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PREFACE

DAVID B. SCOTT* and LUC ORTLIEB}
*IGCP 367 Project Leader, Halifax, Canada

tConference Organizer, ORSTOM, Antofagasta, Chile

This double issue represents a cross-section of papers
presented at the Second Annual Meeting of the IGCP
(International Geological Correlation Program) Project
367-Late Quaternary coastal records of rapid change:
application to present and future conditions, held in the
spectacular setting of northern Chile in the city of
Antofagasta. Besides the symposium, there were field
trips to many of the places discussed in the lectures
showing incredibie exposures of coseismic uplift, tsunami
deposits, and mudslides, to name a few. Just to emphasize
that this area is one of rapid change, there was a 7.1
magnitude earthquake 3 months before the meeting that
caused only a few casualties, relative to its magnitude (Hs
7.3, Mw 8.1). As a major earthquake was expected in the
seismic gap of Northern Chile, a series of geophysical and
geological studies have been carried out in recent years
and were, of course, intensified immediately after the
Antofagasta earthquake. Among the visible effects of the
earthquake was a limited uplift of parts of Antofagasta
Bay, that was evidenced by the apparition of a bright
fringe of dead corraline algae in the intertidal area of the
rocky shores. The biological evidence was useful to
constrain the deformation models proposed by the
seismologists and researchers that had monitored the area
with GPS techniques.

The field trips were led by both local scientists (L.
Ortlieb, S. Barrientos, G. Chong, D. Lazo, J. E. Novoa, G.
Vargas and N. Guzman) and foreign scientists (R.
Paskoff, J. Goy, C. Zazo, C. Hillaire-Marcel, U. Radtke,
E. M. Leonard and J. Wehmiller). The Atacama Desert is
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the driest place on Earth and the Quaternary exposures
were preserved in pristine condition.

Of course, IGCP Project 367 deals with other aspects of
coastal change in addition to tectonic, and this double
issuc trics to capturc scnsc of all of thcin. We have
divided the volume into four sections: (1) rapid shoreline
change and geomorphological responses, with eight
papers mostly concerning European coastal responses to
factors such as Holocene relative sea-level rise, tectonics
and changes in sediment supply, and also Pleistocene
coastal evolution along the Pacific and Atlantic sides of
South America; (2) climate and sea level, with three
papers discussing carbon storage on former continental
land masses. palaeontological evidence for warmer
climatic conditions during Oxygen Isotope Stage 11,
and a climatic link with a later Holocene climatic
oscillation; (3) tides and human influences, with two
papers, one on tidal models around the U.K. and the other
discussing human impacts on the coast of Taiwan; and (4)
seismic events recorded in coastlines, with four papers
including one on Northern Chile, one on a recent tsunami
deposit in Java, one on marsh stratigraphy from the west
coast of Canada, and one on a 10,000-year-old tsunami in
Sweden. The number of papers presented at the
conference amounted to 59 and can be consulted in the
abstract volume edited for the meeting.

We would like to take this opportunity to thank all the
participants from over 20 countries, and particularly all
the Chilean colleagues and students who were instru-
mental in making this a successful conference. Also we
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thank IGCP (sponsored by International Union of
Geosciences and UNESCO) and all the IGCP National
Committees who helped defray some of the travel costs
for many participants. Other academic institutions that
took an important part in organisation of the meeting were
ORSTOM (Institute Frangais de Recherche Scientifique
pour le Development en Cooperation), Universidad de
Antofagasta., Universidad de Chile, Universidad Arturo

Piat (Iquique), Universidad Catlica del Norte, Universi-
dad La Serena, CONICYT (Consejo Nacional de Ciencia
y Technologa, Chile) and Dalhousie University. Finally it
must be mentioned that the Quaternary shorelines and
Neotectonics Commissions of INQUA provided their
auspices. Also we wish to thank the many reviewers we
enlisted to review the manuscripts; reviewers are included
in the list at the end of this year’s volume.
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EVIDENCE FOR SHORT TERM RETREAT OF THE BARRIER SHORELINES

J. PAUL BARUSSEAU,* EMILE AKOUANGO,* MARILINE BA,T CYR DESCAMPS*

and ANTOINE GOLF:

*.S.G.M., URA 715, Université de Perpignan, 66860 Perpignan, France
tDépartement de Géologie, Université Cheikh Anta Diop, Dakar-Fann, Sénégal

120, rue de la Liberté, 34340 Marseillan, France

Abstract — In many places on the present shoreface, offshore bar or beach sands with a sharp-basal
contact overlie thin-bedded fine sands and muds. Ancient analogues are commonly interpreted as
lowstand shoreface deposits lying on an erosional surface cut into the shelf during a relative sea-
level fall. New observations may challenge this interpretation by providing evidence that such
sequences develop during a recent shoreline retreat under highstand conditions without any
significant change in sea level.

Two examples of such a superimposition are provided by wave-dominated clastic shorefaces in
the microtidal environment from the Senegal coast (Saloum delta, Sangomar spit) and in a non-tidal
environment on the French Mediterranean coast in the Gulf of Lions.

In the Saloum, a littoral cross-section across the Sangomar beach barrier shows a dune sand
deposit overlying a man-made shell accumulation, dated 600 BP, and a layer of green muds formed
in a lagoon at the back of an ancient beach barrier whose remnants are dated 3150 BP. The retreat of
this ancient beach barrier is demonstrated by mapping the former offshore extension of a littoral
sand unit which is defined clearly in the region by a grain-size signature. Other observations in the
region of the Saloum delta give evidence of the widespread occurrence of coastal recession along
the whole Sangomar sedimentary spit.

In the Gulf of Lions, vibrocores were used to sample the beach and the shoreface of the Thau
lagoon lido. The geological record of recent and present sedimentation exhibits varied littoral sands
overlying ancient deposits of fine muddy sand and, at the very bottom of the sections, shoreface
sands including fragments of beachrock. Radiocarbon datings give ages of 2050-6700 BP for the
underlying muddy fine sand which has been interpreted as a lagoonal deposit enriched in organic
matter, typical of lagoon environments in the region. An evolution similar to that proposed for the
Sangomar region is supported by additional evidences of a very recent (soie centuries) landward
displacement of the beach barrier. Lines of wrecks of different ages are observed along this part of
the Gulf of Lions, showing that the shoal determined by the offshore bars has migrated successively
landwards as the littoral sedimentary prism has receded. Copyright © 1996 Elsevier Science Ltd

QSR

INTRODUCTION

The direct superimposition of a modern beach barrier—
shoreface sand sequence on an older fine-grained deposit
is frequently observed in microtidal or non-tidal environ-
ments as a consequence of widely spread erosion in
present times (Koster, 1995).

In the geological record. such superimpositions have
been considered to result from either lowstand shoreface
deposits lying on an erosional surface, cut into the inner
shelf fine sediments during a relative sea level fall,
or progradational beach barrier sequences during a
highstand phase. Plint (1988) described an offshore bar
sequence in the Cardium Formation of Alberta (Tur-
onian) in terms of the first model. Here the sharp-based
shoreface sequence, made of a relatively thin sand body
with swaley cross-stratification, breaker bar cross-bed-
ding and beach lamination, lies upon bioturbated
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mudstone and sandstone. Plint demonstrates that after
an episode of stable relative sea level forming a normal
gradational-based shoreface sequence, a fall of relative
sea level caused: (1) a scouring of inner shelf fine
sediments by fair-weather waves; and (2) deposition
of a coarse upper shoreface sand sequence super-
imposed on the older fine shelf sequence. The second
scenario was employed by Gagan er al. (1994) who
described a mid- to late Holocene highstand formation
of a series of beach ridges in an embayment located
landward of the central Great Barrier Reef. The basal
contact of the beach barrier is sharp and overlies thinly
bedded and laminated, micaceous muddy sand fining
downward to sandy mud, interpreted as upper and lower
shoreface deposits respectively. According to Gagan
et al. (1994), beach ridge progradation occurred when
sea level was at (or very close to) its present
position.
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Observations reported here. made in two other modern
environments, provide an alternative explanation of such
superimpositions. Our model corresponds to the devel-
opment of a shoreface sequence. under conditions of a
coastal retreat, during a highstand phase without any
significant change in sea level.

PRESENTATION OF THE STUDIED AREAS

The results presented here come from two regions
(Fig. 1). The Senegal coastline, south of Dakar, is a
tectonically stable area. This sandy coast ends with a long
sand spit (Sangomar spit) which deflects the lower reach
of the Saloum river. The Saloum delta formation was
studied previously (Ausseil-Badie et al., 1991). The
sensitivity of spit formation and location changes was
interpreted as a response to small climatic and sedimen-
tological variations. A recent major change in the spit
morphology (Barusseau and Radakovitch, 1996), in
February 1987 resulted from the exceptional conjunction
of a gale and a short-lived period of high sea level in the
tropical Atlantic Ocean (Verstraete, 1986) within the
general context of sediment starvation of the coastline in
recent times (Barusseau, 1980). The beach and shoreface
morphology includes a steep and monotonous slope down
to 3—4 m below sea level. The tidal regime on this part of
the Senegal coast is microtidal.

The second region studied is the beach barrier (lido) of
a lagoon on the north coast of the Gulf of Lions
(Northwestern Mediterranean). The area is considered to
be tectonically stable in the upper Quaternary; the

argument of epirogenic activity is not convincing since
the Thau lagoon is largely out of the possible subsiding
area of the Rhone delta (L'Homer et «l., 1981). In this
region. the oceanographic regime is mainly dominated by
the wave action since the tidal range is very small (lower
than 0.15 m, Barusseau et al., 1994). High frequency sea
level fluctuations are only determined by the meteor-
ological situation (pressure and wind stress) characterized
by two patterns: one created by winds having a net
offshore component (from the north and the northwest)
and the other one by winds having a net onshore
component (from the east and the southeast). In the first
case, the wind driven surface transport in the cross-shore
direction produces a set-down of the mean surface level
over the entire shoreface (Niedoroda er «l., 1985), the
reverse occurring with opposite wind directions. The
Jongshore sediment transport is low (Anonymous, 1984).
The normal profile is more irregular than on the Senegal
coast with one or two well-developed offshore bars
parallel to the coast line. The crest of the outermost one is
between 2.5 and 4 m deep. In fact. the offshore bars
constitute a distinctive element of a very well defined
sedimentary prism (Ausseil-Badie, 1978) comprising,
from the coastal environment to the inner shelf region
(Fig. 2): a lagoonal sequence (as far as a lagoon exists), a
beach barrier (dune and beach), an offshore bar system
(Barusseau and Saint-Guily. 1981). and a thin veneer of
nearshore sands grading to midshelf muds (Jago and
Barusseau. 1981). As is the case in the Rhone delta
(Aloisi, 1986), a similar complex of units was laid down
in the Gulf of Lions each time the sea level was stabilized.
Early Holocene sedimentary prisms, at 50-60 m and 30—

SENEGAL

200 m 15km_ | ; B
\/ ‘ T Sangomar spit SPRIN - ¢ m

Thau
lagoon

Hérauit Riv.

Rgly Riv. Mediterranean Sea

Tét Riv.

Tech Riv.

Cap Béar

[FIG 1. Location of the studied arcas (A) Scnegal coast; the heavy arrow shows the position of the cross-section in the study
area (B) Gulf of lions coast; the heavy arrow shows the position of cores in the study area.
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FIG. 2. Idealized sketch of the sedimentary prism in the gulf of Lions.

35 m below the present sea level, formed around 10,000
and 8000 BP. respectively. Since a complete sedimentary
unit is built when sea level remains fixed at a given level,
it follows that the sedimentary prism as a whole, may be
considered as an indicator of the relative sea level
position.

Both of the regions studied are presently experiencing
coastal erosion requiring. in the urban zones, an extensive
use of protective structures and dynamic protections
(groynes. breakwaters and beach nourishment).

METHODS

A general description of the distribution of surface
sediment in both regions was based on usual sedimento-
logical techniques. Material recovery was made by
dredging in the Senegal region and coring in both the
Mediteranean and the Senegal coastal zone. In the Thau
lagoon region, the shoreface sediments were vibrocored
using a small vibrocorer designed by Amaury de
Resseguier at the University of Bordeaux. Grain-size
analysis of the sediments were performed by dry sieving.
Data after sieve mesh correction were obtained by a
modal grain-size analysis (Barusseau, 1973) including:
inventory of the modal values of all the unimodal and
polymodal sediments, frequency analysis of the modal
values, and definition of the modal populations. Each
modal population is considered as a sedimentary type, the
mapping of which may be made taking into account the
proportion of each type in the sediment when mixed with
other sedimentary type(s). Description of cores and
vibrocores was made visually. Radiocarbon datings were
obtained through Beta Analytic Inc. and reported as
conventional radiocarbon ages with no local reservoir
correction for the shell samples.

In the Gulf of Lions, archaeological archives were
exploited and the information interpreted from a mor-
phological and bathymetric point of view. All morpho-
logical operations were carried out according to the
procedure described in Barusseau et al. (1994): shorter
baselines (500 m) were established and marked on the
coast for 11 profiles regularly spaced out (50 m). They
were usually monitored using a Geodimeter-140 electro-
nic tachymeter fitted with an electro-optical range finder
for both the subaerial beach and the nearshore zone.

Depth measurements were taken by using a Fuso
fathometer aboard a Zodiac boat with an accuracy of
+15 cm.

RESULTS
The Senegal Region

On the coastal zone south of Dakar, the modal grain-
size analysis showed the existence of 5 sedimentary types
(Barusseau et «l.. 1983). The nearshore sediments belong
to the fine sand population (type Il with modal values M
between 105 and 175 microns). It is a well-sorted
sediment (Fig. 3) extensively distributed in the whole
inner shelf (Barusseau et al., 1988) as a palaeo-shoreline
marker (Fig. 4). Near the long Sangomar spit, it is worth
noting that the type Il sand extends beyond the 5 m depth
contour. The type III (175<M>500 microns) is closely
associated to the type Il and represents the sand facies of
the beach environment.

A typical cross-section of the beach and shoreface
sequence, from the marine flank of the Sangomar beach
barrier, gives a lithological succession showing the
occurrence of a fine green mud flat deposit below the
beach barrier sand (Fig. 5). The sharp contact between
both facies exhibits no erosional marks (for instance mud
pebbles reworked into the lower part of the sand layer).
The muddy deposit which has been observed in many
parts of the coastal zone in the Saloum delta (Djiffere,
Niodior) is 0.4—1 m thick, contains small plant debris and
rests on a type III medium sand containing Anadara
senilis (-310/-320 cm) and finely broken shell fragments
below (-320/-410 cm). The clay mineral association
within the fine layer is characterized by a rather high
micaceous clay—kaolinite ratio. Smectite, present in
confined environments, is not registered here. The
microfaunal assemblage is dominated by Ammonia
tepida, Ammonia parkinsoniana and Elphidium
poevanum. Ammonia beccarii and Trochammina inflata,
frequently present in the fine sediments of the delta area,
are completely absent here. The section is topped by a
small shell-midden layer overlain by a recent dune sand.
This part of the section was formerly studied (Ausseil-
Badie et al., 1991) showing a recent human settlement
(600 BP) interrupted by a more recent climatic change
(Barusseau. 1986). Dates for the lower part of the section
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give an age of 1180 BP for the fine sediment layer and
3150 BP tor the Anadara layer.

The Gulf of Lions

Six vibrocores were located on the upper foreshore
(beachface) of the lagoon lido, the bar crests (Crxe and
Crxi) and in the intermediate troughs (Crte and Crti). Two
of them are presented in Fig. 6 but all exhibit the same
superimposition of beach sand over a fine sediment layer,
5-35 cm thick, itself overlying a basal sand with littoral
sandstone debris or cementations. This sequence is very
common in most of the lagoons of the Gulf of Lions and
generally corresponds to a back barrier sequence (Martin
et al., 1981). For instance, in the Canet lagoon, a small
lagoonal body in the southern part of the Gulf, silt and
mud infilling formed during the time interval of the final
Atlantic, the Subboreal and the Subatlantic phases. The
corresponding silt and mud layers are clearly interfin-
gered on the seaward face of the lagoon with the lido
sands. '*C datings obtained on the fine sediment of the
Thau lido, ranging from 2050+60 BP to 6700+70 BP, are
consistant with these results. The pollen assemblage

Dakar.

recovered in this layer, although poor in taxa (Chenopo-
didcaea and Composacueud), gives a coastal Mediterra-
nean signature (G. Cambon, in litteris). As for the Senegal
coast, altimetric measurements give the same values for
the fossil fine sediments just outside the beach barrier and
the present ones inside.

DISCUSSION

In the Saloum area two sedimentological observations
provide useful indications of recent changes in the region:
the continuous extension of the sand layer made of the
grain-size types II and III from the 7-6 m depth to the
present shoreline (Fig. 4) and the evidence of rapid
environmental changes (Fig. 5).

The clay association in the mud layer gives a good
indication of the palaeoenvironmental conditions. Ac-
cording to Kalk (1978), clay minerals have two origins in
this part of the West African coast. Kaolinite derived
from the so-called ‘Continental Terminal’, a deeply
altered post Eocene formation. Erosion of other sedimen-
tary formations, of Mesozoic and Cenozoic age, gave
smectite and illite; the latter might have increased due to
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pedological effects such as those explaining the illite
enrichment recorded in the numerous shell-middens
(Leprun et al., 1976; Thilmans and Descamps., 1982).
Here smectite is absent in the silt and mud layer which
implies a mechanical sorting effect corresponding to an
environment well-connected to marine waters. According
to Ausseil-Badie (1988) who studied the Foraminifera
assemblage at a regional scale, a few suborders
(Textulariinae, Miliolina and Rotaliina) have representa-
tives in the sediments of estuarine and deltaic environ-
ments of the Senegal coast. The assemblage recorded in
the section shown in Fig. 5, dominated by Rotaliina,
shows an estuarine influence that reflects a lowering of
the salinity corresponding to a regular fluvial input in the

biotope. It may be concluded that the fine silt and mud
layer was deposited in a tidal-flat environment in the
vicinity of a major fluvial or interdistributary channel, a
position very close to what is commonly observed behind
the beach barrier. The former location of a beach barrier
in a more external position might explain such a pattern,
an hypothesis which is supported by the displacement
signature of the type II sand offshore Sangomar spit
(Fig. 4). This sitnation is schematically depicted in
Fig. 7A. An important fact to be noted is that the upper
level of the fine green level is located at the same height
as in other present mud-flats (for instance those located
on the river side of the present beach barrier). Therefore,
no change in the sea level location would be involved in
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FIG. 6. Sedimentary columns of vibrocores taken in the offshore bar system in the gulf of Lions.
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the recession trend of the beach barrier during the interval
encompassed by the time of deposition of the fine
sediments and the layers above.

In the Gulf of Lions, according to the sedimentary
prism model described above. it is likely that the fine
sediment sharply separated from the overlying beach
barrier sand, corresponds to the lagoonal sedimentary
unit. Thus the location of a back barrier lagoonal
sequence below the present beach-shoreface sediment
also implies the landward migration of a former beach
barrier (Fig. 7B). The age and the duration of that
displacement remain to be documented.

Some indications of coastal recession are provided by
shipwreck remnants like the column shafts and a grinding
stone disclosed during the sounding operations at a 6 m-
depth. A circular depression, 0.5—-1 m in depth, has been
scoured around the protruding cylinder blocks and
indicates their tendency to sink in sifu into the sand.
Archaeologists believe they could be the cargo of a
Roman wrecked ship but, unfortunately, no precise age
may be given. Similar pieces are recorded in the
neighbourhood and dated between the Ist and the 3rd
century A.D. In fact, wrecks in the vicinity of the 6 m-line
were recorded since the beginning of diving exploration
of the coast suggesting it was the location of a particular
barrier in the past. A modern wreck, the French vessel
‘Rhéne’, recently explored (Degage et al., 1991) was
stranded in 1836 not far from the shore as demonstrated

by paintings. Recent observations clearly relate the
location of this wreck to the position of the present-day
outer offshore bar.

Then, we have assumed that most of the wrecks were
the consequence of grounding on the outer offshore bar
the position of which should have been around the present
6 m bathymetric line. If this assumption is true the
location of wrecks like the one with the shafts mentioned
above implies a 400 m shift of the littoral system. About
17 wrecks have been recorded by the Archaeological
Service (DRASM in Marseilles) for the marine region
being facing the Thau lido. Among them two only are out
of the nearshore zone (ca. 8 and 11 m) and the possibility
of a grounding may be discarded for them. If the age of
the wreck is plotted against the depth of recovery (each of
them with a variable accuracy due to the varying quality
of diving reports), it may be noticed a lack of information
about wrecks between the st century A.D. and the 17th/
18th century (Fig. 8). Therefore. two scenarios may
explain the retrogradational trend of the coastline. One
with a very rapid and perhaps recent change in the coastal
regime between both time limits and another one with a
more regular variation.

DISCUSSION AND CONCLUSION

Whatever the cause of the retrogradational migration
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of the beach and shoreface system in both examples
described above, the following characters emerge: (1)
the beach barrier rolled over the lagoonal or mud flat
deposits when migrating landward., (2) sea level did
not undergo any significant change during a time
interval encompassing the more recent dates of the
sedimentary record for the formation of the fine
deposits, around 1180 BP (Senegal coast) or 2050 BP
(Gulf of Lions coast).

Various models that account the first characteristic
usually assume that there has been a sea level change
(Bruun, 1954; Plint, 1988; Gagan et al., 1994). According
to the Bruun model, a regressive trend of the shoreline is
the consequence of a sea level rise according the relation
R/S = 1/tan® (with R the horizontal retreat, S the rise in

mean water level and tan® the mean slope of the coastal
zone). In the case study of the Thau lido shoreface (R =
400 m: tan® = 19%), this relationship would signify an
unrealistic 4 m sea level rise in the last 2 millenia. Roy
and Cowell (1995) recently have shown that a slow rate
(<0.3 m/century) of relative sea level change gives an
important role to external factors such as the sediment
supply (or loss) rate, a position supported also by
Barusseau and Radakovitch (1996). In such a case,
Gagan et al. (1994), observed a progradational trend of
the littoral system. The reverse is observed here
illustrating the extreme sensitivity of the balance between
active factors: sediment input and morphodynamic
agents, as suggested by Gagan et al. (1994), Roy et al.
(1994) and Cowell et al. (1995). The starvation context,
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in both cases studied here, might be the main factor of the
observed retrogradational trend.
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Abstract — The interaction between global (glacio-eustatic sea-level rise) and regional factors
(oceanographic and tectonic) has controlled the evolution of coastline during the Holocene in
Southern Iberia.

Atca. 10,000 **C years BP a deceleration of relative sea-level rise took place both in the Atlantic
and Mediterranean littorals, with a maximum transgression at 6450 '*C years BP. In subsiding areas
(present tidal flats) estuaries illustrate a clear marine influence recorded both in sediments and the
fauna while in uplifting areas prograding spit-bar systems developed. Two phases of major
progradation are distinguished in these systems: the first one between 6450 and 3000 '*C years BP,
with a sedimentary gap at ca. 4000 *C years BP; and the second one from 2750 !%C years BP up to
present, with an intervening gap between 1200 and 1050 '*C years BP. These progradation phases
develop during stillstands followed by relative sea-level fall, while the sedimentary gaps represent
relative high sea level. In the Mediterranean areas, with a higher uplift rate, marine terraces almost
coeval to those gaps occur.

The most pronounced modifications in littoral dynamics occurred at between 3000 and 2750 '*C
years BP represented by changes in the direction of longshore drift and prevailing winds and in the
predominance of progradation over aggradation processes.

At ca. 1000 '4C years BP the estuaries record a greater fluvial than marine influence, and at 500
years ago an extraordinary increase in coastal progradation took place in all littoral zones. The
European Medieval Warm period is characterized, at least during its initial phase, by low pressure
climate conditions, while during the Little Ice Age anticyclonic conditions gave rise to a strong

coastal progradation. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Global factors, such as the general glacio-eustatic
sea-level rise that took place from the Last Glacial
Maximum until 6450'*C years BP, together with
regional factors, such as tectonic or oceanographic ones,
control the Holocene evolution of the coastline in the
Tberian coast (Zazo et al., 1996a). Here, the coasts
of the Southern Iberian Peninsula, the main regional
factors are: the tectonic framework (boundary between
the European and African plates) with numerous active
faults (Fig. 1) during the Late Pleistocene and Holocene
that affected the coastline that produced areas of either
uplifting or subsiding trends (Zazo et al., 1994). More-
over, the area suffers the effects of the interchange
of Atlantic and Mediterranean waters through the
Gibraltar Strait, the present input of which bears

773

seasonal variations, being greater in summer under
anticyclonic conditions.

Detailed mapping, sedimentological analysis, archae-
ological and historical studies, and radiocarbon datings
(Tables 1 and 2) carried out mainly in spit—bar systems,
suggested the existence of two major phases of coastal
progradation: the older one lasted from 6450-3000 'C
years BP with a sedimentary gap or period of reduced
sedimentation around ca. 4000 '*C years BP; the younger
one extends from 2750 C years BP to Present, with an
intervening gap in sedimentation between 1200 and 1050
1C years BP. Zazo et al. (1994) and Lario et al. (1995)
have interpreted that the phases of progradation occur
during periods of stillstand to gentle sea-level fall (minor
lowstands), and are also related to increased entrance of
‘Superficial Atlantic Waters’ in the Mediterranean under
anticyclonic conditions.
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FIG. 1. Location of the study area and main fault systems affecting Late Pleistocene and Holocene coastal deposits.

More '*C analysis and archaeological data, and
increased availability of drill cores in the estuaries of
Guadalete (Dabrio et al., 1995) and Guadalquivir (Goy et
al., 1995) show evidence of rapid modifications to
coastlines in Southern Iberia because of changes in
littoral dynamics (changes in direction of prevailing
winds and littoral drift) both before and after the two
phases of coastal progradation (Tables 1 and 2).

The aims of this paper are: (1) to analyze the changes
produced in the surveyed coastline and the main factors
responsible for these changes during the Holocene, based
on the analysis of the exposed morphosedimentary units
(spit bars, tidal flats, deltas, alluvial plains) and drill cores
from Gulf of Cadiz (Atlantic) and Gulf of Valencia
(Vidals, 1991; Vifals and Fumanal, 1995); (2) to place
these changes in a chronological sequence based upon

radiocarbon dating (using uncorrected radiocarbon ages),
archaeological, and historical data; and (3) to compare the
changes with the classic climate changes described in
Northern Europe.

CHANGES OF COASTLINES CA. 10,000 *C
YEARS BP

Figure 2 shows the main changes observed in coastal
morphology of Southern Iberian Peninsula taking into
account the variable geodynamic behaviour both in tidal
range (mesotidal in Atlantic and microtidal in Mediterra-
nean) and the tectonic trend (uplift/subsidence). Data
from morphosedimentary units exposed on land or
drowned (estuaries, tidal flats, alluvial plains, peat
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TABLE 1. '*C Ages of coastal deposits from south and southeast Spain

Sample Locality Laboratory C years BP Material Unit Reference

PG-12 La Atunara uQM 267541110 shell beach Lario et al., 1995
PG-13 La Atunara UQM 3200110 shell beach Lario et al., 1995
PG-14 La Atunara UM 31404120 shell beach Lario et al., 1995
PEGO Alicante R-2013 6130£100 shell beach Vidials and Fumanal, 1995
CH-1 Calahonda LGQ-1025 15204170 shell spit bar Lario et al., 1995
CH-2 Calahonda LGQ-1026 27204180 shell spit bar Lario et al., 1995
CH-3 Calahonda LGQ-1027 8001190 shell spit bar Lario et al., 1995
CH-4 Calahonda LGQ-1028 7204190 shell spit bar Lario et al., 1995
R-3 Roquetas uQM 64504+ 100 shell spit bar Goy et al., 1986
R-7 Roquetas UQM 36001100 shell spit bar Goy et al.. 1986
R-10 Roquetas UQM 21504400 shell spit bar Goy et al., 1986
R-2 Roquetas uQM 1870435 shell spit bar Goy et al., 1986
F-24 La Atunara IRPA-1159 1210+£35 shell spit bar

H-2 El Rompido R-2179 1460450 shell spit bar Zazo et al., 1994
H-3 El Rompido R-2180 1875450 shell spit bar Zazo et al., 1994
H-4 El Rompido R-2207 1440450 shell spit bar Zazo et al., 1994
H-5 El Rompido R-2203 2605450 shell spit bar Zazo et al., 1994
D-2 Dofiana R-2187 1790150 shell spit bar Zazo et al., 1994
D-7 Doiana R-2206 2185450 shell spit bar Zazo et al., 1994
D-9 Dofiana R-2185 1860150 shell spit bar Zazo et al., 1994
D-11 Doiiana R-2210 2010450 shell spit bar Zazo et al., 1994
D-14 Dofiana R-2204 1490450 shell spit bar Zazo et al., 1994
D-15 Dofiana UtC-4185 2340460 shell spit bar

D-16 Dofiana UtC-4188 1650+50 shell spit bar

D-17 Dofiana R-2188 1850450 shell spit bar Zazo et al., 1994
D-18 Dofiana UtC-4192 1370+£60 shell spit bar

C-3 Valdelagrana R-2182 2320+50 shell spit bar Zazo et al.. 1994
C-4 Valdelagrana R-2208 3145450 shell spit bar Zazo et al., 1994
C-5 Valdelagrana R-2181 2270£50 shell spit bar Zazo et al., 1994
C-6 Valdelagrana R-2186 2120+50 shell spit bar Zazo et al., 1994

deposits, spit bars, marine terraces, and aeolian dunes)
have been incorporated because they are useful for dating
(Tables 1 and 2) and because their variable development
allows interpretation of many major changes of coastal
processes, climate and sea level.

Letters and symbols, in Fig. 2, indicate some processes
of coastal dynamics (changes in littoral drift, or wind
directions, fauna, and trends of relative sea level) that
have been recorded and dated with a certain degree of
confidence in the morphosedimentary units. Approximate
present elevations of some morphosedimentary units
(datum: Present Mean Sea Level, MSL) are indicated.

Drill cores from the Mediterranean area, particularly in
the alluvial plain of Valencia Gulf (Vifials, 1991; Vifials
and Fumanal, 1995), and in tidal flats of the Gulf of Cadiz
(Dabrio et al., 1995; Goy et al., 1995; Zazo et al., 1996b)
indicate that the ‘global’ glacio-eustatic relative rise of
sea level prior to ca. 10,000 '*C years BP experienced a
deceleration that favoured the start of development of
peat layers that occur interbedded in lagoonal deposits
(Mediterranean coast) or on intertidal flat sediments
(Atlantic coast) (Fig. 3). A series of prograding bodies
occurring in the shelf at about 50-60 m water depth are
interpreted as stillstand deposits (Herndndez-Molina ez
al., 1994).

EVOLUTION OF THE COASTLINE BETWEEN
CA. 10,000 AND 6450 '*C YEARS BP

Atlantic Littoral

Wind patterns recorded in the systems of coastal dunes
forming the present Asperillo cliff (northwest of the
Guadalquivir estuary, Huelva coast), an area with an
uplift trend, show a change in the direction of prevailing
winds (Borja and Diaz del Olmo, 1995) between two dune
deposits separated by a layer rich in organic matter dated
(Tables 1 and 2) as ca. 10,000 14¢ years BP (Zazo et al.,
1996a). Wind directions changed from SW to W
(palaeocurrents pointing towards the NE and E respec-
tively).

Cores drilled in tidal flats of the Gulf of Cadiz (Fig. 3)
record the rise of sea level as estuarine clay that directly
overlay peat layers. Upward increase in sand content and
faunal content indicate partial filling of the estuary and
development of tidal flats.

Analysis of microfauna (Fig. 4) reveals a noticeable
increase of Miliolids and fragments of Echinoderms and a
decrease of Haynesina germanica and Elphidium ex-
cavatum in sediments deposited between 8000 and 7000
'4C years BP. We think that the change is related to more-
open marine conditions in the estuaries during this time.
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TABLE 1. cont’d

Sample Locality Laboratory ¢ yearsBP Material Unit Reference
PU95-1 Punta Umbria ~ GX-20907 33154+70 shell spit bar
PU95-2 Punta Umbria ~ GX-20908 3555+75 shell spit bar
PU95-3 Punta Umbria GX-20909 1900+70 shell spit bar
1C95-1 Ayamonte GX-20899 835165 shell spit bar

(I.Canela)
1C95-3 Ayamonte GX-20900 3130470 shell spit bar

(I.Canela)
AG-1 Alicante SAN-CEDEX  5190+300 shell marine terrace  Gozalvez, 1985
AG-2 Alicante SAN-CEDEX 36401330 shell marine terrace  Gozalvez, 1985
AG-4 Alicante SAN-CEDEX 55404170 shell marine terrace  Gozalvez, 1985
F-17 S.Roque-La UtC-4189! 2760150 shell marine terrace

Atunara
PEGO-1 Alicante UBAR-77 10,1204460 organic mud  marsh Vifals and Fumanal, 1995
PEGO-3 Alicante UBAR-78 8300490 organic mud  marsh? Viiials, 1991
PEGO-5 Alicante UBAR-43 7120190 organic mud  marsh? Viiials, 1991
LP-13 Guadalquivir ~ UtC-4026' 2490+60 twigs estuary”
LP-13 Guadalquivir UtC-4031" 2930160 shell estuary’
PSM104/C0 Guadalete GX-20913" 3505455 organic muds estuary?
PSM104/C3 Guadalete GX-20914 5885160 shell estuary?
PSM104/C5 Guadalete GX-20925" 6420+45 shell estuary”
PSM104/C9 Guadalete GX-20916' 7620455 shell estuary”
PSM104/C11  Guadalete GX-20917' 784045 shell estuary”
PSMI104/C15  Guadalete GX-20918' 8040455 shell estuary?
PSM104/C20 Guadalete GX-20919 8915+100 peat estuary’ Dabrio et al., 1995
PSM104/C21 Guadalete GX-20920 94954340 peat estuary? Dabrio et al., 1995
A-7 El Asperillo LGQ-759 10,500150 peaty sand dune slack Zazo et al., 1996a
A-7B El Asperillo LGQ-897 11,240+220 peaty sand dune slack Zazo et al., 1996a

(1) AMS; (2) core Laboratories: UQM - GEOTOP, Université du Québéc a Montreal, H3C 3P8 Montréal, Canada; R - Dip. Fisica, Centro di Studio per
la Geochimica Aplicata, Umversita ‘La Sapienza’, Roma, Italy; LGQ - Lab. de Géologie du Quaternaire, CNRS, Luminy, 13288 Marseille, France; IRPA -
Institute Royal du Patrimonie Artistique, 1040 Bruxelles, Belgium; UtC - R.J. Van de Graaf Lab. 35080 TA Utrecht, The Netherlands; GX - Geochron
Laboratory, Cambridge, Massachusetts, 02138 USA; SAN CEDEX - Serv. Aplic.Nucleares, Centro de Est. y Experiment. de O.P., Madrid, Sapin UBAR -
Dept. Quimica Analitica, Universidad de Barcelona, CETA - CEDEX, Barcelona, Spain.

Mediterranean Littoral

A layer of basal peat found in cores drilled in the Pego
marsh (Vidals, 1991; Vinals and Fumanal, 1995) provides
ages ranging from 10,120+460 to 712090 '*C years BP
as it was deposited progressively landwards and peat
layers were drowned and covered by retreating-beach
deposits. This arrangement suggests coastal onlap and the
corresponding relative rise of sea level.

The Holocene maximum (Flandrian transgression) has
been dated in Southern Spain at 6450 '*C years BP. This
is when the progradation of spit bars began (Goy et al.,
1986; Zazo et al., 1994).

EVOLUTION OF THE COASTLINE BETWEEN
CA. 6450 AND 3000 *C YEARS BP

The first spit-bar system began to grow in areas with
an uplift trend, particularly on the Mediterranean coast.
There, in the most complete case study (Roquetas,
Almeria), the first phase of progradation includes two
spit bars called H1 and H2 (Zazo et al., 1994; Goy et al.,
1995; Lario et al., 1995) separated from each other by a
sedimentary gap at ca. 4000 '*C years BP (Fig. 2).

In places where the geomorphological context does not

favour the development of spit bars and there is a higher
uplift trend, there is deposition of two raised marine
terraces approximatcly at +1 m above present mean sea
level. These have been dated at 5190+300 and
55404170, the most ancient one; and 3640+330 '“C
years BP, the youngest one, in the Alicante coast
(Gozalvez, 1985).

In subsiding areas (Gulf of Valencia) drill cores record
marine beach deposits dated as 6130100 '*C years BP,
overlaying lagoon deposits (Vifials and Fumanal, 1995).
These are placed below present MSL.

In the Atlantic area, filling of open estuaries began at
this time and aggradation clearly surpassed coastal
progradation (Figs 2 and 3). Palaeontological (Fig. 4)
and sedimentological data indicate that the marine
influence in all the surveyed estuaries was less.

Regarding the relative changes of sea level, we
interpret that spit-bar systems began to grow immediately
after the maximum glacio-eustatic rise of sea level (ca.
6450 '*C years BP). Progradation of spits was favoured
by stillstand or gentle lowstand conditions, whereas the
gap separating spit bars HI and H2 (ca. 4000 '*C years
BP) should indicate a positive oscillation (rise) of sea
level with gentle transgression inside the general
regressive trend of the first phase of progradation.
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FIG. 2. Evolution of the shoreline during the Holocene in the Atlantic and Mediterranean littorals of Southern Spain in

variable tectonic and tidal range settings (modified after Zazo et al., 1996b).
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FIG. 3. Synthetic section of the evolution of the estuaries of the
Gulf of Cadiz (Atlantic littoral) deduced from drill-core data
(modified after Dabrio er al., 1995).

