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Abstract - Coralline algae that may be predominant in the upper part of the infralittoral zone
along rocky shorehnes provcd to be a useful indicator of rapid coastal uplift. A, these encrusting
algue cannot survive dcsiccation, even for short pcriods at low tide, they can provide estirnates of
positive vertical motions like those which may accompany seisrnic events. The desiccanon of a
fringe of the algal encrustment, at the base of the mtcrtidal area (=Illfralittoral fringe), combined
with cffects of solar radiation rapidly kills the organisms. This mortahty rcsuli s III a COnsPICUOUS

alteration of the pigmentation l'rom pink/beige/reddish to white, AI'ter the July JO, 1995 Antofagasta
earthquake (M" 8,1), in northcrn Chi le, such a white fnnge appeared in sorne parts of the bay of
Antofagasta and surroundings. The width of the dead algae fringe varied l'rom 0 to more them 1.8 Ill.

The widest observed widths arc related to local paramctres (exposition to wavc splash, geometric
disposition) that account for an arnphficanon of the width of the dead algae Inngc. and must be
idcntificd. Thus, a carcful study of cach locality led us to determine the extcnt of the coastal areas
that had been uplifted, and to rcconstruct, with a precision of the order of 2. cm, the arnount of the
verucal deformation along the Antofagasta Bay and southern Mejillones Pcnm-.ula.

ft wax thus shown that the coastline bordering the town of Antofagasta suffcred pracncally no
coscisrnic uplift, while areas to the south and to the west of Antofagasta Bay proved to have been
upliftcd by as much as 25 and 40 cm, respcctively. The maximum uplift (SO cm) was seen at the
southwcstern tip of the peninsula of Mejillones. Thcse precise reconstructions arc of great help for
the calibration of geodetic studios perforrned indepcndcntly and for the modctling of the coseismic
deformation at a regional scalc, Copyright © 1996 Elsevier Science Ltd
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CORALLINE ALGAE AND COASTAL
INSTA8ILITY

For almost one and a half centuries (Darwin, 1846),
intcrtidal organisrns and upper subtidal algae have been

used, although not systernatically, to document coastal

uplift, partieularly in the case of eoseismic motions
(Plafkcr, 1964; Johansen, 1971; Lebednik, 1973; Bodin

and Klinger. 1986), In Chilc, studies performed in relation

to the 3 Mareh 1985. M, 7.8 earthquake focuscd on the

post-scismic displacement of cirripeds, molluscs and kelp

algae (Lessonia nigrescensï, giving major importance to
the subsequent reorganisation of the vertical zonation in

the intertidal area (Castilla, 1988; Castilla and Oliva,

1990), ln these papers there was only a brief mention of

the dcath and bleaehing of 'Iithothamnioid algac' that
preceded the downward shift of the lower levcl of kelp

beds (L nigrescensi. lt must be noted that for the Mareh

1985 Chilean earthquake, unlike the cases of the Alaskan
(Plafkcr, 1964; Johansen, 1971) and Mexican (Bodin and

Klinger, 1986) earthquakcs, coralline algae wcrc not

aetually used to evaluate the arnount of coseismic uplift.
The group of coralline algae pertain to the Corail ina

caea family (Rhodophyta, Cryptonemiales). This Iamily
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is characterised by the presence of calcium carbonate in

the ccli walls that confers to most of the genus the
possibil ity to enerust bedrock, hence their other name of

'crustose algae. Their latitudinal distribution is very
wide, from polar seas to the Equator (Littler, 1972). The

tropical species assoeiated with coral reefs are probably

the bcst known, but the group is represented by many

genus and speeies in tcrnpcrate and eold occanic
environments as weil. As algae, they depend on light

for their photosynthetie activity, and thus are commonly

found bctween the intertidal zone downward to a dcpth of

the ordcr of 100 m or so. In terms of vertical zonation, in
many coastal areas the most corn mon genus found in the

uppermost subtidal area arc Porolithon and Neogonioli
thon, while the genus Lithothamnium. Mesophyllum and

Archaeolithothamnium are dominant at greater dcpths

(50-80 rn; Adey, 1986).
Coralline algae are known under a variety of names:

Corallinacea, Melobesioids, crustose algae, lithotham

nium s.I, (or 'Iithothamnion"). Not many au th ors arc able

to differentiate the distinct subfamilies, genus and species
within this family (e.g. Lithophyllum spp, Pseudolitho
phvllum spp.• Mesophyllum spp.. Porolithon spp. ctc.),

The determination of specimens, even at the generie
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level. cannot be made in the field amI normally requires
ground ...ection~ and ~canning electron microscope
analysi .... The taxonomic Identificatton is hased on the
cell Slze, locatIOn of heterocysts, typc of hypothallium,
pre ...ence and diameter of multispored conceptacles and/or
... porangial son 'Ize (Johansen. 1971: Adey and JlJhansen.
1972: Adey, 19~6: Mene~es, 19~6).

