suitable for paleo-water depth
middle and deeper shelf environments can also inhabit innerestimations due to their stronger vertical zonation, which can
shelf ecosystems, depending on the local presence of suitablee related to the light dependence of their symbionts and
(fine-grained) substrates and related microhabitats (Milker etheir dependence on hydrodynamic and trophic conditions,
al., 2009; Moijtahid et al., 2010; Goineau et al., 2011). which can be linked to water depth (e.g., Hohenegger et al.,
Within the tsunami layer of core 030310-C3, changes t01999). In contrast, non-symbiont-bearing foraminifera occur
deeper paleo-water depths can be observed, likely representver a wider depth range depending on the surrounding envi-
ing changes in water energy and/ or an admixture of up-ronmental conditions (Milker et al., 2009).
rush and backwash events during successive tsunami waves The sediments found in lithological unit 2, interpreted as
(Fig. 8). The estimated deeper water depths in co-occurrencthe 2004 tsunami layer, contain terrestrial particles such as
with a sand layer in the upper part of the tsunamite (aroundaterites, which indicates that this layer contains a mixture of
30cm) may represent a subsequent uprush event, i.e., duringarticles derived from both uprush and backwash processes,
a subsequent tsunami wave reaching the coastal area arouirthibiting a clear distinction of the different phases of the
Cape Pakarang. Our interpretation is supported by frequerntisunami event. The relatively high content of redeposied
occurrences of various species, suctOagomplanataand radiataandO. ammonoidem the middle part of the tsunami
A. radiata,in the surface samples from deeper water depthslayer indicates sediment redeposition from water depths sim-
At present, these species preferentially occur between 10 anithr to that in core 030310-C3 (Fig. 8). The different percent-
45 m water depth, and reach their optima at around 25 m andges of redeposited specimens from deeper water in the two
35 m water depth, respectively (Figs. 3 and 8). However, thecores can be attributed to the different water depth of the
coeval occurrence of species that commonly prefer shallowecore sites, representing different distances between source
water depths in the present oce@ $chlumbergeri, N. cal- and deposition areas of the transported particles. This in-
car, P. stellata, D. ambigua, A. lessoaildAmphisteginap.)  terpretation, however, is biased by the background redepo-
do not support a clear provenance signal for this potentiakition processes that influence sedimentation of inner-shelf
uprush event in the core (Figs. 3 and 8). Similarly, Hawkesenvironments. The presence of bottom currents and wave ac-
et al. (2007) concluded from microfossil distributions in the tion accounts for the overall significant percentages of relo-
Pulau Penang region of northern Malaysia that uprush eventsated benthic foraminiferal tests in the recovered sediments
related to the 2004 tsunami are indicated by specimens desf the study area (Fig. 8). Similar observations were also
rived from the inner shelf, while backwash layers contain made by Yordanova and Hohenegger (2002) and Briguglio
more specimens recently found in mangrove sediments. Furand Hohenegger (2011), indicating that downslope transport
thermore, Nanayama and Shigeno (2006) observed highesf larger benthic foraminifera due to normal wave activity
percentages of redeposited benthic foraminifera from wateican have significant influence on the accuracy of paleo-depth
estimates because the real zonation of foraminifera can be
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masked by such redeposition processes. More specifically,
Yordanova and Hohenegger (2007) observed that the buoy-
ancy and entrainment potential of larger foraminiferal tests

varies depending on their test shape and density.

Based on preliminary datings, a storm layer has been
identified in the lower part of the core (unit 4). This layer
is characterized by sandy sediment, whose high content
of coarse particles contrasts with the adjacent sediments
(Fig. 2). Our paleo-water depth reconstruction indicates a
sediment transport from slightly shallower to deeper wa-
ter (14.04+ 1.78 m). This result contrasts with observations
from other areas, where sediment particles during compara-
ble storm surges were preferentially transported from deeper
to shallower water depths and where no backflow was ob-
served (Nanayama et al., 2000).

Our data demonstrate that is not possible to distinguish
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— The distinct bathymetric zonation of most recent

species allowed the development of a transfer func-
tion for quantitative water depth reconstructions with
a high prediction potential. Our reconstructions for
the 2004 Indian Ocean tsunami layer and pre-dating
storm layers from two sites in the study area limit
the maximum water depth of resuspension to approx-
imately 20 m. This value is considerably lower than
most previous estimates for various tsunami events in
the Indo-Pacific realm. On the other hand, the differen-
tiation between storm and tsunami layers in the study
area based on foraminifera remains problematic be-
cause both events reveal similar characteristics and re-
deposition processes.