Between 3000 and 2750 '*C years BP a larger positive
oscillation (rise) of sea level formed the gap that separates
the two major phases of progradation (Fig. 2).

A seismic progradational unit made up by two minor
subunits found in the Spanish Mediterranean continental
shelf off Almeria (Herndndez-Molina et al., 1995) is

interpreted as the record of two minor sea-level falls in
the last 6500 years and correlated with the two prograding
phases of the coast.

EVOLUTION OF THE COASTLINE BETWEEN
CA. 2750 '*C YEARS BP AND PRESENT

In the second, younger phase, processes of coastal
progradation prevailed over aggradation in this region,
independently of the tectonically-induced rate, and of
subsidence of the area. As a result, the deposition of large
systems of emerged spit bars in both the Mediterranean
and Atlantic (Ayamonte, El Rompido. Punta Umbria,
Donana, Valdelagrana) coastlines reduced the connection
of the Guadiana, Tinto-Odiel, Guadalquivir, and Guada-
lete (Gulf of Cadiz) estuaries with the open sea and they
turned progressively into lagoons until they reached their
present-day stage dominated by tidal flats and marsh.

Between 3000 and 2750 BP, a major change in the
direction of prevailing winds in Almeria (from Westerly
to Easterly, palaeocurrents N90°E and 270°E respec-
tively) caused reversing of littoral drift (Goy et al., 1986)
that is recorded in the systems of spit bars (H3 and H4)
deposited during the second phase of progradation.

A change in prevailing winds is also recorded in the
Atlantic coast along the Asperillo cliff outcrop (located
between Huelva and Dofiana). Aeolian-dune deposits
yielding Roman remains were deposited under prevailing
winds blowing from WSW. These overlay deposits of
former aeolian-dune systems, accumulated by winds
blowing from the west, which are covered by a palacosoil
incorporating neolithic—calcolithic artefacts (Borja and
Diaz del Olmo, 1995). The younger systems of dunes step
over the beach barrier deposits of spit bars accumulated
during the second phase of progradation in Dofiana
(Huelva). There is evidence of a sudden marine fauna
impoverishment and diversity drop ca 1000 "*C years BP
in cores drilled in the Guadalquivir marshland. Grain size
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FIG. 4. Drill core PSM-104 (Guadalete marshlands, Gulf of Cadiz) with indication of percent content of some faunal taxa with
paleoenvironmental significance (Miliolids, Haynesina germanica, Elphidium excavatum, and fragments of Echinoderms), and
radiocarbon data in the core.
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analysis, particularly the mean and standard deviation, in
the same cores indicate that the main phase of
sedimentation with strong fluvial influence occurred after
2750 '*C years BP.

An extraordinary increase in progradation is detected in
both the Atlantic and Mediterranean littorals ca. 500 years
ago and, particularly, after the 17th century as demon-
strated by the present location of watch towers built up in
that time (some of them are 200 m inland in Dofiana spit
bar) and also by other historical data like histroical maps
and flood records (Lario et al.. 1995).

DISCUSSION AND CONCLUSIONS

The present arrangement of Holocene morphosedimen-
tary units (emerged or drowned marine terraces, spit bars,
peat layers) found in the littoral areas of Southern Iberian
Peninsula results from the control of: (a) tectonic factors
that imposed the rate, sign, and magnitude of subsidence;
(b) the distance to sources of sediment supply for the
coastal budget (river mouths), and (c¢) the variable input
of superficial Atlantic Waters into the Mediterranean.
This is particularly evident from ca. 6500 *C years BP up
to Present.

The analysis of the morphosedimentary units allowed
recontruction of the sea-level history as follows:

(1) The peat layer accumulation at ca. 10,000 "*C years
BP suggests a deceleration of the general sea-level
rise.

(2) Spit-bar systems began to accumulate immediately
after the Holocene highstand (at 6450 c years BP)
during stillstands followed by gentle relative sea-
level falls.

(3) The gaps of sedimentation/progradation in the spit—
bar systems record relative high sea level. Never-
theless there is a light diachronism with the ages
obtained in the Mediterranean raised marine terraces
which also developed during relative high sea-level.
moreover in the Atlantic littoral the marine terrace
exposed at +1.5 m in San Roque (La Atunara) is
coeval with the gap that separates the two prograda-
tion phases (Fig. 2).

(4) Regarding the climate, the input of sediment in our
lattitudes increased during floods (short period,
strong rain under drought conditions) with antic-
yclonic conditions; under these conditions (presently
in summer) the input of superficial Atlantic Waters in
the Mediterranean increases as well.

The initial phase of the European Medieval Warm
Period coincides with an epoch of reduced progradation
probably under dominantly low-pressure conditions,
while the ‘Little Ice Age’ corresponds to epochs of
anticyclonic conditions, that is warm and with strong rain
in short periods that results in a high sediment supply to
the coast.

Until now, we have recognized several major changes
of climatic parameters, recorded in the area as changes of
littoral dynamics:

(1) Between 3000 and 2750 *C years BP the direction of

prevailing winds both in Atlantic and Mediterranean
coasts; littoral drift in the Mediterranean coasts
changed; and there was an increase of progradation
processes, that prevailed upon aggradation.

(2) At ca. 1000 "*C years BP the coastal palacogeogra-
phy of the Atlantic area changed: as connections of
estuaries with open sea were drastically reduced,
faunas experienced a sudden impoverishment re-
corded in drill cores as lower diversity and absence of
marine faunas in estuarine deposits.

(3) At ca. 500 years ago there was an extraordinary
increase of coastal progradation in all the surveyed
littorals. The direction of prevailing winds changed in
the Atlantic and became the same as present.
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Abstract — In northern Brittany an important geomorphological response to Holocene sea-level
rise has been the development of coastal dunes with associated lagoons and marshes. At Anse du
Verger, a marsh has formed behind a dune system which has been developing in situ for the last
4000 years. The lithostratigraphy of the marsh comprises extensive peat formation, with sands, silts
and occasional sand lenses, the latter probably associated with storm surges. The sequence dates
from 10,320+120 BP. After 3000 BP, flood episodes on the marsh are more common, while the
upper marsh deposits can be correlated with the recent period of dune building. Prehistoric artifacts
(remains of cooking implements) have been found on a cliff to the east of the marsh and are buried
by washover deposits, which indicates a sudden abandonment of a settlement possibly due to a
storm surge soon after 2460+80 BP. Surge levels are proposed as a controlling factor on dune crest

elevation. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Holocene relative sea-level (RSL) change along the
Channel coast of Brittany is characterised by an almost
continuous rise from —110 m NGF (Pinot, 1974) to its
present position, with three short periods of negative
tendency at around 10,000 BP, 4000 BP and 3000 BP
(Guilcher and Hallegouet, 1991; Meur, 1993). This paper
aims to examine the geomorphological response of this
coastline to long-term (Holocene) and to short-term
(storm surge) RSL movements.

The study area is located between Saint Malo and the
Mont Saint Michel (Fig. 1). This area is composed of
several bays, about 1 km across, separated from each
other by the rocky (migmatite) capes of Anse du
Guesclin, Anse du Petit Port, Anse du Verger, Anse de
la Touesse, Anse de la Mouliere and Anse de la Saussaye.
The submarine topography comprises a large sand flat
locally interrupted by rocky islands. The beaches are
reflective and consist of medium to coarse sand, behind
which are dunes six to twelve metres high that enclose
freshwater marshes. The slopes of the capes are covered
by periglacial drift, mainly head with intercalated aeolian
sand layers.

TECHNIQUES

Field investigations from 1991 to 1995 established a
series of topographic profiles across the beaches shown
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on Fig. 1, down to the 10 m isobath. This has included a
survey every month for the last year (1994-1995). Cross-
sections of the slope deposits were examined, and grain
size and shape analysis was undertaken. Over 20 cores,
mostly in the marsh at Anse du Verger, examined the
lithostratigraphy of backbarrier/lagoonal sediments, with
a small number of cores taken on the foreshore. A total of
12 radiocarbon dates were obtained from the marsh,
foreshore and slope deposits (Tables 1 and 2). Air
photographic data were used to measure changes in the
position of dunes since 1948.

RESULTS AND INTERPRETATIONS

Dune and Beach Profiles

An example of recent changes to dune and beach
profiles is given by the results from the Anse de la
Saussaye. Since the Second World War the dune has
receded by more than 50 m at an average rate of 1 ma™'
(Ministere de I’Equipement Data Base). This represents a
loss of 250,000 m’ of sand. However, the dune has not
been receding over the last five years and has gained
600 m> of sand, suggesting that there are short-term
cycles of growth within the longer-term trend of dune
erosion. Short-term dune building can be correlated with
periods of reduced storm surge activity, whereas erosion
follows major surge events, for example in 1987, 1991
(Regnauld and Kuzucuoglu, 1992) and 1995, suggesting
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A. Anse Du Guesclin

B. Anse du Petit Port  C. Anse du Verger

D. Pointe de 1a Mouliére

FIG. 1. Location of sites mentioned in the text. Tidal range in this area is 14 m during spring tides. Key: (1) location of e
samples; (2) area of coring; (3) area of trenches and cross-sections; (4) location of topographic profiles; (5) marine chart
datum; (6) N.G.F. sea level datum, 7.45 m above marine chart sea level datum; (7) land surface datum (NGF).

that dune development is closely controlled by climatic
forcing.

The eroded dune profile comprises a low ridge with an
elevation of 1 to 1.5 m above MHWST level, before
accumulation begins again. Transfer of sand between the
dune and the beach face takes place, so that beach profiles
also undergo considerable change. One example is
illustrated in Fig. 2, showing profile changes over a
single year, 10 years and 47 years.

At Anse de la Mouliére, a transect from the foreshore,

TABLE [. The results of radiocarbon dating from the Anse du
Verger marsh and dune areaMarsh

Depth (m) BH no. Age BP

Calibrated age Sediment

1.7 13 (beach) 7310+80 6145 BC silty peat
1.0 5 (marsh) 113+10 1660 AD peat

1.45 5 (marsh) 240+60 60 AD peat

4.9 2 (marsh)  2630+130 805 BC sandy peat
491 4 (marsh) 4020+170 2555 BC silty peat
7.22 9 (marsh)  6980+140 5805 BC sandy peat
7.5 9 (marsh) 9900+180 peat

8.09 9 (marsh) 10320+£120 peat+grit

through a dune and onto the adjoining hill slope illustrates
a succession of deposits that is typical of the other bays in
this area (Fig. 3). Beneath the lower foreshore, at —7 to
—8 m NGF (and therefore below the LW mark), is a thin
layer of silty peat dated to 7580 BP (Bourcart and Boillot,
1960) and to 7310+80 BP (this paper, Tables | and 2)
which rests upon a coarse sand with angular blocks and
fragments of migmatite. This basal layer is probably
equivalent to the head deposits on the exposed cliff
section. Above the peat are the sands of the present beach,
I to 1.5 m thick. In places a wave-cut platform rises
above the beach sand to a maximum height of 3 m, which
in turn is covered by head capped by bioturbated, aeolian
deposits at the foot of the hill slope (Fig. 3). The origin of

TABLE 2. Kitchen middens in dunes

Dune top  Age BP  Calibrated Sediment  Dated
(m) age artifacts
1.0 2560180 770 BC sand shells
1.5 3640+£80 2140 BC sand shells
0.98 2460£80 810 BC sand shells
1.2 3135480 1515 BC sand shells
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FIG. 2. Beach profile changes in Anse de la Touesse for 1995
(storm and constructional profiles); 1985; 1948.

the wave-cut platform is probably polycyclic, being
reworked during successive interglacial sea-level maxima
(Loyer et al., 1995). A discontinuous pebble layer at the
base of the head is considered to be the in situ remains of
an Eemian beach, with the head and aeolian sand cover
representing Weichselian deposits (Clet, 1983: Guilcher
and Hallegouet, 1991). A dune which covers these
Weichselian deposits contains ‘kjokkenmodings’ dating
from 3640480 BP (uncalibrated) to 2460480 BP (uncali-
brated; Regnauld er al., 1995; this paper, Tables | and 2),
which are covered by a storm surge deposit (Jelgersma et
al., 1995) of post-2460+80 BP age.

Anse du Verger Marsh Stratigraphy

Eighteen boreholes were cored in the marsh behind the
dunes (Fig. 4). Most of the boreholes reached the
migmatite basement, and therefore record the entire
sequence of sediments. Depth to the basement is variable,
ranging from 2 to 8 m, and this variability allows the
basement topography to be reconstructed. The marsh
sediments nfill a depression, possibly a solution basin in
the migmatite, enlarged by frost action during the cold
stages of the Quaternary. Such features are common in
Brittany. Typically, the basal layer of the infill is a grit

10
o

ngiJ

-10

South North

50 100 150 200 m

[ e B2 [+ s s (57 e

FIG. 3. Profile at Anse de la Mouliére from below the LWST
mark to a sequence of slope deposits above the HWST level.
Inset shows details of east to west profile parallel to the beach.
Key: (1) basement; (2) undifferentiated head; (3) head with
underlying layer of raised beach gravels; (4) undifferentiated
sand; (5) archaeological artifacts (cooking implements); (6)
palaeosols within the head; (7) storm surge deposit; (8) peat
dated to 7310+80 BP (Table 1).

with angular rock fragments in a silty matrix, which is
similar to the coarse sand layer found under the foreshore
peat (e.g. BH 13 in Fig. 4). This basal layer is interpreted
as a periglacial slope deposit.

Overlying the basal layer is a freshwater peat which has
a maximum recorded thickness of approximately 7 m,
and dates from 10,320+£120 BP (BH 9). Occasionally.
terrestrial sand (with migmatite gravel) is incorporated
into the base of the peat, and shell layers (broken Mytilus
mainly) and marine sand lenses are found within the main
body of the peat, which were probably deposited by
extreme events, such as storm surges. The initiation of
peat growth was diachronous within the marsh area,
which is illustrated by the different dates obtained from
the base of the peat in boreholes 2 and 4, even though
they are at approximately the same depth (Fig. 4). This
diachronous nature to peat formation may be explained by
the palacogeography of the marsh, as discussed below.
BH 2 is located at the head of a thalweg which would
have been the focus of a drainage system, and possibly
later used as a tidal channel, delaying peat growth relative
to surrounding areas (e.g. the location of BH 4).

The upper layers of the peat contain an increasing
amount of sand and silt, which passes up into a surface
sand deposit. This sand contains a mixture of aeolian
dune sand and material derived from adjacent slopes. In
BH 3 and 4 sand and peat intercalate, the latter providing
radiocarbon dates of 113+10 BP and 240+60 BP. It is
probable that the sand layers recorded in BH 3 and 4 are
associated with slope wash resulting from agricultural
activity, while the peat layers represent phases of slope
stability. However, testing of this hypothesis must await
the results of pollen analysis.

Palaeogeographical Reconstruction (Anse du Verger)

The results of the coring allow the palaeoenvironments
of the Anse du Verger to be reconstructed (Fig. 5 in plan
and Fig. 6 in section). At the opening of the Holocene
(Fig. 5A), the Anse du Verger formed part of a broad
drainage system which extended to a shoreline over
300 km to the west (Le Ricollais et al., 1995). Within this
drainage system, organic material accumulated in poorly
drained areas (BH 9) on a gently inclined slope that
culminates in a planation surface at an altitude of +30 m
NGF. The planation surface is polygenetic dating either to
the Eocene (Guilcher and Hallegouet, 1991) or to the
early Miocene (Le Ricollais er al., 1995). A small
abrasion platform was cut into the slope during the
Eemian sea-level maximum (shown in Fig. 3).

By 7000 BP (Fig. 6a) peat growth had continued in the
area of the present-day marsh, and organic material had
also begun to accumulate on the slope below the abrasion
platform (also illustrated in Fig. 3). By 4000 BP (Fig. 5b
and Fig. 6b) RSL had risen sufficiently to deposit marine
sediments over the organic deposits below the abrasion
platform, while peat growth in the marsh area was
probably assisted by increasingly impeded drainage due
to RSL elevation and dune development. At this time in
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FIG. 5. Palaecoenvironmental reconstruction for the Anse du
Verger area. Plan view. Stages of development at 10,000 BP,
4000 BP, 2600 BP and the present are shown. Key: (1)
symbolises position of thalweg on ‘A’, but shows the
approximate position of mean sea-level on ‘B’ and ‘C’; (2)
freshwater marsh; (3) tidal flats and channels; (4) dunes.

the neighbouring Anse de la Mouliére, dunes had also
developed and attained an elevation of at least 0.5 m
above their contemporary HAT level (Regnauld er al.,
1995). The marsh at Anse du Verger was occasionally
inundated by marine water, probably as a result of storm
surges.

Between 2500 and 2000 BP (Fig. 5C and Fig. 6C) RSL
rose more quickly (Fig. 7), attaining a position close to
the present level. The marsh was again occasionally
flooded by seawater (surge events?) during this period. It
is likely that the sea had access to the marsh via two tidal
channels, although there was probably a progressive
withdrawal of the sea from the marsh due to continued
dune development.

RSL Change and Storm Surge Events

A detailed assessment on RSL change and storm surge
events from this work must await the outcome of a
comprehensive biostratigraphic examination of the sedi-
ments below the marsh at Anse du Verger. However, the
lithostratigraphic results presented here allow a prelimin-
ary reconstruction of RSL movements to be made, and
suggest a general agreement between our data and the
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FIG. 6. Palaeoenvironmental reconstruction for the Anse du
Verger marsh and dunes. Cross-section. Stages of development
at 7000-10,000 BP, 3500—4000 BP and 2000-2500 BP are
shown. Key: (1) 14C date (see Table 1); (2) peat; (3) terrestrial
sand; (4) marine silty clay; (5) marine and aeolian sand; (6)
basement; (7) cross-section or borehole location.

RSL curve of Guilcher and Hallegouet (1991) (Fig. 7),
which Pirazzoli (1991) considers to be the most reliable
curve for this region. The degree to which the RSL trend
has been affected by land movements is debatable. A
slow uplift (1 mm/century) is suspected in the western
part of Brittany, with a slower subsidence rate in the Mont
Saint Michel area (Lenotre, 1994).

Within the sediments of the marsh are sand layers with
shells which we interpret as storm surge deposits. Most of
these have not been dated directly, and their approximate
age has been inferred from the, radiocarbon dating of the
peat deposits within which the storm surge layers are
embedded. These storm surge layers with their inferred
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FIG. 7. Altitude of (palaeo)storm surge deposits (Anse du
Verger) in relation to RSL elevation during the Holocene. Key:
(1) RSL curve from Guilcher and Hallegouet (1991); (2) RSL
curve from Morzadec-Kerfourn 1974; (3) high tide level index
point; (4) tidal channel index point taken from the dated contact
between the marine clay and organic sandy clay in BH 13; (5)
storm surge level with time error range: (6) curve of dune crest
elevation. Present value extrapolated back to the mid-Holocene;
(7) 10% and 10* extreme wave height based on present values
(data from the Navy, STNMTE, 1994) extrapolated back to the
mid-Holocene.

age range arc illustrated in Fig. 7. Their altitudinal
relationship to their contemporary RSL, as extrapolated
from the RSL curves of Guilcher and Hallegouet (1991),
Morzadec-Kerfourn (1974) and Morzadec-Kerfourn and
Monnier (1982) is shown. The elevation of each surge
layer in Fig. 7 is drawn at a height just above its
contemporary HWST level, and assumes no significant
change in the tidal range during the mid- to late-
Holocene. Despite the poor dating resolution for the
storm surge events there is a correspondence between the
timing of these events with periods of RSL rise on the
Guilcher and Hallegouet (1991) RSL curve. This
correspondence may be a consequence of the preservation
potential of surge layers within the marsh, and is not a
reflection of storm surge frequency. Preservation of storm
surge deposits 1s enhanced during RSL rise periods due to
faster accumulation rates of peat during these periods, as
a result of a rising water-table.

DISCUSSION AND CONCLUSION

The recognition of climatic variability from strati-
graphic and other data is central to our understanding of
environmental change (Hugget, 1991; Dubreuil, 1992;
Cortijo et al., 1995). Storm frequency and intensity is one
aspect to climatic variability, and one which is likely to
have impacts on coastal areas, and therefore is likely to
be, at least partially, recorded in coastal depositionary
sequences, for example in dune morphology.

The storm surge deposits recorded in the Anse du
Verger marsh and surrounding area would appear to
represent surge magnitudes similar to modern day surges,
although for reasons of preservation potential, it is
unclear whether the frequency of surges has changed
during the late-Holocene. Present accretion rates on dunes
appear to be higher than the mean for the late-Holocene

(0.5 m/1000 yeafs), which may reflect an increase in
wind speed, as recorded in the mid-1970s and 1980s and
which was believed to be responsible for extreme surge
events (Costa, 1995). However, this increase in surge
magnitude may be a short-term cycle comparable with
similar events during the Holocene recorded stratigraphi-
cally in the Anse du Verger area by the extreme surge
levels dated to approximately 2460 BP and 7310 BP,
shown on Fig. 7 as the two surge deposit ‘outliers’
recorded in the cross-section and BH 9, respectively.

A relationship between surge magnitude and dune
development may exist through the control that surge
levels have on dune height. As an initial step in testing
this hypothesis using the Anse du Verger data, the height
of the present dune relative to HWST has been
extrapolated back to the mid-Holocene, using the RSL
curve of Guilcher and Hallegouet (1991), and is based on
the assumption of a constant sediment volume being
available for dune building as RSL changed over this
period. This extrapolated dune height ‘curve’ is shown by
symbol 6 in Fig. 7. There is a close alignment between the
dune height ‘curve’ and surge elevations, suggesting that
dune crest elevation in the Anse du Verger has been
controlled by surge levels.
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Abstract — An analysis of terrestrial and marine data has shown the coastal fringe of the emerged
continent to be naturally divided 1nto five distinct morphosedimentary sectors, whereas three clearly
different large domains are visible in the submarine shelf. This geographic coastal space
corresponds to an area of wide tectonic activity where the internal and external units of Betic
Ranges meet. showing a morphological expression of the substratum structure. On the contrary, the
continental shelf located to the North, in the Gulf of Valencia, is subsiding and has important
accumulations of sediments as a consequence ot the influence of units linked to the Iberic orogeny.
The detailed analysis of the tectonic and geomorphic elements 1llustrated a correlation between the
morphosedimentary sectors of the emerged coastal area and the corresponding ones 1n the inner and
middle continental shelf. This reveals that the littoral is affected by a general increase in structural
and morphological complexity from North to South. Copyright © 1996 Published by Elsevier
Science Ltd

INTRODUCTION cal relationships among the different morphostratigraphical

transversal units forming the coastal fringe, thus relating

The cooperative interdisciplinary project ‘La Nao’, the emerged sectors to the submerged ones through

carried out along the Valencian littoral (Western formations (belonging to both domains) which are

Mediterranean) under the initiative of the Department of synchronous during the phases of landward or seaward

Geography, University of Valencia (Martinez-Gallego et migration of the littoral depositional systems at the
al., 1992; Fumanal et al., 1993a, 1993b; Rey et al., 1993; Quaternary (Goy et al., 1987, Fumanal et al.. 1993a).

Vinals et al., 1993; Martinez-Gallego et al., 1994;
Blazquez, 1995). has studied a coastal fringe from
Valencia to Alicante (Fig. 1). The methodology employed THE TERRESTRIAL RESEARCH
has consisted of combining the geomorphological and
sedimentological studies of the emerged continental area
with that of the inner and outer continental shelf. For this
purpose, three campaigns of coastal and oceanographical
surveys have been carried out. Mechanical and electric
cores in the emerged zone were combined with marine
seismic reflection profiles on the continental shelf (Fig. 1).
The particular results obtained in each area have been
published in previous works (Goy et al., 1987; Fumanal et
al., 1993a, 1993b, 1995; Rey et al., 1993: Martinez-
Gallego er al., 1994; Rosselld et al., 1995).

The area studied in this work includes the southern
coast of Valencia and corresponds structurally to the outer
units of the Betic Ranges. Its geomorphological and
sedimentary characteristics and the tectonic behavior of
the geomorphic and structural units in the emerged
coastal areas establish a natural division into five sectors
which are described as follows.

Cullera-Denia Segment (Fig. 2)

The complexity of the continental margin studied It represents the Southern end of the Gulf of Valencia,
increases from north to south, because of the following where the Betic and Iberic structural domains meet
factors: (a) the gradual variations which take place in the (Fig. 1). It features an uninterrupted extension of low
transect from a progradational shelf to another one of coast modelled with the characteristic elements of beach-
erosional type in a reduced distance; (b) the influence of barrier and lagoonal sedimentary units. This system was
the Betic system on the materials forming the shelf; and closed during the Late Holocene by a wide, long sandy
(c) the presence of the Neogene-Quaternary basins and body resting on the continental bulges.
the effect of the neotectonics linked to the episodes of the The area generally shows a subsidence lasting from the
sea level oscillation. (Rey and Diaz del Rio, 1983; ITGE, Plio-Pleistocene to the present (approximately, a ratio of
1994). 0.45 m per | ka) suggesting structural control both in the

The factors considered above have established geologi- depositional behaviour and in the coastal morphology
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FIG. 1. Location map showing the study area and methodologies type employed (mechanical cores, electric profiles and
high-resolution seismic lines along the Valencia-Alicante shelf).

typical at the area. The continental sedimentary sequence
of the Upper Quaternary has been reconstructed in this
sector basically from the chrono-stratigraphic study of the
subsurface deposits of the Pego lagoon (Fig. 2), where a
series of mechanical and electric cores were collected
(Dupré er al., 1988; Viials, 1991).

'“C and TL isotopic measurement analysis for samples

of the record obtained from a mechanical core that starts
at —50 m in a sandy body (beach-barrier) built during the
last phases of isotopic stage 5, show an age of
112,000+17,000 BP, and units made up of lagoon bottom
sediments and alluvial fans formed during the last cold
period (Alpine Wiirm, isotopic stages 4
(72,000+11,000 BP), 3 (55,000+8000 BP) and 2
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(19,000+3000 BP)) deposited on this formed barrier. The
active deposit is covered in turn by a 15 m thick layer of
Holocene sediments made up of littoral and lagoon
deposits (Vifals, 1991).

San Antonio Cape-Moraira Cape Segment (Fig. 3)

This corresponds to a relatively long segment (17 km)
of which, opposite to the previous one (A), is made up of
100-170 m high sea cliffs on Mesozoic and Tertiary
materials (Fig. 3). This marine front is sporadically
interrupted by a low coast segments where sandy beaches
and coves are to be found.

The orthogonal pattern of the fault net in this area is
clearly revealed by the layout of the relief blocks, in the
inner area as well as on the coast. The rough morphology

of cliffs is due to fractures and tearings which follow
headings parallel to the coast, whereas the lower areas
found between are the result of faults perpendicular to the
coastal profile which have created small grabens.
Pleistocene deposits (consisting of interbedded collu-
vium, calcretes and aeolianites) preserved on cliff walls
(Fig. 4) as well as in coves and bays (Fig. 5), and also
chronostratigraphic data (T1 and Th/U isotopic measure-
ments) related with the cores collected in Javea Bay, tell
us about the tectonic behaviour (distensive movements,
normal faults and differencial subsidence of blocks) of
the area (Fumanal, 1995a). Cliff segments (San Antonio
Cape, La Nao Cape, Ifach Promontory and Toix
Promontory (Figs 3 and 4)) correspond to more stable
blocks within the active Quaternary neotectonics,
opposite to the acute subsidence of lower sectors. In
Javea Bay (Fig. 5), mechanical drilling reaching the
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substratum (Mesozoic limestones and clays) at —32 m,
allowed us to verify the fracturing and subsidence of the
distal area of a detritic deposit belonging to Gorgos river
and formed in phases of Lower-Middle Pleistocene
(Martinez-Gallego et «l., 1992; Fumanal, 1995b).
Presently, a record remains of a terrace some 3 km up
from the river mouth on the Mediterranean, 20 m over
the talweg. whereas we can observe this same deposit at
—30 m below the coast. In this area, the Tyrrhenian
beach-barrier which created an inland marsh had its
central sector fractured as early as Upper Quaternary,
favouring the settling of the river channel. This block
has been subsiding since the Holocene, as we can
deduce from chronostratigraphical record of Javea Bay
(Fig. 5). Further South, in the Moraira-Toix Promontory
secgment (Figs 3 and 6), the entire littoral fringe is
undergoing subsidence during Middle Pleistocene, thus

causing disorder in the primitive Quaternary river net
(which, with opposite direction. was a tributary to the
middle basin from the Gorgos river).

Altea-Benidorm Segment (Fig. 6)

From this point low coast and moderate high cliffs
(20-30 m) begin to prevail. This area includes the broad
Altea Bay, which lies between two calcareous spurs that
are still high: Toix Promontory to the North and Sierra
Helada to the South (Fig. 6). Further, we find Benidorm
Bay spreading out until the landscape of the Paleogene
folded belt of Villajoyosa. The clays and evaporites
of the Keuper facies of Upper Triassic are responsible
for diapirical phenomena and obvious uplifts and
translocations of the Quaternary deposits in this
zone.
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As in the Northern cliffs described before, the
geomorphologic study (Rossell6 et al.. 1995) allowed us
to detect in Sierra Helada some remains of a Quaternary
drainage paleonet trenched in an eastward projecting
relief. This area, disrupted and subsided into the sea
bottom (2 ma ky; Hernandez-Molina er al., 1994a, b).
consists today of a rough cliff in whose higher parts there
are still witnesses of the old drainage net. After the new
profile of Sierra Helada (which is today the marine front)
got its new configuration, colluvial deposits began to

develop during the last phases of Lower Pleistocene.
Younger colluvial and aeolic deposits, whose Tl chron-
ology assigns them to Upper Pleistocene, are found among
the gullies carved in the older colluvial one.

Benidorm-Las Huertas Cape Segment (Figs 6 and 7)

The coastal profile in this sector is a result of both the
incompetent lithologies of the flysch facies and to the
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tectonic style which deforms them. Middle-sized cliffs
can be found aligned in the Northern sector, from
Villajoyosa to Campello (Fig. 7).

The drainage net commanded by the Amadorio river
(Figs 1 and 7) consists of short ephemeral streams. The
channels have been carved out in Keuper and Tertiary
clays, that occassionally brings about regressive erosion.
The bed of Seco river (Fig. 7) in Campello, is the starting
point for the influence of a set of faults (perpendicular to
the coastal profile) which subside the San Juan depression
(Fig. 7). Successive phases of this neotectonics affect not
only the old Quaternary deposits but also the Tyrrhenian
sediments, preserved at South of Las Huertas Cape and
Isleta of Campello (Fig. 7).

Chronostratigraphic data of littoral bodies (after
Stearns and Thurber, 1965) illustrate that there are two
sets of Quaternary marine terraces. The oldest belongs
to the Middle Pleistocene (Dumas, 1977), and its
remains appear tilted and broken at different heights
(15, 20 and 30 m) at Las Huertas Cape. The earliest
is Tyrrhenian and it is located irregularly between
—2 and +3 m. In Las Huertas Cape (Fig. 7) marine
terraces between 1.5 and 3 m can be found. In the Isleta
of Campello (Fig. 7) the remains of a beach, also
considercd Tyrrhenian, arc located between 3 and
4 m above the modern sea-level.

Alicante-Torrevieja Segment (Fig. 8)

After the straight fault scarp which outlines the
Southern sector of Las Huertas Cape, two smooth arches
make up the Valencian Southern coastline (whose central
sector leans on the dome of Santa Pola) up to Torrevieja.
This sector belongs to the geological domain of Alicante
Prebetic complex formed by calcareous Mesozoic materi-
als (Fig. 8). The following traits of this unit must be
pointed out:

This sector is directly influenced by the Cadiz-Alicante
fault system reaching the Mediterranean Santa Pola
North (Cuenca, 1988). This fact brings about a
distinctive behaviour which is reflected in the
development of a generalizated subsiding axis along
which littoral reliefs are uplifted (Santa Pola, Sierra of
Colmenar and Tabarca Island).

The Elche Pleistocene trough (Fig. 8) offers a remarkable
subsidence stressed by Pleistocene and Holocene
tectonics. This depression is presently closed by a
double beach-barrier; on one hand the present one, and
an older one of Tyrrhenian age. All levels are affected
by neotectonical processes, in such a way that
Tyrrhenian terraces reach their maximum heights in
heaving areas like horsts and anticlines whereas their
remains have already disappeared in those areas
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affected by subsidence. All this creates staircased
sedimentary sequences (as in Santa Pola), or super-
imposed ones (as in La Marina), Dumas (1977) and
Goy et al. (1993) both suggest two superimposed
Tyrrhenian levels in the Albufereta (Fig. 8) and another
two by Sicrra of Colmenar hills. Goy and Zazo (1987,
1988) have mapped 1n Elche Depression three
Tyrrhenian levels at 8.7. 4.5 and 1.5 m over the
present sea-level under a Pretyrrhenian episode located
at +36 m (Dumas. 1977). Last, the existence of at least
two Tyrrhenian levels with oolithic and siliceous facies
has been suggested East of Sierra of Molar promontory
(Fig. 8), where a system of Tyrrhenian shoals isolating
the Santa Pola marshes developed.

In addition to this information, it is worth saying that
our present research (Ferrer and Fumanal, in press) near a
Roman site (Picola, a fish salting factory at the time of the
Late Roman Empire) located South of Santa Pola rise and
500 m from the present coast, shows that the site placed at
that time near an open beach; this has been illustrated by
carrying out surveys in the immediate vicinity. This
reinforces the idea that the littoral sandy bar closing the
bay has been formed recently.

THE MARINE RESEARCH

Sequence stratigraphy analysis of single-channel high
resolution seismic profiles (Geopulse 300 Joules) of late

Pleistocene-Holocene sediments has been carried out on
three marine research campaigns on the submarine shelf
from Gandia to Santa Pola Cape. The very high vertical
resolution of this system (0.5 to 1.0 m) allows the
definition of geometrical features of sedimentary bodies.
The seismic lines (Fig. 1) arc representative of the
geometry ol the stratal architecture ol areas with dillerent
subsidence and sediment rates depending on local factors.
The length of these seismic lines has permited the
reconstruction of the sequences in detail with great lateral
continuity. Five sectors are distinguished according to the
morphostructural and stratigraphic complexity of the
units making up the inner areas of the shelf.

Morphostratigraphic Scheme

The research has been conducted 1n the provinces of
the inner and a part of the outer shelf. The former spreads
out up to approximately 30 or 70 m deep and is
characterized by a great variety of sedimentary morphol-
ogies and environments, which are greatly influenced by
continental factors. However, the middle shelf, which
covers from a depth of 40 m up to 60-80 m, presents a
slightly sloped subhorizontal surface standing out among
the erosive forms because of its great morphological
complexity.

As to the morphostructural scheme of the inner shelf, it
generally coincides with the division established for the
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emerged continental area. This scheme is made up of
three well defined tectonic domains limited by the
following (from North to South) structural horsts: San
Antonio Cape; Las Huertas Cape; and Santa Pola Cape.
The Northern domain leans on a progradant platform
formed as the elongation of the Neogene-Quaternary
basin of the Gulf of Valencia, to which shallow
depositional environments affected by the subsidence of
epirogenic bending movements have been associated. The
sedimentary cover on the shelf, which corresponds to a
thick series of Plio-Quaternary deposits, becomes pro-
gressively thinner southward to Betic system. Foldings
and non-deposition surfaces made up of Pleistocene
outcrops related with beach-rocks prevail in the inter-
mediate sector. Last, tensional faults and a great
morphological variety of erosional surfaces prevail in
the Southern sector, where we find the structural rise of
Santa Pola Dome and Tabarca Island (Rey and Diaz del
Rio, 1983).

The last two domains described above belong to a
mixed platform stratigraphically and structurally
controlled by the Betic Ranges. A differential
tectonic subsidence of normal fractures which gen-
erates little parcelled basins is added. The reason for
this is that it is an area of great tectonic activity
where the two Betic domains meet. This fact makes
some morphological expression of the basal structure
to appear on the shelf, opposite to the Northern sector
in the Gulf of Valencia, where the platform is
subsiding and shows important sediment accumula-
tions (Diaz del Rio er al., 1986). Also, near Alicante,
normal component faults have controlled the genesis

of a thick Neogene-Quaternary sedimentary basin
affected by halokinetic phenomena associated to
Triassic plastic materials and a high subsidence
(2 ma ky).

Morphology Types

A total of four different morphology types can be
defined along the studied shelf.

Depositional morphologies

They constitute sedimentary bodies represented by
large-scale bedforms in the inner and middle shelf,
prodeltae, Quaternary alluvial fans, sand waves, dorsals
and littoral prisms. They are the most common for their
development and extension as well as for their number.
These kinds of formations are strongly determined by the
characteristics of feeding systems and the littoral hydro-
dynamic scheme of coastal currents. They are represen-
tative of the northen part of the study area.

Erosive morphologies

They correspond to inherited deposits partially mod-
ified by present erosion and sediment conditions. They
include morphological rises and slope breaks. erosive
terraces and cliffs, abrasion and undulating surfaces,
wavy surfaces, depressions and talweg and channel
morphologies. They appear generally truncated or cut
into old formations. This kind of morphology is very well
represented in depositional interstratified units, as well as
in the southtern part of the study area.
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Relict morphologies

They are found all over the inner and middle shelf and
are related to relict bodies. These morphologies are
lithified and incrusted accumulations associated to former
coastlines (beach-rocks) or, in other cases, as the top
surface of relict sedimentary bodies later modified by
mechanisms linked to present day dynamics. They appear
as hardened or partially lithified bottoms showing much
relief and irregular elongated surfaces subparallel to the
coast.