ln a review on the ... tudies cOl1cerning this group,
Meneses (19~6) cmphasised that. in spite of their wide
repre ...entatlOn along the ChJlean coasts, practically IHl
taxonomic ~tudles had been conducted (except in the
Magellan region. to the south. at the heginning of the
century) and that l1luch work was still needed to
understand the ecology. distribution and characteristics
of each species along the PaClfic coast of South America.
This implie ... that nowadays it is practically impossihle to
identify the dlstlllCt species of coralline algae in Chile.

ln central and northern Chi le, the coralline algae arc
abundant and may form a belt at the limit of the intertidal
and suhtidal zones (Guiler. 1959: Stephenson and

Stephenson. 1972: Meneses. 1986). ln the area of Iquique
(~()CS J. Guiler (1959 J dl;,tinguished. without identil"Ylng

them. 'three ohviou......pecies 01" Lir!lo/lwlIl11ia. a purple
red coloured specles. a deep reL! and a pink. the latter
heing the most common·. 1n the area of Antofagasta,
where rocky shorelines arc pred0l11lnant. coralline algae
arc ahundant in the suhtidal J:(ltle and ln the lowermost
ponds and hollow ... of the intertidal area (Fig. 1). Theil'
presenc,e i... apparently weakly controlled by the lithology
of the rocky suhstrate. SIllCC they grow without visihle
dirrcrences on volcanic rocks (La Negra Formation J.
granite (Bol fin Formation) or conglomcrates (Caleta
Coloso Formation). Much more important is the exposi
tion to the wave action, as indicated hy most authors (e.g.
Adey and Vassal'. 1975: Raffaelli. 1979; Johansen. 1971).
The water motion play~ a raie in the calcification process,
and also in the protection from some grazers and/or in
hmiting the competition with other organisms. The upper
1imit or the coralline algae belt is strictly determined as
the area which nC\'er desiccates completely. Because of
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~pla~h action. thi~ len:1 may he ~everal cm. or um. ahove
the lowe~t tiue mar". Furthermore. the ~urvival of the

algae uoe~ not reljulre ~uhmcrgencc. hut (at Ica~t)

permanent wctne~~. Wc II-ex po~cu area~ that arc almo~t

permanently ~uh.Jcctcu to ~trong waVl'~ (ail year long).

anu whcrc the hiologlcal lonation i~ ui~placcu upward.
may thu~ l',hlhit an upper limit of the algal helt that

~tand~ ~Ignitïcantly lughcr than the mean low water mar".
ln general though. along mo~t of the protected ~ector~ of

the coa~tllne. thi~ upper linllt I~ founu near. or ~Iightly

ahove. the mean 10'" water line At Antofaga~ta. the tlde~

are of the mixed ~emi-uiurnal type. the mean tiual range i~

ahout 0.8 m. wlth extreme~ of 0.6 and 1.6 m.

The weil uetïned upper limit of the coralline algae belt
111 the Antofaga~ta area often eoineiues wlth the lower
li mit of exten~ion of the Pm", /Jrac/JlI{/(/!I.I. an enuemic

~pecie~ of a~CldIan~ (Choruata) only found in the hay of

Antofagasta (Guiler. 1959: Gutierrez anù Lay. 1965: in

both reL P. /Jrac/Jlttia/is I~ erroneous]y identified as P.
chi/CI/IiI. an infralittoral ~pecle~). In the area~ mmt

expo~ed to the ocean ~well. particularly on the ~outhern

anu we~tern coa~t of Meiillone~ Penin~ula. kelp algae arc
ahunuant. anu a near COll1CIUenCe is ohserved in the

respective upper limih of the coralline algae helt anu that

of L. lIigrclu'lIl. 80th algae l'an he u~eu to udine the
11Illlt hetween the ~uhhttoral IOne anu the lI1fralittoral

fnnge (Fig. 1J.

The line which i~ uelïned hy the top of the coralline
algae helt 111 the infrahttoral fnnge proviue~ one of the

mo~t preCl~e hlolnuicator~ rclateu to ~ea Incl in that

region. Actually thi~ line. perrcctly hOlï/ontal in the open
protecteu env·ironmenh. I~ ~o weil ul'Iïneu that it l'an he

u~ed to cvaluate the amplItuue of exccptional low tlde
~tanu~ and of ~uuden uplift motion~ produced hy ~el~mic

actlvity. A~ the algae I~ e.\tremcly sensitive to de~icca

tlon. Il may die rapiuly Il' ~uhiecteu to suuuen de~lcC<ltlol1.

eV'en of ~hort uuration (I.e. an hour or ~o. uuring the low
tide hellllcyc1c). The death of the algae i, commonly

accompanied hl' a whitenll1g of the ueau material. The

uecolouration of the algal matenal i~ mo~t prohahly uue
to ~olar rauiatlon effect~ (bleaching) on the ~trollg

pigmentation of the coralline algae. Thus. the de~iccation

of a few l'Cntimetre~ of the upper part of the corailine
algae belt produce~ a white fringe (of the corre~ponuillg

"'luth) that contra~h ~harply with the reuui,h or pink

encru~tment of h\'lng algae immeuiately below.