tsunami deposits from background sedimentation based oappendix A

the relative proportion of reworked particles. Instead, ad-

ditional information on species composition is required for Species list

proper identification of high-energy events, particularly con-

sidering comprehensive data on the species distribution in thémmonia

tepida (Cushman, 1926) - Melis and

background sediment for comparison with the event layers. Violanti (2006), p. 98, pl. 1, Figs. 1-2

Amphistegina lesson{d’Orbigny, 1843) — Jones (1994),

p. 109, pl. 111, Figs. 4-7; Hohenegger et al. (1999), p. 144,
Fig. 19

6 Conclusions

Amphistegina radiata (Fichtel and Moll,

1798) -

Hohenegger et al. (1999), p. 145, Fig. 20; Jones (1994), pl.
For the first time, a transfer function for water depth recon-111, Fig. 3

struction was developed on benthic foraminifers and applied Amphisteginap. 1

to the reconstruction of redeposition processes and dynamics Anomalinoides colligeru§Chapman and Parr, 1937) —
associated with the 2004 Indian Ocean tsunami. From ougones (1994), p. 98, pl. 94, Figs. 2-3

results we can extract the following conclusions:

Borelis schlumbergeri(Reichel, 1937) — Hottinger et

al. (1993), p. 68, pl. 75, Figs. 1-17

— The distribution of recent benthic foraminifera on the

Cibicidoides pseudoungerianugCushman,

1922) —

inner shelf of the southeastern Andaman Sea off KhaoCushman (1931), p. 123, pl. 22, Figs. 3-7; Milker and
Lak (Thailand) is typical for a tropical Indo-Pacific Schmiedl (2012), p. 106, Fig. 24.5-8

mixed siliciclastic—carbonate environment. The faunas Dendritina ambigua (Fichtel

and Moll, 1798) -

exhibit not only a distinct bathymetric zonation but Hohenegger et al. (1999), p. 131, Fig. 10

also a relation to the grain size of the substrate re-

Discorbinella berthelot(d’Orbigny, 1839) — Hottinger et

flecting gradients in light intensity and water energy al. (1993), p. 114, pl. 150, Figs. 1-4

as well as specific microhabitats. A total of six as-

Elphidium craticulatum(Fichtel and Moll, 1798) — Hot-

semblages have been distinguished, most of which intinger et al. (1993), p. 147, pl. 208, Figs. 1-10; Hawkes et
cluding symbiont-bearing larger foraminifera as dom- al. (2007); p. 178, pl. 2, Fig. 8

inant and associated constituents. The shallowest sites, Neoeponides praecincty&arrer 1868) — Jones (1994),
between 10 and 15m, are inhabited by three assemp. 99, pl. 95, Figs. 1-3

blages, comprising th®perculina ammonoiddauna,
the Pararotalia stellatafauna, and théiscorbinella

Neorotalia calcar (d'Orbigny, 1839) — Hottinger et
al. (1993), p. 140, pl. 199, Figs. 1-10; Hohenegger et

bertheloti fauna. The last is associated with muddy al. (1999), p. 146, Fig. 21
sediments trapped in depressions on the reef flat. The Operculina ammonoidg$ronovius, 1781) — Hohenegger
sandy sediments at intermediate water depth are inhabet al. (1999), p. 155, Fig. 28

ited by theSiphonapertap. 2 fauna (between 15 and

Operculina complanatéDefrance, 1822) — Jones (1994),

25 m) and théAmphistegina radiatéauna (between 20 p. 110, pl. 112, Figs. 3-9

and 30 m). The deepest sites (below 30 m) are charac- Pararotalia stellata(de Férussac, 1827) — Jones (1994),
terized by theNeoeponides praecinctigsuna adapted p. 107, pl. 108, Fig. 3; Hawkes et al. (2007), p. 176, pl. 1,
to low light intensities and low water energy. Figs. 1-3
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Parrellina hispidula (Cushman, 1936) — Melis and
Violanti (2006), p. 98, pl. 1, Fig. 13; Berkeley et al. (2009),
p. 84, pl. 3, Fig. 7a, b

Quinqueloculina seminul@.inné, 1758) — Jones (1994),
p. 21, pl. 5, Fig. 6

Quinqueloculinasp. 1

Saidovina subangulari¢Brady, 1881) — Jones (1994),
p. 59, pl. 53, Figs. 30, 31

Siphonapertap. 1

Siphonapertasp. 2

Siphonapertap. 3

Spiroloculina communisCushman and Todd (1944) —
Jones (1994), p. 25, pl. 9, Figs. 5-6

Triloculina oblonga (Montagu, 1803) — Berkeley et
al. (2009), p.84, pl. 2, Fig. 5a, b, ¢

Supplementary material related to this article is

available online at
http://www.nat-hazards-earth-syst-sci.net/13/3113/2013/
nhess-13-3113-2013-supplement.pdf
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