Structural morphologies

Though scarce, they are well represented all over the
studied shelf by scarps and small submarine cliffs
generally showing a seaward slope change. Another kind
of such morphologies are hard bottoms corresponding to
the surfaces making up the top of structural rises. This last
type of morphology is very characteristic of the Southern
part of the submarine shelf between Alicante and
Torrevieja.

Submarine Shelf Sectors

On a regional scale five local sectors can be
established. According to morphostratigraphic character-
istics, and from a genetic point of view, the offshore
features would largely coincide with the equivalent areas
located in the same sectors of the emerged coastal area.

Northern sector

This spreads from Cullera to Denia (Fig. 2) and
represents the Southern part of the Gulf of Valencia,
where we get closer to the Betic substratum as we move
on Southwards. This causes a gradual decrease of the
subsidence gradient starting in the center of the basin and
continuing towards its edges (Gulf of Valencia; Rey and
Diaz del Rio, 1983; Diaz del Rio et al., 1986). For that
reason, the Pleistocene littoral deposits (beach-rocks)
located in the South of this sector (LLa Almadraba) subside
progressively as we move Northwards, as the Holocene
sequence develops more strongly until covering and

burying them completely. The geometry of seismic
sequences in this sector (belonging to Holocene and
Pleistocene beach-barrier sedimentary bodies) are corre-
lated to the sedimentary units defined by sedimentologi-
cal and paleontological criteria and absolute dates
obtained from cores collected in the Pego marshes
(Vinals, 1991; Fig. 9). This sector contains characteristic
thick layers, because of the high rate of sediment supply
from an upland environment into the submarine domain
and also the suspended fine sediment moving sothward
along the shelf from the Ebro River in the North of the
study area (Maldonado et al., 1983).

San Antonio Cape-Moraira Cape sector (Fig. 3)

As in the emerged area, this sector presents a poorly
developed inner shelf due to the lack of an uniform depth
gradient. This is an irregular coast with many cliff areas,
where the beaches are rare and located in small bays
between rocky relief.

Quaternary deposits are determined by (ectonic pro-
cesses of continuous differential subsidence associated to
block stepping, related to the structural features of the
Valencia Trough and the Betic ranges (Fumanal et al.,
1991). This fact brings about a piled depositional system
detected in seismic profiles where we find, nearest to the
inner shelf, a stack of beach-rocks of different ages
parallel to the coast and frequent depositional hiatus
caused by the differential subsided-uplifted blocks as a
consequence of tectonics (Fig. 10). The high degree of
differential subsidence in this submarine sector, showed
in the seismic profile, has modified the coastal environ-
ment from Middle Pleistocene until Holocene. This area
has evolved from a coast dominated by shoals and littoral
bars formed on a small gradient platform into a cliffed
coast featuring a strong water depth gradient in the infra-
littoral area (Fumanal er al., 1993a, b). Tectonic control
and differential subsidence are characteristics of this
sector.

Moraira Cape-Villajoyosa sector (Figs 3 and 6)

This sector shows an almost planar inner and middle
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shelf; continuity is only broken by some thick sedimen-
tary prisms. The littoral area is strongly related to a
non-depositional continuous platform made up of an
outcrop of undefined age. Thick Holocene depositional
sedimentary bodies, more than 20 m thick, occupying
nearly all the inner and middle shelf develop from this
littoral area (Fig. 11). The process of formation for this
sector is closely related to the changes of the sea-level
and to neotectonics, in which normal fractures affect
Mesozoic as well as Neogene materials (Diaz del
Rio et al., 1986). The presence of a fossilized beach
system (at the base of the Sierra Helada cliff) continues
in the emerged area as aeolic and marine deposits
located in the cliff slopes.

Other normal tectonic features oriented E-W affect-

ing the Post Holocene—Neogene depositional units as
well as the older Mesozoic and Tertiary materials
related to Triassic stresses begin to appear in the South
of this sector. Holocene depositional sequences are
affected by tectonic reactivation and diapirism.

In brief, the main features of this sector are strongly
determined by tectonic control, relative sea-level
changes, the supply characteristics of the shelf (Marti-
nez-Gallego et al., 1992) and the southward-increasing
halokinetic effects of Triassic plastic materials.

Villajoyosa-Las Huertas Cape sector (Fig. 7)

It contains a thick sedimentary wedge (20-40 m) and
this sector is divided into three areas controlled by a fault

SE

milisecons D.T,

A !
'
e

- o2t
'.‘l.’n)»u,}*;_ w BT

Ty
QLR

0 L

! :

Pt v

ol e sdgie by
A

meters
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system oriented NE-SW and NW-SE; this fact is related

to halokinetic processes of Triassic plastic materials and

high subsidence areas (Mauffret, 1976: Sanz de Galdea-

no, 1983):

Eastern area. South of Villajoyosa, featuring a gradual
increase in sediment thickness from infralittoral
domains up to the middle shelf; a thickness value of
80 m is reached at a depth of 60 m.

Central area. located between the South of Villajoyosa
and the Northern part of Las Huertas Cape. This is a
strongly subsiding area linked with San Juan Depres-
sion, which is controlled by the fault system NW-SE
and NE-SW and shows an important deposition up to
80 m thick in the inner shelf. Sedimentary filling
material obtains its structure from small depocentres
and horsts revealing the existence of differential
subsidence.

Western area, in front of Las Huertas Cape. Characterized
by a structural high (actually the submarine prolonga-
tion of Santa Pola Dome) limited to the North by a
NW-SE fracture which strongly determines the
distribution of the sedimentary filling materials. South
of the rise we find a sedimentary wedge which reaches
a thickness of 60 m as soon as we move seaward only
500 m. In this place there are structural submarine
cliffs fossilized by Plio-Quaternary deposits.

Las Huertas Cape-Torrevieja (Santa Pola Cape) sector

(Fig. 8)

It shows a widespread thin sedimentary deposit
and a strong control by the Cadiz-Alicante fault system.
As far as morphosedimentary characteristics are con-
cerned, this sector is divided into two separate areas
by a NW-SE axis passing through the city of
Alicantc.

Northern area, showing an important sedimentary wedge
spreading from the infralittoral environment up to a
depth of 50 m in the middle shelf.

Southern area, associated to a structural elevation on
which lies a sedimentary cover no more than 20 m
thick. This is the prolongation towards shallow waters
of Santa Pola (Betic horsts), located on the shelf
(ITGE, 1994) and generated by an emersion brought
about by the reactivation of deep accidents.

CONCLUSIONS AND SUMMARY

In short, the previous work states that there has been a
progressive modification of the coastal profile all over the
studied area through the Quaternary.

About the emerged area our research has pointed out
the following.

To the North (Valencian Gulf), the continental geo-
morphic landscape mainly consists of a narrow
corridor limited to the East by the Mediterranean
Sea and to the West by a high calcareous relief. Along
that territory, with a continuous tendency to subside,
flood plains and lagoonal sedimentary environments
of Holocene age develop. Cores of the thick

sedimentary record reveal that the deposits corre-
sponding to the high sea-level of isotopic stage 5 are
found depeer than 50 m (as 1n the case of Pego
lagoon).

To the South, from San Antonio Cape, this configuration
changes. An abrupt sea-cliff relief extends towards
Alicante City. The drainage basin geometry shows a
frequent reshift into a new base level or, in other
cases, is frequently captured as a consequence of the
evolution of younger f{luvial systems. This behaviour
is generated by the fact (hat the coastline has
experienced important changes during Pleistocene
and Holocene times, because of the partial collapse
of a fringe bordering the sea. The reconstruction of
this space is difficult.

Segments A to E are differentially affected by neotec-
tonics and so we have interglacial deposits at a very
wide range of different positions. Also along Holo-
cene times the subsidence of some spaces has formed
depressions where marshes and small lagoons have
developed.

In the submarine shelf, in turn, a generalized evolution
has taken place from Upper Pleistocene up to
Holocene. thus causing the transformation of a
coastline made up of low sandy beaches. shoals and
uniform slope littoral bars towards strongly sloped
coasts including abundant cliff areas. This fact has
caused a large proportion of old littoral systems to
appear submerged and fossilized on the submarine
shelf nowadays. The form this evolution has taken in
each sector depends on the most relevant depositional
factor present there.

These studies allow us to know in more or less in detail
the variations in time of morphologies and sedimentary
bodies. Nevertheless, few studies deal with continent-
platform Quaternary depositional dynamics as a whole,
and no one faces the questions of transference processes,
suspended particle matter, and interactions among the
different factors and distribution mechanisms of the
continent-platform depositional environments. In this
sense, this work can be considered as a contribution to
the evolutionary knowledge of the geomorphological link
established between the emerged and submerged littoral
domains.

Figure 12 is a schematic summary of morphourestra-
tigraphical units on the Valencia and Alicante continen-
tal and submarine areas based on examination of the
data.
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Abstract — Since the last Holocene sea level rise, about 6900 BP, a series of depositional littoral
landforms has been generated at the outlet of the Guadalquivir River, with progradation along the

predominant longshore drift (towards the east).

The first coastal progradation occurred between 6900 and 4500 BP. The Doifiana and (perhaps)
La Algaida spits, both associated with the oldest and highest marshland in the Dofiana National
Park. are assumed to have been developed at an early stage. Originally, the Guadalquivir estuary
was wider and deeper than now. and its environment was mainly marine.

The oldest littoral formations have been dated as ca. 4735 BP. They show erosional events, and
indicate the breaking-up of earlier spit-barriers to form inlets. The marine environment became
increasingly dominant, with heavy erosion of cliffs and a retreating coastline.

This period was followed by another sedimentary cycle (4200-2600 BP) that surrounded the
earlier eroded barriers. The size of the estuary decreased due to the increasing marsh deposits, and a

fluvial environment was born.

About 2600 years ago, progradation gave way to a new period of intense erosion. The resulting

morphology of littoral strands and erosional surfaces permitted the return to a marine environment.

The shoreline again retreated.

From 2300 BP, coastal progradation has prevailed, with an erosional interruption at 1000 BP.
The present-day outlet of the Guadalquivir is an estuarine delta of inactive marshland (the Dofiana
National Park), the dominant environment is fluvial. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

The present-day Iberian south-Atlantic littoral is
characterized by a series of broad zones under tidal
influence associated with the mouths of the main rivers.
These outlets have tended to be sealed by the growth of
littoral spits and barrier-islands. In this way, extensive
wetlands of great ecological interest have been formed.
The most important — for its size and variety — is the
Dofiana National Park.

Such a coast is the result of various circumstances.
Firstly is the rise in sea level following the Last Glacial
Age (the Flandrian transgression), which reached a
maximum in this sector around 6500 BP (Zazo et al.,
1994). The domination by the marine environment
meant the invasion of the low part — the river valleys

803

— to form estuaries and bays, and the configuration of
the interfluvial areas as coastal projections (promon-
tories and capes) on which cliffs were formed. Secondly,
after the transgression maximum the agents modelling
this coastal sector were dynamic ones such as longshore
drift. tide, and wind. They were aided by the labile,
Neogene and Quaternary sandy substratum. The pre-
vailing longshore drift has been towards the E and SE, so
that the sandy barriers have been formed in that
direction. Drift intensity increases in the Gibraltar Strait
region, because of the greater entrance of Atlantic water
into the Mediterranean in anticyclonic periods (the
Azores anticyclone). The modelling and filling of the
zones protected from the open sea, such as estuaries, is
determined by the tide, with additional contribution
from fluvial sediments. Lastly, the prevailing SW winds



804 Quaternary Science Reviews: Volume 15

TABLE 1. Samples and ages in the Guadalquivir outlet area (Atlantic coast, SW Spain)

Location Sample "¢ Conventional age MC Calibrated age Age
(BP) (95%) (BP)

Dofiana R-2205' 218550 80 A.D.-270 A.D. 1775
R-2185' 1860+50 440 A.D.-655 A.D. 1402

R-2210' 2010+£50 270 AD.-470 A.D. 1580

R-2204' 1490150 830 A.D.-1020 A.D. 1025

R-2187' 1790150 530 A.D.-700 A.D. 1335

R-2188' 1850450 440 A.D.-660 A.D. 1400

R-2271 264147 392 B.C. =339 B.C. 2315

R-2282 1620434 736 A.D.-815 A.D. 1175

R-2286 1353+31 1,028 A.D.~1.069 A.D. 902

R-2287 1518+36 859 A.D.- 948 AD. 1047

La Algaida R-2262 1865435 530 A.D.-608 A.D. 1380
R-2263 1800440 591 A.D.-662 A.D. 1325

R-2272 1972440 400 A.D.-475 A.D. 1515

R-2284 2233429 93 AD-158 AD. 1825

B-88018” 1600460 1222 BP-1071BP 1146

B-880197 1340+£60 931 BP-804 BP 867

B-88020° 1450+70 1055 BP-918 BP 986

B-88021° 1530£70 1153 BP-978 BP 1065

B-88022° 2487+70 2487 BP-2322 BP 2404

Carrizosa-V. la Arena R-2273 4548+59 2870 B.C.-2697 B.C. 4735
Vetalengua R-2283 2171+£36 147 AD.-248 A.D. 1753
B-88016> 2230460 1879 BP-1738 BP 1808

Marsh strand R-2278 2284439 28 AD~119 AD. 1877
R-2279 3679448 1680 B.C.-1553 B.C. 3567

R-2280 3694+61 1716 B.C.-1562 B.C. 3589

B-88017° 3460490 3421 BP-3219 BP 3320

Laboratories Centro di Studio per 1l Quaternario e I’Evoluzione Ambientale del CNR-Dipartimento Scienze della Terra, Universita

‘La Sapienza’ (Roma, Italy)
Zazo et al. (1994) Beta Analytic Inc, Miami, FL, USA

have helped (and continue to help) the development of
dune fields systems.

Study ot the different. most recent (Holocene)
sedimentary bodies of the south-Iberian littoral has
distinguished four main cycles of coastal progradation
(Zazo et al.. 1994). H; from 6900 to 4000 BP; H- from
4000 to 2500 BP: H; from 2500 to 1000 BP; and H, from
1000 BP to the present. These periods are separated by
shorter ones of no progradation or erosion.

This work aims to establish the space—time evolu-
tion of the Dofiana National Park and its surroundings
during the last millennia, and to determine the
possible modifications of the different factors affect-
ing it, such as climate, marine dynamics, and
variations in sea level. To these must be added
anthropogenic activity of some hundreds of years.
Detailed geomorphological mapping has been used to
make morphosedimentary analysis and both calibrated
(amino acids and '*C. see Table 1) and archaeological
datings.

Geomorphologically, the present-day Doflana National
Park and its surroundings comprise three morphogenic
systems: littoral, estuarine, and aeolian (Fig. 1). The
littoral system is formed by the various spits and sandy
strands that tend to seal off the Guadalquivir estuary. On

the right bank is the Dofana spit. This comprises the most
extensive system of spits, which has grown towards the E
and SE. They are partly covered loday by active dunes.
On the left bank is La Algaida spit, which has grown
towards the NNE.

The estuarine system comprises the marshes filling the
extensive area behind the littoral spits. This filling has
taken place gradually as the littoral formations have
sealed the estuary. Thus there is a dircct rclationship
between the littoral formations and the estuarine ones.
The marshes include various morphologies, as a result of
the intense tluvial action.

The aeolian system comprises the dune fields,
extensive both continentally and littorally. Geomorpho-
logical mapping reveals tive sequences of dunes: the three
oldest are stable and inland. occupying a considerable
area, while the two more recent ones are coastal, of
smaller area, and frequently overlapping. They are the
most distinctive dune complexes, and include the active
dune systems. covering the most recent littoral forma-
tions.

The three oldest dune fields (phases I-1I1, Fig. 1) have
a light grey to yellowish colour, 10YR7/2 to 10YR7/8,
and the two recent ones have a pale brown colour,
10YR7/4 (after Siljestrém, 1985).
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FIG. 1. Geographical location and geomorphological synthesis of the Guadalquivir outlet area. 1-V: Sequences ot Holocene
dunes. 1. Neogene substratum, 2. Marshland, 3. Saltmarsh, 4. Second progradation phase, 5. Third progradation phase, 6.
Fourth progradation phase, 7. Erosional strands, 8. Marsh strands, 9. Active cliffs, 10. Inactive cliffs.

COASTAL MORPHOLOGY AT THE
TRANSGRESSION MAXIMUM

The rapid rise in sea level following the final phase of
the Last Glacial Maximum caused a rapid and marked
coastal retreat along the whole of this sector of the Iberian
South-Atlantic coast. Lower rates of rise during this
period generated deposits of peat (such as that found at a
depth of 25 m in Céddiz Bay), between 94954340 and
89154100 BP (Dabrio er al., 1995).

The lower valley of the Guadalquivir — the most
important river of the region — was transformed into a
wide estuary, and the coastal promontories and flanking
headlands were eroded into cliffs (Fig. 2A).

Coastline retreat was helped by a topography of gentle
slopes and a bare shore formed basically of weakly-
cemented Neogene and Quaternary sands. Detritus
became highly available, and was transported along the
whole coast, to be deposited mainly in estuaries, dunes
and submerged parts of the continental platform.

The high rates of coastal erosion and the intense supply
of fluvial detritus helped to continentalize the Guadal-
quivir estuary. The present-day estuary is filled with
sediments and the river flows sluggishly. The extensive
tidal flats of the Dofiana National Park are the result of
gradual accretion and withdrawal of the marsh during the
last 6900 years, with the consequent reduction in the
estuary area.

To the west of the present-day mouth of the

Guadalquivir (Fig. 1), complex systems of transgressive
dunes have formed along almost 60 km of coastline,
migrating inland as the coastline retreats. Geomorpholo-
gical cartography at regional level has enabled three
ancient stable aeolian systems to be distinguished. Their
direction of displacement indicates a prevailing WSW
wind.

FIRST PROGRADATION PHASE

The activity following the transgression maximum,
helped by the relative stability of the sea level, gave rise
to a series of progradation phases. tending to make the
coastal profile uniform, followed by erosion. Thus the
estuarine inlets were filled or sealed and the promontories
were eroded.

The oldest evidence of the beginning of coastal
progradation in this Iberian South-Atlantic sector comes
from the first peat deposits that accumulated in the main
lagoons (such as the lagoon of Las Madres) from 5536 BP
(Menéndez and Florschiitz, 1964). These show that the
coastal profile was already becoming uniform, with
littoral barriers closing off the inlets. This was particu-
larly so in the rivulet valleys, which were converted into
littoral lagoons. Many of these first deposits of peat have
been eroded by coastal retreat.

Pollen analysis of these peat levels (Freijeiro and
Rothemberg, 1981; Stevenson, 1984) reveals temperate-
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FIG. 2. Evolutive sequence ot the Guadalquivir outlet area (Dofiana National Park): A. First erosional event, B. Second

progradation phase, C. Second erosional event, D. Third progradation phase, E. Third erosional event, F. Fourth

progradation phase. Legend: 1. Neogene substratum. 2. Ancient aeolian system (phases I-1II), 3. Saltmarsh, 4. Mudflat, 5.

Second progradation phase, 6. Third progradation phase. 7. Fourth progradation phase, 8. Marsh strands. 9. Erosional
strands. 10. Cliffs, 11. Marine streams, 12. Fluvial streams. 13. Recent aeolian system (phases IV-V).

wet palaeoclimatic conditions, between Atlantic and
Subboreal episodes.

In the area occupied by the present-day mouth of
the Guadalquivir, the oldest littoral formations
(detectable by geomorphological mapping) are the
Carrizosa-Veta la Arena strands (Figs 1 and 2A).
Aminoacid and '*C dating of shells gives a
calibrated age of 4735 BP. The real age may be
somewhat lower (because of possible removing of
the sample), which would place it within the first
erosional event (4000 BP) defined by Zazo et al.
(1994) for southern Spain.

The geomorphological arrangement of these littoral
formations (perpendicular to the direction of the main
barriers) and their small size are evidence of a short-lived

but highly intense erosional event that destroyed an
earlier sandy barrier.

The main direction of progradation was towards the NE
— that is, into the estuary. The formations are supported
laterally on earlier marshland deposits, at a height of +2
m, showing the palaeocoastline and giving a slight
increase in above-sea-level height.

At a regional level, the first phase of progradation
deposits was between 6900 and 4000 BP (phase H; of Zazo
et al., 1994). In the Guadalquivir mouth, this episode has
been eroded; its remains can be found below the
transgressive aeolian formations in the zone of El Abalario.
The root zone of this first littoral spit was located on the
west side of the outlet, on a coastal headland, today eroded.
The direction of advance was towards the ESE.
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FIG. 3. Regional curve of relative sea-level changes during the last 10,000 years, derived from the positions and
morphologies of the associated sedimentary bodies. (*) Biological crises, (X) Sea-level position about Dabrio et al. (1995).

SECOND PROGRADATION PHASE

This phase, which isolated the Guadalquivir estuary
from the sea, led to a decreased marine influence in its
interior, and a dominant continental environment
(Fig. 2B). Filling of the estuary was helped by small,
fingered delta bodies (like a birds-foot) in the main
affluents.

The fluvial dominance provoked a marked biological
crisis in the marine fauna (Fig. 3), with considerable
accumulations of organic remains at the sides of the
palaecoestuary. Such shell deposit remains have been
dated as from ca. 3567-3589 BP. This marks the moment
of the environmental crisis and the progradation of the
littoral barriers, so reducing the openings communicating
the sea with the estuary.

On the right side of the Guadalquivir mouth (Dofiana
littoral spit), the remains of this progradation phase are
very eroded by fluvial action, and are hidden below the
sheets of active dunes that advance towards the NE.
These active dunes (fourth aeolian system) are associated
with this second progradation phase.

On the left side, the first vestiges of deposits that could
be determined cartographically are located on La Algaida
spit. On them have been found pre-Roman settlements
and archaeological remains of the VIIth to IInd centuries
B.C. (Menanteau, 1979).

The morphological features of this littoral spit indicate
that there was progradation towards the NE, but it is not
possible to determine whether there was union with the
continent at that time or not; that is, we are not sure
whether morphologically it was a spit or an island.

The headlands situated on either flank of the Guadal-
quivir outlet must originally have been more prominent,
and their erosion and consequent retreat were linked to
this second progradation phase.

In the sandy formations of both the right and left banks,
this progradation phase is interrupted by an erosional

event, with a height above sea level of around +2 m. This
event resulted in a greater estuarine domination within the
marsh, with a new coastline being defined in the marine
inlet and the development of characteristic fauna,
especially of the genus Cerastoderma.

In the area of the Dofiana National Park, this rupture is
seen in the Vetalengua strands (Figs 1 and 2C), which
advanced towards the NNE. A similar phenomenon was
produced on La Algaida spit, with the erosion of the
earlier sandy formation leaving an island of oval shape
surrounded by two arms of sea — one very wide (some 6
km) between Doifiana and La Algaida, and the other,
smaller, between the latter and the continent.

Estrabdn in his work Geographica, written between 29
and 7 B.C., speaks of this estuary as an inland lagoon,
which he called Lacus Ligustinus, with a double outlet to
the sea. Between the two channels was an island where,
according to oral tradition, there was a city with the same
name as the river — Tartessos. Despite these historical
references, the data do not enable a sure estimate of the
beginning of this erosional event. The only dating made
on the Vetalengua strands gives a date of ca. 1753 BP,
which is probably of a later point in its evolution. At
regional level, Rodriguez-Vidal (1987) and Zazo et al.
(1994) date this event around 25002000 BP and 2500 BP
respectively.

THIRD PROGRADATION PHASE

This new progradation phase resulted in a considerable
growth of the littoral and aeolian formations, a retreat of
the cliffs, and the gradual sealing of the Guadalquivir
estuary (Fig. 2D). The decrease in size of the mouth of the
old Roman estuary (Lacus Ligustinus) helped to increase
the fluvial influence. The Guadalquivir delta extended
within the estuary by surface fingers of the delta system,
causing a new crisis of the fauna adapted to the salt-water
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medium (Fig. 3). Accumulations of organic remains —
mainly of the genus Cerastoderma — can be tound at the
sides of the palaeoestuary. The calibrated age of these is
ca. 1877 BP, marking the littoral progradation.

In Dofana, this phase gave rise to the strands of La
Marismilla, with a direction of progradation towards the
SSE. This sedimentary episode shows a marked alterna-
tion between ridges and runnels, with a greatest age of ca.
1870 BP and an estimated periodicity in the growth of
each ridge of 100 years (Zazo et al., 1994).

In La Algaida, this phase is shown by a series of
ridges and runnels oriented towards the NE, engulfing
the older sedimentary body. Its calibrated age is 2404
BP. Its morphological configuration changed from
that of an island to that of a spit joined to the
continent.

At the same time, the littoral strands of La
Marismilla, on the other side of the mouth, grew
rapidly. causing a decrease of sedimentation on La
Algaida. This spit thus became isolated from marine
action, completely losing its functionality within the
estuary. Since then. it has been surrounded by deposits
from the marsh.

It must be remembered that the dating of the sandy
formations of La Algaida and Doifiana was not made from
the oldest beach ridges. Thus it can be assumed that the
beginning of progradation is earlier than the dates given.
At regional level, Zazo et al. (1994) estimate this to be
from 2500 BP.

A little further to the west of this coastal sector, the
present-day beach situated in front of Las Madres lagoon
contains levels of peat (Cdceres, 1995) at —0.5 m in
depth, aged between 19004180 and 17904180 BP. Thus
the coastline was more advanced and the sea level lower
than at present (from —0.5 m to —1.0 m, Fig. 3).

This third progradation phase is also characterized by
very important dune systems, whose activity continued
until the later phase This resulted in the beginning of the
genesis of the fitth aeolian system (Fig. 1), which has
lasted until the present. It comprises sandy constructions
of great morphological importance, extending geographi-
cally from Arenas Gordas to Dofiana. In Arenas Gordas.
the dunes overlap, with breadths of up to 100 m, showing
the maximum cliff retreat in this sector. Four main
acolian episodes of parabolic dunes have been differ-
entiated cartographically. Their axes of symmetry in-
dicate the prevailing wind direction at the time. Statistical
analysis of these directions (Rodriguez-Vidal ef al., 1993)
reveals a gradual change — from WSW to SW —
showing the variations in regional atmospheric circula-
tion.

The sandy formations of this episode were curtailed by
a new erosional event (Fig. 2E), shown in Dofiana by
strands which advanced towards the NE and separated the
progradation units of La Marismilla and San Jacinto
(Fig. 1). Their calibrated age is 1175 BP. On La Algaida
spit this event is less obvious, as its deposits are protected
inside the estuary, and suffer less from marine action. At
regional level. this erosional event took place some 1000
BP.

FOURTH PROGRADATION PHASE

The fourth progradation phase in this coastal sector is
related with that established by Zazo et «l. (1994) for
southern Spain (phase Hy), from 1000 BP to the present.
In Dofiana it is shown in the littoral strands of San Jacinto
(Figs 1 and 2F), accompanied by a considerable aeolian
sheet. It seems to have reactivated with greater force from
the XVIth century, as shown by the last phases of littoral
accretion. On La Algaida spit, the most western hooks are
related to this last progradation phase.

The marked coastal retreat of Arenas Gordas continued
in this phase, shown by the more recent aeolian
accumulations and by the destruction of coastal buildings
of the XVIth century (watch-towers). The retreat at
Matalascafias can thus be estimated as 170 m in the last
240 years.

The smoothing of this promontory or coastal headland,
situated to the west of Doflana, has moved the erosional-
sedimentary point of inflexion towards the east. The
erosional processes have extended towards the root of the
ancient littoral spit of Dofana (first progradation phase).
The rate of retreat has been estimated as 200 m in the last
220 years. The sediments resulting from this erosion have
accumulated at the extreme SE, on the San Jacinto
strands, which have prograded 180 m.

Today. the longshore drift is becoming stronger, and
erosion is increasing at the end of the San Jacinto strands.
Hooks are being formed with NE orientation, encroaching
into the Guadalquivir channel. This process is similar to
that which took place in preceding erosional events, and
could be the result of the present-day increase in sea level.
Dabrio et al. (1993) estimate, from chronostratigraphic
and sedimentological data, a slight rise until 2050 A.D.

CONCLUSIONS

Changes n coastal reliel lollowing the last postglacial
increase in sea level have brought about marked
environmental changes in all the natural systems of the
Iberian south-Atlantic coast. Geomorphological mapping
has enabled time relations to be established between the
different sedimentary formations and erosional processes.
Archaeological evidence and calibrated dating of '*C and
aminoacids of fossil shells (Table 1) has helped to
establish an absolute chronology.

The littoral spit systems mapped constitute four
progradation phases (Fig. 3). The first is dated between
the Flandrian maximum (6900 BP) and 4500 BP; the
second between 4200 and 3900 BP and 2700 and 2600
BP; the third between 2300 and 1100 BP: and the fourth
between 1000 BP and the present. There were separations
of successive erosional phases between 4500 and 4200
BP. 2600 and 2300 BP, and 1100 and 1000 BP.

Thus, cycles of higher sedimentation are established,
with a slight fall and then stability of sea level. Littoral
barrier constructions dominate, with the genesis of
extensive tidal flats that decrease the size of the estuaries.
These sedimentary phases are interrupted by rapid rises in
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sea level lasting from 100 to 300 years, when the
previously constructed littoral barriers are eroded. The
cliffs retreat, causing migration inland of dunar construc-
tions, with frequent overlapping layers. Marine influence
within the estuaries increases.

The Holocene environmental changes that we have
been able to show have thus been generated by global
changes in atmospheric circulation and sea currents.
Today, we are in a dominant anticyclone situation,
controlled by the semi-permanent rotation at the Azores.
This leads to increased longshore drift. progradation
of the sandy barriers, and high rates of sedimenta-
tion.

The progradation phases studied developed immedi-
ately following a period of relatively high sea level, when
stability was lost and there was a slight fall — that is, in
the climatic transition from cyclonic to anticyclonic
conditions, and above all. under the latter. That time was
especially tragic for the salt-water fauna of the estuaries.
In the Guadalquivir, biological crises can be dated around
3550 and 1870 BP.

In periods of low atmospheric pressure. the energy of
the marine medium was higher, causing slight rises in sea
level and a dominant coastal erosion.
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Abstract — For the first time. mareographic data obtained by the *Compagnie du Salin du Midi’
have been used to estimate the relative sea-level rise (RSLR) in the Rhone delta. The results were
compared with the data obtained in the Marseille region which is known to be a tectonically stable
zone, at least, on the secular time scale. The magnitude of relative sea-level rise 1s equal to 2.1 mm/
year, from which 1 mm/year could be attributed to subsidence. The morphosedimentary behaviour
of the deltaic fringe has been analyzed in order to see if the amount of sediment input 1s sufficient to
allow the wetlands to continue to exist with RSLR. The horizontal variations (erosion and
progradation) have been quantified from land surface changes obtained by shoreline variation
analysis. The vertical accretion is measured using 1sotopic dating ('7Cs). It appears that the eastern
part of the mouth of the Rhone is characterized by high sediment input, sufficient enough to offset
the recent rise of sea level. The western part remains vulnerable due to the lack of sediment in this

area. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

The vulnerability of the Mediterranean coast to sea-
level rise has already been studied using different
approaches (Jeftic et al., 1992). The scenario based on
the Global Vulnerability Analysis (GVA) showed that the
southern Mediterranean coast is more vulnerable than the
northern Mediterranean coast (Nicholls and Hoozemans,
1995). Nevertheless, the absolute protection costs are
higher for the northern Mediterranean coast; it is
equivalent to 0.02% of the GNP. The deltaic zones have
been described as the most vulnerable sectors, therefore
the Rhone delta is concerned with this scenario. Even if
there is not a large population affected in this area
compared to other Mediterranean deltas such as the Nile
delta, vulnerability to sea-level rise will mainly concern
industrial and tourism activities. For the salt industry
‘Compagnie du Salin du Midi’ located on the western part
of the mouth of the Rhone. the total expenditure for
coastal protection for the last decade is equal to 0.4% of
the global input of the company. For the industrial
complex of Fos (Port Autonome de Marseille) located on
the eastern part of the mouth, the figure is unknown but
the total expenditure has been important for the last few
years mainly due to the program of dune management
(Table 1).

However, any rise in sea level will have different
impacts depending on the sectors. Those impacts being a
function of several parameters such as magnitude of the
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rise, subsidence, human response, sediment supply, etc.
For the deltaic zones, subsidence is an important factor. It
is mainly due to the compaction of thick sediments or the
pumping of water For the Rhone delta, previous work
based on the study of archeological sites has shown that
subsidence ranges from 0.5 to 4.5 mm/year (L’Homer,
1992). Nevertheless, it is admitted that the sediment
deficit will become more important with an acceleration
in sea-level rise caused by global warming (Day er al.,
1995).

Following this approach, our aim was (a) to estimate the
extent of the rise of sea level in the Rhone delta and (b) to
evaluate the sediment input in terms of vertical accretion
and horizontal surface changes. The first part of this study
will focus on the estimation of the secular trend in relative
sea-level rise in the Rhone delta by using mareographic
data. The second part will look at the evolution of the

TABLE 1. Total expenditure for coastal protection for the last

decade concerning the littoral Jocated on each side of the mouth

of the Rhone (information given by the ‘Compagnie du Salin du
Midi’ and the "Port Autonome de Marseille’)

Global input/year (Fr.) CSM. 1x10° P.A.M unknown
Protection costs/year

(Fr. 10%)

1986-1989 14,000 unknown
1990-1995 15,500 6350

% global input/year 0.4 unknown
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FIG. 1. Location map of the mareograph of Le Grau de la Dent (Compagnie du Salin du Midi, Rhone delta).

global sediment budget over the last fifty years by using
shoreline changes and isotopic dating ('*’Cs) analysis.

ESTIMATION OF RELATIVE SEA-LEVEL RISE
IN THE RHONE DELTA

The acquisition of mareographic measurements has
been used to estimate the relative sea-level rise in the
Rhone delta. The comparison was made with data
obtained in the Marseille area.

Data Acquisition and Method

Since the begining of the century (1905), mean sea
level measurement has been undertaken by the ‘Com-
pagnie du Salin du Midi® (C.S.M) in the Rhone delta
using the marcograph of ‘Le Grau de la Dent” (Fig. 1). A
daily recording of the sea level was made at 07.00 h by

22,00

the technical services of the C.S.M. Due to the loss of an
archive document, there is an |]-year hiatus (from 1963—
1973) in the data.

The secular trend of sea-level rise was estimated by
calculating the linear regression function. The gap caused
by the ll-years of missing values was not taken into
account by the linear regression.

Results

The result shows that the secular change in sea level
was equal to 2.1 mm/year. A comparison was made with
the data obtained from the mareograph of Marseille
(Endoume) and already analysed by different authors
(Pirazzoli, 1986; Blanc and Faure, 1990). It appears that
the rise in sea level is less extensive in the Marseille area
of 1 mm/year than in the Rhone delta (Fig. 2). There is a
difference of | mm/year between the two sites.

20,00
18,00

L b1

n

14,00
12,00
10,00
8,00
6,00
4,00
2,00
0,00
-2,00
-4,00
-6,00
-8,00 e

Mean sea level (cm)

PN S TS A U W YA VAN 0 VU U0 N VOO IO N S 0 A |

Endoume (Marseille)
16,00 { ------ Salin de Giraud (Rhone delta)

Endoume = -224,62 + 0,120 year (r2 5S8%)
Salinde G =-378,06 + 0,217 year (12 75%)

T rrryrYey

T TerYryvrr T T TvrreT T TV

1905 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995

Year

FIG. 2. Secular trend of the RSLR on the Rhone delta and Marseille area.
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Conclusion

Calculation of the secular trend of the rise in sea level
in the Rhone delta (2.1 mm/year) gives higher values than
those described in the literature (Gornitz et al., 1982;
Pirazzoli, 1986; Gornitz and Lebedeff, 1987; Blanc and
Faure, 1990; Wigley and Raper, 1992). Marseille is
located in a Mediterranean zone where tectonism is
insignificant, at least over the last century (Flemming and
Webb, 1986; Emery et al., 1988; Morhange, 1994).
Therefore, the difference of 1 mm/year could be attrib-
uted to the subsidence movements that affect the Rhone
delta. These vertical ground movements are mainly
localized along the littoral fringe. They can be explained,
in some part, by human intervention in morphosedimen-
tary processes of the deltaic system. Damming of the
Rhone since the 19th century has eliminated flooding of
the deltaic plain, which resulted in the accumulation of
Rhone sediments on the littoral margin. The magnitude of
the sedimentary mass in the submerged zone might
explain the origin of this subsidence. However, the
processes linked to such recent human intervention may
play a secondary role. In fact, the value of subsidence
(1 mm/year) corresponds to that measured on a pluri-
millenium time scale obtained from the study of the
archeological sites (Flemming and Webb, 1986;
L’Homer, 1992). Therefore the subsidence may not be
limited to the margin, but will concern the whole deltaic
plain.

EVOLUTION OF THE GLOBAL SEDIMENT
BUDGET

The sediment budget analysis has been calculated using
the horizontal variation of the shoreline and the vertical
accretion. The first approach gives an estimation of the

land surface changes., the second one estimates the

accretion rate.

The study area is located on either side of the mouth of
the Rhone (Fig. 3). It is formed by La Gracieuse spit and
Napoléon beach to the east and Piémanson beach to the
west. The driving agents are defined by:

The river discharge. characterized by sediment input from
the river to the sea, principally during floods. The
suspended matter has been estimated to 8.5 x 10° t/
year (Pont, 1993; Roditis and Pont, 1993). The bottom
load, mainly sandy (Carrio. 1988) plays a major role
in the sediment supply to beaches.

The wave climate, represented by swells coming from
three main directions: SW (30% of the total regime
and which are the most frequent during the year); SSE
(16%); and SE (11%) related to episodic events such
as storms.