The con~picuou~white belt of ueau coralline algae that
can be formeu Immeu iate 1y after an upl ift epi~oue.

appear~ in the few uay~ following the ~elsll1ic ev·ent.

and may be vi~ihlc for wce"~. or a few months. Wc u~ed

thl~ hio-lI1uicator to ljUillltlfy uplift motion~ rclateu to the

JO luly. 11)1)5 Ailtofaga~ta carthljua"e. Morcover. wc
addre~~ ~ome of the proh1cm~ in reconstructing thc

amplltuue of thc vertical motlon~.
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FIG. 3. Uniform ,hp model of deformation of the [995 Antofagasta earthquake. calculated from GPS mea,urements, from
Rucgg I!t u/. (1996). The model suggests that the town of Antofagasta was preci'iely. and fortunately. located in the nodal
area which ,eparate, the coseismically uplifted western area from the sub,ident inland region. This interpretation was

assessed by the coralline algae record of deformation of the coastal area.

THE ANTOFAGASTA EARTHQUAKE

The M, 7.3 Antofagasta earthquake which occurred on
July 30, 1995 is the largest event of the last century in
northern Chile. A local permanent seismological network
(ORSTOMIEOPG-Strasbourg/Universidad de Chile) 10
cated the hypocentre at 23°26.7'S, 700 2S.5'W and at a
depth of 36 km below the Cerro Moreno airport of the city
of Antofagasta (Fig. 2). According to the calculated
moment magnitude (Mw S.l) and the distribution of the
aftershocks (Monfret et al., 1995: Delouis et al., in press),
the rupture zone extended over an area of about ISO km
by 70 km. from the norrhern half of Mejil10nes Peninsula
(23° 10'S) southward to Paposo (2YS; Ruegg et al., 1996:
Delouis et al., in press). The earthquake ruptured an area
located in the southernmost portion of an 800 km-long
seismic gap. In the gap, two large earthquakes had
occurred in 1868 and 1877, and produced heavy damage.
Considering its large moment magnitude. the Antofagasta
earthquake was surprisingly harmless, causing three
deaths and little visible damage to the buildings of the
city.

Surface deformation in the surroundings of Antofagasta
and along the coast southward to Paposo was extremely

reduced. In particular. no clear evidence for reactivation
of faulting activily along Ihe numewus rcccni faull scarps
known In the area. Including Mejilloncs Peninsula, the
Atacama Fault Zone. and the coastal strip between El
Cobre and Paposo was found (Ortlieb et al .. 1995a). The
most conspicuous manifestations of co-seismic deforma
tion were limited to gravity slides which occurred along
the unstable coastal cliffs of the northern end of
Antofagasta Bay, and sorne caving-in of loose ground
(road embankment, m-fills in the quays of Antofagasta
harbour). Near Blanco Encalada (24°20'S) sorne circular
structures, with a diameter of several tens of metres,
appeared in stabilised coastal dunes. and suggest sorne
settling phenomena.

As the recurrence for strong earthquakes (Mw>S) in
Northern Chile was evaluated to about 100 years (Comte
and Pardo, 1991 J, and because the last major earthquake
occurred in IS77, the whole area has been subjected, for
the last few years, to a series of geological and
geophysical studies to detect any possible precursor
manifestation of a large earthquake. Thus, for instance,
a geodetic (GPS) survey that encompasses the northern
territory of Chile between 18° and 2SOSand includes
about 50 benchmarks. was initiated in 1991 and



L. Ortlieb et al.: The 1995 Antofaga,ta Earthquake Case 953

remeasured in 1992. Two weeks after the earthquake. the
southernmost portion of the geodetic network. near
Antofagasta, was remeasurcd. Betwccn 1992 and Augu:-.t
1995. a relative westwards horizontal displacement of
about 0.70 m and a subsidence of several decimetres of
the pampa area (east of the Cordillera de la Costa range)
were thus determined with respect to a reference bench
mark located about 100 km east of the coastline (Ruegg et
al.. 1996). The southern tip of Mejillones Peninsula.
where only one benchmark was set, seemed to have been
uplifted by an amount of at least 15 cm. Combined
teleseismic (from very broad band digital records) and
geodetic data were analysed and produced a deformation
model reproduced in Fig. 3 (Ruegg ef al., 1996).