The currents, represented by the dominant one called the
Liguro-Provengal current flowing from east to west. It
does not influence the morphogenesis of the littoral
very much because it is located in the open sea
(Duboul-Razavet, 1956). The most important for the
littoral area is represented by drift currents flowing
near to the coast from west to east.

The wind climate. represented by continental winds
(Mistral oriented N-NW, 31% of total regime) and
sea winds, mostly oriented from E to SE (27% of the
total regime). The latter is principally related to
storms.

Horizontal variation: Land Surface Changes
(Fig. 4(a-b))

Land surface changes have been calculated from
shoreline variations using image processing analysis.



814

(a) .
3124 - o

31230 A

3118
L —— 1944
3117 11 —— 1993

[ M
: ! i i

800 801 802

: H
[SRURPRS GOR

" 799 803

804

Quaternary Science Reviews: Volume 15

(b)

3124 {

1

3123

3122

3121

3120

3119

3118

—M#—"*—"“ — 1993

805 806 807 808

1944

3117

]
809

FIG. 4. (a) Shoreline changes from 1944 to 1993 for the western part of the Rhone delta coast (the LAMBERT III
geographic coordinate system is used as a reference). (b) Shoreline changes from 1944 to 1993 for the eastern part of the
Rhone delta coast (the LAMBERT III geographic coordinate system is used as a reference).

The diachronic analysis, based on the study of aerial
photographs and satellite images, shows the change in
coastline over the last fifty years. The method consists of
superposing the layers of information date by date.

Data acquisition and methodology®

Height difference dates were chosen corresponding to
aerial photograph campaigns®: 1944-1955: 1960-1971;
1979-1989, and satellite images™: 1984 and 1993. The
methodology was based on those used in previous works
on changes of the littoral using image processing analysis
(Grenier and Bubois, 1990; Crowell et al., 1991, 1993,
Dolan et al., 1991; Shoshany and Degani, 1992). Photo-
interpretative zoning of the shoreline was used for the
aerial photographs. The information was then captured by
video camera and digitalized from the screen. Geome-
trical corrections were made using a landmark system
taken on the topographic map as a reference grid
document. Analysis of satellite data was done using the

]Acqmstion and analysis of the image data were made at the
Computer Resource Centre of St Jerome University (Marseille), using
software called PERICOLOR (MATRA), and IAX software installed on
the 1BM 3090 system.

*Aeral photographs from 1944 were taken during the last world war
by allied forces. These data are actually managed by the Archeological
Department of the University of Provence ‘Centre Camille Jullian,
Université de Provence’ Aenal photographs from 1944-1955; 1960~
1971. 1979-1989 were taken later on by IGN (Institut Géographique
National) and a private compagny (Aerial).

*The satellite images used for 1984 and 1993 correspond to Landsat
™

traditional methods of classification. Discrimination of
the emerged part of the littoral was obtained by
classifying wet zones, using the infrared TMS5 channel.
Skeletization of the coastline was extracted using
contours.

Diachronic analvsis

To make possible the comparison, the evolution of the
global sediment budget has been reduced to three periods
characterized by the same interval of time 1944—1960,
1960-1979, 1979-1993. The whole zone has been divided
into four homogeneous sectors defined according to their
dominant morphodynamic factors (Fig. 5): (a) Piémanson
beach, oriented NW-SE, is a sector that is very vulnerable
to SW swells, which are the most frequent type during the
year; (b) the zone situated at the mouth of the Rhone is
directly related to the sediment supplied by the river; (c)
Napoléon beach is vulnerable to SE swells and is also
supplied by Rhone sediments transported by littoral beach
drift currents, flowing west to east; and (d) La Gracieuse
spit is characterized by a double evolution. From the end
of the 19th century to the 1970s, it has evolved naturally.
Due to the rehabilitation program at La Gracieuse spit,
started by the Port Autonome de Marseille in 1988, all of
the morphosedimentary processes have become entirely
artificial.

Results (Fig. 6)
The first period (1944-1960) is characterized by very
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low changes. The whole coast has not recorded
significant variations. Important changes appear for the
second period (1960-1979). The Piémanson beach is
characterized by a loss of sediment while the other
sectors were prograded. The last period (1979-1993)
shows the same situation except for the mouth sector
which has eroded, the Piémanson beach is still char-
acterized by a loss of sediment while La Gracieuse spit
has strongly prograded.

The global sediment budget shows that the western part
of the mouth of the Rhone formed by the Piémanson has
eroded while the eastern part formed by La Gracieuse spit
and Napoléon beach has prograded.

Conclusion

The evolution of this part of the littoral over the last

fifty years is characterized by a general displacement of
the whole system to the east. This evolution is the result
of the combination of natural processes and human
management (Suanez, 1995).

The evolution of the river mouth is complex. It is
marked by alternating periods of accretion and erosion,
which correspond to flood periods of the Rhone. There
is a continuous displacement of the river mouth towards
the east, indicated by the accumulation of sediments
related to drift currents. Piémanson beach is character-
ized by a slow but continuous evolution over time
which corresponds: (a) to a ‘natural regularization’ of
its profile in the ESE direction; and (b) to the fact that
it is partially isolated or disconnected from the Rhone
river, inducing a nil or negative sedimentary balancc.
The retreat of the littoral is particularly extensive during
the second period (1960-1979) and tends to be reduced
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FIG. 6. Evolution of the global sediment budget since 1944.
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for the recent period when the profile has reached its
stability. The sedimentary material lost in the eastern
part of the beach is transported and deposited to the
east, forming the bar that partially closes the outlet
ot the Rhone. This sediment transfer is facilitated by
drift currents. It appears that the coast located to the
east of the mouth of the Rhone is directly influenced
by the river, and is therefore characterized by a surplus
sedimentary balance. For Napoléon beach, the periods
of progradation coincide with those occurring when
the river mouth records a loss of material. Napoléon
beach is considered as a transit zone where sedimentary
transfers indicate a time lag between the flood sedi-
ments of the Rhone and their redistribution to La
Gracieuse spit located further east. The evolution of La
Gracieuse spit between 1944 and 1984 is a prolongation
of the morphological and sedimentary history of this
sector since the end of the 19th century (Vernier,
1976). The present-day equilibrium profile was made in
the mid-1980s. Since this period, the build-up as a
whole seems to have stabilized, and since the beginning
of the 1990s the progradation of the littoral is greater
due to the coastal management carried out by the Port
Autonome de Marseille. The rehabilitation of coastal
dunes and the immersion of barges has stopped the loss
of sediments inducing the enlargement of the beach
from the reconstituted dunes and drift currents.

The results obtained from land surface changes show
that the eastern part of the mouth of the Rhone is
characterized by sediment supply sufficient enough to
allow the continuing existence of wetlands with relative
sea-level rise. By contrast, the lack of sediment input in
the western part of the littoral makes this zone more
fragile and vulnerable to the rise of sea level.

Vertical Variation: Accretion Rates

In order to confirm the result obtained by the shoreline
variation analysis, the vertical accretion has been
measured using isotopic dating ('*’Cs) on samples
collected on each side of the mouth of the Rhone river”.
The aim was to find the depth associated with the limit of
1¥7Cs concentration which corresponds to the beginning
of nuclear activities in the drainage basin of the Rhone
river (1950s).

Sampling and methodology

Cores were taken on each side of the mouth of the
Rhone river in Piémanson and Napoléon beaches (Fig. 7).
They were collected from the back beach, a few meters
from the bottom of the dune. Isotopic dating ('*’Cs) was
carried out on silty-clay samples located at a depth of
40 cm for Piémanson beach and 43 cm for Napoléon
beach. The existence of silty-clay layers interstratified
with sandy layers is related to the fluvial dynamics which
have already been studied in a previous work (Suanez and
Provansal, 1993). The accumulation of fine sediment in
the back beach occurs during floods of the Rhone. which
cause the inundation of the emerged beach. This is mainly
due to the connections through the foredune existing
between the lagoons and the beach. Therefore, the silty-
clay deposits appear to be a useful chronological
parameter directly connected with pulsing events.

Results

The results show that the end of the signal was not
reached for either of the measurements. The concentra-

*Isotopic analysis have been done by C.E.A. IFREMER (Toulon).
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TABLE 2. Results obtained from isotopic measurement analysis

817

Sediment Quantity PF/PS Duration (see) Am-241 =+ Mes =+ YCs + K-40 +
Piémanson 131 ¢ 1.01 84719 — — 7.90 0.50 630 30
Napoléon 125.20 ¢ 1.01 82285 10.1 0.7 — 199 8.00 780 40

tion of '*7Cs was still present in the samples collected on
each side of the mouth of the Rhone (Table 2). Never-
theless, the concentration rate obtained at Napoléon beach
was much higher than at Piémanson beach.

Conclusion

The presence of '*’Cs concentration for both samples
means that the deposits are quite recent, at least, later than
1950. The lack of measurements beneath and above these
levels to fill the whole profile does not allow us to
estimate a more accurate date in accordance with the
reference curve obtained for the Rhone river (P.N.O.C.,
1994). Therefore, a minimum value of sedimentation rate
equal to +1 cm/year is suggested. The higher concentra-
tion of '*’Cs obtained on Napoléon beach could be
explained by the fact that the deposit is more recent than
at Piémanson beach. inducing a sedimentation rate more
important in the eastern part of the mouth of the Rhone.
This hypothesis will confirm the result obtained by the
shoreline variation analysis with a loss of sediment for the
western part since the 1960s and an increase of global
sediment budget for the estern part until the present-day.

DISCUSSION

For the first time, analysis of tide-gauge records in the
Rhone delta is produced. The comparison with the
magnitude of RSLR obtained from several other north
Mediterranean stations (1.2 mm/year) shows the extent of
subsidence (1 mm/year). This value is less important than
those obtained from other Mediterranean deltas such as
the P§ delta: in Venezia, analysis of tide-gauge records of
the recent period indicated an accelerated sinking of
7.3 mm/year (Emery et al., 1988); the Nile delta with
subsidence of 4.8 mm/year (Stanley and Warne, 1993).
This is mainly due to human activities, notably ground-
water withdrawal. The lower human pressure on the
Rhone delta may explain the lower subsidence rate
obtained in this area.

In regards to the morphosedimentary behaviour, it
appears that in the western part of the mouth of the Rhone
the vulnerability to RSLR seems to be more critical than
the eastern part of the littoral. These observations confirm
the previous works carried out on this zone characterized
by a retreat of the coast for the last several decades
(Blanc, 1975, 1977; Blanc and Jeudy De Grissac, 1982;
Blanc and Poydenot, 1993). The results obtained for the
eastern part of the Rhone confirm the importance of river
input despite the recent managements (dams, dykes, etc.).
Input of sandy material seems to be sufficient to supply
this part of the Rhone delta. The position of this sector in
relation to the mouth is a determinant factor. Never-
theless, driving agents play an important role; the

importance of western swells and drift currents in the
evolution of the littoral as a supplier of sediment which
cause unequal redistribution of this material between the
littoral situated to the east and to the west of the river
mouth (Suanez and Provansal, 1995). Therefore, the outer
coast influenced by the Rhone river supply is not
threatened by relative sea-level rise. On the contrary,
when no sediment is being added to the coast, it becomes
lower each year, as sea level rises. This pattern confirms
observations made in the deltaic plain (Pont et al., 1995).
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LUC ORTLIEB,* CARI ZAZO, JOSE LUIS GOY,i CLAUDE HILLAIRE-MARCEL,§
BASSAM GHALEB§ and LOUISE COURNOYERS
*ORSTOM (Institut Frangais de Recherche Scientifique pour le Développement en Coopération), Depart de
Geologia, Universidad de Chile & Facultad de Recursos del Mar, Universidad de Antofagasta, Casilla 1190,
Antofugasta, Chile
tDepartamento de Geologia, Museo Nacional de Ciencias Naturales, C.S.1.C., J.Gutierrez Abascal 2, Madrid,
Spain
tDepartamento de Geologia (Area de Geodindmica), Facultud de Ciencius, Universidad de Salamanca,
37008-Salamanca, Spain
S§GEOTOP, Université du Québec a Montréal, Case 8888 (Centre ville), Montréal, Québec, H3C 3PB Canada

Abstract — The Nazca-South American plate boundary is a subduction zone where a relatively
complex pattern of vertical deformation can be inferred from the study of emerged marine terraces. Q S R
Along the coasts ol southern Peru and northern Chile, the vertical distribution of remnants of

Pleistocene terraces suggests that a crustal, large scale uplift motion is combined with more
regional/local tectonic processes. In northern Chile, the area of Hornitos (23°S) offers a remarkable
sequence of well-defined marine terraces that may be dated through U-series and amino-
stratigraphic studies on moliusc shells. The unusual preservation of the landforms and of the shell
material, which enabled the age determination of the deposits, is largely due to the lengthy history
of extreme aridity in this area. The exceptional record of late Middle Pleistocene to Late Pleistocene
high seastands is also favoured by the slight warping of two distinct fault blocks that have enhanced
the morphostratigraphic relationships between the distinct coastal units.

Detailed geomorphological, sedimentological and chronostratigraphic studies of the Hornitos
area led to the identification, with reasonable confidence, of the depositional remnants of sea-level
maxima coeval with the Oxygen Isotope Substages Sc, Se, 7 (probably two episodes) and the isotope
stage 9 (series of beach ridges) The coastal plain, at the foot of the major Coastal Escarpment of
northern Chile, appears to have been uplifted at a mean rate of 240 mm/ky in the course of the last
330 ky. From the elevation of the older terraces and late Pliocene shorelines, 1t can be inferred that
these steady vertical motions were much more rapid than during the Early Pleistocene. Copyright ©
1996 Elsevier Science Ltd

INTRODUCTION below the South-American plate (Barazangi and Isacks,
1976). However, until recently, much uncertainty has
Over the last 150 years, several famous studies on remained concerning the age of thc Quaternary terraces,
coastal deformations and neotectonic uplift have been and thus the rate of uplift recorded along the Chilean coast.
reported in Chile. After D'Orbigny (1842) and Darwin The age of the conspicuous terraces at La Sercna and
(1846), other naturalists (e.g. Domeyko, 1848, 1860; Coquimbo, on which had been bascd the chronostrati-
Pissis, 1856; Vidal Gormaz, 1901; Courty, 1907) have graphy of the Quaternary marine units in Chile (Herm and
discussed. at length, the significance of the Quaternary Paskoff, 1967; Herm, 1969; Paskoff, 1970, 1977) could not
marine terraces preserved along the coast of northern be established precisely. Furthermore, it was commonly
Chile, particularly in the areas of La Serena-Coquimbo assumed that the terraces had been formed during episodes
(30°S) and also between Antofagasta and Iquique (24— of significantly higher sea level stands than the present
22°S). For more than a century, the evidence of coastal datum.

uplift in Chile was tentatively rclated with the Andean
Cordillera orogenesis and/or with the historically active

seismicity of the country. It was only in the 1970s that the Subduction Plate-Boundaries and Quaternary Uplift

plate tectonic model offered a geodynamic framework that Motions
integrated the marine terraces, the seismic activity, the At subduction plate boundaries the margin of the
plate boundary and the subduction of the Nazca plate overlying plate generally registers strong uplift motions
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during Quaternary times (Ota, 1986). In the western
Pacific, the identification of Late Pleistocene and late
Middie Pleistocene emerged reef tracts at elevations of
hundreds of metres above present sea level indicates
uplift rates in the order of several millimetres per year
over timescales of several hundred thousand years
(Chappell, 1974; Bloom et al., 1974; Ota, 1986). There-
fore, it has been commonly considered that such high
values of uplift rate were representative of any subduction
zones. Actually, uplift values of over 0.5 mm/year, in the
long range, may prove to be quite exceptional. In Peru
and Chile, for instance, the vertical deformation of the
coastal area appears to be much weaker: uplift rates are
about an order of magnitude lower than those calculated
across the Pacific Ocean. Along the coast of southern
Peru, Pleistocene marine terraces are seldom observed at
more than +200 m above present sea level, and regional
uplift rates are of the order of 150-100 mm/ky for the
entire Quaternary (Ortlieb et al., 1995a). In some
localities affected by local tectonic activity, though, uplift
rates of up to 300 to 460 mm/ky were determined (Goy et
al., 1992; Ortlieb et al.. 1994a, in press). Besides, a
several hundred kilometre long coastal segment in north-
central Peru (7-14°S) does not show any evidence of
Quaternary uplift (Macharé, 1987; Ortlieb and Macharé,
1990a). In contrast, the area in front of the termination of
the aseismic Nazca Ridge (14-15°S) was uplifted, during
the last million years, at a maximum rate of 740 mm/ky
(Macharé and Ortlieb, 1992). Thus, it is clear that the
deep-seated processes directly associated with the sub-
duction of the Nazca plate, which should present some
regional homogeneity, do account for only a part of the
vertical deformation registered along the Peru plate
boundary. Before a general pattern of regional deforma-
tion can be determined along this subduction plate
boundary, we still need to decipher the detailed history
of local uplift motions in distinct coastal sectors.

Geochronological Problems

Quantifying positive vertical motions along coastal
regions requires that the emerged Pleistocene marine
terraces be dated and correlated with interglacial high
seastands. But dating marine terraces is a difficult task.
The lack of corals along the Pacific coast of South
America, south of 4°S, implies that radiometric measure-
ments need to be done on mollusc shells, although U-
series dating of molluscan material is often considered as
unreliable (Kaufman et al., 1971). Other geochronologi-
cal methods were used. but did not always yield clear-cut
and definitive results. The electron spin resonance (ESR)
method was attempted in a series of localities from
southern Peru and northern Chile (Radtke, 1985, 1989;
Ratusny and Radtke, 1988; Hsu et al.. 1989), and amino
acid epimerisation (allo/isoleucine) and racemisation
measurements were performed on shells from numerous
marine terraces of the same area (Hsu, 1988; Hsu et al.,
1989; Ortlieb et al., 1992, in press; Leonard and
Wehmiller, 1992). These geochronological methods all

have their inherent limitations, and none are straightfor-
ward for the dating of fossiliferous deposits associated
with former high seastands. The radiometric methods (U-
series and ESR) are limited by the migrations of
radionuclides within mollusc shell carbonate during
diagenesis. Amino acid racemisation (or epimerisation)
in contrast is primarily a relative dating method, which
needs to be calibrated by an independent geochronologi-
cal method in every region. One of the chronological
problems that arose in the last decade was a regional
aminostratigraphic framework, ‘calibrated’ on ESR data
and largely based on a kinetic model of epimerisation
developed in California and adapted to Chile (Hsu, 1988
Hsu et al., 1989) that yielded dates for deposits at
variance with some morphostratigraphic evidence (cf.
Ortlieb and Macharé, 1990b: Ortlieb et al.. in press). The
discrepancy is not resolved yet, although some new data
from central Chile may lead to the elaboration of a
revised aminostratigraphic scale (Leonard and Wehmiller,
1992; Leonard, pers. commun., 1995). While one can
count only on the geochronological tools presently
available, no age determination of marine terraces in
Peru and Chile should be proposed without. at least strong
supporting morphostratigraphical criteria.

The major purpose of the present work is to provide
new morphostratigraphic and geochronological data from
an area considered representative of a several hundred
kilometre long sector of the coast of northern Chile. The
chronostratigraphic interpretation of the sequence of
terraces and neotectonic observations strongly suggest
that, beside some local warping and faulting activity, the
study area has experienced neotectonic uplift of regional
significance. The apparent steadiness of the vertical
deformation during at least the last 330 ka is taken as
an indication of the crustal nature of the involved
motions. We interpret that they constitute a passive
response of the edge of the continental margin to the
process ol subduction of the Nazca plate. Tt will also be
shown, from the distribution of the older marine terraces,
that some modification occurred, during the early Middle
Pleistocene, in the regional uplift rate and, possibly, in the
subduction regime. Vertical deformation was much
slower in the Early Pleistocene along the studied sector
of the plate boundary.

THE NORTHERN CHILE COAST: GEOLOGICAL
SETTING

Pleistocene Marine Terraces at the Foot of the Coastal
Escarpment

The landscape of northern Chile is dominated by the
Coastal Cordillera, a narrow range that reaches 2000 m in
elevation and is limited to the west by a major
escarpment. The Coastal Escarpment runs along the coast
for more than 1000 km and suddenly vanishes at Arica, at
the international boundary with Peru, where the coastline
changes its general trend from N-S to NW-SE. Between
Arica (18°S) and Iquique (20°S), the Coastal Escarpment
is very steep, measures more than 1000 m (and locally up
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to 2000 m) and plunges directly into the sea; no marine
terraces are preserved along this coastal sector (Paskoff,
1978). But, from Iquique southwards, a narrow coastal
plain develops at the foot of the escarpment: this coastal
fringe cut into the basement of the Coastal Cordillera
(mainly thick Jurassic volcanics) exhibits remnants of
Pleistocene marine deposits. In some places, several
marine abrasion surfaces are preserved in staircase
disposition, between the coastline and up to +200 m (all
elevations hercby arc given abovc prcsent mcan sca
level). In many cases. a thin sheet of coastal and marine
sediments blankets the wave-cut abraded platforms
(Ratusny and Radtke, 1988; Radtke. 1989).

In the coastal stretch between Iquique and Antofagasta
(23°30'S), the width of the coastal plain is uneven
(typically between 1 and 3 km). Immediately north of
Antofagasta the coastal plain broadens towards the west
to constitute the core of Mejillones Peninsula (see inset of
Fig. 1). This peninsula is a large, anomalous, structural
block cut by some large crustal faults, which disrupts the
N-S trending coastline of northern Chile. In Mejillones
Peninsula, numerous emerged coastal and marine features
of Plio-Pleistocene age, like staircased marine platforms
and wide strand plains covered with long sequences of
beach-ridges. indicate that, during the late Cenozoic,
strong vertical motions have been occurring (Okada,
1971: Ferraris and Di Biase, 1978; Armijo and Thiele,
1990). The highest-lying Early Pleistocene marine
sediments are found at an elevation of +440 m, on the
edge of a faulted block (Ortlieb et al., 1995b). However,
in the major part of the peninsula and along the adjacent
coastal plain, the latest Pliocene and earliest Pleistocene
marine deposits are commonly lying at elevations of the
order of +200 to +220 m (Ortlieb, 1993). Thus. the
peninsula may be viewed as a large, composite, crustal
block which was uplifted by a mean amount of about
200 m in approximately the last 2 My, and some faulted
compartments were differentially uplifted by an addi-
tional amount of up to 240 m. More rapid uplift motions
had been previously suggested by authors who actually
did not study the chronology or stratigraphy of the
emerged terraces and associated deposits (Okada, 1971;
Armijo and Thiele, 1990). Some of the highest (above
+400 m) wide marine platforms visible in the peninsula
that were interpreted as Pleistocene landforms, were
actually cut by Pliocene seas, as revealed by the faunal
content of the associated deposits.

At Antofagasta, where the coastal plain is narrow
again, the Quaternary marine terraces are largely eroded
and degraded. The highest-lying shore-platform (the
‘Antofagasta Terrace’). at the foot of the Coastal
Escarpment, is located at a mean +100 m elevation, and
was assigned to the Pliocene on palaeontological grounds
(Martinez de los Rios and Niemeyer, 1982). Recent re-
examination of the sedimentary cover of this conspicuous
terrace revealed that coastal deposits bearing Pleistocene
faunal elements locally overlie the Pliocene beds
associated with the platform (Ortlieb et al., 1995b).
15 km south of Antofagasta, at Coloso, the coastal plain
narrows and disappears, so that the Coastal Escarpment

reaches the coastline. At Coloso, the Antofagasta Terrace
is +80 m high, while the last interglacial shoreline is
preserved at about +6 m (Ortlieb ez al., 1993, 1995b).
Thus, at the southern extremity of the 400 km-long
Iquique-Antofagasta coastal plain, it is inferred that thc
net vertical motions were limited. For the wholc
Quaternary period (=last 1.8 My), a mean uplift rate of
the order of 50 mm/ky is calculated. But, assuming that
the last interglacial sea level was a few metres above the
prcsent datum, it is also intcrprcted that the vertical
deformation was almost nil during the late Quaternary
(Ortlieb et al., 1993).

Study Area

At 100 km north of Antofagasta, one sector of the
coastal plain exhibits a particularly well preserved
sequence of three marine terraces, with fossiliferous
deposits protected by a thin layer of alluvial cover. It is
located at Hornitos, immediately to the NE of the
Mejillones peninsula, where the width of the coastal
plain is less than 4 km. The study area extends from Punta
Yayes (22°48'S) to Punta Chacaya (22°59’S; Fig. 1). The
narrow coastal sector can be subdivided from north to
south into two embayments (Caleta Hornitos and Caleta
Chacaya) that are limited by three rocky promontories
(Punta Yayes. Punta Hornos and Punta Chacaya; Fig. 1).
The most conspicuous sequence of marine terraces is
located in the southern half of the Hornitos embayment. A
more complete series of terrace remnants (numbered I to
IV in Fig. 1) is preserved in the Chacaya embayment, but
these are partially covered with eolian sand sheets and
alluvial fan deposits (Ortlieb ez al., 1995¢). On the rocky
headlands of Punta Hornos and Punta Chacaya the
remnants of Pleistocene marine transgressions consist of
shore-platforms that are generally devoid of marine
sediments. At least six platforms are recognised in the
three morphological ridges of Punta Yayes, Punta Hornos
and Punta Chacaya (and identified by correlative numbers
1-6 in Fig. 1). To the east of Punta Chacaya, the terrace
identified by number "4" is preserved at +130 to +140 m
elevation; morphostratigraphically it seems to predate
terrace IV of the Chacaya embayment.

In the embayments the substrate of the terraces is
formed by Pliocene marine sandstones (Herm, 1969;
Ferraris and Di Biase, 1978) that were easily eroded by
the succeeding transgressions. The sediment covering the
marine platforms are typically coarse-grained sands and
gravels, with a varying amount of marine pebbles and
larger blocks. The faunal content of the marine terrace
deposits do not vary significantly from the present day
nearshore fauna (Ortlieb et al., 1994c; Ortlieb and
Guzman, 1994). The major difference lies in a somewhat
greater diversity of the fossil assemblages with respect to
the modern fauna. No particular change in the nearshore
oceanographic conditions seems to have occurred from
one interglacial stage to the other, at least in the last three
interglaciations. This means also, that no paleontological
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Meiillones Peninsula, northern Chile, showing the geological and morphotectonic context in which are preserved the three
major marine terraces I, II and III. These staircased terraces are correlated with the isotopic stages 5, 7 and 9.
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argument may be used to identify any particular marine
terrace at Hornitos.

The Coastal Escarpment is almost 1000 m high in the
eastern part of the study area. The alluvial fans that piled
up at the foot of the escarpment obscure any evidence for
marine terraces higher than those cropping out at +80 to
+100 m. Nevertheless, in the northernmost part of the
study area, due east of Punta Yayes, is preserved a small
remnant of Early Pleistocene deposits, at an elevation of
ca. +170 m (Ortlieb er al., 1995b). This isolated outcrop
15 tentatively correlated with other occurrences of a
similar unit (identified by an overlying ash layer) to the
north (Michilla, at +160 m) and south (Antofagasta, at
+100 m) of the study area. Its faunal content indicates a
Pleistocene age, and its morphostratigraphic position (as
highest-lying terrace) lead to consider it as the oldest
Pleistocene marine remnant of the area.

Holocene Coastal Evolution

The major Holocene coastal feature in the Hornitos
embayment is a several hundred metre wide eroded
platform covered by littoral drift sand. The elevation of
the inner edge of the modern terrace at the base of the sea
cliff locally reaches about +5 m. The coastal cliff was
abandoned several thousand years ago, after sea level fell
by some 2 m (?). Radiocarbon and U-series (TIMS)
dating of a recent emerged shore deposit at Michilla
(20 km north of Hornitos) suggests that the highest sea
level stand during the Holocene occurred at 7000 BP
(Leonard and Wehmiller, [991; Ortlieb et al., 1995b). A
few metre high small morphological terrace (that includes
an alluvial component) is preserved at the foot of the
coastal cliff in the middie of the Hornitos embayment.
The lack of emerged Holocene coastal sediments in the
south of the Hornitos embayment is attributed to the
effect of recurrent tsunami events. The last strong seismic
events that struck the northern Chile coast (in 1868 and
1877) were accompanied by tsunami waves whose runup
reached a height of, respectively, 6 and 9 m in the Cobija-
Hornitos area (Lockridge, 1985). In the Chacaya embay-
ment, as in the north-easternmost Bay of Mejillones, the
backshore is formed by a 3 to 4 m high, sandy terrace
which was probably formed during one (or several) late
Holocene former tsunami event(s). A feature character-
istic of the back shore of the southern Chacaya
embayment is the accumulation of recent mud flow
deposits atop the marine sandy sediment.

The Holocene strand plain is particularly wide at
Hornitos. This coastal landform is more developed than
along other sectors of the northern Chile coast, and
constitutes a modern equivalent of the Pleistocene
emerged terraces that were preserved in the study area.
The exceptional development of the modern and older
terraces is attributed to geological (favourable Pliocene
substrate), geographical (embayment morphology and
semi-protected topography) and oceanographic (long-
shore transport) conditions, and also to a slightly more
rapid uplift regime than in nearby localities.

THE HORNITOS SEQUENCE OF MARINE
TERRACES

Morphostratigraphy of the Terraces

In the Hornitos embayment, three marine terraces can
be distinguished between the Holocene seacliff and the
foot of the Coastal Escarpment (Figs | and 2). These
terraces present various morphological differences.

The lowest (youngest) Pleistocene terrace, numbered
‘I" in Figs 1 and 2, is well preserved all along the Hornitos
embayment. Its distal edge, atop the 12 km long coastal
cliff that was formed in the mid-Holocene, lies at +18 to
+25 m (a.s.l.). Its inner margin, at the foot of the palaeo-
seacliff formed during the maximum of the transgression,
is found at about +30 m, with a maximum elevation of
+36 m east of the village of Hornitos. This terrace is
morphologically well defined and was considered up to
now as having been cut during a single episode of high
sea-level (Herm, 1969; Radtke, 1985, 1989; Ortlieb er al.,
1994b). However, the flat morphology of that terrace

(1%

FIG. 2. Aernal photograph of the Hornitos embayment, with
enlargement of a sector where the three Pleistocene terraces and
the Holocene terrace are well preserved, and in staircased
disposition. (Document Servicio Aerofotogramétrico SAF- 81,
CH60-S.5-3, 018962, Fuerza Aerea de Chile).
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FIG. 3. Photograph taken from the first Pleistocenc marine terrace (1) showing that below the alluvial component of the
coastal terrace, there 1s a two-step marine abraded platform with two separate nearshore units. Each step was formed during
distinct episodes of high sea level: i1sotopic substages 5¢ and Sc.

R

surface mainly reflects the attitude of a sheet of alluvium,
which actually hides a composite marine terrace; below
the alluvial cover the coastal sediments of the terrace
form two distinct stratigraphic units (Ortlieb et al., 1995b,
1995¢). Each unit is associated with a distinct wave-cut
platform. and a vertical offset of up to 2 m was measured
between the inner edge of the lower platform and the
outer edge of the higher one (Fig. 3). The limit between
the two platforms is located at about +25 m, and can only
be observed in some of the ‘quebrada’ (arroyo) entrench-
ments that cut the terrace 1 and its Pliocene substratum.
This morphostratigraphic disposition suggests that the
two wave-cut platforms were formed one after the other,
probably during two interstadial high seastands, within
the same interglacial episode. As this is the lowesl lying
Pleistocene marine terrace, it is inferred that both
platforms were cut during two substages of the isotopic
stage 5 (probably substages, 5e and 5¢).

The second higher marine terrace at Hornitos is the
least developed of the three. [t is narrower than the other
two and disappears in the northern half of the embayment
(Figs | and 2). The maximum elevation of its inner edge
varies between +50 m and +55 m (o the east of Hornitos;
however, at the soulhern extremity of the Hornitos
embayment, a slight upwarp of the terrace brings it up
to a maximum elevation of +63 m. On the structural ridge
formed by Punta Hornos, to the south of Hornitos village,
remnants of this lerrace were found at up to +75 m.
Locally, two distinct platforms with their associated
marine sediments were distinguished; they are interpreted
as the remnants of two episodes of high seastand,
probably during a single interglaciation. As the terrace

was formed prior to the lower terrace, it 1s confidently
assigned to the penultimate interglacial period (i.c.
isolopic stage 7). Both subunits might correspond to
Oxygen Isotope Substages 7a and 7c.

The third higher terrace 1s very wide. particularly east
of Hornitos. Its inner edge, hidden by the large alluvial
fans formed at the foot of the Coastal Cordillera, is
located at an elevation slightly higher than +80 m.
Numerous ‘quebrada’ cut perpendicular to the coast show
that the thin sedimentary cover (typically less than 2 m)
of this remarkably flat terrace consists of a series of
prograding units of coarse beach deposits set in off-lap
disposition. Four sedimentary units were clearly recog-
nised 1n the field, but up to eight parallel [incaments are
visible in aerial photographs (see Figs | and 2). These
lineaments are remnants of beach ridges that were
probably formed coevally with some of the much wider
and larger beach-ridges of the northern Mejillones
peninsula (Ortlieb ef af., 1995b).

In Chacaya embayment, the equivaient of Terrace I is
represented by two terraces, one well-developed with an
abundant sedimentary cover and an abrasion platform on
which no sediments are preserved. The best developed
marine terrace (with sediments) is cut by N-S trending
small normal faults which produced small vertical scarps
(a metre, or two, high). As mentioned above. the thrce
lower terraces equivalent 1o those of Hornitos are
extensively covered by sand dunes and alluvium (Fig. ]).
In spite of the thick alluvial fans accumulated at the foot
of the major escarpment, several remnants of a fourth
terrace (IV), are observed at a +90 m elevation (Fig. 1).
This terrace predates Terrace IIT but as the latter is much
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narrower than in Hornitos embayment, it is not clear
whether Terrace IV should be assigned to a previous
interstadial within the same interglaciation or to a
previous isotopic stage.

Previous Chronostratigraphic Interpretations

Herm (1969) was the first author to describe the three
conspicuous terraces at Hornitos and to study their faunal
content. He proposed to correlate them with the Serena I,
Serena II, and Herradura [ terraces identified in the
Coquimbo-La Serena region (30°S), but the lateral
correlation was essentially based on altimetric criteria.
According to the chronostratigraphic scale elaborated at
that time by Herm and Paskoff (1967), the Herradura I
terrace would correspond to the penultimate interglacia-
tion while the Serena I and II units were tentatively
assigned to the Early Pleistocene. Later, Radtke (1985,
1989) obtained the first geochronological results through
ESR and U-series dating from mollusc shells of the three
Hornitos terraces. He determined that the most recent
Pleistocene terrace at Hornitos was of last interglacial age
(i.e. younger than previously considered), while the two
older terraces, which did not yield quite reliable radio-
metric results, were assigned to some previous transgres-
sions of the Middle and/or the Early Pleistocene (Radtke,
1989). Amino acid epimerisation and racemisation studies
were also performed in the area by Leonard et al. (1987)
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and Hsu et al. (1989) who, however, did not give any
detail on the sampling localities. Later, Leonard and
Wehmiller (1991) described the most recent Pleistocene
marine terrace (equivalent to Terrace I at Hornitos) at
Michilla. These authors also suggested that the low
terrace should be assigned an isotopic stage 5 age, but
without more refinement regarding substages of the last
interglaciation.

New Geochronological Analyses

In this investigation, more than 70 amino acid
epimerisation analyses and 10 U-series measurements
were performed. The internal consistency of the chrono-
metric results, together with the general coherency
between these results and the morphostratigraphic and
sedimentological interpretations provide a strong basis for
establishing a chronostratigraphic scale for the northern
Chile coast (Table 1). The shell species used for the
geochronological analyses are all pelecypods, mostly
veneridae (Protothaca thaca, Eurliomalea rufa and Venus
antiqua) but also Mulinia cf. edulis and Mesodesma
donacium. They are nearshore molluscs, commonly found
in the marine terrace deposits and sometimes in growing
position (paired valves). Material for amino acid analyses
was sytematically collected at a depth of several
decimetres, whenever possible at | m depth. below the
surface, to limit the effect of thermal variations within the

TABLE 1. U-series and aminostratigraphic results from shells of the four marine terraces in the embayments of Hornitos and Chacaya,
northern Chile. The four staircased terraces (I, 11, 111, IV} are assigned to the isotopic stages 5, 7,9 and 9 or 11 (?). Allo/isoleucine and U-
series data support the morphostratigraphical observation of a double sea stand record in the more recent terrace (1): substages 5c and 5e

Samplelocality Elevation  Shell species Allo/Isoleucine U/Th apparent age Assumed age
(m a.s.l.) value n std mean TIMS alpha count (1.S.)

HORNITOS

C92-6 +25 Protothaca thaca 0.36 3 0.02 0.39 105.3+£1.0

" Mulinia edulis 0.42 2 0.01 108.3+0.8 5¢

" Eurhomalea rufu 0.38 1 108.8+1.0

C92-10 +18 Protothaca thaca 0.49 2 0.07 0.50 106.1+£0.8 12447.0

" Eurliomalea rufa 0.51 2 0.02 109.240.9 11616.0

" Eurhomalea rufa 106+5.0 Se

" Eurhomalea rufa 1194£5.0

C92-11 +18 Mulina edulis 0.51 4 0.07

C93-83 +60 Mulinia edulis 0.63 3 0.04 0.62

" Mesodesma donacium ~ 0.61 3 0.04 ’ 7

C93-82 +55 Eurhomalea rufa 0.62 3 0.08 0.62

C93-80 +75 Mulinia edulis 0.71 3 0.06

" Protothaca thaca 0.73 3 0.05 0.71 9

" Mesodesma donacium 0.69 3 0.05

" Venus antiqua 0.70 1

CHACAYA

C92-2 +23 Mulinia edulis 0.47 3 0.05 0.47

" Mesodesma donacium ~ 0.46 3 0.03 )

C94-108 +30 Mulinia edulis 0.45 3 0.05 Se

" Mesodesma donacium 0.47 3 0.05 048

" Venus antiqua 0.53 3 0.02

C93-85 +90 Protothaca thaca 0.79 2 010 (217.249.4) 9orll?

" Eurhomalea rufa 1.10 3 002
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soil. In most cases a set of valves from three distinct
individuals were analysed. All the mentioned species
epimerise at an identical rate (Hsu ef al., 1989; Leonard
and Wehmiller, 1992; Ortlieb e al, 1990b, 1996). The
species Eurhomalea lenticularis undergoes epimerisation
at faster rates, and did not yield consistent results when
compared with the other species, so that results obtained
on this material were not taken into consideration.
Besides, two localities at Chacaya provided anomalously
spread results, with high allo/isoleucine ratios: these data
were attributed to a local overheating of the samples
(within the soil) and were discarded. All the allo/
isoleucine and U-series analyses were performed at
GEOTOP, Université du Québec a Montréal. Details
about analytical procedures can be found in Hillaire-
Marcel er al. (1995).

U-series data

U-series data (230Th/234U. 234U/238U) include alpha-
spectrometry and TIMS (thermal ionisation mass spectro-
metry) measurements. The first method was used for
samples from a single locality in the northern extremity of
the study area (C92-10/11, Table 1). There, three out of
four measurements yielded apparent ages of ca. 120 ka
and a fourth sample gave a result of 106 ka (£5 ky). In
the same locality, two additional samples analysed
through TIMS yielded results of 106 ka (£0.8 ky) and
109 ky (£0.9 ky). At the present stage, two interpreta-
tions may be forwarded. Either, this unit was deposited
during Oxygen Isotope Substage Sc and incorporated
some fossil shells reworked from substage Se deposits, or
it correlates to substage 5e. Then, the somewhat younger
apparent U-series ages would indicate late diagenetic
incorporation of uranium into the shells (during Oxygen
Isotope Substage 5c?), resulting in lower 207h/234y
ratios (i.e. lower ages). As will be seen below, allo/
isoleucine (A/T ~ 0.5; Table 1) data from this site would
support an assignment of the unit to the highest sca-level
episode of the last interglacial (isotopic substage Se).

In another locality (C92-6), which also corresponds to
the edge of the coastal cliff but in the southern extremity
of the Hornitos embayment, three TIMS results were
obtained; they range from 105 to 109 ka (£1 ky; Table ).
In this case, we surmise that the shells are coeval with the
substage Sc because their allo/isoleucine ratios (A/l ~
0.4; Table 1) are significantly lower than in the former
case.

Finally, an articulated sample of bivalve Eurhomalea
rufa from the +90 m terrace (IV) at Chacaya yielded a
“finite’ age of ~21749 ka (C93-85, Table 1). The
embedding unit can be assigned to either an early isotopic
substage 9, or to stage 11 (see below). We thus conclude
that some discrete late diagenetic U-uptake occurred in
the corresponding sample, resulting in a ‘young’ apparent
age.

Aminostratigraphy

The results of the amino acid epimerisation analyses
are generally coherent within the study area. Five

aminozones could be distinguished among the four
Pleistocene morphostratigraphic units (Table 1). Within
the youngest terrace deposits, two aminozones with mean
values around 0.4 and 0.5, respectively, were defined. The
most recent samples (C92-6), according to the aminos-
tratigraphic analyses (Table 1), come from the same
locality which provided apparent U-series ages in the
range 105-108 ka; they are thought to represent substage
5c. In the locality at the south of Hornitos embayment
(C92-10), samples from the same three species of
pelecypods yielded higher allo/isoleucine ratios, and thus
are assigned to an older high sea stand, most probably
substage Se. In Chacaya embayment, two localities of the
lowest marine terrace (C92-2 and C94-108) yielded A/l
ratios of 0.47 and 0.48 (means of several species), that
correlate with the 0.5 aminozone of Hornitos. We
interpret that the A/l ratios of 0.47 to 0.50 correspond
to the isotopic substage Se.

The deposits of the second higher terrace (II) were
sampled in two localities one to the east of the village of
Hornitos (C93-82) and another one close to the Punta
Hornos ridge where the fossils were better preserved in a
finer, sandy sediment (C93-83), and at a slightly more
elevated (+60 m) altitude than the typical +50 m eleva-
tion of the inner edge of terrace II. The third terrace was
sampled in the middle part of the wide platform, to the
east of Hornitos village (C93-80); the shelly bed is
located between a coarse basal conglomerate and a finer
grained unit which was capped by alluvial silt. Finally,
the shells from the fourth terrace were sampled. in the
Chacaya embayment, in a nearshore in situ deposit (C93-
85) that had been covered by a thick mudflow unit; all the
analyses were made on paired shells in the last locality.

The mean A/I ratios obtained on shells from the three
older terraces (II. III and IV) were 0.62, 0.71 and either
0.79 (Protothaca mean) or 0.95 (Protothaca and
Eurhomalea interspecific mean), respectively (Table 1).
The difference in the ratios is of the same order of
magnitude as the range between the two distinct
aminozones of the younger terrace. Nevertheless, as the
samples were collected in staircased terraces, it is inferred
that these aminozones correspond to two. or three,
interglacial high seastands prior to the last interglacial
(Oxygen Isotope Stages 7, 9 and possibly 11). The
difference observed in the A/l ratios provided by
Protothaca thaca and Eurhomalea rufa samples of the
+100 m terrace precludes any age determination for now.

The reliability of the aminostratigraphic results for the
three younger terraces is assessed by the cluster of values
obtained from every locality, among. as well as within,
the species of pelecypods that were analysed. The
correlation observed between the increasing values of
A/l ratios and the morphostratigraphic position of the
samples (i.e. elevation of terrace/relative age of the
deposits) strongly suggests that in the Hornitos area, the
thermal history of the buried samples was rather
homogeneous from one locality to the other, except for
a few localities at Chacaya already mentioned. The
consistency of the morphostratigraphy and the aminos-
tratigraphy does not validate the latter by itself, but at
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least provides some confidence into the proposed
interpretation.

An additional element of chronostratigraphic correla-
tion, and of calibration of the regional aminostratigraphy,
is provided by geochronological results from a locality
some 90 km south of Hornitos, in the northern part of the
bay of Antofagasta. At that locality (called La Portada),
U-series dating and aminostratigraphic analyses were
performed on Mulinia cf. M. edulis and Mesodesma
donacium (Ortlieb et al., 1996). Three concordant U-
series apparent ages of ca. 282 ka (275£11 ky, 28249 ky
and 288412 ky) were obtained. while a double series of
14 shells of Mulinia cf. edulis and 14 shells of
Mesodesma donacium yielded mean A/l ratios of 0.66
and 0.67, respectively (unpublished results obtained at
GEOTOP, Montréal). We assume that this marine terrace
was formed during the isotopic stage 9 (at 300-330 ka).
The mean A/I ratio of 0.67 that was obtained from the
analysis of 28 shells would be representative of the
isotopic stage 9 in the Antofagasta Bay area (Ortlieb et
al., 1996). A chronological correlation between this value
of A/l ratio of 0.67 and the 0.71 aminozone at Hornitos is
quite acceptable, and supports the chronostratigraphy
elaborated at Hornitos.

From previous ESR and U-series dating (Radtke, 1985,
1989) as well as from the amino acid racemisation and
epimerisation studies performed in this sector of the
northern Chile coast (Hsu er al,, 1989: Leonard and
Wehmiller, 1991), it had been concluded that the most
recent Pleistocene terrace could be assigned to the last
interglacial episode. The new set of results provides more
specific interpretations for the youngest terrace and
proposes a more precise chronostratigraphical framework
for the older ones. We conclude that, in the Hornitos-
Chacaya area. the lower terrace was formed during two
successive transgressions within the last interglaciation,
most probably the substages 5e¢ and S5c. The second
terrace also shows morphostratigraphic evidence that it
was formed in a two-step process. The second and third
older terraces were not properly dated by the radiometric
method, but amino acid epimerisation data is sound
enough to enable a chronological correlation between
terraces II and III with the Oxygen Isotope Stages 7 and 9.

TECTONIC DEFORMATION
Faulting and Warping Activity

Field observation and aerial photograph analysis of the
study area indicate that some tectonic deformation did
occur since the end of the Middle Pleistocene in the
coastal region. Relatively recent fault scarps are visible
along the Coastal Escarpment, across the alluvial fans and
in the coastal plain itself. The most recent faults are
observed near the head of some alluvial fans, close to the
front of the escarpment (Fig. 1). Two fault systems
oriented NI120-140° and N20-30° and a few N-S
trending faults are identified. These fault systems were
mildly activated, or reactivated, both north and south of
Hornitos (Punta Yayes and Punta Chacaya).

The marine terraces are seldom cut by fault traces, but
they show warping and deformations that could be related
to the reactivation of previous fractures. Besides, the
attitude of the marine terraces and their geometrical
disposition clearly point to a block deformation (Ortlieb
et al., 1995c¢c). Two tectonic blocks can be distinguished:
one in the Yayes-Hornitos embayment, and another one in
Chacaya embayment. The variation of altitude of the
Pleistocene shorelines, at the inner edge of the terraces.
indicates that a small-amplitude tilt occurred in both
blocks (Fig. 4). As cvery terrace rcaches a higher
elevation in the north of the embayments, it is inferred
that the southward tilt of each block has been active (but
not necessarily continuous) for a relatively long time
span. The spatial disposition of the terraces suggests that
the registered motions concern the whole blocks, and not
small compartments within the blocks. The tilt motions of
the two faulted blocks are interpreted as minor, and
repeated, readjustments linked to the active deformation
occurring in the half-graben of northern Mejillones
Peninsula for the last several hundred thousand years
(Ortlieb, 1993).

Regional Uplift Rates

In neotectonic studies dealing with vertical deforma-
tion of the coastal zone, two problems must be addressed;
the age determination of emerged shorelines and the
original position of the sea level (with respect to present
sea level, for instance) at the time the terraces were
formed. For the first problem, morphostratigraphical
arguments and available geochronologic data were
presented. For the second problem, some discussion is
needed as there is no general consensus regarding the
reconstruction of the palaco-sea level coeval with every
high seastand (e.g. Bloom et al., 1974; Shackleton, 1987;
Radtke, 1989).

The late Quaternary uplift motions

From the study of a large number of localities world-
wide of the last interglacial shoreline, it could be inferred
that the ‘eustatic’ sea level corresponding to the
maximum of the last major transgression (at ca. 124 ka)
was a few (about 67) metres above its present-day
position. These data which have a global value, and do
not necessarily apply in every region (e.g. Murray-
Wallace and Belperio, 1991), are classically used to
evaluate the amplitude of the uplift motions in coastal
areas where the trace of the 124 ka sea level is well
identified. In the study area, the trace of the shoreline
coeval with the peak of the last interglaciation is best
identified to the east of the village of Hornitos, at the foot
of the palaeo-seacliff that cuts the second higher terrace.
The inner edge of Terrace I, east of Hornitos, is located at
a+36 m maximum elevation. This altitude of the substage
5e highest stand of sea level thus suggests a net amount of
uplift of 30 m during the last 120 ky or so, and provides a
mean uplift rate estimate of 240 mm/ky.

As the shoreline remnants assigned to the isotopic
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FIG. 4. Block diagram of the southern half of the Hornitos embayment and of Chacaya embayment showing the major active

faults during the late Middle and Late Pleistocene and the southward tilt of the two faulted blocks separated by the Punta

Hornos ridge. Numbers I to IV correspond to the four staircased terraces correlated with the isotopic stages 5. 7. 9 and
possibly 11 (?).

substage Sc arc found at an elevation of ca. +25 m on the
same transect to the east of the village of Hornitos, some
inferences can be made regarding the palaeo-sea level
position during this interstadial episode. If it is assumed
that a regional uplift rate of 240 mm/ky remained
constant since the substage S5e, a former shoreline
preserved at +25 m, and dated at 105 ka, would imply
that, at that time, the palaco-sea level was very close to
the present datum. The hypothesis (hat the substage Sc sea
level was not lower than the present sea level was
previously proposed in a detailed study on the llo region
(18°S} in southern Peru (Ortlieb et al., in press). This
palaeo-sea level reconstruction does not agree with the
traditional ‘eustatic’ model of sea level fluctuations
during the last interglacial period which was proposed
by Bloom et al. (1974) and Chappell and Shackleton
(1987), but is supported by reports and studies from
distinct regions of the world (Bloom and Yonekura, 1985;
Li et al., 1989; Toscano and York. 1992).

The late Middle Pleistocene uplift motions.

A reconstruction of palaeo-sea level during the
previous interglacial periods cannot be attempted in the
same way as for the substage Sc. unless it can be
established that the uplift rate has been constant through
time. On the reverse, if it could be assessed that the
reconstructed sea level coeval with the isotopic stages 7
and 9, respectively, are in a vertical position compatible
with a given uplift rate, this would bring some support to
the hypothesis that the uplift rate was constant through

time. Following this reasoning, and considering that the
stage 9 interglaciation was almost as warm as stage 5
(Shackleton, 1987), we suppose that at the transgression
maximum the sea level was very close to its present-day
position. With this assumption, the +80 m elevation of the
inner age of Terrace III at Hornitos, which is assigned to
the stage 9 (peak at ca. 330 ka), would indicate a net
uplift rate of 240 mm/ky. This coincidence is significant.
We consider it as a strong argument in favour of the
permanency. for at least 330 ka, ol an uninterrupted uplift
motion of the southern half of the Hornitos embayment.

With an assumed continuous uplift rate of 240 mm/ky,
the highest shoreline corresponding to Terrace II, found at
+50 to +55 m, would be about 220 ky old. The younger of
the two abrasion platforms of this terrace, with its shore
platform cut some 5 m below the transgressive maximum,
might well have been formed at ca. 200 ka (Oxygen
Isotope Substage 7a). From this calculation. based on the
assumption of a continuous uplift rate, we conclude that
the sea level coeval with the substages 7a and 7c was
probably also close to the present datum. The reconstruc-
tion of the sea level position during isotopic stage 7 has
been controversial; several field indications from various
parts of the world (e.g. Radtke, 1987; Murray-Wallace et
al., 1987) are not consistent with the estimate of a low
high stand proposed by Shackleton (1987) through an
interpretation of deep sea core data.

The geometrical disposition and the absolute altitude of
the inner edge of the terraces I, Il and III suggest a
continuous uplift motion of the area to the east of
Hornitos. The calculated net rate of 240 mm/ky is
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compatible with sea level reconstructions during the
Oxygen lIsotope Stages 5, 7 and 9.

The whole Pleistocene uplift motions.

Remnants of early Middle Pleistocene and of Early
Pleistocene are scarce and difficult to identify. Several
abrasion platforms, with scanty associated deposits, are
preserved on the ridges of Punta Chacaya and Punta
Hornitos. The most elevated ones may be of early Middle
Pleistocene age. The highest elevated deposit in the area,
which was assigned a tentative Early Pleistocene age, was
observed at a +170 m eclevation cast of Punta Yayes.
Considering that the isotopic stage 25, at ca. 950 ka,
might have been as warm as the Holocene, according to
Shackleton {1987), and might have been characterised by
the highest sea level position during the early Pleistocene,
it may be envisaged that the +170 m terrace corresponds
to that interglacial. Anyway, if the age of this deposit is
comprised in the range 1.6 to 0.8 Ma (i.e. the assumed
range of the Early Pleistocene) and if an assumption of
palaeo-sea level close to the present datum is made, an
approximate estimate of net uplift rate of 100 to 200 mm/
ky can be calculated. These values might represent under-
estimates if the palaeo-sea level was eustatically lower
than the present one. In any case, these approximate
estimates calculated for the whole Quaternary period,
suggest that prior to the last 330 ky the regional uplift
rates were significantly lower than subsequent uplift rates.
We thus conclude that the evolution of the vertical
deformation would be twofold: a slow, or very slow,
uplift regime during the Early Pleistocene and, later on, a
more rapid uplift in the last 400 ky or so. Such increase in
the uplift rate is observed at a regional scale and may
imply that some acceleration of the subduction motion
occurred in the second half of the Quaternary.

CONCLUSION

Precise chronostratigraphy of emerged marine terraces
is essential for neotectonic studies that aim to determine
vertical deformation of coastal regions, and the variation
in uplift rates throughout the Quaternary. In the areas of
the world where no coral reefs are present, the dating of
Pleistocene shorelines has been a problem. In general, it is
recommended to confront two, or more, geochronological
methods. Nowadays the U-series measurement through
the TIMS technique allows to put constraints on the
behaviour of the U-Th system and therefore to better
assess age differences between Late and Middle Pleisto-
cene age deposits. In any case, the geochronological
attempts should be accompanied by careful morphostrati-
graphic analyses which involve field studies, aerial
photograph interpretation and neotectonic mapping. Until
recently, this combination of approaches could not be
performed in northern Chile. This largely explains that
the evaluation of vertical motions recorded along the
northern Chilean sector of the south-eastern Pacific plate
boundary remained a matter of vivid discussions (Armijo
and Thiele, 1990; Flint et al., 1991; Leonard and

Wehmiller, 1991, 1992; Ortlieb, 1993; Hartley and Jolley,
1995; Ortlieb et al., 1995a, b).

In this paper, we sclected the coastal sector of the
northern coast of Chile where the three more recent
Pleistocene terraces are well developed. with a wide
extension. and where they are neatly separated by clearly
exposed palaeo-seacliffs. The morphological evidence of
the chronology of the successive encroachments of the
sea is particularly clear. It is no coincidence that this was
also the first area where marine terraces were studied in
northern Chile (Herm, 1969). Through our morphostrati-
graphic study and with the support of some U-series
measurements and a relatively large number of amino
acid epimerisation analyses, we propose a new inter-
pretation of the record of late Middle Pleistocene and
Late Pleistocene sea level fluctuations in the region, and
an evaluation of the regional uplift rate during the last
three interglacial cycles.

The chronostratigraphic study of the remnants of
marine terraces in the Hornitos area suggests a relatively
continuous uplift motion during the last 330.000 years,
with a mean value of 240 mm/ky. This uplift rate was
calculated on the basis of the elevation of the inner edge
of the last three terraces along an E-W transect that cuts
the village of Hornitos. A transect in Chacaya embay-
ment, or in the northern end of the Hornitos embayment,
would have yielded slightly distinct values (by a few cm/
ky) because local tilting did occur in both embayments.
But the important point is that the tilt motions were
sufficiently regular through time, and of such an
amplitude, that the geometrical relationships between
the last three terraces and the present coastal zone were
maintained. In fact, it should be added that these tilting
motions played a role in the preservation of the distinct
marine sedimentary units and coastal landforms, and
made possible the recognition of the substages within the
two lower terraces.

The particular development of the lower marine terrace
(Terrace I) at Hornitos in a context of regular uplift
motion of the coastal area enabled the record of two sea
level fluctuations within the Oxygen Isotope Stage 5.
Thus, contrary to what had been interpreted up to now
(Herm, 1969; Radtke. 1989: and ourselves in a pre-
liminary report (Ortlieb et al., 1993)), it is established that
the substages Se and S5c are registered in this coastal
sector. The altimetric position of the 5c deposit and its
geometric disposition with respect to the 5e deposit imply
that the 5c¢ sea level was very close to the present datum.
This conclusion confirms a similar interpretation made
elsewhere and in southernmost Peru, close to the Chilean
border (Ortlieb et al., in press). It also explains many
problems of interpretation of aminostratigraphic analyses
recently performed on material from the last interglacial
terrace in southern Peru and northern Chile.

The uplift rate determined for the Hornitos area, for the
period 330 ky—Present, is higher than those calculated in
the Mejillones Peninsula or in the Antofagasta area. But,
considering the altitude of the last interglacial terrace, it
should be representative of the coastal sector extending to
the north for more than 100 km, and probably 300 km
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(Iquique). The regional character of this vertical deforma-
tion, that is prevalent upon the small amplitude faulting
activity and/or small tilt or warping that affected the
coastal region from Chacaya northward, and its steadiness
during hundreds of thousand years strongly suggest that
relatively deep, crustal, phenomena are involved. We
surmise that the processes that have been driving the
calculated 240 mmv/ky uplift rate are directly linked to the
subduction of the oceanic Nazca plate below the South
American continental plate.

A precise evaluation of the uplift motions in a longer
span of time is hindered by the scarcity of remnants of older
marine terraces, and by the difficulty to establish any
chronostratigraphy of the deposits. However, available
data on the position of a late Pliocene marine platform and
of a supposedly Early Pleistocene terrace suggest that the
region has not been uplifted at a rate of the order of
240 mm/ky during the whole Quaternary. They would
rather indicate a much slower uplift during the Early
Pleistocene, and possibly, during the first half of the Middle
Pleistocene. Some (deep-seated?) phenomena may have
occurred during the early Middle Pleistocene and might be
responsible for a sudden acceleration of the vertical
motions along this sector of the plate boundary.
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Abstract — The Buenos Aires aggradation plain has a good record of Quaternary sea-level
fluctuations. To the east of the Tandilia Range, the elevations of the Pleistocene beaches respond to
the tectonic behaviour of the Salado Basin. Holocene beaches indicate a maximum transgression
higher than 2 m. The low relief permitted an extended horizontal record of beach/chenier plains
interfingered with estuarine environments (coastal lagoons, marshes) covered by a sandy (Eastern)
barrier.

Between the Tandilia and Ventania ranges, the location of Pleistocene and Holocene beaches are
related to a former higher relief; i.e. they are attached to low-altitude cliffs and underneath cliff-top
dunes composing the Southern Barrier. At Claromecd, Pleistocene gravel beaches. mostly
composed of caliche pebbles, occur at heights between 4 and 7 m, and are overlying estuarine
Pleistocene environments. Beaches of the same age are at a level of 10 m at Mar del Plata Harbour
and Arroyo Sotelo (west of Mar Chiquita Lagoon).

Holocene beaches found at Punta Mogotes and Costa Bonita are at higher altitudes than on the
Eastern Barrier (ca. 24 m). The Holocene estuarine sequences are related laterally to present
operating inlets (Las Brusquitas, La Ballenera. Quequén Grande, Claromecd, Quequén Salado).
They are seldom thicker than 2.4 m, and comprise basal layers of black muds: towards the top, the
layers are thinner, of coarser grain size and white colours.

Grain-size analyses were performed comparatively on Pleistocene. mid-Holocene and present
beaches. Sangamonian beaches are gravelly or coarser than medium sand (mean). Holocene beaches
are usually coarser than medium sand, but dominantly shelly to the north of Mar del Plata, and
composed of volcanic clasts to the south of this city. Modern beaches are dominated by fine sand,
except at some erosive beaches between the Mar del Plata capes. They have a lesser content of

shells than those of mid-Holocene. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Within the Salado Basin, Eastern Buenos Aires
Province (Fig. 1), Upper Pleistocene beaches are located
in relation to coastal progradation rates: attached to
former cliffs at Punta Piedras, more than 28 km inland, in
the centre of Samborombdn Bay (Pascua Bridge; Colado
et al., 1990), and less than | km from the Holocene beach
of Mar Chiquita (only 13 km from the coast; Isla et al.,
1986). This setting is caused by the tectonic behaviour of
the basin between the Monte Veloz Block and the
Tandilia Range. In the middle of the basin, the Holocene
transgression produced beach/chenier plains, that are not
closely related to the younger Eastern Barrier.

In the Southern Barrier, Upper Pleistocene coastal
deposits are recognized as eroded cliff-top beaches or
aeolian fine sands composed of well rounded grains rich
in volcanic fragments. The Holocene estuarine sequences
are composed of massive muds overlain by laminated
sandy muds (Isla et ¢l., 1986). The estuarine sandy muds
were called ‘querandinense’ (in the sense of Frenguelli,
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1928) while the regressive sands and shelly sands (ridges)
were called ‘platense’. The Holocene beaches can be also
found attached to former palaeocliffs.

In the present paper, the Pleistocene and Holocene
littoral deposits of this Southern Barrier are described and
analyzed. Some of the Holocene estuarine sequences (Las
Brusquitas, Punta Hermengo. Quequén) have been
analyzed sedimentologically or micropalaeontologically
(Isla et al.. 1986; Isla and Espinosa, 1995); new sequences
are included in this analysis. Special consideration is
given to the comparative evolution of the Eastern and
Southern barriers during the Holocene sea-level fluctua-
tion.

SETTING

The Buenos Aires coastline was assumed to be a stable
coast and hence subject only to glacioeustatic fluctua-
tions. However, new studies based on different evidences
are suggesting minor tectonic phenomena (Isla et al.,
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FIG. 1. Location map and stratigraphical relationships between Quaternary coastal profiles of the Southern Barrier.
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FIG. 2. Schematic profile of the Claromecd (Lighthouse) Pleistocene sequence. The Belgranense beach is overlying the
estuarine deposit belonging to a marsh (sensu Frenguelli, 1928).

1986). Two ranges, Tandilia and Ventania, oriented NW-
SE determine the regional slope. The La Plata—Salado
Basin extends north of Tandilia: the Eastern Barrier
extends from the southern border to the center of this
basin. The Colorado Basin extends south of Ventania.
The Southern Barrier extends along the coastline of the
undulated landscape between Tandilia and Ventania
Ranges (Fig. 1). It extends from Punta Hermengo
(Miramar) at the east, to Pehuen Co at the west, reaching
a maximum width of 3.5 km. Several creeks cross this
barrier. At some of these inlets it is possible to recognize

FIG. 3. (a) Erosional uncomformity between the estuarine silts

(‘prebelgranense’) and the overlying gravel beach deposit

(‘belgranense’). (b) Imbricated gravels at the ‘belgranense’
(Sangamonian) beach of Claromeco.

infill estuarine sequences of Holocene age and this is the
subject of this paper.

Tides are less than 2 m although increasing towards the
south. North of Mar del Plata, littoral drift is to the north
and usually of the order of 1,000,000 m*/year. South of
Mar del Plata, the drift is significantly lower towards the
east. From a certain point close to Pehuén Co, the littoral
drift is towards the west of the Bahia Blanca estuarine
environments.

QUATERNARY STRATIGRAPHY

To recognize the inherited tectonic behaviour along
this Southern Barrier, the agradational and erosional
history of the pampian silts (Plio-Pleistocene) is analyzed
here. The relationships of different chronostratigraphical
units and facies are outlined in Fig. I.

The pampian sandy silts comprise a group of deposits
formed in different environments (Frenguelli, 1928; Risso
Dominguez, 1949; Kraglievich, 1959; Tonni and Fidalgo,
1982; Zarate and Fasano, 1989; Zavala, 1993).

Preensenadense deposits correspond to a continental
environment dominated by silt with different kind of
transport by water (fluvial to debris flow). Different post-
depositional characteristics such as reddish colours and
caliche-horizon abundance, help to distinguish it from the
overlying Ensenandense deposits.

The Ensenadense should have higher loess contents in
the sense of Frenguelli (1928), but this is not true for this
area. Usually, it is recognized from the Preensenadense
because it contains less reddish colors and a higher
abundance of caliche horizons (Zarate, pers. commun.).

The Prebelgranense is composed of sandy silts with
shell fragments underlying the Belgranense transgression.
They were interpreted as a salt marsh deposit based on
diatoms content (Frenguelli, 1928).

Belgranense are littoral (Claromecé), shallow marine
(Puerto Mar del Plata) or aeolian (Punta Negra, Punta
Mogotes) deposits belonging to the Sangamonian trans-
gression. Each deposit has a different composition:
gravels (Claromecd), coarse sand with pebbles (Puerto
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FIG. 4. Schematic profile of the Costa Bonita Holocene beach deposit higher than the present beach. Radiocarbon dates
performed on T. patafonica shells for ages of 6000+£70 (LP 720).

Mar del Plata) and fine sand (Punta Negra, Punta
Mogotes). These deposits were also found further west
at Monte Hermoso (Zavala, 1993).

In the Southern Barrier, above the Belgranense
transgression, it is not easy to recognize the Bonaerense
foessic silts. This relation is clear north of Mar del Plata
(Eastern Barrier, Fasano, 1989). In Centinela del Mar
(Southern Barrier), the Bonaerense (Loberia Formation),
composed of loessic tuffs, is overlying Belgranense

FIG. 5. (a) Holocene beach deposit at Costa Bonita. Lag gravels

on the bottom grade to mediumn sands to the top. (b) At the

present beach of Claromecd, there are remnants of Holocene
gravelly beaches, today eroded by ocasional storms.

sandstones with shell fragments (Santa Isabel Formation
sensu Kraglievich, 1959; Fig. 1).

Lujanense deposits represent the infill of fluvial
valleys. These greenish or yellowish silts are restricted
to present rivers and creeks. Above this, the coastal
valleys become completely infilled by sandy muds
(Querandinense and Platense) belonging to the Late
Holocene sea-level fluctuation and subject of this paper.

The Platense is finally covered by the aeolian fine
sands composing the present dune barriers.

CLAROMECO PLEISTOCENE BEACH

As there has been some agreement about the position of
the sea level during the Sangamonian transgression, it has
been used to estimate the tectonic behaviour during the last
120,000 years (Cronin ef al., 1981).

Upper Pleistocene (Sangamonian) shoreline features
are present along the Buenos Aires Atlantic coast. They
occur either as beaches of very coarse sediments (Punta
Piedras, Sotelo, Mar del Plata harbour) or as rounded
aeolian sands (Punta Mogotes, Punta Negra, Monte
Hermoso). Usually these deposits are at approximately
10 m height and close to the coast (Punta Piedras, Mar del
Plata harbour), except towards the centre of the Salado
Basin, where they occur several kilometres inland
(Sotelo, Puente de Pascua; Fidalgo ef al., 1972).

In Claromecd, Frenguelli (1928) recognized two facies:
the ‘Belgranense’ consisting of coarse beach deposits and,
underneath, the ‘Prebelgranense’ estuarine facies, com-
posed of sandy silts with small pieces of shells (Fig. 2).
There is a sharp and horizontal contact betweem these
two facies (Fig. 3a).

The overlying beach is composed of coarse gravels
(larger than 4 cm) of caliche clasts dipping gently to the
east (Fig. 3b), and bearing shells of Tegula patagonica.
Within these deposits, the transition between inshore,
foreshore and backshore facies were recognized towards
the top. Humocky crossbeddings indicate storm effects.

Grain-size analysis of the Sangamonian shoreline
indicates a high-energy coast (Table 1), higher than during
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FIG. 6. Schematic profile of La Ballenera Holocene estuarine sequence. G: Lujanense; G': Querandinense, H: Platense (see
Fig. 1 for chronostratigraphical relationships).

the Holocene sea-level fluctuation. The high-energy
conditions and the composition (caliche clasts) of this
Sangamonian beach indicate different sources compared to
the Holocene and present beaches (volcanic clasts).

CLAROMECO PLEISTOCENE ESTUARINE
DEPOSIT

Below this beach, the Prebelgranense estuarine facies is
composed of a silty fine sand (Mz=2.4 phi), moderatedly
sorted (S=0.95 phi; Table 1) with a 20.6% of carbonate
fragments. Scarce diatom frustules (Synedra platensis,
Campylodiscus clypeus, Surirella ovata) indicate brackish
conditions (Espinosa, pers. commun.) and confirm the
salt-marsh facies proposed by Frenguelli (1928).

The sharp contact between these two Upper Pleistocene
facies suggests a rapid pulse during the Sangamonian
transgression before the settlement of the beach.

HOLOCENE SHORELINES

The capes of Mar del Plata were a boundary tor the
longshore sediment transport of Holocene beaches. North
of these capes, the beaches are composed dominantly of
shells with less content of lithoclasts (Isla and Espinosa,
1995). However, this is a rule that needs to be tested: in
the Mar Chiquita municipal quarry close to the coastal

lagoon, a sand layer of heavy minerals was found below
the shelly layers (Table 1).

To the south of Mar del Plata, these beaches are
composed of fine sand with lithoclasts, few shells
(Glycimeris longior and Tegula patagonica), and caliche
clasts. At Punta Mogotes, a palacobeach is elevated to at
6 m height. Two '*C dates of the Glycimeris longior
shells provide ages of 35,000+3000 (Ac-1071; Isla et al.,
1986) and 27,350+1450 (WP-123; Isla and Selivanov,
1993). However, as these shells were not in living
position, we assume that they were transported after their
death, retaining a Holocene age for this deposit.

At Costa Bonita, two ridges close to the present
coastline are covered by boulders larger than 0.15 m
(Fig. 4). Observation in a pit permitted to distinguish fine
sand layers (and laminae of heavy minerals) with a lag
carpet of large boulders at the bottom, containing 7.
patagonica remains, dipping towards the present shore
(Fig. 5a). The higher ridge is interpreted as a storm berm
with boulders on top; the lower ridge indicate foreshore
facies with storm effects. The lag carpet of boulders is
suggesting rapid transgressive effects over an abrasion
plattorm.

At Claromecd, east of the lighthouse, non-operating
storm berms composed of sandy gravels are the remnants
of Holocene beaches (backshore facies) with pebble
segregation (Fig. 5b). The scarps of these deposits and the
textural differences (boulder content) to present beaches,

TABLE 1. Grain-size analysis of Pleistocene. Holocene and Present beaches (Mz: mean grain size; S: standard deviation)

Punta Negra

Claromeco Costa Bonita
Present Foreshore Mz=2.12¢ Backshore Mz=0.4¢
S$=0.241¢ $=1.49¢
Foreshore Mz=1.8¢
$=0.63¢
Holocene Backshore Mz=2.07¢ Foreshore Mz=1¢
S$=0.937¢ $=1.73¢
Upper Foreshore Mz=0.73¢ Dune Mz=0.3¢
Pleistocene S=1.74¢ $=2.99¢
Estuary Mz=2.4¢

$=0.35¢

P. Mogotes
Mar Del Plata Harbour Mar Chiquita
Backshore Mz=2.58¢ Dune Mz=2.05¢
5=0.29¢ S5=0.53¢
Foreshore Mz=2.51¢ Backbarrier Mz=2.97¢
S5=0.37¢ S5=0.77¢
Foreshore Mz=2.30¢
5=0.36¢
Foreshore Mz=0.9¢ Cheniers Mz=0.4¢
S=1.73¢ S5=0.56¢
Foreshore Mz=0¢
S=2.21¢
Heavy minerals Mz=2.48¢
S5=0.56¢
Foreshore Mz=1.66¢ Foreshore Mz=0.6¢
S=1.43¢ S=1.21¢
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FIG. 7. Gram-size evolution of the La Ballenera Holocene estuarine sequence. The layers with very coarse sand are shell
concentrations.

made us to conclude that they are eroded berms of
Holocene age.

Grain-size analysis (Table 1) showed that they are
usually well-sorted tine sands with gravels.

HOLOCENE ESTUARIES

Conditioned by the tectonic framework, the NE flank
of the Tandilia Range is gentle (with a non-integrated
drainage) while the SW flank has a steeper regional slope.
This asymetry was already recognized by seismic surveys
(Ewing et al., 1963) and regional studies (Teruggi and
Kilmurray, 1980).

On the northern gentle slope, the Holocene sea-level
fluctuation (HSLF) caused a lateral succession of
transitional environments (beaches. coastal lagoons,
marshes, barriers), already described (Schnack er al.,
1982; Violante and Parker, 1992). On the southern slope,
the HSLF filled small estuaries (Frenguelli, 1928)
attached to ancient palaeocliffs.

La Ballenera estuarine profile (Fig. 6) is very similar to
that of Arroyo Las Brusquitas (Espinosa er al., 1984; Isla et
al., 1986). Massive muds, rich in organic matter, at the
base, and in a fining-upwards sequence, were interpreted to

be deposited by the turbidity maximum (Fig. 7). Towards
the top. the laminated units were thinner and brighter
suggesting bedload transport as the estuary was becoming
intilled (fossiliferous layers containing Litoridina sp. were
dated to 612080 and 4120+70; LP 720 and LP 743).
Finally. the sequence was buried by a fine-sand dune.

In the Claromeco estuarine sequence (La Isla), a
similar sediment successsion is recognized (Frenguelli,
1928). However, as this estuary is larger, there are several
erosion surfaces produced by variations of the flow area.
Organic black muds characterize the basal portions while
bright laminated muds dominate to the top. However,
interfingered in the laminated portion, there are several
white ash layers, or layers with ash clasts. This evidence
indicates that pyroclastic processes coming from the
Andes dominated the Buenos Aires Plain sedimentation
during the Holocene.

THE ‘QUERANDINENSE’ CONTROVERSY

In the original descriptions of the Quaternary strati-
graphy of Buenos Aires, Frenguelli (1928) stated the
Querandinense were muds enriched in organic matter
belonging to a Pleistocene—Holocene marine transgres-
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sion. As a result of an extended erosional uncomformity,
shelly littoral ridges belonging to the Platense are
deposited over and compose another transgression of
mid-Holocene age. This model was based on the extended
character of the erosive uncomformity and topographical
criteria: the greyish muds form a flat plain while the
shelly deposits are positive ridges several meters thick
above of the muds. This two-transgressions model
continues to the presents, assigning ages older than
10,000 BP to the Querandinense deposits and younger
ages for the Platense (Aguirre and Whatley, 1995; Politis
et ul.. 1995).

Within the estuarine sequences of the Southern Barrier,
the black muds always grade to the top to sandy layers.
These changes led Frenguelli to propose the same two-
transgression model recognized in the north (1928).