As only three geodetic stations had been previously
(1992) set up in the Antofagasta coastal area (more were
established after the 1995 earthquake). the vertical
component of the modelled deformation was only weakly
constrained (Fig. 2). Fortunately. the dead coralline algae
belt provided independent quantitative data in a series of
coastal localities that contributed to assess the solution
proposed in Fig. 3 (Ruegg ef al., 1996). The presence. or
lack, of a white fringe of coralline algae. and the variation
in width of this feature, along the coast were used, for the
first in Chile, to determine the extension of the uplifted
area and the net amount of coseismic vertical motion
(Ortlieb ef al.. 1995a, b).

THE CORALLINE ALGAE RECORD OF THE
COSEISMIC DEFORMATION IN THE

ANTOFAGASTA AREA

The Stlldy Area

During the survey for evidence of the coseismic. and/or
post-seismic, ground deformation performed in the third
week following the Antofagasta earthquake, we discov
ered at low tide a white fringe that had recently
developed. We were rapidly convinced that the white
belt was produced by local uplift motions, and not by
sorne regional oceanographie phenomenon, like a parti
cularly low tide, because there was a strong variation of
the width of the belt along the Antofagasta embayment.
The fact that along the coastline the belt width was
progressively decreasing, or increasing, in sorne parts of
the bay, and that it was practically nil in other parts,
strongly suggested that irregular land/sea relative motions
had recently occurred. The attribution of these motions to
localised coastal uplift was the most logical interpreta
tion. Interestingly, the gradients of increasing and
decreasing values of the belt width along the coast varied
from one area to the other within Antofagasta Bay and
along the southern tip of Mejillones Peninsula. This
pattern seemed to be compatible with tectonic motions
related, in sorne cases, to block faulting and tilting.

The survey of the white belt that corresponded to the area
of dead crustose coralline algae, located in the sublittoral
fringe, needed to be performed precisely during the low
tide maximum. Thus. the study and measurement of the
dead algal belt was possible only during short spans every

day. The total coastaJ area that was surveyed measured
more than 250 km, between Mejillones (23°S) and Paposo
(25"S; Fig. 2). A more detalled :-.tudy concerned the area
limited by Punta Coloso, at the southern extremity of the
Antofagasta Bay. and Herradura de Mejillones Bay. on the
northwestern coast of Mejillones Peninsula. Within this
area. some coastal sectors which could not be reached hy
land were not visited. Most of the area studied with detail is
rocky and thus was potentially interesting. Actually. it was
confirmed that the coralline algae are weil represented.
albeit in varying abundance. ail along the rocky coastlincs.
with only one major exception: within about 3 km north and
south of the mining installation of El Cobre (24°15'S).
Another stretch of the coast without coralline algae
coatings is the northern Antofagasta Bay because the rocky
shores are replaced there by sandy beaches. Finally. the
area for which precise information was gathered covered a
total of 70 km within the embayment and in the western
coast of Mejillones Peninsula. Between El Cobre and
Paposo. the survey of the coastline was negative (coralline
algae were present but did not suffer any whitening) except
for one single locality. on the southern side of Punta
Tragagente (24°28'S). At that locality. a IOCIll wide belt of
dead algae was measured along a very small sector (a few
hundred metres long), while the maximum uplift recorded
at about 1.5 km to the north and to the south of Punta
Tragagente was less than 2 cm.

Measllrement Methodology

The goal of the survey was to determine the amount of
uplift indicated by the dead coralline algae a short time
after the earthquake. No precise previous study had been
dedicated to the position of the uppermost limit of the
algae in distinct localities of the area. Thus, no absolute
measurement. with respect to some reference datum (e.g.
mean sea level) could be done, and that the approach was
necessarily empirical. Il was assumed that the difference
in vertical height between the top of the living coralline
algae encrustment and the top of the former upper limit (a
few weeks before) of the encrustment, on the same
transect, represented the amount of the coseismic uplift.

In many localities, the determination of the height, or
width, of the white belt was straightforward and yielded a
value which was relatively constant for hundreds of
metres, or kilometres. Alternati vely, in other stretches of
the coastline, the values might increase (decrease), more
or less continuously, laterally along the shoreline. But in
some spots of the localities visited, the fringe exceeded
30% of the width measured in the close vicinity. These
variations within a few metres, or a few tens of metres,
along the coastline. were mostly due to the degree of
exposure to strong waves, and to the effect of splash
within the locality. They were commonly related to
differences in the orientation of the coast and to variations
in the microtopography of the area. These variations of
belt width raised more important prob1ems in terms of the
accuracy of the evaluation of uplift amount than the
precision of the measurements itself.
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The wHlth of the ueau algae hell wa, measureu wilh a

tape ulspo,eu v'ertically, ln mo\t 10calIlie" the precisHlI1
of the mea,uremcnt wa\ of the oruer of 1 cm (Fig, ..J.A anu