The two-transgression model was based on apparent
stratigraphical evidence, but some facies were misinter-
preted. Black muds and bright sands belong to the same
transgressive-regressive cycle of Holocene age: the grey
muds were deposited in coastal lagoons or estuaries, some
transgressive but many regressive. On the other hand,
shelly or sandy ridges are regressive beaches or cheniers,
and laminated and oxygenated muds (tidal flats, marshes)
represent regressive phases (‘platense’) of that cycle.

It is difficult to accept a sea level higher than present
10,000 years ago on the relatively stable coast of Buenos
Aires, when global data indicate that during those days
the sea level was far below present level (cf. Pirazzoli,
1991°s atlas of sea-level curves: Isla, 1989). Most of the
problem is the lack of datable material (mollusk shells in
living position) within the ‘querandinense’ muds. These
deposits do represent estuaries or coastal lagoons rapidly
filled during the mid-Holocene transgression. At these
estuaries, there should have been a significant supply of
mud (provided from the silty loessic pampean plains) that
became hydrodynamically blocked by the sea-level rise.
The massive ‘querandinense’ muds of Samborombdn
Bay, Arroyo Las Brusquitas, Punta Hermengo, Arroyo La
Ballenera and Claromecé represent environments of rapid

sedimentation rate, suggesting the turbidity maxima cited
for estuarine depositional models (Wells, 1995). This
process is not recorded in low-gradient areas (coastal
lagoons) or where there is no preservation of the
transgressive ‘querandinense’ beds. In Mar Chiquita, a
rapid transgression over a flat surface (erosion platform)
preserved beaches without any estuarine deposition
resulting from the transgressive phase (Schnack et al.,
1982).

COMPARATIVE BARRIER EVOLUTION

The Southern and Eastern barriers evolved in relation
to the Holocene sea-level fluctuation. During the end of
the transgression (ca. 6500 BP), there was an abundance
of sand at the coast. Wave energy was large enough and
with winds blowing landwards, sand ramps climbed to the
top of old cliffs constructing the Southern Barrier (Fig. 8).
In the estuaries, there was rapid sedimentation of muds
rich in organic matter. This did not occur at the low-lying
coast north of Mar del Plata; shelly beach ridges were
attached low cliffs (or benches), and the creeks
discharged to coastal lagoons with tidal flats.

After some thousands of years of a relatively stable sea
level, sand was depleted at the Southern Barrier. Sand
ramps did not operate any more and the barrier became
misfitted or undernourished (Fig. 8; Short, 1988). To the
north, the Eastern Barrier was being constructed,
dominantly by longshore currents over the flat regressive
plain composed of beaches, cheniers, tidal flats and
marshes. Supratidal peats underlying it were dated at
540+100 BP (Ac-0342), and indicate a very modern age
for this barrier.

As the sea level had been stable for 5000 years, sand
became depleted. In the Southern Barrier, beaches began
to erode and old cliffs were exhumed, with sand
remaining as cliff-top dunes. In the Eastern Barrier,
foredunes became eroded as scarps or undernourished
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dunes. Present beach—dune relationships recognize these
processes along the Buenos Aires coastline (Fig. 9).

The reworking of Pleistocene and Holocene beaches at
Claromecé seems responsible for the heavy-mineral
concentrations reported in the literature (Angelelli and
Chaar, 1969).

CONCLUSIONS

(1) Upper Pleistocene littoral deposits (Sangamon=Bel-
granense) from Claromecd are between 4 and 7 m
above ms.l., and in agreement with similar deposits
of some other places in the world.

(2) Claromecd Pleistocene estuarine environments are
below this Pleistocene beach (between +1.4 and +4.8
m). The erosional surface between these environments
suggests rapid changes during the transgression.

(3) Holocene beaches at Costa Bonita are also above
present m.s.l.: foreshore facies between 3 and 5.5 m,
while backshore facies occur up to +7.5 m. The
Holocene beaches outcropping at Punta Mogotes and
Costa Bonita have similar altitudes.

(4) The Holocene estuarine sequences (L.as Brusquitas,
Punta Hermengo, La Ballenera, Quequén, Clarome-
¢6) are usually less than 2.4 m thick, although some
of them extend higher than +4 m and several
kilometers inland.

(5) These estuarine sequences, up to 4 m over present
M.S.I, and backshore facies at +7.5 m, suggest a
higher rate of relative sea-level rise in relation to the
deposits related to the Eastern Barrier.

(6) For a same locality, there are sharp contrasts in the
grain size and composition of beaches of different age.

(7) Averaged heavy-mineral concentrations along the
Southern Barrier scem to be the response of
progressive reworking of former beach deposits.
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Abstract — Estimates of the storage and flux of shelf carbon in vegetation, soils, carbonates. and
organic matter during the period of the marine transgression since the Last Glacial Maximum
(LGM) 18 ka are presented. Whereas at present each square metre of land on the planet carries
about 10.65 kg of carbon in vegetation and soils, during the LGM most areas of exposed continental
shelf carried relatively little carbon, probably about 5.86 kg C m™>, but this increased to a
maximum density of 15.49 kg C m™~ after 10 ka when conditions generally favoured peat
deposition and forest development. In the ensuing sea level rise up until mid-Holocene time this
large store of carbon was displaced. Assuming an average value of 10.65 kg m™~ carbon
(combining the land lost to sea-level rise before and after 13 ka), a transgression covering 15—
23% 10" m? would mean that 160 to 245 Gigatons of Carbon (I Gt=10'% kg) were lost from the
terrestrial systern at the same time that the remainder of the terrestrial biosphere was still taking up
organic carbon. This additional and opposite flux from the land system must be taken into account
when considering changes in the global carbon cycle and CO, fluxes. Moreover, it complicates the

interpretation of the ocean carbon isotope record. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

The melting of ice sheets which took place 17-7 ka
liberated an estimated 40x 10° km® of water, which is
equivalent to a uniform global sea-level rise of 115 m.
This rise resulted in the loss of about 20x 10° km? from
the global area of terrestrial ecosystems. Such a change in
the global land area would have had significant
consequences for the planetary environment as a whole,
affecting a range of ecological, climatic, oceanographic,
biogeochemical, archaeological, and pedological pro-
cesses (Fig. 1).

However, this average 115 m of global eustatic sea-
level rise was not uniform; the actual sea-level rise varied
locally between about 75 and 155 m (115m=+40 m) and
perhaps more in some places. This large local variation is
a hydro-isostatic effect, depending mainly on whether the
shelf is sinking with the ocean floor or rising with the
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uplifted continents. Published estimates indicate that 10
to 25 million km? of land surface was lost by sea-level
recovery since 18 ka, the Last Glacial Maximum (LGM).
If the sea level had dropped more than expected liberating
more land, this would have had little consequence on
vegetation, because it would have occurred during the
LGM when climatic conditions were not favourable for
vegetation growth.

FACTORS

The uncertainty about the change of land area is a
potentially serious problem in understanding how global
processes may have changed between glacial and
interglacial conditions. For example, in estimating
changes in the total mass of carbon on land between
glacial and interglacial conditions, Prentice and Fung
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FIG. 1. Simplified model of sea-level rise changing global areas of ocean and of continents.

(1990) and Esser and Lautenschlager (1994) suggest a
large additional carbon reservoir in the vegetation and
soils which occupied exposed continental shelves during
glacially lowered sea levels. Depending on the shelf area
that is assumed during glacial conditions. a different
carbon storage figure will be obtained.

To obtain more confident estimates of the change in
land surface area, it will be necessary to try to take
account of the complexity of processes which can affect
sea level around the world. Previous attempts to model
the changes in land inundation since the Last Glacial have
tended to assume that the global land and ocean basin
topography remained static between glacial and inter-
glacial conditions. This obviously was not the case.
Local-scale tectonic or isostatic changes, such as those
resulting from changes n ice sheet loading on land, are
already fairly well documented and must be properly
taken into account. Erosional and depositional changes in
topography must also be given due consideration. There
may also have been broad-scale hydro-isostatic and
tectonic changes in the shape of the deep ocean basins.
or conversely in the topography of the continents, which
would have affected the observed sea level rise by
altering the distribution of ocean water.

Given the importance of obtaining precise and reliable
estimates of the changing global distribution of land, and
given also the complexity of the task, it will be necessary
to bring together specialists from a wide range of fields
working in different parts of the world. This paper is an
initial attempt to estimate the amount of carbon in the
terrestrial ecosystems destroyed by sea level rise.

RATES OF LAND SUBMERGENCE

The area of land submerged by sea level rise during
global glacial melting depends mainly on the topographic
slope and the rate of rise. A lesser factor is the amount of

mobile sediment that can locally modify the morphology
and create barriers. Biological construction such as
mangrove and coral reefs can also have an important
role in coastal morphology, especially during times of
changing rate of sea-level rise (Bloom, 1970: Fairbanks,
1989; Thomassin. 1993).

Sea-level rise itself depends on many factors. In terms
of their global effect, the two most important are ice melt
rates and hydro-isostatic depression of the ocean floor due
to the increased water load (Clark. 1979). This latter was
delayed by several hundred or thousand years after the
sea-level rise and thus had the effect of driving more
water toward the ocean center. This had the effect of
decreasing the apparent sea-level rise close to continents
that are rising (due to the conservation of the volume of
the solid Earth mantle at short time scale). Mantle volume
changes duc to temperature and phase changes can be
neglected on the time scale of several thousand years
considered here.

If the ocean floor is depressed globally by 30 m,
one can calculate because of their relative areas, density
contrasts and the incompressibility of the asthenosphere,
that the continents should be uplifted about 40 m on
average. The propagation of the asthenosphere toward
the uplifted continents should be progressive on a time
scale of about 5000 years. It could result in a possibly
stronger uplift at continental edges and could reach
the central part of the large continents much later.
For this reason, the uplift of the coastal zone could
theoretically be much more than the mean 40 m of
the continents and contrast strongly with the deepening
on the ocean side. Excluding faulted coasts, the result
should be a very strong flexure following the sea-level
rise. This is perhaps borne out by global crustal and
sea-level models, such as that by Clark (1979) among
others, which show a 5-10 m difference in the elevation
of the 5 ka shoreline over distances of a few hundred
kilometres.
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However, the lack of observations of any such flexure
of Holocene shoreline deposits along large estuaries for
example (Faure et «l., 1980) requires explanation.
Perhaps the flexure is very gentle and extends more than
1000 km or is located more seaward in the direction of
thinner oceanic crust. Or perhaps it has been absorbed by
fault movement. In this case, many continental shelves of
wide continents could be acting in unison with the
uplifting continent and thus be uplifted about 40 m or
more whilc others are moving with the adjacent ocean
floor and thus be lowered by about 30 m. Such differently
acting continental shelves are perhaps indicated by their
different sea-level curves (Pirazzoli, 1991). This possibi-
lity requires further field testing by greater amounts of
paleobathymetric data.

RATES OF ICE MELTING

Fairbanks (1989) calculated from the Barbados sea-
level curve apparent peaks in glacial meltwater discharge
of 14x10” km? year ' and9x 10® km* year~' at 12 kaand
9.3 ka, respectively. The rate was only
3.5x10% km® year™' at 11 ka during the Younger Dryas
temperature minimum. These apparent discharge rates
would correspond approximately to rates of sea-level rise
of about 40 mm year ', 26 mm year ' and
10 mm yearfl, respectively. These variable rates of
apparent sea-level rise have to be compared to the overall
rate implied by a rise of 115 m over a period of about
11.5 ka, which corresponds to a mean rate 10 mm yearfl
between 18 ka and about 6.5 ka. If achieved over 15 ka,
then the mean rate would be 7.7 mm year .

Of course this apparent discharge rate integrates the
melted ice volume as well as the changes in the level of
the occan floor due to hydro-isostatic load. This reaction
to changes of water loading over the world ocean is
responsible for an apparent drop (decrease in rate rise) of
the relative water level around deepened areas.

The hydro-isostatic sea-level change was delayed by
several thousand years after the beginning of the loading.
Bloom (1970) has noted that oceanic islands in the center
of a wide ocean, having the same vertical movement as
the ocean bottom, records the true sea-level curve. In fact
even this record is modified by volumes of water
transferred from peripheral uplifted ocean margins.

To get a better idea of the relative contribution of ice-
volume melt and of ocean floor effect. we have to
compare two sets of data. One set is taken from islands in
the central part of ocean basins where both effects are
more likely to be additive. The other set of data should be
taken from shelves of large continents.

SEDIMENT FLUXES DURING MARINE
TRANSGRESSION

Marine transgression reworks soils and superficial
deposits and the characteristics of this additional
reworked material are:

(1) Its grain size heterogeneity which includes large

components from the regolith (at the origin of the so
called basal conglomerate). This contrasts with the
usually fine grain suspended material furnished by
the world rivers.

(2) lIts terrestrial origin, possibly including continental
fauna (as for instance Mammoth teeth found on the
northwest Atlantic shelf and biomarkers of terrestrial
vegetation and soil organic matter).

(3) The sudden increase in dissolved and particulate
organic carbon derived from destroyed soils. This
may strongly reflect the rate of the transgression
because the global average soil has a high organic
carbon content. But we must consider that LGM soils
were poor in carbon content compared to present and
Holocene soils.

(4) However in some cases the reworking of soils after
submergence on the shelf may be limited (Yim and
Tovey, 1995), and some terrestrial carbon may be
preserved on the shelf,

PEAT BURIED ON THE CONTINENTAL SHELF

As the transgression slowed, peat and mangrove
swamps on some areas of the shelf may have expanded
and then have been locally buried in muddy sediments.
Such sediments with 10-25% organic carbon and
generally less than 1 m thick occur for example in several
areas of East and West Africa and are dated around 12,
10. 8 ka (Martin, 1977). However, these sediments are
commonly eroded and peat fragments are thrown onto the
beaches during storms (as in Baie de Hann, South of
Dakar, for example). In Mayotte (Indian Ocean) such
organic sediments are poor in CaCO; (<20%) and
covered by 3 m of CaCOj5 rich sediment (85%; Thomas-
sin, 1993).

Because of the rarity of conditions favorable to
preservation, the quantity of organic matter in the
continental shelf surface sediments is quite small
(certainly less than 10 Gt C), compared to the weight of
Holocene terrestrial peat (around 450 Gt), or the carbon
in carbonates deposited in all oceans during the same
period.

INDICATORS OF LAND SUBMERGENCE

To evaluate more precisely the carbon fluxes from the
shelf it is necessary to know the total area which was
submerged. Ideally this should be established continu-
ously or at least for every 500-1000 years.

Indicators of land submergence must be radiocarbon
dated markers of the transition from the last terrestrial
remnant to the first overlying marine deposits. Indicators
are numerous and have been listed (NIVMER Group,
1979-1980). They comprise aerial karstification peat
(terrestrial and mangrove), soils, sedimentary sequences
and all indicators of marine transgression. As an example
we summarize two simple approaches for estimating
tropical land submergence areas based on benthic
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foraminifera (Debenay et al., 1993; Debenay and Redois,
in press).

USE OF BENTHIC FORAMINIFERA INDICATORS
OF LAND SUBMERGENCE

Benthic foraminiferal assemblages can be used as
indicators of bathymetric variations or of ecological
changes in relation with land submergence. Attempts
have been made, on the coast of West Africa, to use: (1)
the benthic foraminiferal assemblages from the shelf as
indicators of paleobathymetry (there at best 1 +20 m); and
(2) the benthic foraminiferal assemblages from the paralic
environments as indicators of ecological characteristics
correlated with sea level.

BENTHIC FORAMINIFERA INDICATORS OF
PALAEOBATHYMETRY

Benthic foraminiferal assemblages are frequently used
as qualitative bathymetric indicators (e.g. review in
Murray, 1991). According to Scott and Medioli (1986),
species from tidal marshes can be used to estimate ancient
marine levels with an accuracy of +10 cm. However, this
method is limited to tidal marshes.

On the shelf, the distribution of benthic foraminiferal
assemblages may sometimes be correlated with the
bathymetry. This distribution, generally used as a
qualitative indicator, has been studied worldwide (locally
on the African shelf in Blanc-Vernet (1988)). A depth
index (Di), calculated on the basis of the benthic
foraminifera of the continental shelf off Senegal (between
10 and 200 m) is proposed (Debenay and Redois. in
press).

This index is calculated on the basis of three
assemblages.

(1) Assemblage A: Cassidulina laevigata, Trifarina
fornasini and Uvigerina peregrina.

(2) Assemblage B: Textularia foliucea, Textularia mex-
icana, Ammobaculites pseudospirale, Pseudoepo-
nides falsobeccarii and Bulimina elegans.

(3) Assemblage C: Pararotalia armata, Cribrolinoides
curtus, Ammonia beccarii and Tetragonostomina
rhombiformis.

Di=100 (A/(A+B) — C/(B+C) + 1)/2, where A, B and
C are the relative percentages of the assemblages I, 2 and
3. Calculated from about 100 samples, Di is positively
correlated with the depth (R=0.89; Fig. 2). These
preliminary results show that it is possible to consider
the use of the bathymetric index for paleobathymetric
studies in Quaternary sediments. However, despite the
good correlation of Di with depth, the precision cannot
reach more than about +20 m, particularly for depth of
more than 100 m. Thus, as it stands, Di can only be used
to determine an approximate depth and, possibly, to
indicate the direction of the variation of the sea level.
Work is currently in progress to improve the accuracy of
this index.
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FIG. 2. Depth index (Di) correlated with depth. Di can be used
to indicate sea level variations.

BENTHIC FORAMINIFERA INDICATORS OF
ECOLOGICAL CHARACTERISTICS IN PARALIC
ENVIRONMENTS

Paralic environments are at the transition between
marine and nonmarine waters, the properties of the
paralic waters depending on the intensity of marine
influence (Guelorget and Perthuisot, 1983, 1992). These
complex environments are very sensitive to coastline
variations and can provide good indications for paleogeo-
graphic reconstructions, especially in case of submer-
gence of land.

The Confinement Index (Ic). calculated on the basis of
foraminiferal assemblages, may be one of the indicators
used for the paleoecological reconstruction of these
environments (Debenay, 1990, Debenay et al., 1993).

Ic =(C/(B + C) — A/(A + B) +1)/2 where A, B and C
are relative percentages for the assemblage 1. 2 and 3. Ic
= 1 if the assemblage 3 is the only one represented (A + B
= 0) and Ic = O if the assemblage 1 is the only one
represented (B + C = O).

(1) Assemblage 1. Elplidium fichteliammun, E. gunteri,
Pararotalia sp., Bolivina striatula and Rosalina spp.

(2) Assemblage 2: Eggerelloides scabrum, Quinquelocu-
lina poevana, Q. seminula, Havnesina germanica,
Elphidium gunteri, E. limosum, Bolivina variabilis
and Ammonia spp.

(3) Assemblage 3: Ammobaculites exigus, Ammotium
salsum, Arenoparella mexicana, Gaudrvina exilis,
Haplophragmoides wilberti, Miliammina spp., Tro-
chammina spp. and Siphotrochammina lobata.

This index is easy to calculate and requires only a small
amount of sediment (50 cm?). It can be calculated in the
field with a simple stereomicroscope. The index varies
from O in marine waters to 1 in the most confined
environments. It appears to be a valuable indicator of
marine influence and the change of its numerical value
indicates a tendency toward more restricted (Ic increases)
or less restricted (Ic decreases) conditions. We can look
for its possible use as an indicator of the sea-level change,
considering that several causes can interfere with the
variation of its value. A decrease of Ic, for example, may
result from (1) a local or general sea-level rise with land
submergence; (2) the destruction of a sand spit allowing
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FIG. 3. Marine ecosystem taking place of terrestrial ecosystem on the continental shelf during postglacial sea-level rise.

an increased marine influence; or (3) a climatic change
toward arid conditions leading to strong evaporation and
penetration of marine water in the lagoons or estuaries
(inverse functioning, Pritchard, 1967).

Of course, several of these causes can combine and the
Casamance estuary, for example. undergoes simulta-
neously a drastic aridification and a slow sea-level rise
(Debenay et al., 1994).

It is evidence that the variation of I¢, constdered alone,
gives no argument to determine which of the possible
causes of environmental change was responsible. [c must
be considered as one of the complementary indicators to
be used for quantification of ecosystems, as recom-
mended by Faure er al. (19934, b).

SOIL CARBON IN THE SEA

Soils have a mean carbon content of 10 kg m >
(1500 Gt C for the world land superficy of
150% 10" m?). Thus, a 1000 km® area covered by the
sea every year during the postiglacial sea-level rise would
be responsible for a carbon flux of 0.010 Gt year™'. This
is added to the input of organic carbon from the world
rivers (Probst, 1992). Today this carbon flux is about
0.2 Gt year .

Present day sediments brought from the continents to
the ocean are estimated at 18.38 Gt C year' (Probst,
1992). [f these sediments contain 2% carbon, this

corresponds to a flux of 0.368 Gt C year '. Today.
carbon flux to the ocean is about 0.7 Gt C year ' of
which about 0.4 Gt of particulate organic carbon (POC)
and 0.3 Gt of dissolved organic carbon (DOC; Probst,
1992).

A FIRST APPROXIMATION OF THE CARBON
FLUX FROM THE SHELF DURING SEA-LEVEL
RISE.

During the sea-level rise which accompanied the
melting of ice sheets, terrestrial ecosystems on the
exposed shelves were replaced by the marine and littoral
ecosystems which exist today (Fig. 3). The global sea-
level rise occurred as a continuous process. punctuated by
at least three periods of faster rise which are variously
recorded in local and regional undersea structures and are
dated to about 13, 10.5 and 8 ka.

For each climatic or ecological zone, the exchange
between continental and marine ecosystems had particu-
lar effects which require a detailed case by case study.
However, here we give a preliminary global overview of
the storage of carbon by ecosystems in order to underline
the necessily of local studies. Our calculations concern
the uptake and release of the carbon in vegetation, sotls,
carbonates and organic material, during the transgression
which took place between 18 ka and the present-day. On
average, each square metre of continental land surface of
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TABLE [. Estimate of mean denstty of global terrestrial carbon during the Glacial Maximum and during the Holocene. The calculations
include the biomass and soil carbon lost through the submergence of 15x10° km® and 23x 10% km? of land

Glacial Holocene Glacial/Holocene
difference
Vegetation (GtC) 343 924 +581
Soil (and peat) (GtC) 625 1395 +770
Total (GtC) 968 2319 +1351
Area of continent (10° kmz) 165.3 150.1 —15.20
(10" m?)
Mean carbon density (kg m ™) 5.86 15.45
Mecan carbon density(progressive change)over 12000 years 10.65

Lost carbon of the continental shelf
The same calculation for higher value

10.65%15.2x102 m* = 162 Gt C
10.65%23% 10" m? = 245 Gt C

Values for Glacial Maximum and Holocene are after Adams, Faure et al., 1990.
Prentice and Fung (1990) for a sea level lowering of 130 m calculated a supplementary shelf carbon storage of 200 Gt C

The stock 15 in Gt C = gigatons (10° g or 10" kg) of carbon.
The land surface 15 in 10° km® (10'> m°) = millions of km?

The mean density of carbon is m kg C m™ = kilograms of carbon per square meter.

the world carries 10.65 kg m 2 of carbon in the

vegetation and soil, as against 5.86 kg m 2 (968 Gt of
carbon on a continental superficy of 165.3x10'* m?)
during the Glacial Maximum and 15.45 kg m 2 (2319 Gt
of carbon on a continental superficy of 150.1x10'> m?)
during the Holocene Optimum (Table 1). We estimate
that 15-23x10'* m? of land surface were lost during the
postglacial transgression. This represents the erosion and
oxidation of 160 to 245 Gt of continental carbon
(Table 1), because the transgression destroyed most of
the soils and vegetation, and preserved very little of the
organic carbon. This flux of about 200 Gt C into the
atmosphere was in opposition to the much greater flux of
around 1350 Gt C necessary to form the interglacial soils
and vegetation following the amelioration of glacial cold
and aridity (Adams et al., 1990).

CONCLUSION

As the rising sea encroached over the land, marine and
littoral ecosystems would have taken the place of the
terrestrial ones which previously existed. This would have
resulted in a greater production of marine organic matter
and also inorganic carbonates (from algal coccoliths, reef
corals, etc.). If the sediment has a mean depth of about
45 mm of carbonate, or 10.8 kg C m ™=, the transgression
would store the same amount of carbon as that released by
the destruction of the terrestrial vegetation. But for each
carbon atom deposited as carbonate, another was
liberated as CO,, through the process of precipitation
from the bicarbonate dissolved in ocean water. However,
a significant difference in the isotopic composition
between these two sources (8 '°C of about —25%o to
—12%o vs &'3C about 0%.) should have caused a
considerable enrichment in light isotopes of oceanic and
atmospheric CO,. Consideration of this exchange me-
chanism suggests that assessments of variations in global
carbon reservoir exchange from the land system will be
mistaken if they are based only on evaluations of isotopic

composition of oceanic and atmospheric carbon
(A 8 '*C = 0.3 glacial-interglacial difference.)
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LATE MID-HOLOCENE SEA-LEVEL OSCILLATION: A POSSIBLE CAUSE

D.B. SCOTT and E.S. COLLINS

Centre for Marine Geology, Dalhousie University, Halifax, Nova Scotia B3H 3J5, Canada

Abstract — Sea level oscillated between 5500 and 3500 years ago at Murrells Inlet, South
Carolina, Chezzetcook and Baie Verte, Nova Scotia and Montmagny, Quebec. The oscillation
is well constrained by foraminiferal marsh zonations in three locations and by diatoms in
the fourth one. The implications are: (1) there was a ecustatic sea-level oscillation of about
2-10 m in the late mid-Holocene on the southeast coast of North America (South Carolina
to Quebec) that is not predicted by present geophysical models of relative sea-level change:
(2) this oscillation coincides with oceanographic cooling on the east coast of Canada that
we associate with melting ice: and (3) this sea- level oscillation/climatic event coincides exactly
with the end of pyramid building in Egypt which is suggested to havc resulted from a climate
change (i.e. drought, cooling).

This sea-level/climatic change 1s a prime example of feedback where climatic warming in the
mid-Holocene promoted ice melt in the Arctic which subsegently caused climatic cooling by
opening up Arctic channels releasing cold water into the Inner Labrador Current that continued to
intensify unti] 4000 years ago. This sea-level event may also be the best way of measuring when the
final ice melted since most estimates of the ages of the last melting are based on end moraine dates
in the Arctic which may not coincide with when the last ice actually melted out, since there is no

way of dating the final ice positions. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

In geology, it is often said that the present is the
key to the past, but in the study of global climate/
sea-level change, the reverse may also be true. There
are many predictions in the literature (e.g. Barth and
Titus, 1984: Houghton er al., 1990) regarding how
sea level may respond to global warming. However,
many appear to neglect the most recent global warming
that occurred in mid-Holocene (1-4°C, Houghton et
al., 1990). This event may be an analogue to the
predicted ‘greenhouse’ warming, since a 4°C rise in
temperature (at higher latitudes) is projected if present
trends continue (Houghton et al., 1990). During the late
mid-Holocene, sea levels in some parts of the world
were indeed higher than present (e.g. Dominquez et
al., 1987; Giresse, 1989) which are predicted by the
most comprehensive geophysical model of sea level,
ICE-2 (Peltier, 1988).

The ICE-3G model (Tushingham and Peltier, 1991)
provides an updated model but does not include the
detail reported in 1988. In the North Atlantic basin
(above the equator), no higher-than-present relative
sea levels had been reported until recently for the
Holocene (except for areas with active isostatic re-
bound). However, rapid (less than 1000 years) mid-
Holocene sea-level oscillations have been suggested
by earlier workers for the southeastern United States
(Colquhoun and Brooks, 1986; De Pratter and Howard,
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1981; Gayes et al., 1992; Scott et al., 1995a, b) and
for the Estuary of the St. Lawrence (Dionne, 1988).
There are many reports of fluctuating sea levels in
Scandinavia (Pirazzoli, 1991), however these appear
to be local isostatic adjustments. Much earlier, Fair-
bridge (1961) had suggested a highly fluctuating sea
level throughout the Holocene. Peltier’s (Peltier,
1988) models do not predict any important Holocene
oscillations in the mid-Holocene for the North Atlantic
although this same model does predict the South
Atlantic highstand. Most relative sea-level records from
the east coast of North America supported the 1988
model predictions, apparently suggesting the eustatic
sea-level event that occurred in much of the South
Atlantic and many locations in the Indian and Pacific
Oceans had no detectable impact in the North Atlantic
Basin. By inference, the suggested global warming
and rising sea levels caused by anthropogenically
induced global warming might also be unevenly dis-
tributed and not have much impact in the North
Atlantic. However, even the newer, more high resolu-
tion models of former sea levels need more fine tuning
to predict a rapid, relatively small scale (~2 m)
oscillation in sea level.

This paper will focus some of the more newly acquired
data from the east coast of North America (Dionne, 1988;
Gayes et al., 1992; Scott et al., 1995a, b, Fig. 1) and will
attempt to explain the nature and cause of a late mid-
Holocene sea-level event.
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FIG. 1. Location map of North America showing the positions of the four sea-level sites discussed in this paper.

BACKGROUND OF LONG-TERM SEA-LEVEL
CHANGE

In areas such as eastern South America, West Africa
and Australia where sea-level changes are largely caused
by water volume changes rather than land movement, sea-
level rise essentially stopped 4000-6000 years ago and
has actually fallen in many places (e.g. Brazil,
Dominquez et al., 1987). 1t has been suggested that the
subsequent fall of sea level after the mid-Holocene in
Australia (and by comparison in South America) was a
result of hydro-isostasy (Chappell et al., 1982) where
water loading caused a small emergence along coastlines
after the sea-level maximum. Most of the North Atlantic
margin is in a tectonically inactive zone but many areas
are still experiencing relatively rapid submergence which
must be the result of some factor other than eustatic sea-
level rise. Many models (e.g. Peltier, 1988; Tushingham
and Peltier, 1991) suggest that isostatic adjustment of the
Earth’s surface following deglaciation plays the major
role in relative sea-level change, especially in the North
Atlantic, with a smaller contribution from water volume
change. These models and many sea-level records from
the east coast of North America suggest that this isostatic
adjustment affected most, if not all, of the eastern North
American coastline over the last several thousand years
even though the ice margin ended in New York. Peltier
(1988) suggests that all the tide gauge data from the N.E.
coast of the U.S. can be explained by isostatic adjustment
which conforms with most long-term sea-level records
from the eastern seaboard; however Douglas (1991),
using the ICE-3G model (Tushingham and Peltier, 1991)
suggcests a 1.8 mm/year rise globally which is presumably
water level rise in addition to isostatic adjustment. Scott

et al. (1987a) calibrated Quinlan and Beaumont’s (1981)
model (a small scale derivation of one of Peltier's early
models) for a former ice margin in Maritime Canada but
calibration to the south has been lacking. However, a
direct comparison between an area just at the former ice
margin (Nova Scotia) and South Carolina (several
hundreds of kilometers south of an ice margin) shows a
large differential: about 20 ¢m/100 years of submergence
in the last 2500 years in Nova Scotia (Scott et al..
19954, b) vs. less than 10 ¢cm/100 years in South Carolina
(Murrells Inlet, Gayes et al.. 1992). Curves between these
arcas show varying rates of relative sea-level rise but rates
tend to decrease from north to south talling between the
extremes of Nova Scotia and South Carolina (e.g. Kraft,
1971). If, as Douglas (1991) suggests, the global average
is 1.8 mm/year. (=18 cm/100 years), it has started
relatively recently in places like South Carolina where
we have dates on salt marsh peat that indicate rates of no
more than 10 cm/100 years over the last 500 years.

EVIDENCE OF A RAPID LATE MID-HOLOCENE
OSCILLATION IN THE EASTERN NORTH
ATLANTIC

The background and evidence for the points shown in
Fig. 1 have already been published and discussed
thoroughly (De Pratter and Howard, 1981; Dionne,
1988; Colquhoun and Brooks, 1986; Gayes et al.. 1992;
Scott et al., 1995a, b) but we reproduce the curves of
Gayes et al. (1992) and Scott et al. (1995a, b) here for
discussion sake. All points on the curves shown here were
determined using marsh foraminiferal zones; the least
accurate points (South Carolina) are still accurate to £30



D.B. Scott and E S. Collins: Late Mid-Holocene Sea-Level Oscillation 853

c¢m and the most accurate points are accurate to £5 cm
(Nova Scotia). This has to do with regional variations of
the vertical range of high marsh foraminiferal faunas
(Scott and Medioli, 1980; Collins et al., 1995).

The data in Fig. 2 show that there is a late mid-
Holocene sea-level acceleration in the northern hemi-
sphere. Some records from the British Isles suggest a
confused signal in the 4000-5000 year interval but it is
difficult to say if it is caused by the oscillation observed
in North America.
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FIG. 2. (A) Sea-level curves from South Carolina from Scott et

al. (1995a). Baie Verte, Nova Scotia; (B) and Chezzetcook,
Nova Scotia; (C) from Scott ef al. (1995b).

POSSIBLE CAUSATIVE FACTORS

Many climatic records suggest a warming trend in the
mid-Holocene followed by a cooling to the 20th Century
(see Houghton et al., 1990) that might account for both
the rapid rise and fall in sea level (as ice accumulated
again after the mid-Holocene). Others suggest ice surging
in the Antarctic caused by a steadily rising sea level may
cause rapid rises in eustatic sea level (Anderson and
Thomas, 1991). Domack er al. (1991) suggest increased
glacial advances in Antarctica during the mid-Holocene
warming which may have enhanced the rapid rise in sea
level between 5000 and 4000 BP but fails to explain the
subsequent rapid fall that occurs in the mid-Holocene as a
result of climatic cooling and probably ice accumulation.
In fact, the ice surging in Antarctica could have been a
result of eustatic rise, not the cause. It was suggested that
the subsequent fall of sea level in Australia might have
been the result of hydro-isostatic adjustment, not a
eustatic fall in sea level (Chappell ef al., 1982). However
the time frame appears to be over 5000 years in Australia
which clearly does not explain the rapid oscillation we see
in South Carolina. Hence we would suggest that the mid-
Holocene sea-level oscillation (including the fall of sea
level in South Carolina) is a climatic effect rather than a
result of ice surging in the Antarctic or hydro-isostasy. If
we take this one step further we can actually correlate the
mid-Holocene temperature rise (about +4°C globally,
Houghton et al., 1990) with various reported values of
mid-Holocene eustatic sea level rise varying from 2 m to
a high of 5 m (in South America). Some climate models
suggest a much lower water volume increase and
subsequent rise in sea level (including both thermal
expansion and ice melt, 8-12 cm) with an equivalent
amount of global warming (about 4°C, Kuhn, 1989)
which, based on data here, appears excessively low.

A recent paper (O’Brien et al., 1995) suggests several
periods of warming and cooling within the Holocene
which could explain the oscillation we see.

MECHANISM PREFERRED FOR THE
OSCILLATION

The problem we address is how to explain sufficiently
late melting of ice that would have fed the sea-level
acceleration shown in Fig. 2A-C, as well as the sea-level
highstand observed by Dionne (1988) that occurs
simultaneously with the high stand in South Carolina.
However, reviewing some earlier paleoceanographic
work done on the eastern Canadian margin (Scott et al.,
1984, 1989) may provide some insight. Most ideas of
when all melting of ice stopped would suggest there was
no melting after 6000 BP (e.g. England, 1992; Stravers et
al., 1991) but the sea-level oscillation we show here ends
at around 4000 BP (sidereal years — Stuiver and Reimer,
1986, 1987). From the ice retreat records of England
(1992) and Stravers er al. (1991), it would be difficult to
suggest ice melting in the Arctic as the cause of the
oscillation we see here. But the dates of final ice retreat
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are based on dates of terminal moraines, most of which
are in contact with the ocean at the time of their
formation; once the ice retreated from the coastline there
is no record because there are no dates of the absolute last
ice due to lack of organic deposition in upland lakes that
is used to supply last ice dates farther south (i.e. the
Maritimes, Mott, 1975). However, the paleoceanographic
records on the eastern Canadian margin might indicate a
different story. Scott er al. (1984, 1989) show an intensive
cooling of shelf currents between 6000 BP and about
3000-4000 BP (dating of the transition is imprecise
because of varying sedimentation rates and imprecise
palynological records at that interval). The pollen records
combined with trends in benthic foraminifera in two
Scotian Shelf cores show clearly that cooling of the shelf
currents continued long after the climatic optimum (both
warmest water and warmest conditions on land) at around
6000 BP (Scott er al., 1984, 1989). The critical question is
why the cooling of the eastern Canadian shelf currents
began during a seemingly warm period. A second critical
question is how much ice would be required to melt to
produce a 2 m rise in eustatic sea level (the 10 m rise in
Nova Scotia is not realistic as a global response: it almost
certainly is a combination of increased isostatic adjust-
ment as well as eustatic sea level so we use the figure
from South Carolina as the most realistic amount of water
volume). The present day Greenland Icecap holds the
equivalent of 6-8 m of sea-level rise if it all melted
(Reeh, 1985). That means if only the equivalent of 1/3 of
the present Greenland Icecap were in the Canadian Arctic
after 5000 BP (on Baffin Island and other Arctic Islands),
its melting could produce 2 m of water level rise. Given
the size of Baffin Island and the other Arctic islands it is
not particularly unreasonable to have had that much
residual ice that may not have left a dateable trace if the
margins were not on the coastline.