..J.B), The ca,e\ m which the accuracy 01' the measure
menh po,eu \ome prohlcm, WL'rc tho,e conceilling thc

areas of ,malle,l uplirt (Ic" than a kw cm) anu where the
ucau algal bell wa\ thlll anu ui,continuous, ln a kw ca,e,

(notably at Antofaga,ta. or immeuiately 10 the ,outh 01'

the lown) the uni)' e\ iuence of uplirt con\I'teu in an

alignment of \nwll while patche" ln the,e ca,e" lhe
upper limit of lhe curalline algae wa, not weil uefineu by
an horizontal leveL anu enued upward by a ,enes of

isolateu ,mail penche"~ that ev'entually whlteneu after the

earthquake.
Tu re,olve the problem, po,ed by dlfference, within

,hort distances of the wiuth of the ueau algae bell, we

tried to establish a ,erie, of criteria, lhat would provide

the 1Il0st repre,entati ve and accurate evaluation of the

local uplift of the land,
One of the,e criteria wa\ the parallelism of thc upper

anu lower limih of the whlle belt of ueau ,tlgac. The
inclination of the lower anu/or upper limit, uf lhe helL

wlth re,pect to the honzontal plane, inuicateu lhat waye

motion\ were \trong enough 10 ui,place upwaru the

extcn,lon of the coralline algae hell, within lhe inlertlual
,,"one (Fig, 1), ln the\e ca\e\, the wluth of lhe white hell

prov lueu an alllplltïeu ev'aluation of the relative vertical

motIon. The paralleli,m of the white helt limih wa,
nonnally oh\erveu in area, of agitateu water\ (for an

optilllai ucvelopmcnt of the algac) but with limiteu wave
,pla,h (at low tlde), Such conuiUolh v,ere LNlally met in

protecteu \mall re-entranh, or micro-cm'es, that remaineu

linked wlth the open ocean even at the lowest tiue Icvcl.

An extreme opposite ,ituation i, that of vertical clin"
heaten by permanently ,trang waves (eyen on calm uays),

in which the upper limlt of liv'ing coralline algae may be

observeu at up to 1 or 2 m above the mean low lide line
(Fig.51.

Another u,etul cntena tOI' the repre\entatlv'lty ot the

measuremenh wa\ the coinciuence between values
uetermineu on vertical microcliffs (Fig, ..J.A) anu upon

'uormant' houluer, commonly founu m the mfralittoral

fringe ([hat hau not been moved b)' the waves since the
earthquake occurrence),

When, in a given locality, vanatlon of the belt-wiuth

W,I' large il appeared that the be,t e\tllllate ul' upllft wa,

near lhe lowesl value, ubtallleu, The highesl values

corresponueu tu area\ of relallv'ely ,tronger waves, anu
thus were ulScarueu The luwe,t measLireu values were

sometimes uue to the fact that ,ume thresholu separateu the

open ocean l'rom the mea,ureu spoL 111 \uch a way that the
mea\ureu belt v\luth unuere,timateu the amplituue of the

reconstructed vertical motion, ln every locality, it was

nece"ary to locate the area, Icast affecteu by non-tectonic
local effecl, lhat were ,u,ceptible to either amplify or

uiminish the evaluatlon of the coseismic uplift. This coulu

not he uetermined on the ba,1S of a mean value of several
measuremenh of the helght of the white helt. unless the

measureu values (within a few metre" or ten, of melres of
coastline) were uiffering by le" than about SC;"

RemUs and Interpretation

The measureu wiuth of lhe ueau coralline algal helt lhat

was formeu in a senes of vlsHeu localilies is inuicateu in

Fig. 6. Two calegories of measureu values are uistm
gLiisheu: lho,e satisfying lhe ahove mentioneu qualily

cntena, anu those which although of lower qualily are the

only evaluallOns poS'ihle of the amplituue 01' the belL The
lalter categui y incluucs localities where lhe ob\ervation,

coulu not he completeu ,ati,factonly due to difflculty of

acceS', area\ e'\po\eu to slrong waves, mea,urements
made before or after the low tiue maximum, or tho,e

where the (former. and/or new) upper limit of the

coralline algae zone wa, not neatly detïned,

The \urve)' of the distribution and width of the white

fringe of coralline algae showed that the vertical motions
caused by the 1995 Antofagasta earthquake were limited to

an area between the northern Mejillones Pemnsula and the

southern extremity of the Bay of Antofagasta. The

impo"ibility 01' acce\Smg the coastlme south of Punta
Coloso !cft ,ome doubh regarding the extensiou towaru

the soulh 01' the upll fteu area. A coastal road coulu be useu
bctween Caleta El Cobre (2..J. lO'S) anu Paposo (25'S), At

Caleta El Cobre, coppel' mining activities seem lo have

elllTIlnateu the coralline algae in the infraliltoral mne, so

lhat no recoru was po"ible, But at a few kilomelres south
of Caleta El Cobre, wheu the crustose algae are pre,ent in
the Infraliltoral fringe. no white helt W,I, ohseryeu, ft i,

concluueu that the area wa, nol uplifteu co,elSmlcally, The
\ame situatiou (liv'ing coralline algae without white fnnge)

wa, observeu southward, ail along the coast. with the

C\.ception of one localit)', Punta Tragagente, where a belt

measunng up to 10 cm was observeu, This area might have

e>..perienced a localiseu tectonic motion, unlike the CO,bt to
the north and ,outh, At PapŒo, coralline algae are

common but no indIcation of de\ICGltion of the upper limit

of the algal crust was noticeu.
Nc,lr PUllla tull)\u. a Iclaliv'ely 'slccp' grauicllt of

upllft motion, v\a, uocumenteu. In a short ulstance, the

dead algal belt mcreaseu from less than 5 cm 10 about 2S
cm (El Lenguauo). It coulu not be ueteflllined whether the

mUlcateu ueformation retlecteu a local tectonic effect
Imkeu, for instance, 10 a lriggereu slip on a small fault.

Alternatively. it may rellecl the fact that the coastline IS

locally trenulllg ENE-WSW, insteau of roughly N-S hke

further north, along the city of Anlofagasla, anu that the

ENE-WSW uireclion woulu be that 01' the steeper

grauient of the ucl'ormation pattern in th al area.
Along the eastelll shore of Antofagasta Bay, lhe

coralline algae are ,1' ahunuant in the infralittoral fringe

th,m el\ewhere, but no continuous, well-uctïneu, white

belt of ue,iccateu algae wa, ob,erveu, Only a rather

ui,continuou, narrow fringe or Isolated small patches of
white deau algae were vi,ible along the shoreline,

between the mouth of Quebrada El Way and La Chimba.

These data suggest that the uplift motions in the area were

less than S cm, anu locally le" than 2 cm, along a 3S km

long stretch of coast 1ine.
At the north-we,ternmost enu of Antofagasta Bay, at

La Rinconaua, an Irregular belt anu aligneu white patches
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Variation of width [in metresJ of the white fringe of dead coralline algae according to the degree of
wave exposition, near Punta Tetas, southwestern tip of Mejillones peninsula

1.0 0.8 1.5

t t Swell t

D
Dend coralline
algae fringe
[variable wKlth)

living coralline
algae coating

Area withoul
coralline algae

E3 Mean high tide I9vel Lowest low tide level

FIG. 5. Sketch of lhe venic<ll 7.Onalion of the cleacl ;lI\d living eoralline <llgae al the \oulh-\Ves[ernmO~1 encl of MeJillones Peninsula (near
Punta Teta~). in the local il. y where W<lve aClivity i~ vcry strong. Nole the variation in height of the upper limit of the cruslose algae coaling
which may even reaeh the meJn high tiue level. In this localily (,ee also Figs 6 ancl7A) was med~ureu inlhe protectecl part orthe coastline.

not the 10 or 1.5 m values obsen·eu in the nlOl'e expo~eu areas.

of desiccated coralline algae appcared in lhe infralittoral
Iringe. At mosL the width of the irregular white bell
measured between 5 and 8 cm. In that locality the uplirt
motion was probably less than 5 cm. Southward l'rom I.a
Rinconada. several localities were visited and showed
inereasing values of a much better dctJned bdl. At Playa
Los Metales, the village of Juan Lopez, and Punta Jorge
(the southernmost point of Mejillones Peninsula, Fig. 6),
the belt measured. respective!y, 20, 25 and 31 cm
(fig. 4A). The reconstructed deformation pattern along
this N E-SSW oriented coastal . tretch clearly indicates
an increasing differential uplift toward the southern lir of
Mcjillotll:s PCnill\ld<\. Tlti~ co<\\tal stretch i' palll
cQntrulleu by a major. Idt-Ialeral normal. l'ault lhat has
been active during the Quaternary (Okada, 1971; Arillijo

o
00

and Thiele, 1990; Ortlieb d ul., 1995b, [996a, b), but no
indication of any trjggered slip was observed, neither
along the coast nor in!and, to the nonh of La Rinconada.
Funhermore, the vertical distribution of the Middle and
Late Pleistocene marine tell'aces of the area indicates that,
at least on the long term, greater uplift of the western
faultecl block occurrecl north of La Rinconada, and that
the southern tip of the peninsula had been uplifted less.
Wc conclude that the recorded deformation of the
northwestern shores of Antofagasta Bay was Qot caused
by slip on the La Rinconada fault, but, rather, is due
entirely to coseismic slip of the main lhrust plain.