Prior to 5000 BP. the Labrador Current which
comprises the shell water on the castern margin of
Canada was a mixture of the Canada Current coming out
of Baffin Bay, and the Irminger Current branching off the
North Atlantic Drift around the southern tip of Greenland,
a relatively high temperature (4°C) at high salinity
(34.5%0) water mass. At about 5000-6000 years ago, this
current begins to cool and divides into two components
— the Inner Labrador Current (0-2°C, 31-33%o) and the
Outer Labrador Current (same charactistics as the old
Labrador Current). This roughly coincides with a cooling
trend observed in SW Baffin Bay (Osterman, 1982), and
attributed to Arctic water inflow through Nares Strait.
The transition of cooling to present conditions ends at
about 40003500 BP ('*C years, 4000-4500 BP sidereal
years BP) with the complete separation of the Outer
Labrador Current (300-800 m water depth offshore) and
the Inner Labrador Current (0-300 m). The Inner
Labrador Current extends along the entire eastern
Canadian margin with its southern limit on the northern
half of the Scotian Shelf where the position of its contact
with Gulf Stream derivative water (Houghton ez al., 1978)
does not appear o have changed since 3000—4000 years
ago (Scott er al., 1984). Along the rest of the eastern

Canadian margin, there is a dynamic division between
cold, low salinity Inner Labrador Current and warmer
high salinity Outer Labrador Current at water depth
greater than 300 m (Scott er al.. 1984; Williamson er al.,
1984).

Off eastern Canada. it appears that an increased input
of meltwater intensified the Inner Labrador Current and
drove the temperature down on land. How long did this
melting continue? We would say that melting continued
at least until the Inner Labrador Current reached its
maximum strength about 4000 years ago, much later than
most ice models would suggest, and this melting could
account for the late mid-Holocene sea-level oscillation. In
the Nova Scotia sea-level curves, it appears that the rate
of sea-level rise actually accelerated at 5000 years ago
(Fig. 3, Baie Verte) which is when cooling started in the
offshore currents.

Hence the mechanisms of melting and cooling are
working against each other here — increased warming
promotes more ice melting but more ice melting
intensifies the Arctic currents which result in colder
currents to the south. This, as we see from the climate (i.e.
pollen) record, has caused a sharp cooling in eastern
Canada (e.g. McCarthy et al., 1995), but farther south the
mid-Holocene warming to cooling is not detectable
(Wright, 1976, 1977) possibly because of the limited
influence of the Inner Labrador Current.

This is a classic example of feedback mechanisms
acting in opposition. How will this continue in the future
if there really is global warming — conceivably it could
cause more warming in the north, more melting of, for
example, the Greenland Ice Cap, and more intensification
of the Inner Labrador Current, causing this cold current to
extend its range farther south causing cooling of coastal
climates farther south.

This relationship shows the strong link between
oceanic and terrestrial cooling together with sea level.
Here we belicve the local intensification of the Inner
Labrador Current is an indicator of melting (i.e. sea-level
rise) that had a global effect on sea level and ended when
the intensification of the Inner Labrador Current caused
sufficient cooling farther south to end the melting by 4000
BP and end the late mid-Holocene sea-level rise.

A well-dated historical event, the ending of pyramid
building in Egypt, also happened at almost exactly the
same time as the sea-level high in South Carolina (4200
BP, 2200 B.C.. Roberts, 1995). It is suggested by Roberts
(1995) that at 2200 B.C. the climate cooled. causing
drought and pyramid building stopped. This is so close to
the sidereal date of the highstand in South Carolina (4214
BP) to be almost unbelievable but clearly the two dates
were obtained totally independently in complete isolation
from each other. Not being familiar with all the
archeological literature, we do not know of other
instances like the pyramid building that may have ended
at the same time but certainly this does appear to show a
direct link between climate deterioration and changes in
human activities that should be explored further. Is this an
example of a climate/sea level having an historical impact
on a large civilization? If so, maybe the Egyptian
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experience should be examined more carefully to see
exactly what affects caused their demise — was it sea-
level change or climate change or both?

IMPLICATIONS FOR THE FUTURE

Although the former mid-Holocene high stand of sea
level is lower than present day in the North Atlantic, it
does indicate that rapid climatic fluctuations can cause a
sharp variation in the rate of sea-level change in a short
term event. Also we can see variance of response to this
change from South America, where the amount of sea-
level rise was over 5 m, to only 2 m in South Carolina. It
was perhaps less in the northeast United States and
Canada with no detectable fall in sea level (at this point at
least) north of South Carolina. The variance in response
might be two-fold: unequal distribution of meltwater that
maintains an equipotential sea surface (Tushingham and
Peltier, 1991) and/or isostatic adjustment which appears
to mute the subsequent fall to just a decrease in the rate of
RSL rise as you approach the former ice center. In
Quebec only the acceleration that overtakes the rebound
can be observed and it is impossible to measure the rate of
water volume decrease over the emergence caused by
isostatic rebound.

If there is a ‘greenhouse’ induced global sea-level
rise, will it rise to a maximum and then fall (as in
the mid-Holocene event)? From the mid-Holocene
experience, this is a real possibility — increased
warmth in the North producing more transfer of cold
water to the South. But, for records covering the last
2000 years along the eastern seaboard of North
America, there is no evidence of an accelerated sea-
level rise in the last 100 years and hence no suggestion
that the ‘greenhouse’ effect is causing a rise in sea level
yet (Peltier, 1988); this could be a result of non-
detection (as tide gauges would suggest, Douglas,
1991). Most of the mid-Holocene warming appears to
have taken place prior to 6000 BP (Houghton et al.,
1990) while most of the higher sea levels occurred
at least 1000 years later. However, one possible
explanation for the delay overall is that ice melt was
initiated at the climatic maximum and continued for
some time after the maximum temperatures, causing
the lag in sea-level response. If the same climatic
phenomenon occurs again, a global warming occurring
in the near future (i.e. over the next 100 years) might
register a sea-level response that lags behind the global
warming trend, and be in the order of a few metres
of eustatic sea level rise, not a few centimetres as some
climate models predict (e.g. Kuhn, 1989). A very recent
paper (O’Brien ef al., 1995) indicates an extremely
complex Holocene climate from the Summit Ice Core
in Greenland. This ice record shows several coolings
during the Holocene. One occurs at 2400-3100 years
ago which is after the mid-Holocene highstand, but
might account for the drop in sea level that is observed
in South Carolina, South America and Africa.
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Abstract — Combined palaeontological, morphostratigraphic and geochronologic data from
emerged Middle Pleistocene coastal deposits in Mejillones Peninsula (23°S). northern Chile,
strongly suggest that climatic conditions were particularly warm during the Oxygen Isotope Stage
I'l high seastand episodc. An anomalous warm-water molluscan assemblage from localities
assigned to that interglaciation included several cxtralimital species, presently living only north of
6°S (or 14°S), that werc not present in the area during subsequent Middle and I.ate Pleistocene, or
Holocene, interglacial episodes. Only two of these extralimital species may be found nowadays at
the 23°8 latitude. in a protected locality, immediately after the occurrence of strong El Nifio events.
Many of the species of the thermally anomalous molluscan assemblage (TAMA) are the same as
those which lived in a closed shallow lagoon near Santa, north-central Peru (9”S) during a brief mid-
Holocene episode. The new findings thus indicate that lagoonal and protected embayments were
significantly warmer than the open marine environment ca. 400 ka. Actually, the co-occurrence of
cool water fauna in exposed sectors of the coastline at that time suggests that the coastal upwelling
activity and the Humboldt Current effects were not strongly reduced. The warm-water conditions
prevailing in lagoons and protected bays during the Mid-Brunhes episode may reflect particularly
warm air temperatures and distinct ocean—atmosphere relationships than those prevalent nowadays.

These data support the hypothesis that the Oxygen Isotope Stage 11

was the warmest

interglaciation, at least in the southern hemisphere. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Sea Level and Climatic Variations During the Last
Million Years

During the last million years, the inter-related climatic
and sea level fluctuations were strongly controlled by
astronomical forcing (Milankovitch cycles of 23-19, 40
and 00 ky), with a predominance of the 100 ky cycle on
the glaciations/interglaciations rhythm (e.g. Shackleton
and Opdyke, 1973; Hays et al., 1976; Imbrie and [mbrie,
1980; Imbrie et al.. 1992; Liu, 1992, 1995). It is
commonly admitted that the interglacial episodes have
been characterised by a sca level position close (within a
few meters) to the present datum, and by global climatic
conditions that compared with those experienced in the
Holocene. The oxygen-isotope composition of plankton
foraminifers from the world oceans indicates that, from
onc interglacial stage to the other, the sea surface
temperature (SST) was in the same range, at least during
the last half-million years (Shackleton and Opdyke, 1973:
Hays et al., 1976).
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Oxygen Isotope Stage 7 is generally considered as
having been a little colder than stages 1 (Holocene). 5, 9
and 11 (Shackleton, 1987), but no consensus was met as
to which of the latter was the warmest isotopic stage.
Discrepancies are observed between deep-sea core data
from the various oceans and at distinct latitudes.
According to many deep-sea records, the only, or major,
episode warmer than the Holocene would have occurred
at the beginning of the last interglacial, during Oxygen
Isotope Substage Se (Shackleton and Opdyke, 1973;
Kellogg, 1977; Shackleton, 1987). An indirect confirma-
tion of a relatively higher global temperature during the
early stage of the last interglaciation is provided by
widely scattered evidence for a higher sea level than
nowadays at ca. 120 ka. A slightly more elevated
“eustatic” sca level stand at that time (some 5—-7 m above
present datum?) is classically interpreted as a conse-
quence of major global sea water volume than nowadays,
a minor size of the polar ice sheets, warmer air
temperature and SST. The palco-position of “eustatic”
sea level during former interglaciations is difficult to
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assess for Middle Pleistocene times (700-140 ka): it can
be established with some precision for Oxygen Isotope
Substage Se, but it is increasingly less precise for Oxygen
Isotope Stages 7, 9 and 11. In numerous coastal areas of
the world, regional and local tectonic instability as well as
glacio-isostatic effects hamper a precise reconstruction of
paleo-sea level position from emerged terraces and reef
tracts.

A Warmer Interglacial Episode During Oxygen Isotope
Stage 11?

In a recent review on multiple evidence for warmer
than usual Pleistocene interglacial stages, Burckle (1993)
concluded that Oxygen Isotope Stage 11 probably had
been warmer than the present and the last three previous
interglacial episodes. The most convincing evidence for
such interpretation comes from the southern hemisphere,
and includes: carbonate-rich layers in the southern Pacific
Ocean at ca. 400-500 ka (Kennett, 1970), particularly
high rate of opal accumulation during Oxygen Isotope
Stage 11 in the southern Atlantic Ocean (Charles et al.,
1991), greater fluxes of North Atlantic Deep Water
(NADW) into the Southern and Indian oceans during
Oxygen Isotope Stage 11 (Oppo et al., 1990: Hodell.
1993). On the basis of radiolarian and other data from the
southern Indian Ocean, Morley (1989) and Howard and
Prell (1992) also determined that Stage 11 had been the
warmest, and longest, interglacial stage in the last half-
million years.

As in the northern hemisphere deep sea record, the
indications for a particularly warm Stage 11 are scarce
(e.g. Ruddiman and Mclntyre, 1976; Ruddiman et al..
1986, 1989; Aksu et al., 1992) or lacking. It may be
hypothesised that during that particular interglaciation,
anomalous warm climatic conditions were restricted to
the southern hemisphere, and were not a global feature.
From an orbital point of view, the Oxygen Isotope Stage
11 interglaciation actually corresponds to an eccentricity
low (413 ky component) that, according to the Milanko-
vitch theory, should have been rather colder than
observed. It is the ‘400 ka problem” of Imbrie and Imbrie
(1980). and the ‘Isotopic Stage 11 problem’ of Imbric ez
al. (1993) which pointed that the 8'*0 response in the
deep oceans was, for some reason. not proportional to the
postulated forcing.

Paleoceanographic records of this particular intergla-
ciation from nearshore environments may be of great
value, since they may provide some interesting clues to
solve the paradox of the Mid-Brunhes climate (Jansen et
al., 1986). In apparent contradiction with some of the
deep sea record from the northern hemisphere, it may be
mentioned that some indication for exceptionally warm
conditions were provided by coastal faunas from north-
western Alaska. There, the Anvilian emerged coastal
deposits contain a series of molluscan species that are
either extinct and/or of warmer water than the present
fauna (MacNeil et al , 1943; Hopkins, 1967); this unit had
been assigned to the Early Pleistocene (Hopkins et al.,

1974) until a radiometric age determination and aminos-
tratigraphic analyses strongly suggested that it was of
Middle Pleistocene age, and probably coeval with
Oxygen Isotope Stage 11 (Kaufman et al.. 1991; Kauf-
man and Brigham-Grette, 1993).

In this note we present paleontological data from the
northern coast of Chile that supports the hypothesis of a
warm interglacial period assigned to Oxygen Isotope
Stage 11. The faunal assemblage, characterised by the
predominance of extralimital species from the Panamic
Province (Fig. 1), strongly suggests much warmer
conditions than during any other Quaternary high sea-
stand episode, including the present one.

QUATERNARY MARINE DEPOSITS OF
MEJILLONES PENINSULA

Regional Geological Setting

The subduction of the Nazca Plate below the South
American continent is responsible for uplift motions
along the coast of northern Chile and southern Peru. The
neotectonic behaviour of the northern Chile coast is
documented by marine terraces formed during Pliocene
and Pleistocene high seastands on the narrow coastal
plain lying at the foot of the Coastal Cordillera. Thick
accumulations of alluvium generally hide the highest
lying emerged wave-cut platforms (Ortlieb er «l., 1996a).
Plio-Pleistocene marine-abraded surfaces and Quaternary
beach-ridge series are well preserved in Mejillones
Peninsula, a 60 x 40 km large crustal block located
immediately north of Antofagasta (23°S; Figs 1 and 2).
The peninsula is crossed by major fracture zones which
are partly active. and several faulted blocks show
differential uplift motions (Okada, 1971; Ferraris and Di
Biase, 1978; Armijo and Thiele, 1990). The peninsula
exhibits three exceptional sequences of regressive beach
ridges [ormed on gentle slopes that extend on hundreds of
km” from an elevation of the order of 200 m and the
present coastline (Ortlieb, 1993; Ortlieb et al., 1995). The
two major series of beach ridges are found on the north
(Pampa Mejillones) and south (Pampa del Aeropuerto)
sides of the wide isthmus linking the coastal plain to the
peninsula. As a result of the extreme aridity of the area,
the sediments and faunal remains of the beach ridges are
generally very well preserved. The abrasion terraces and
beach ridges document the Quaternary uplift of distinct
sectors of the peninsula (Ortlieb, 1993; Ortlieb et al..
1995, 1996b), and also provide an unusual insight into
palacoceanographic conditions during succeeding epi-
sodes of interglacial high sea-stands.

The age of the emerged Pleistocene coastal deposits in
the area is still actively debated. We shall mention briefly
the previous morphostratigraphic interpretations and
present some results of on-going morphostratigraphic
and geochronologic studies. For this purpose, three key
areas will be considered: the coastal region along the
northern half of Antofagasta Bay: Pampa del Aeropuerto;
and Pampa Mejillones.
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FIG. 1. Locality map of the Peru—northern Chile coasts, with
indication of the boundaries of marine faunal provinces.

Quaternary Marine Deposits along Antofagasta Bay

Antofagasta Bay is bordered to the northeast by a
vertical seacliff that cuts an ~40 m thick sequence of
Pliocene marine calcarenites, coquina and sandstones (La
Portada Formation; Ferraris and Di Biase, 1978) covered
by Pleistocene unit that is a few meters thick and
composed of marine deposits and alluvium. The Pleisto-
cene coastal sediments are loosely consolidated sands
with interlayered coquina beds. They correspond to a
single marine terrace unit.

New geochronological data recently obtained on
mollusk shells from this last unit, at the locality called
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f 40° La Portada (Fig. 3), strongly suggest an Oxygen Isotope
| 400 80° Stage 9 age (Ortlieb ef al., 1995). Two sets of 14 valves of
0 I g g
each of the two dominant species (Mulinia cf. edulis and

Mesodesma donacium) yielded mean allo/isoleucine
ratios of 0.66£0.10 and 0.6710.12, respectively. These
values compare with the mean A/l ratio of 0.71 yielded by
samples (from the same bivalve species) on the third
emerged terrace at Hornitos (22°55'S; Ortlieb er al.,
1996a) and can be assigned regionally to the Stage 9
interglacial episode. Furthermore, three U/Th age deter-
minations (obtained at GEOTOP, Université du Québec a
Montréal) on shells from the same locality yielded the
following results: 282+9 ka for one measurement through
the TIMS (thermal ionisation mass spectrometry) techni-
que, and 275411 ka and 288412 ka (mean = 282 ka) for
two measurements by alpha-spectrometry. These con-
cordant results, and additional morphostratigraphic argu-
ments (Ortlieb ef a/.. 1995). thus strongly suggest that the
Quaternary marine terrace that cuts and overlies the
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Pliocene La Portada Formation was formed during Stage
9, ca. 300-330 ka.

To the west of La Portada. the seacliff height
diminishes progressively as a result of a recent westward
tilting of the Plio-Quaternary beds. This attitude is related
to a half-graben structure limited westwards by an active
major crustal fault. The N-S trending La Rinconada fault
separates the uplifted Cerro Moreno block to the west and
the Pampa del Aeropuerto plain (Fig. 2). The tilt of the
Plio-Quaternary sequence in the northern Antofagasta
Bay is accompanied by a series of recent normal faults
(which systematically downthrow the western compart-
ments) that belong to a complex en échelon system
(NNW-SSW and N-S trends; Armijo and Thiele. 1990;
Ortlieb et al.. 1995).

At the southwestern extremity of the Mejillones
Peninsula, several marine abraded platforms were cut at
elevations reaching up to about +150 m. Electron Spin
Resonance (ESR), U/Th and allo/isoleucine analyses were
performed on molluscs from the three lower terraces at
Juan Lopez but provided only preliminary results which
did not lead yet to a well established chronostratigraphy
(Ratusny and Radtke, 1988; Radtke, 1989; Ortlieb er al.,
1995). Nevertheless, the faunal content of the deposits
associated to two terraces tentatively assigned to the
Oxygen Isotope Stages 7 and 9. was studied.

Along the southeastern shore of Antofagasta Bay, the
last interglacial high seastand was recorded at elevations
varying between +6 (Punta Coloso, Fig. 3) and +15 m
(north of Antofagasta: Ortlieb et al., 1994, 1995). Other
terrace deposits were tentatively assigned to Oxygen
Isotope Stages 7, 9 and ‘older than 11’ (Ortlieb and
Guzmdn. 1994; Ortlieb er al., 1994, 1995; Fig. 3). The

! §

Isotopic stages

soo\P/\\
I

CORDILLERA DE LA COSTA

Me]lllones
PEmns,_”a

A 5U20ka)
Q 7(20ka)
B 9 (330ka)
® 11 (400 ka) Pampa w
* >11 (>500 ka) Aeropuerto

23°30" La Rmconad
[ Juan
Lopez Portada

Antofagasta
Bay 2t
O
;;:’ S ANTOFAGASTA

Punta Coloso 48

0 10 20

' L km , 700\&

FIG. 3. Sampled localities of Pleistocene marine terraces and
associated deposits, around Antofagasta Bay. The faunal content
of these deposits 15 1ndicated in Table 1.

oldest Pleistocene terrace identified in the surroundings of
Antofagasta lies at ca. +100 m elevation (Ortlieb et al.,
1995). These Early Pleistocene deposits. as well as some
lateral equivalents in the northwestern Pampa del
Aeropuerto plain, at ca. +200 m (Fig. 3), are the oldest
Quaternary marine units, with characteristic Quaternary
fauna (Herm. 1969), that crop out in the Antofagasta Bay
area.

The Pleistocene Beach Ridges at Pampa del Aeropuerto

Pampa del Aeropuerto is a wide. slightly deformed,
elevated coastal plain that slopes southward from the
centre of the isthmus, at ca. +200 m elevation, toward the
Antofagasta embayment. It is covered by a series of beach
ridges disposed in a concentric way and grossly parallel to
the present coastline. The beach ridges are well preserved
and display beach cusp structures (visible on aerial
photographs). that compare with those formed on the
present beach at La Rinconada (Fig. 4). The sequence of
regressive shorelines may be split into several sets that
were most probably formed during succeeding episodes
of interglacial high sea stands.

The age of the sets of beach ridges is still a matter of
discussion. A Pliocene age was suggested on the
geological map (Ferraris and Di Biase, 1978), while
several authors had envisaged. without any precise study
of the emerged marine deposits. that the whole beach
ridge sequence might be as young as Late Pleistocene
(Okada, 1971: Armijo and Thiele. 1990). However. the
assignation of the Quaternary unit at the top of the seacliff
at the locality of La Portada (see above) to the Oxygen
Isotope Stage 9 implies that the Pampa del Aeropuerto
beach ridges sets are necessarily older than 330 ka. In the
northern part of Pampa del Aeropuerto, the oldest beach
ridges of the sequence are observed either at the foot of a
major (50 m highy paleo-scaclill" (Pleistocene marine
limit) or 1n ottlap disposition upon Pliocene marine units.
It is thus inferred that the older part of the beach-ridge
sequence is of Early Pleistocene (or early Middle
Pleistocene?) age. and that the whole beach-ridge
sequence was formed in the lapse of several hundred
thousand years.

The geometry of the coastal features of the area
indicates that the Pampa del Aeropuerto plain was
steadily uplifted until a strong deformation phase which
occurred at the end of the Middle Pleistocene. This
deformation included the faulting of the Plio-Pleistocene
units by the NNW-SSE en échelon system, the dipping of
recent Quaternary units (last three interglacial coastal
deposits) below sea level at La Rinconada, and the
upwarp of a small faulted block northwest of La
Rinconada. It is on top of this southward tilted fault
block and in the vicinity of a major NNW-SSE trending
fault trace which cuts the western part of Pampa del
Aeropuerto, that were found the outcrops of the
anomalously warm faunal assemblage studied here. The
lateral correlation between individual beach ridges across
the large NW-trending fracture zone indicates clearly that
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La
Rinconada
fault block

FIG. 4. Aerial photograph of Pampa del Aeropuerto, in the southern part of the isthmus of Mejillones peninsula (Instituto

geoglafico Militar, Hycoon 10089). The La Rinconada tilted fault block is visible to the left. Note the continuity of the beach

ridges across the large NNW=SSE trending fault zone that separates the La Rinconada block from the rest of Pampa del
Acropuerto. Sample localities are indicated by black dots.

the block faulting and the tilting occurred recently, well
after the deposition of the sedimentary units. The set of
beach ridges studied here actually predates the marine
terrace unit which caps the seacliff at La Portada and
which is correlated with Oxygen Isotope Stage 9.
Consequently, the former unit is tentatively assigned to
the previous interglacial cycle, i.e. Oxygen Isotope Stage
11 (ca. 400 ka).

Quaternary Marine Deposits of Pampa Mejillones

The northern part of the isthmus of Mejillones
Peninsula is another large (400 km?) plain slowly dipping
northward, toward Mejillones Bay (Fig. 2). It is bounded
to the west by the N-S trending Mejillones fault and
extends eastward to the foot of the Coastal Cordillera.
Pampa Mejillones plain reaches a maximum elevation of
+220 m and is almost totally covered with beach rdges
sub-parallel to the present coastline of Mejillones Bay.
This series of regressive shorelines have a major

extension than its counterpart on the southern side of
the Mejillones Peninsula. The ridges, also very well
preserved and disposed in successive sets, are several tens
of metres wide, some 2 to 5 m high and may be more than
20 km long. They consist of coarse, fossiliferous, loosely
consolidated sediment. The ridges are separated by wide
shallow troughs, now generally covered by a sheet of
eolian sand. Like in Pampa del Aeropuerto, the geometric
disposition of the ridge sequence shows that after a
relatively long period of steady uplift, the plain suffered a
strong tectonic deformation with major N-S trending
normal faulting. The vertical displacement produced by
these faults are of several meters, and may locally reach
20 m (Armijo and Thiele, 1990; Ortlieb et al., 1995).
The precise chronostratigraphy of the series of beach
ridges is yet unresolved. Herm (1969) showed that the
ridges were post-Pliocene, and interpreted that a major
discontinuity in the geometry of the beach ridge sets
marked a limit between ‘Middle Pleistocene’ Serena Il
and ‘Early Pleistocene’ Serena I deposits. Alternatively,
Ferraris and Di Biase (1978) mapped the northern half of
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FIG. 5. Some of the most abundant extralimital species of the TAMA (thermally anomalous molluscan assemblage) of the 400
ka deposits at La Rinconada locality. All these species have been found living today in the Panamic province and/or in the Paita
Transition Zone (sce Fig. 1). (1) Trachycardium ¢l procerum (Sowerby, 1833), right valves. interior and exterior views; (2)
Macira velawa (Philippic 1849), right (large, fragmented) and lelt (medium size) valves, mterior views: (3) Argopecien
circularis (Sowerby. 1835), two right valves, medium size, and a juvenile left valve, cxlerior views; (4) Ostrea megodon
(Hanley, 1846). whole individual with articulated valves; (S) Donax peruvianus (Deshayes, 1855). small left valve (exterior)
and right valve (interior); (6) Anomia peruviana (d'Orbigny, 1846), upper valves ol medium size individuals (interior and
exterior): (7) ¢ Melampus sp.. undetermined individual (out of three, not well preserved shells): (8) Turbo cf. fluctuosus
(Wood. 1828): (a) apertural view of medium size individual; (b) two calcarcous operculums: (9) Cerithium stercusmuscarion
(Valenciennes. 1833). apertural and abapertural views; (1) Prunwn curnion (Sowerby, 1832), apertural view of two
individuals: (1'1) Bulla puncudata (A. Adams in Sowerby, 1850): (a) apertural view of a recent individual (from La Rinconada
locality, collected in Sept. 1995); (b) apertural view of a fossil sample from the ca. 400 ka deposit near La Rinconada.

the beach-ridge sequence as Pleistocene (a so-called
‘Mejillones Formation™) and the southern half of the plain
as Pliocene (La Portada Formation). This interpretation
has been accepted by some recent workers (e.g. F'lint er
al., 1991). According to another interpretation (Okada,
19717 Armjjo and Thiele. 1990), the whole series of beach
ridges might have been formed during the regression

subsequent to the last high seastand (Oxygen Isotope
Stage 5). In 1993, Ortlieb proposed to divide the sequence
of beach ridges in a series of sets which might be coeval
with as many successive interglacial (and/or interstadial)
episodes. This hypothesis was based upon a preliminary
air-photo interpretation of discontinuities between the
successive sets of beach ridges. and on a few previously
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available geochronological results (Radtke, 1987, 1989)
on the youngest deposits of the Pampa Mejillones
sequence (at El Rincén). This interpretation was subse-
quently slightly modified when we discovered that the
deposits cropping out between +150 and up to +200 m in
the southern part of Pampa Mejillones were characterised
by a warm-water faunal composition similar to that of the
youngest sct of beach ridges at Pampa del Aeropuerto,
near La Rinconada (Ortlieb er al., 1995, 1996b).

U-series and aminostratigraphic analyses performed on
shells collected across the Pampa Mejillones sequence did
not yet allow precise and conclusive age determinations
(Hillaire-Marcel et al., 1995; Ortlieb et al.. 1995). High
234U/ Th ratios (>1 .2), indicators of a non-marine origin
of the uranium, and evidence for late diagenetic uptake of
this element seriously limit the possibility to calculate the
age of the Pampa Mejillones ridges. On the other hand,
aminostratigraphic studies did not prove to be entirely
reliable. A shallow burial of the molluscan material
apparently produced differences in the thermal history of
the samples, even if the samples generally yielded
increasing allo/isoleucine ratios with the elevation of
the ridge sets across the plain. Several measurements in
localities with the anomalous warm-water fauna (above
+150 m), thus produced allo/isoleucine ratios of the order
of 0.9, value compatible with an Oxygen Isotope Stage 1|
age in this region (Ortlieb er «l., 1995; in preparation).
Immediately to the northeast of Mejillones Bay, in the
area of Chacaya-Hornitos (see Ortlieb et al., 1996a). the
three lowermost conspicuous staircased marine terraces
were tentatively correlated with Oxygen Isotope Stages 5,
7 and 9.

Thus, difficulties were met in the establishment of a
solid chronostratigraphy of the exceptional series of
beach ridges at Pampa Mejillones, but the available data
suggest that the major part of the sequence was formed
during the Middle Pleistocene. A lateral correlation based
on paleontological grounds is proposed between two sets
of warm-water mollusc bearing deposits from the north-
ern and southern isthmus of Mejillones Peninsula. At
Pampa del Aeropuerto, the chronological constraint is
better assessed than at Pampa Mejillones and leads us to
infer that both anomalous molluscan assemblages are
coeval with Oxygen Isotope Stage 11.

THE WARM-WATER MOLLUSCAN
ASSEMBLAGE AT LA RINCONADA

The surface of the strongly tilted fault block found 3
km north of La Rinconada is covered by a series of
coastal sediments deposited previously to the tectonic
deformation, which now lie at increasing elevations,
between below +10 m and +80 m, from south to north. On
the La Rinconada block, and across the faulted zone that
separates the block from the Pampa del Aeropuerto plain,
the Pleistocene coastal sediments are one to several
meters thick, and lie upon Pliocene beds. They vary
between fine sands to pebbly coarse sands, and also
include irregularly cemented biocalciruditic coquina

beds. In places, a superposition of distinct units points
to a depositional regressive sequence, with lagoonal or
beach deposits overlying subtidal sediments with in situ
fauna (articulated shells of pelecypods in living position).

The varied sedimentary units contain distinct faunal
assemblages that are either typically warm-water forms
(open or closed lagoons, shallow marine environments),
or a mix of warm and cold-water forms (nearshore
cnvironments and exposed beach). Some beds corre-
sponding to subtidal environments are the only ones that
include rather cold-water forms identical to the Holocene
fauna of the area (Argopecten purpuratus [Lamarck,
1819], Choromytilus chorus [Molina, 1782], Transennella
pannosa [Sowerby, 1835], Petricola rugosa [Sowerby.
1834], Thais chocolata [Duclos, 1832]). The variety of
sedimentary facies and of associated faunal assemblages
suggest multiple changes in the palaecogeography of the
area. and in the nearshore conditions, within a single
episode of interglacial high seastand.

From west to east of Pampa del Aeropuerto plain, a
major lateral change is observed in the faunal composi-
tion of the same beach ridge set. In sharp contrast to the
‘warm’ fauna found upon and near the La Rinconada
block, the beach deposits of the eastern and central area of
the coastal plain bear a cool-water fauna (Mulinia cl.
edulis |King, 1831]. Mesodesma donacium |Lamarck,
1818]. Glvevmeris ovatus [Broderip, 1832], Calvptraea
trochiformis |Born, 1778], Crepipatella dilatata [La-
marck, 1822], and Ofiva peruviana [Lamarck, 1811]).
This fauna is similar to that found in the older (higher
elevated) beach-ridge sets and in the younger marine
terrace deposit (Oxygen Isotope Stage 9) at La Portada.
As there is no doubt that the deposits bearing cool-water
fossils are coeval with those from the La Rinconada area
(see Fig. 4). the variation in the faunal composition must
be attributed to paleogeographic factors. Cool nearshore
conditions were prevalent in the non-protected part of the
Antofagasta embayment. It was only in the northwestern-
most part of Antofagasta Bay. near La Rinconada,
protected from the cool waters of the Humboldt current,
that lagoons with restricted circulation could form.

A ‘Thermally Anomalous Molluscan Assemblage’
(TAMA)

Table 1 compares the composition of molluscan faunas
sampled on the La Rinconada block (and adjacent areas;
Fig. 4). on the modern beach and in the older and younger
Pleistocene deposits (from other interglacial episodes)
around Antofagasta Bay (Fig. 3). The fauna upon the ‘La
Rinconada block™ differs significantly from altogether the
modern assemblage and the fossil content of the other
Late and Middle Pleistocene emerged marine deposits.
Because of the predominance of warm-water elements, it
constitutes a ‘thermally anomalous molluscan assem-
blage® (= TAMA) as referred to by Valentine (1955),
Zinsmeister (1974), DeVries and Wells (1990), Ortlieb er
al. (1990) and Roy et al. (1995).

A number of extralimital species of this TAMA had not
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TABLE 1. Comparison of the molluscan fauna around Antofagasta Bay, between deposits assigned to the major high seastands of
Oxygen Isotope Stages 5 (ca. 120 ka), 7 (ca. 220 ka), 9 (ca. 330 kay and 11 (ca. 400 ka). as well as with older (early Middle Pleistocene or
Early Pleistocene?) units and with the present day living fauna (Holocene). In bold are indicated the warmer water species only found in
the deposits assigned here to the 400 ka high seastand episode. Identification of the species is based on Morris (1966), Keen (1971) and

Marincovich (1973). Author and date of the species designation were omitted for the sake of conciseness

Chronostratigraphic units Hol. Se 7 9 11 >11
GASTROPODS:
Aeneator fontainet X P P P P
Bulla punctulata (X) P
Calyptraea (T.) trochiformis X v A v A% v
Cancellaria (S.) buccinoides X P P P
Cerithium stercusmuscarum — A
Collisella spp. X P P P P
Concholepas concholepas X A% A A A \Y%
Crassilabrum crassilabrum X v P P P v
Crepidula spp. X A P P
Crepipatella dilatata X \Y% P \Y% \Y% A
Crepipatella dorsata X \Y% P \Y% \Y% \Y%
Crucibulum quiriquinae X P P v A P
Diodora saturnalis — P P
Fuisurella costatu X A P ? A
Fissurella crassa X P A
Fissurella latimarginata X P P ?
Fissurella maxima X P P P P
Fissurella peruviana X P P P
Fissurella spp. X P P P A
Liotia cancellata X ? 7 ? P ?
Littorina (A.) peruviana X \% P
cf. Melampus sp. — P
Mitra orientalis X P A
Mitrella unifuscrata X P P
Nassarius dentifer ? P
Nassarus gayi X A P P A \'
Nucella (A.) crassilabrum ? P P P
Oliva (0.) peruviana X v A v v v
Olivella sp. — v
Polinices (P.) uber X P P A
Prienc rude X \' P P P
Priene scabrum X A P P \' A
Prisogaster mger X v P v v A
Prunum curtum — A
Rissoina inca X ? P ? P P
Scurria spp. X A P P P
Sinum cymba X ? P P P
Siphonarwa (T.) lessont X P P P
Tegula (C.) atra X \% A A \%
Tegula (C.) eurvomphala X ? P A \" \"
Tegula (C.) luctuosa X P P \Y%
Tegula (C.) tridentata X \% P P A \%
Thais (S.) chocolata X P \Y% \Y% A%
Thais haemastoma X
Trigonostoma tuberculosum X P
Trimusculus peruvianus X P P
Turbo cf. fluctuosus — P
Turritella cingulata X A P v v v
Xanthochorus buxea X P P P
Xanthochorus cassidiformis X P P A P P
V = Very abundant, A = Abundant, P = Present, X = extant, (X) = exceptionally present, — = not present in the area. ? = probably present, but not collected.

Hol. = Holocene (Present). 5e. 7. 9. 11, >11 = Oxygen Isotope Stages
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TABLE 1. Continued

PELECYPODS:
Anomia peruviana

Arcopsis solida —
Argopecten circularis —
Argopecten purpuratus
Aulacomya ater
Barbatia pusilla

bl e e
T T T <

Brachidontes granulata
Cyclocardia cf. spurca beebei —
Carditella tegulata

R

Chama pellucida
Chione (L.) peruviana —

< U < T

Choromytilus chorus ?
Cumingia mutica ?
Cyclinella subquadrata —
Diplodonta inconspicua X
Donax peruvianus (X)
Ensis macha

Eurhomalea lenticularis

Gari solida

<v <>

X
?
Eurhomalea rufu X
X
X

Glvcymeris ovatus

Mactra velata —

Mesodesma donacium X

Mulinia cf. edulis —

Mysella spp. X
X

T T <

Nucula cf. exigua
Ostrea cf. columbiensis —
Ostrea megodon
Perumytilus purpuratus
Petricola (P.) rugosa
Protothaca (P.) thaca
Protothaca sp. —
Raeta (R.) undulata
Semele solida

X x|

Semimyvtilus algosus

XX x|
v}

Tagelus dombeii
Trachycardium cf. procerum —

P
P

Transennella pannosa

BN

Venus antiqua

o
o
> » W v < T @
o U oU o

o >

-o
>
>
.

!
<
NP P <
~

a~] <

< o

< v o> <
Tl B e >

v < <>

V = Very abundant, A = Abundant, P = Present, X = extant, (X) = exceptionally present, — = not present 1n the area, ? = probably present. but not collected

Hol. = Holocene (Present). Se, 7, 9, 11, >11 = Oxygen [sotope Stages

been mentioned previously in any other Pleistocene
marine deposit of northern Chile. These species are:
Bulla punctulata (A. Adams in Sowerby, 1850), Cer-
ithium stercusmuscarum (Valenciennes, 1833), Olivella
sp., Prunum curtum (Sowerby, 1832). Turbo cf. fluctuo-
sus (Wood, 1828), Anomia peruviana (d’'Orbigny, 1846),
Arcopsis solida (Sowerby, 1833), Argopecten circularis
(Sowerby, 1835), Cyclocardia cf. spurca beebei (Hertle-
in, 1958), Donax peruvianus (Deshayes, 1855), Mactra
velata (Philippi, 1849), Ostrea megodon (Hanley, 1846),
and Trachycardium cf. procerum (Sowerby, 1833; Fig. 5).
These species are mostly Panamic species which nowa-
days live between the Gulf of California and northern
Peru (Table 2). Their modern distribution range is
generally limited to 6°S (or 14°S for Trachycardium cf.

procerum and Bulla punctulata). Two species of the
TAMA, however, pertain to the Peruvian province and
range from Ecuador to southern Peru (Prunum curtum and
Donax peruvianus).