Th' southcrn ',-trcmit (lI' Mcjillonc\ Pcninsula.
bctwccn Punta Jorge ,II LI PUI ta Tetas, 15 oJ dtllicull
access, and coulcl be visited only briefly in the weeks

FIG 6. Reconslruction or the co~eismic uplifl motion assüciateu with the July :10. 1995 Antofagast~ eanhquake as recorc!ecl in the
inlcrtiual I.one. between 2:1 ,mu 25"5, through the width 01' the ueacl co['alline ~Igae l'rillge. Regions without clata are inc!iC<ltcu in blue.

MJximum uplift was l'ecol'ueu al the soulh-eastcrnlllost eXlrernity or Mejillone~ Peninsula.
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following the 1995 earthquake. To the northwest of Punta
Tetas, a wide fringe of dead algae was observed, and a
rough evaluation of about 40 cm was made (from the
distance). Only in the last week of December 1995, was it
possible to make more thorough observations in the area,
specifical1y in the northern part of the large bay to the east
of Punta Tetas. Remnants of the white fringe produced by
the 30 July, 1995 earthquake were still visible, and
measured 80 cm (fig. 7). This in situ measurement is 50
100% higher than the preliminary data previously
reported (Ortlieb et al., 1995a, b). The location of the
bay at the southwestern tip of the peninsula, and its
orientation toward the south, enhance its exposure to high
waves and thus explains the vertical zonation of the
intertidal area is greatly expanded upward (Fig. 5). The
infralittoral fringe and coral1ine algae encrustment there,
are wider than in the rest of the Antofagasta area. These
considerations cast sorne doubt upon the precision of the
estimated amplitude of the uplift indicated by the
(formerly) white fringe of dead algae. However, the 80
cm value may not be exaggerated, for it is supported by
the observation of former belts of dead ascidian P,
praeputia/is now located 1 m above the top of the
infralittoral fringe (i.e. the top of the encrusted living
coral1ine algae; Fig 7A). This is the only locality where
the ascidians did not survive the consequences of the
coseismic uplift, probably because there was substantial1y
larger uplift in that area. Il must be mentioned that during
the December 1995 survey, another, much more recent,
white belt of dead algae was present in the infralittoral
fringe (Fig. 7). That newly formed white belt, which
measured sorne 10-12 cm, is tentatively assigned to a
smal1 uplift episode that would have occurred shortly(?)
before the third week of December. At the end of
December, no other locality showed any newly developed
white fringe, so that it is inferred that no regional
oceanographic phenomenon was involved in the process.
However, as the permanent siesmological network did not
register any significant event in November or December
(T. Montfret, pers, commun., 1996), the formation of the
new smal1 white fringe in the Punta Tetas area cannot be
correlated to any precise aftershock, and is perhaps the
slow response of movement on a local independent block.

ln western Meji1lones Peninsula, wel1 exposed to
oceanic swel1, the infralittoral fringe is often covered
with large kelp (L. nigrescens) but coralline algae are also
present. The southern half of this coastal stretch
manifested a practically continuous belt of dead coral1ine
algae, with a width varying between 20 and 45 cm. From
Caleta Bandurrias deI Sur (23°20'S) northward, there is
no access to the coast (high, heavily beaten, seacliffs
which cannot be reached easily by sea or from inland),
until the Bay of Herradura de Mejillones. In the last
locality, on the western side of the bay, the only evidence
of a recent vertical motion were discontinuous remnants
of a narrow light pink (not quite white) fringe of about 5
cm width. We suggest that the bay was located at the
northern limit of the coseismically deformed region, Near
Mejil10nes (El Rincon), and further to the north (Chacaya,

Hornitos), no evidence of uplifted coralline algae were
found.

Figure 6 synthesises the distribution of uplift estimated
from the dead coral1ine algae belt. We emphasise that the
plotted values do not simply correspond to the measured
width of the white belt in al1 the localities, but are
restricted to the data that may best represent the vertical
changes. In many localities wider bands of dead crustose
algae were observed but they corresponded to areas struck
by the waves that could not provide useful data (Fig. 5).

Dislocation theory offers useful models to explain
surface deformation. Uniform slip faults embedded in an
elastic halfspace, such as that proposed by Ruegg et al.
(1995), or variable slip models, being preliminary
examined, can reproduce the observed vertical changes
(as weil as horizontal GPS data) fairly weIL Because we
are mainly concerned with the coastal changes, and not on
the model1ing aspects of the data, we shal1 only brietly
discuss the fault characteristics. Figure 8 shows the
expected elevation change due to a fault that extends
nearly 150 km long (north-south) by 80 km wide with
maximum fault displacement of about 7 m (offshore
Caleta El Cobre), where the largest moment release has
been detected by teleseismic waveform model1ing (Ruegg
et al., 1995). The dip of the fault is 19°E, corresponding
to the dip of the Wadati-Benioff zone, defined by the
aftershocks located by the local network (Monfret et al ..
1995). Slip direction on the fault is assumed to be the
same as the convergence direction between the Nazca and
South American plates.

The maximum vertical displacement (1.8 m) occurring
offshore, Caleta El Cobre, is responsible for the smal1
tsunami observed along the coast. (1.6 m of upward
movement recorded by the mareograph located in the port
of Antofagasta.) Along the coast, the model predicts
almost no uplift except in the southern portion of
Mejil10nes Peninsula, reaching more than half a meter
of uplift in its southwestern end. The total moment of this
model reaches 2 x 1021 Nm, equivalent to a magnitude
Mw 8.2, one tenth higher than previous estimates from
long period seismic waves and geodetic observations
(Ruegg et al., 1995), and almost 1° higher than the
magnitude estimated with surface waves at shorter
periods. This discrepancy is retlecting large t'ault
displacements with low frequencies or, in other words,
a significant behavior as a slow earthquake.

CONCLUSIONS

Common pink-coloured coralline algae coyer the
infralittoral fringe and the infralittoral zone along the
rocky shorelines of northern Chile, and of Antofagasta
area in particular. The upper limit of extension of these
algae may be defined as the line below which no drying
up occurs ever, even during the Jowest tides. Desiccation
and exposure to natural UV radiation, produce immedi
ately the death and subsequent whitening of these algae.

The 30 July, 1995 the Antofagasta earthquake was
accompanied by coastal uplift motions that could be
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FIG. 7. Near the southwcstcrnmost extrelllity of the j\rJejillones Peninsula, was observed the highest wiclth of the deacl algal
fringe (80 cm) produced by the 30 July earthquake, and also eviclencc for a second small (la cm) local uplift motion that
occuITed before lllidO) Deccmber 1995. (A) Remnants of the posl-July 1995 fringc of dead algae are visible l'rom the base of
the 1 m scalc up ta 20 cm below the top of scale. The top of lhe formcr upper limil of the crustosc algae coating is figured by
a 20 cm high fringe of ascidians l'?YlIro proepliliolis), like in Fig. 4E and 4F. Beluw the scale, a conspicuous, more rcc 'nlly
fOl'rned whitc rringe of 10-12 cm width was observcd at the end of December 1995 This sccondary fealure depicts a new
uplirt episode of minor amplitude (8) 2 km SW l'rom the loeality of 7A, in south-wcstcrnmost j\rJcjillones Peninsula,
boulders in the infralittoral fringe (photograph taken al low tide) also registered the secondary la cm uplift in December

1995
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FIG 8 Expected elevation change (contours in m) associated with the July 30, 1995 Antofagasta earthguake. These values
are based on a variable fault slip model derived from the study of the coralline algae fringe and geodetic (GPS) observations.
The njl elevation change l'Uns parallel to the coast south of Antofagasta. The deformation is limited to the area between

MejilJones and Paposo.

recorded by these algae. A white belt formed by the rapid
death of the algae appeared at low tide in the study area,
and was visible during the following weeks and months.
This belt of varying width along Antofagasta Bay and
around Mejillones Peninsula was assumed to depict the
area of the infralittoral fringe that had been uplifted.
Through a cautious study of a series of localities, it was
shown that this was true in relatively protected areas, but
that in the more exposed coastal stretches some particular
requisites were necessary to determine the amplitude of
the coseismic uplift.

Providing that in every locality, the most representative

value of the belt width was selected (and not the mean, or
the largest or smallest measured value), the dead coralline
algae fringe effecti vely provided the best avai lable
evaluation of the positive vertical motion suffered by
the coastal area during the Antofagasta emthquake.

Through a monitoring of the vertical position of the
base of the dead algal belt (i.e. the upper limit of the
presently living coralline algae) in a number of studied
localities, we expect to determine in the future whether
some areas will subside or, on the contrary, be more
uplifted. [n some localities, Iike the area of Punta Coloso,
marine terrace data strongly suggest that no significant



960 Quaternary Science ReI'iews: Volume 15

long term vertical uplift motion occurred in the course of
the last 125,000 years (Ortlieb et al., 1993, 1995b), so that
il would be possible that sorne compensatory subsidence
happened after the 1995 earthquake. Though, one year
after the Antofagasta earthquake, no subsequent vertical
motion, in either direction, was registered in the Coloso
area (Fig. 4E and 4F). In another locality, at the southern
tip of Mejillones Peninsula, a 10 cm secondary uplift that
probably occurred in early December 1995 that was
observed, but could not be related to any single seismic
event. Finally in the case that no further vertical motions
occur, the periodic photographie control set up in sorne
localities should be useful to study the biological
colonisation and reorganisation of the sublittoral zone,
immediately above the new infralittoral fringe.
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