The most common species found, often in situ, in the
La Rinconada deposits, is Trachycardium cf. procerum.
This species presently lives in the Panamic Province and
the Paita Transition Zone (Olsson, 1961; 4-6°S).
Episodically. though, it is observed along the northern
half of the Peruvian coast (DeVries, 1986; Diaz and
Ortlieb, 1993; Perrier et al., 1992, 1994). Keen (1971)
mentioned, erroneously, that the southernmost limit of its
present distribution was northern Chile. Trachycardium
cf. procerum was present, and locally abundant, in coastal
lagoons of southern Peru during the last interglacial (Diaz



TABLE 2. Geographic distribution of the main warm-water molluscan species found 1n the Middle Pleistocene deposits of the La Rinconada area. with indications of the southernmost occurrences

during the Pleistocene and Holocene along the coasts of Peru and Chile. according to varied sources and our own observations

Species

Present distribution range

Late Quaternary occurrence

GASTROPODS
Bulla punctulata (A. Adams in Sowerby, 1850)

Cerithium stercusmuscarum (Valenciennes, 1833)

Olivella sp.
Prunum curtum (Sowerby, 1832)

Turbo cf. fluctuosus (Wood, 1828)

Baja California to N. Peru (Isla Lobos) (1.2.3). Exceptional at
Antofagasta 1a few beach drift samples collected 1n 1995 at La
Rinconada)

Baja California to N. Peru (Puerto Pizarro) (1.2)

(extant ?)

Ecuador to N. Chile (Iquique) (1. 2, 3). Rare in southern Peru and
northern Chile

Baja California. Nicaragua to N. Peru (Paita) (1,2)

One mention south of 6° S (possibly after an ENSO event) near
Pisco (14°S) (4)

Present in IS 5 deposits at Ilo (16°S) and 1n a Holocene palaeo-

lagoon at Santa (9°S) (5, 6.7)
(see text)

Present in IS 5 deposits at Ilo (5. 6)

PELECYPODS
Anomia peruviana (d’Orbigny, 1846)

Arcopsis solida (Sowerby, 1833)

Argopecten circularis (Sowerby, 1835)
Cyclocardia cf. spurca beebei (Hertlein, 1958)

Donax peruvianus (Deshayes, 1855)=Donax
marincoviclht (Coan, 1983; 10). or = Donax obesulus
(Reeve, 1854; 3, 7).

Mactra velata (Philippi, 1849)

Ostrea megodon (Hanley, 1846)

Trachycardium cf. procerum (Sowerby, 1833)

California to N. Peru (Paita—Sechura) (1, 2, 8, 9)

Baja California to N. Peru (Paita) (1), or to central Peru (Chimbote)
(2)

Baja California to N. Peru (Paita) (1, 2, 3),

Gulf of Cahfornia to Panama (1, 8)

Ecuador to N. Chile (2, 3, 8, 10)

Gulf of California to N. Peru (Sechura) (3. 8) (or Chiclayo) (9)
Baja Califorma to N. Peru (Paita) (1., 8. 9) or central Peru
(Chimbote) (2)

Baja California to central Peru (Independencia Bay) (3) , or to
Chile [doubtful!] (1, 2)

Present in Holocene palaeo- lagoons (7) and in IS 5 deposits near
San Juan Marcona (3); first mention tfor the Quaternary south of
16° S

First mention for the Quaternary south of 9°S

Present in a Holocene palaco-lagoon at Santa (5, 6. 7, 12).
(see text)
Modern distribution in N Chile linked to ENSO anomalies (6, 11).

First mention for the Quaternary south of 6°S.
First mention for the Quaternary south of 9°S

Present in 1S 5 deposits at Ilo and also in a Holocene palaeo-lagoon
at Santa (5, 6, 7, 12).

IS 5: Oxygen Isotope Stage 5 (last interglacial. 120 ka).

Sources: (1): Keen (1971); (2): Alamo and Valdivieso (1987): (3): DeVries (1986}, (4) Paredes er al. (1988); (5): Ortlieb et al. (1990); (6): Diaz and Ortlieb (1993), (7): DeVries and Wells (1990). (8): Olsson (1961). (9): Pena

(1971), (10): Coan (1983); (11) Tomicic (1985), (12): Perrier et al (1994).
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and Ortlieb, 1993; Ortlieb et al., in press), but has not
been mentioned in any Late or Middle Pleistocene deposit
in northern Chile. It was also relatively abundant in a
mid-Holocene lagoon deposit near Santa in north-central
Peru (9°S: Rollins et al.. 1986; DeVries and Wells, 1990:
Perrier et al., 1992, 1994).

Anomia peruviana is an epibenthic form strictly limited
to the Panamic Province and the Paita Transition Zone
{Olsson, 1961; Keen, 1971). Along the Peruvian coast, the
specics was only mentioned in late Pleistocene sediments
at 15°30’'S (DeVries, 1986) and in the Holocene TAMA
of Santa (Rollins et al., 1986; DeVries and Wells, 1990).

Arcopsis solida is a small pelecypod found in the
intertidal area on sandy and rocky coastlines. Its range
encompasses the Panamic Province and Paita Transition
Zone, with a southernmost limit near Chimbote (Keen,
1971; Alamo and Valdivieso, 1987). To our knowledge.
the species was not mentioned south of 6°S in any
Holocene or Pleistocene deposits.

Argopecten circularis is the common scallop shell in
the Panamic Province, with a wide bathymetric range
(Keen, 1971). Its southern limit is presently at Sechura.
The southernmost occurrence of the species is in the mid-
Holocene paleo-lagoon deposit at Santa (Rollins et al.,
1986; DeVries and Wells, 1990).

Cvyclocardia cf. spurca beebei is a poorly documented
species. The samples of Cvclocardia, or Cardita.
collected at La Rinconada could not be properly
identified. They resemble Cvclocardia velutinus (Smith
1881) and/or C. compressa (Reeve 1843), that are cold-
water species (extending southward to Magellan Straits;
Soot-Ryan, 1959: Ramorino, 1966). Cardita spurca
beebei lives nowadays in the warm-water between
western Mexico and Panama (Olsson, 1961), while
Cardita (Cyclocardia) spurca (Sowerby 1832) is a
Chilean form extending northward to Lima (Olsson,
1961:; Keen, 1971).

Donax peruvianus (which may correspond to D.
obesulus [Reeve, 1854], according to Coan (1983) and/
or to Donax marincovichi [Coan, 1983]) is generally
found on exposed sandy coasts. In northern Chile it is
reported as presently living (?) at Arica (18°30'S) and
Iquique (20°S). Actually the only locality in northern
Chile where we collected samples of D. peruvianus
recently (in 1993-1995) is the sector of La Rinconada.
The occurrence of the species is apparently limited to the
months (and years?) that follow strong (or very strong) El
Nifio events, for example in 1982—-1983 (Tomicic, 1985).

Mactra velata is a very large Panamic pelecypod that
commonly lives on mud flats and ranges southward to
northern Peru (7°S, according to Peiia (1971)). To our
knowledge, the species was not recorded south of 6°S in
any Holocene or Pleistocene deposits.

Ostrea megodon has a wide ecological range occurring
from shallow waters and about a 110 m depth (Keen,
1971). It is distributed between Baja California and
northern Peru (6°S). According to Alamo and Valdivieso
(1987), it may be found presently at Chimbote (9°S). It
was locally very abundant in Early (?) and Middle
Pleistocene ‘tablazo’ (marine terrace) deposits of northern

Peru (Olsson, 1961; DeVries, 1986). It may be noted that
the species was not present in the mid-Holocene TAMA
of Santa.

Bulla punctulata is an opisthobranch gastropod which
presently inhabits protected sandy or muddy environ-
ments north of Bayovar (6°S), although a small isolated
population was described at Bahia Independencia (14°S:
Paredes et al., 1988). It was also found in the Holocenc
TAMA of Santa (DeVries and Wells, 1990). Its south-
ernmost limit, presently, must be extended- southward to
Antofagasta, since we collected (in 1995) a few samples
of live animals, on the beach at La Rinconada. To our
knowledge, Bulla was not previously described in any
Pleistocene deposit south of 6°S.

Cerithium stercusmuscarum normally lives in shallow
embayments and coastal lagoons in the Panamic Province
and the Paita Transition Zone. It was present in mid-
Holocene lagoonal deposits near Santa and Chimbote
(9°S). Some samples were also found in paleo-lagoon
units assigned to the Oxygen Isotope Stage 5 in southern
Peru (at Tlo, 18°S; Ortlieb et al., 1990, in press).

Olivella sp., which abounds in some beds at La
Rinconada, could not yet be identified. The species
presents several significant morphological differences
with O. columellaris (Sowerby, 1825), the most frequent
species found in Holocene or Pleistocene deposits of
northern Peru. To our knowledge. no other Olivella were
described in Quaternary deposits from southern Peru or
Chile.

Prunum curtum is a small and uncommon gastropod
that lives on sandy or muddy substrates of the Peruvian
coast. Its present distribution range may extend (o
northern Chile (DeVries, 1986; Alamo and Valdivieso,
1987), although it was not mentioned by authors that
worked in Iquique (e.g. Marincovich. 1973).

Turbo cf. fluctuosus is a gastropod that lives on rocky
substrate, below low tide level. It is rare in the southern
end of its range, i.e. the Paita Transition Zone (Keen,
1971). Its southernmost occurrence during the Pleistocene
was in southern Peru, at Ilo (Ortlieb et al., 1990; Diaz and
Ortlieb, 1993).

A few isolated individuals of other bivalves (Proto-
thaca sp.. Panope sp.) and gastropods (Chorus sp.) were
found. Their identification is still pending. As they were
encountered less frequently than all the others, cool or
warm-water species, we consider that they were episodi-
cal forms, and of less significance than the rest of the
TAMA species mentioned here.

Thus, the Middle Pleistocene TAMA of the La
Rinconada block is composed mostly of elements which
presently live north of 6°S, or 9°S. A few forms of the
TAMA may be found episodically or in reduced number
in particular localities of south-central Peru (Paracas
embayment, Independencia Bay), particularly after oc-
currences of El Nifio events (Paredes er al., 1988). Many
of the fossil species found at La Rinconada are presently
living in the Bay of Bayovar, some 2000 km to the north
(Fig. 1). In some way, present conditions in this bay
within the Paita Transition Zone (SST annual range of
17-21°C) should help to reconstruct the paleoenviron-
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ment of the La Rinconada area at 400 ka. On the other
hand, one of the typical modern biotopes defined in the
Paracas Bay area (14°S, SST annual range of 16-20°C),
characterised by the assemblage Donax peruvianus—
Prunum curtum—Bulla punctulata—Mesodesma donacium
(Paredes et al., 1988) from relatively protected sandy and
silty environments may also represent a modern equiva-
lent of one of the facies found at the La Rinconada site.
Finally. there is a striking similarity between the fauna of
the La Rinconada site and the mid-Holocene TAMA at
Santa, north-central Peru (DeVries and Wells, 1990;
Ortlieb et al., 1990; Perrier et al., 1992). In the
paleolagoon of Santa the warm-water assemblage devel-
oped during more than 2000 years (6500-4300 BP),
behind a large beach ridge, while a cool fauna co-existed
in the nearshore area exposed to the effects of the
Humboldt Current system (DeVries and Wells, 1990;
Perrier et al., 1994). A similar situation may have
occurred at La Rinconada during Oxygen Isotope Stage
11, although probably during a much longer lapse. In both
cases (Santa and the study area), it can be inferred that the
shallow depth and warmer than present climatic condi-
tions allowed for the survival and perpetuation of species
which would not have lived in the cool, open. nearby
ocean waters.

Paleogeographic and Paleoclimatic Interpretation

The Middle Pleistocene deposits of southern Pampa
Mejillones, above +150 m, which also present a warm-
water faunal assemblage, exhibit some of the same
extralimital species (Olivella sp., Cyclocardia cf. spurca
beebei, Mactra velata, Ostrea megodon and Trachycar-
dium cf. procerum) of the La Rinconada TAMA. A few
other species, also characteristic of the Panamic Province
but not present at La Rinconada locality, like Cvclinella
subquadrata (Hanley, 1845) and Dosinia ponderosa
(Gray, 1838) are present n the oldest deposits of Pampa
Mejillones. In both coastal plains, the TAMA indicate
that during the presumed Oxygen Isotope Stage 11. the
oceanographic conditions were such that numerous
species that require warm water could live in protected
environments both north and south of the Mejillones
Peninsula. In the La Rinconada sector, like in southern
Pampa Mejillones, permanent (or semi-permanent) coast-
al lagoons were formed behind the beach ridges. At La
Rinconada, nowadays, without any lagoonal or closed
environment (SST annual range 14-20°C). there is
evidence that the morphological disposition of the coast
is favourable to the episodical development of small
communities of molluscs that are beyond their northern
distributional range: Bulla punctulata and Donax per-
uvianus were found recently there, hundreds of kilometres
south of their usual southernmost limit. In the case of
Pampa Mejillones, it is interpreted that the Mejillones
embayment was much more protected, in relation to the
Present, from the cool water upwelled to the west and
northwest of the peninsula, some 400,000 years ago.
Before the 150-200 m slow uplift of the isthmus
occurred, the coastline was much more profoundly

indented than today. thus making possible the existence
of protected biotopes.

Favourable palaeogeographic conditions for the for-
mation of coastal environments with limited communica-
tion with the open oceans were possibly present in both
cases, north and south of the peninsula. In these shallow
lagoons, the solar radiation and the air temperature
probably played a key role in maintaining warm-water
conditions during most of the year. Also, winter air
temperatures may have been significantly warmer than
today (closer to the present-day summer temperatures). It
is possible that a distinct seasonal range of air temperature
variation could have been as important, or even more
important in allowing the formation of the TAMA than a
net increase of annual temperature.

A greater influence of atmospheric factors in relation to
the oceanographic parametres is suggested. This is based
on the strong evidence that coevally with the development
of the TAMA, ‘normal’ cool water fauna was contempor-
aneously present on the exposed stretches of the coast,
particularly on the northeastern shore of Antofagasta Bay.
The cool-water component of the TAMA and the faunal
content of the deposits in the eastern half of Pampa del
Aceropuerto indicate clearly that the open sea temperature
could not have been very different from the present-day
conditions.

The mid-Holocene TAMA of Santa was here repeat-
edly referred to as a recent equivalent of the La
Rinconada anomalous assemblage. Another equivalent
situation was observed in Late Pleistocene lagoonal
deposits of southern Peru (Ilo, 17°3(YS). where warm-
water forms (including: Trachycardium cf. procerum and
Cerithium stercusmuscarum) were found with normal
cool-water species (Ortlieb et al., 1990; Diaz and Ortlieb,
1993). At Ilo, a complex story of coastal changes related
to sea-level variations (within the last interglaciation) and
tectonic deformations resulted in the formation of several
lagoonal episodes, during which a relatively ‘warm’ fauna
could develop (Ortlieb et al., 1990, in press). There, also,
it seems that the warm-water forms were closely linked to
the existence of lagoonal environments. At Ilo, like at
Santa, it was hypothesised that the introduction of the
species in the lagoonal environment was possibly
controlled by some coastal southbound currents, and/or
by short-lived anomalies in the nearshore conditions like
those accompagnying the El Nifio occurrences (Diaz and
Ortlieb, 1993). Larval transport of some species outside
their normal distribution range has been one of the
mechanisms invoked to explain the TAMA phenomenon
(Zinsmeister, 1974). In any case, some relationship is
demonstrated between the El Nifio induced modifications
on the coastal environment and the appearance of
anomalous species in favourable sites (Tomicic, 1985;
Paredes et al., 1988; Diaz and Ortlieb, 1993).

CONCLUSION

Morphostratigraphic and geochronologic studies re-
cently performed in the Mejillones Peninsula area provide
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a new insight into the chronostratigraphic framework of
the Middle Pleistocene coastal landforms and associated
deposits in northern Chile. As a result, the identification
of the remnants of the last three or four interglacial high
seastands begins to be well assessed (Ortlieb et al., 1995).
The coastal features and sediments formed during
Oxygen Isotope Stage 11 (ca. 400 ka) are not commonly
preserved along the narrow coastal plain of northern
Chile, between Antofagasta (24°S) and Iquique (21°S),
but they are well developed in Mejillones Peninsula. It
was discovered that the faunal composition of some of the
deposits assigned to the 400 ka high seastand was
exceptional, with respect to that of the other interglacial
high seastand episodes. The most protected areas in two
sectors of the peninsula are characterised by thermally
anomalous molluscan assemblages (TAMA) which in-
clude a series of warm-water species that commonly live
now in the Panamic Province and in the Paita Transition
Zone (4-6°S). For most of these species, the 400 ka
deposits at Mejillones Peninsula constitute the southern-
most limit of occurrence during the Quaternary. Some of
these species are found, at 23°S, about 2000 km further
south than their modern end-limit.

The TAMA species at La Rinconada locality are
generally lagoonal forms, or species that live in protected
shallow water embayments. As evidenced in a few other
cases of TAMA on the Peruvian coast (two modern ones
in Paracas Bay and at Independencia Bay, one in the mid-
Holocene at Santa, and another one in last interglacial
deposits at Ilo), the anomalous assemblages of extra-
limital species are restricted to areas with limited
circulation where the water temperature can be signifi-
cantly higher than in the nearby open ocean. Besides, it
may be noted that the modern occurrence of extralimital
species is favoured during the months and years following
strong El Nifio events. Short-lived oceanographic and
climatic anomalies may also have played a role in the
southward transport of warm-water species along the
Peruvian and Chilean coast in the past.

However, the fauna of the coastal deposits assigned to
the Oxygen Isotope Stage 11 is not uniformly character-
istic of warm water conditions. The exposed sectors of the
coast were coevally inhabited by cool water species that
do not differ significantly from those presently living in
the area. Therefore. it may be inferred that the Humboldt
Current and the coastal upwelling system were probably
as active at that time as they are today. It was only in
protected environments, physically separated by a sandy
barrier from the cool nearshore waters, that Panamic
molluscs could live. This suggests that ocean—atmosphere
interactions were on a distinct mode than at present. The
winter air temperature was probably higher by several
degrees, and the solar radiation may also have been
stronger than today. Atmospheric conditions which may
be comparable to those prevailing at present in summer,
may have lasted much longer in the yearly cycle.

The studied emerged coastal deposits assigned to
Oxygen Isotope Stage 11 in Mejillones Peninsula are
the only localities, among all the studied Quaternary
marine units of northern Chile, that include a number of

panamic species. It is stressed, for instance, that none of
these warm-water species were found in any of the
numerous Late Pleistocene (Oxygen lsotope Stage Se)
deposits. The warmer character of the ca. 400 ka
interglaciation in relation with the subsequent Middle—
Late Pleistocene interglacial episodes and the Holocene
probably reflects a particular atmospheric circulation
mode that may concern essentially the southern hemi-
sphere, and not necessarily the whole globe.
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Abstract — A two-dimensional tidal model of the northeast Atlantic is used to simulate the M», Sa.
Us, My, MS, and Mg tides for present sea level and with mean water level lowered or raised by a
uniform number of metres over the model area. M,+S, tides predict the present spring tidal range,
although the other constituents are needed to predict spring tides in shallow water areas. The
accuracy of the assumptions made in modelling is assessed.

The relative amplitudes of the different tidal constituents vary, in a non-linear manner, depending
on model water depth. Changes n the northeast Atlantic tides are relatively mor for tidal
simulations with water depths 30 m below to 5 m above present levels. However, the situation is
more complicated n the shallower waters of the northwest European shelf. Examples are given
from a number of locations.

Results from the Northeast Atlantic model are used to run larger scale models of Morecambe Bay
on the west coast of Britain and The Wash on the east coast. The tudal changes within these
embayments highlight the local nature of the variations, in the amplitude of different tidal
constituents and the importance of the scale at which modelling is carried out. Copyright © 1996

Elsevier Science Ltd

INTRODUCTION

Modelling of former tides on the northwest European
continental shelf has largely involved the use of a model
of the continental shelf area alone (e.g. Franken, 1987,
Austin, 1988, 1991). Water depth reductions by a uniform
number of metres across the model area have been
employed to simulate former tides. Such bathymetric
reductions of uniform amounts across the model area are
increasingly unrealistic further back in time due to
isostatic crustal movements on the shelf. However, these
may be reasonably representative for the late Holocene
when water depths were within a few metres of present
levels. Uniform bathymetric reductions are employed in
this paper for comparison with other published work and
are used to indicate the manner in which changes to tides
may occur.

Geological studies of former Holocene tidal range in
the Netherlands (e.g. Roep and Beets, 1988; van de
Plassche, 1995) contradict the results of palaeotidal
modelling studies of the continental shelf (Franken,
1987; Austin, 1988, 1991). This raises questions as to
whether the scale of modelling and use of specific tidal
constituents is appropriate for the simulations carried out.

The main purpose of this paper is to compare results for
different tidal constituents from a tidal model of the
northeast Atlantic with results from more detailed models
of local areas. This is carried out for water depths from
30 m below present to 5 m above. No attempt is made in
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this paper to assign ‘ages’ to the tidal simulations
conducted.

METHODS

Two-dimensional finite difference tidal models, using a
FORTRAN program only slightly modified from that
developed by the Proudman Oceanographic Laboratory.
Birkenhead, U.K. (POL) are employed. The Northeast
Atlantic model, described in Flather (1981) and Andersen
et al. (1995), is used to simulate broad changes to the
tides at different water depths over the northwest
European shelf. The Northeast Atlantic model has a
latitude/longitude grid with a resolution of one third of a
degree latitude and half a degree longitude. The grid
extends from 71°40'N 30°W to 37°N 25°30'E, as shown
in Fig. 1. The present day M, and S, tidal amplitude and
phase values are used as input to the model on the open
sea boundary. The model is started from still water and
run for the time equivalent of one week before data are
saved for analysis. The time equivalent of two weeks’
data are used to analyse results for the M, S,, W,, My,
MS,; and Mg tidal constituents. Doodson and Warburg
(1941) state that M, and S,, together with their higher
harmonics in shallow water areas, predict the spring tidal
range on the northwest European shelf. Many sea-level
indicators record the mean high water of spring tides
altitude, so examination of changes to the relative
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FIG. 1. Grid of the Northeast Atlantic model showing locations mentioned in the text (after Flather, 1981).

magnitude of these constituents is potentially of direct
relevance for sea-level studies.

The Northeast Atlantic model results are presented for
simulations with water depths 2, 5, 10, 15, 20, 25 and
30 m below present (comparable to Franken (1987) and
Austin (1988, 1991) simulations for the continental shelf)
and with water depths increased by 2 and 5 m above
present levels. Sea levels are raised above present levels
as a crude indication of what might occur with a warmer
earth, neglecting sediment movement, crustal changes
and the present day variability in magnitude and direction
of sea-level change around northwest Europe, as illu-
strated by Woodworth et al. (1991).

In order to compare the Northeast Atlantic model
results to tidal pattern changes within embayments, two
further experiments were carried out. On the west coast of
Britain, two models (POL’'s West Coast Model and
Liverpool Bay Model) were run with reduced water
depths of 2, 5, 10 and 15 m, employing open boundary
tidal input from the next model up the scale in each case
(Hinton, 1992a). The grid cell resolutions of the West
Coast Model and Liverpool Bay Model, at 1/9 of a degree
latitude and 1/6 of a degree longitude and 1/27 of a degree
latitude and 1/18 of a degree longitude, respectively, were
intermediate between those of the Northeast Atlantic
model and the Morecambe Bay model. Thus information
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FIG. 2. Grid of the Morecambe Bay model showing locations mentioned in the text (after Flather and Hubbert, 1990).

on the six tidal constituents mentioned above was
obtained along the open boundary of the Morecambe
Bay Model (Flather and Heaps. 1975; Flather and
Hubbert, 1990). The Morecambe Bay Model has a
latitude/longitude grid resolution of 1/81 and 1/54 of a
degree, respectively. The model grid extends from
54°17.78'N 3°30'W to 53°48.89'N 2°47.78'W, as shown
in Fig. 2. It covers an area of approximately one grid cell
of the Northeast Atlantic model and thus has the potential
for direct comparison of tidal amplitudes with the
Northeast Atlantic model results.

Another experiment with scale changes is made on the
east coast of Britain. POL’s East Coast Model (grid cell
resolution 1/9 of a degree latitude and 1/6 of a degree
longitude) is run as an intermediary between the North-
east Atlantic model and the EC3 model (Hinton, 1992a, b,
1995) to obtain open boundary tidal input with six
constituents for 2, 5, 10 and 15 m water depth reductions
for the EC3 model. The EC3 model has a latitude/
longitude grid resolution of 1/27 and 1/18 of a degree,
respectively. The grid covers the area from 53°57.78'N
0°13.3'W to 52°8.89'N 2°56.67'E, as shown in Fig. 3. The
model area covers 25 grid cells of the Northeast Atlantic
model.

All the models used have been shown to predict
accurately (within 10% in amplitude and 10° in phase for
the Northeast Atlantic model and better for the Mor-
ecambe Bay and EC3 models) present tidal amplitudes

and phase values (Flather, 1981; Flather and Heaps, 1975;
Flather and Hubbert, 1990; Hinton, 1992b). The reason
for finishing simulations at 15 m below present water
depths with the Morecambe Bay and EC3 models is that
these are shallow embayments which are close to drying
out when water depths are reduced by 15 m.

RESULTS

Northeast Atlantic Model

Figure 4(a—d) shows results for the Northeast Atlantic
model with six tidal constituents for water depths
increased by 5 m over present levels [+5], present sea
level [0]. and with water depths reduced by 15 and 30 m,
hereafter referred to as simulations [—15] and [—30].
Amphidromic points of near zero tidal range are shown to
move southward and eastward at lower sea levels.
Locations with the highest tidal range (the Gulf of St
Malo, just south of Cherbourg, the Severn Estuary/Bristol
Channel, west of Avonmouth and the Dover Strait)
undergo a number of alterations as water levels are raised
and lowered. The contribution of shallow water consti-
tuents to these changes is greatest around the British Isles.

The highest tidal altitudes are recorded for present sea
level (Fig. 4(b)). Water depths 5 m above those of present
produce lower tides in the Severn Estuary and Guif of St
Malo than are found at the present day. With reductions
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of water depths, the area of high tides in the Dover Strait
is found to move westwards down the English Channel.
Broadly spcaking, the highest tidal altitudes are found n
the same locations as where the shallow water constitu-
ents reach maximum altitudes.

It has normally been assumed that the relationship of
the various tidal constituents to each other (in terms of
magnitude) does not vary. However, Table 1 illustrates
that a number of changes do occur. The results in Table 1
are shown graphically in Fig. 5(a-—m). The most dramatic
changes are shown for the simulations with model water
depths between 10 and 20 m below present levels. The
Table 1 shows that there is an overall tendency for tidal
amplitudes to decrease as water depths are reduced, but
this is by no means a linear relationship. The relative
contribution of different constituents to the overall tidal
amplitudes recorded also shows a non-linear variation.
The importance of the higher harmonic shallow water
constituents increases relative to the other constituents as
water depths are reduced, but this also occurs in a non-
linear fashion. At Dublin, the movement of the amphi-
dromic point nearby causes tidal amplitudes to fall
initially as water depths are reduced and then to rise
again with further reductions of water depths in the
model. Heligoland gradually dries out with lower model

water depths and the relative importance of the shallow
water tidal constituents increases as water depths are
reduced Cherbourg, by contrast, has increasing tidal
amplitudes as water depths are reduced. This is largely
due to an increase of M, amplitudes disproportionately
compared with the other constituents and the movement
of the zone of highest tides in the English Channel away
from the Dover Strait and out of the Gulf of St Malo.

Morecambe Bay Model

Results for the Morecambe Bay model for present sea
level and with a water depth reduction of 10 m are shown
in Fig. 6(a—f). The M, and S, results are presented
separately from the results for all six constituents to
highlight the major change to the tidal composition in this
area when water depths are reduced by 10 m from present
levels. The shallow water constituents are important in
showing the variation in tidal amplitudes around More-
cambe Bay, particularly over the extensive sand and
mudflats surrounding the embayment. This variation is
shown in the considerable differences in tidal amplitudes
reached along the coastline. However, the main point
illustrated by Fig. 6 is that S, becomes the dominant tidal
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FIG. 4. Northeast Atlantic model tidal amplitude results for the maximum values of all six constituents combined (in
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sea level reduced by 30 m from present.
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constituent when model water depths are reduced by
10 m. Its amplitude is around twice that of M, throughout
Morecambe Bay with this simulation.

Fig. 7(a—d) and Table 2 give examples from around
the Morecambe Bay model of the tidal amplitude
alterations. Throughout the Bay as a whole, tidal
amplitudes are reduced as model mean water levels are
lowered. However, there is some local amplification
of tidal altitudes as the area of the Bay is constricted

due to drying out with water depth reductions, as shown
for the deeper water areas of Wyre Light, Halfway
Shoals and Heysham in Table 2. Fig. 7(a) incorporates
the results for Heysham from the Northeast Atlantic
model (which actually encompasses the whole of the
Morecambe Bay model area) superimposed on the graph
of the Morecambe Bay model results. It can clearly
be seen that the scale of modelling has given very
different figures at the same location. The Northeast
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FIG. 5. 1-m.
Atlantic model gives results for the area for water depth EC3 Model

simulations 25 m below present levels. However, the
same location is dry at 15 m below present sea level
in the Morecambe Bay model. Tidal amplitudes incor-
porating results from all six constituents for the
Morecambe Bay model are above those computed by
the Northeast Atlantic model for present sea level
and with water depth reductions of 2 and 5 m.
However, when water depths are reduced by 10 m, the
Morecambe Bay model results give tidal amplitudes
below those of the Northeast Atlantic model. The
Northeast Atlantic model does not record the major
change to S, becoming the dominant tidal constituent
with water depths reduced by 10 m.

Results for the EC3 model for present sea level and
with a reduction of 10 m are shown in Fig. 8(a—f). In all
the present day simulation results, tidal amplitudes are
shown to increase into the Wash embayment and up the
Humber Estuary to Immingham to the north. When water
depths are reduced by 10 m in the model, the highest S,
amplitudes are off the Humberside coast in the northwest
of the model. M, amplitudes are high in both the area of
The Wash and off the Humberside coast. Shallow water
constituent amplitudes are greatest off the Lincolnshire
and north Norfolk coasts, surrounding The Wash. Hence,
the highest amplitudes for all constituents combined are



TABLE 1. Tidal amplitudes for various locations on the northwest European continental shelf with different model water depths in the northeast Atlantic model. The locations are shown n Fig. |
**** Indicates no result recorded as location was dry land for this simulation

Model mean sea level Lerwick tidal amplitudcs Killybegs tidal amplitudes
compared with present [0] - - - - - — -
as zero M, (m) S, (m) > all six S; % of M ¥ all six Ms(m) S>(m) > all six S>% of M» 2 all six
constituents (m) constituents % of [0] constituents(m) constituents% of [0]

+5 0.546 0.213 0.808 39.0 90.5 1.180 0.443 1.673 375 102.0
+2 0.593 0.224 ).869 37.8 97.3 1.167 0.441 1.652 37.8 100.9

0 0.621 0.226 0.893 36.4 100.0 1.159 0.442 1.640 38.1 100.0

2 0.626 0.226 0.894 36.1 100.1 1.153 0.443 1.635 38.4 99.8

-5 0.639 0.232 0.906 36.3 101.5 1.150 0.445 1.622 38.7 98.9
-10 0.637 0.226 0.907 355 101.5 I.181 0.448 1.624 38.9 99.0
-15 0.600 0.231 0.874 385 97.9 1.155 0.455 1.655 394 100.9
-20 0.639 0.251 0.923 393 103.4 1.173 0.462 1.693 394 103.2
-25 0.690 0.267 0.977 38.7 109.4 1.192 0.471 1.696 39.5 103.4
-30 0.718 0.28! 1.037 39.1 116.1 1.216 0.480 1.733 395 105.8
Mode! mcan sea level Avonmouth tidal amplitudes Cherbourg tidal amplitudes

compared with present [0] - X - - - - -
A4S Zero M- (m) S> (m) 32 all six S; % of M5 X all six M, (m) S5 (m) 3 all six S> % of Mo 32 all six

constituents (m) constituents % of 0] constituents (m) constituents % of [0]

+5 3.687 1.493 5.973 40.5 95.8 1.595 0.649 2433 40.7 92.9
+2 3.888 1.454 6.237 373 100.0 1.730 0.681 2.552 394 96.7

0 3911 1.374 6.237 35.1 100.0 1.825 0.695 2.639 38.1 100.0
-2 3.820 1.268 6.074 332 97.5 1.911 0.700 2.749 36.6 104.2
-5 3.476 1.078 5.554 31.0 89.0 1.955 0.698 2917 35.0 110.5
—10 2.442 0.712 4.018 292 64.4 2.251 0.751 3.489 334 132.2
—15 1.092 0.305 279 29.2 2.551 0.788 3.755 30.9 138.5
-20 0.008 0.008 100.0 0.5 2.455 0.738 3.531 30.1 133.8
=25 erEE ko ko ook 2315 0.697 3.353 30.1 127.1
-30 ok ok kakokok i *rkok 2.392 0.719 3.562 30.1 134.6
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TABLE 1. Continued.

Model mean sea level
compared with present [0]

Newlyn tidal amplitudes

Dover tidal amplitudes

as zero M, (m) S> (m) ¥ all six S; % of My X all six M; (m) S, (m) > all six S, % of My % all six
constituents (m) constituents % of [0] constituents (m) constituents % of [0]
+5 1.607 0.591 2.416 36.8 101.3 2.663 0.884 4.257 33.2 137.5
+2 1.640 0.576 2410 35.1 101.1 2.625 0.848 4.172 323 101.7
0 . 1.643 0.556 2.384 33.8 100.0 2.589 0.802 4.103 31.0 100.0
-2 1.625 0.536 2.332 330 97.8 2.508 0.746 3.982 29.7 97.3
-5 1.579 0.513 2.223 325 93.2 2.349 0.674 3.776 28.7 92.0
-10 1.492 0.484 2.166 324 90.9 2.237 0.579 3.703 259 90.3
—15 1.383 0.447 2.013 323 84.4 1.739 0.415 2.838 23.9 69.2
-20 1.285 0.445 1.960 34.6 82.2 0.025 0.055 0.088 60.0 21.4
-25 1.297 0.461 1.794 355 75.3 0.001 0.001 0.006 100.0 1.5
-30 1.298 0.466 1.865 359 78.2 ok kkok Hdkk Hoksk Hokokok
Model mean sea level Dublin tidal amplitudes Douglas tidal amplitudes
compared with present [0] - - - - -
a8 Zero M, (m) S, (m) > all six So % of M, ¥ all six M- (m) S, (m) ¥ all six S, % of My, X all six
constituents (m) constituents % of [0] constituents (m) constituents % of [0]
+5 1.334 0415 2.004 31.1 121.5 2.452 0.811 3.555 33.1 111.2
+2 1.192 0.363 1.782 30.5 108.0 2.334 0.744 3.349 314 104.8
0 1.090 0.335 1.650 30.7 100.0 2.234 0.703 3.197 315 100.0
-2 0.990 0.313 1.534 31.6 94.2 2.126 0.674 3.045 31.7 95.2
-5 0.857 0.289 1.382 337 83.8 1.982 0.649 2.845 32.7 89.0
—-10 0.712 0.278 1.163 39.0 70.5 1.827 0.619 2.578 339 80.6
—15 0.780 0.347 1.366 44.5 82.8 1.684 0.543 2.353 322 73.6
-20 0.981 0.400 1.530 40.8 94.0 1.643 0.523 2.350 31.8 73.5
=25 1.128 0.456 1.861 404 112.8 1.777 0.513 2.648 28.9 82.8
-30 1.342 0.498 2.069 37.1 1254 1.641 0.469 2.474 28.6 77.4
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TABLE 1. Continued.

Model mean sea level
compared with present [0]

Inner dowsing tidal amplitudes

Helgoland tidal amplitudes

as zero M, (m) S, (m) ¥ all six S, % of M, X all six M, (m) S-> (m) 3 all six S, % of M>» X all six
constituents (m) constituents % of [0] constituents (m) constituents % of [0]
+5 1.947 0.693 3.006 35.6 90.8 1.201 0.333 1.762 27.7 121.0
+2 2.063 0.725 3.173 35.2 95.9 1.081 0.282 1.587 26.1 109.0
0 2.151 0.712 3.309 33.1 100.0 0.985 0.242 1.456 246 100.0
-2 2.156 0.672 3.282 31.2 99.2 0.888 0.207 1.308 23.3 89.8
-5 2.034 0.629 2,978 30.9 90.0 0.810 0.186 1.183 23.0 81.3
-10 0.435 0.185 1.217 42.5 36.9 0.818 0.177 1.148 21.6 72.0
~15 0.000 0.000 0.000 100.0 0.0 0.470 0.103 0.657 21.9 45.1
—-20 0.003 0.003 0.013 100.0 39.3 0271 0.070 0.458 25.8 35
-25 ok Ak kK oA K Hok kK *oAkk 0.378 0.101 0.582 26.7 40.0
-30 HoE kK HoAA K *ok kK HAE K Hokk ok 0.168 0.042 0.282 25.0 194
Model mean sea level Bergen tidal amplitudes Aberdeen tidal amplitudes
compared with present [0] - - - - X
as Zero M, (m) S; (m) 3 all six S; % of M, X all six M,; (m) S, (m) % all six S, % of My ¥ all six
constituents (m) constituents % of [0] constituents (m) constituents % of [0]
+5 0.377 0.153 0.605 40.6 90.7 1.298 0.458 1.871 353 97.3
+2 0.441 0.156 0.677 354 101.5 1.307 0.471 1.883 36.0 98.0
0 0.446 0.153 0.667 343 100.0 1.346 0.470 1.922 349 100.0
-2 0.428 0.153 0.631 35.7 94.6 1.355 0.463 1.920 34.2 99.9
-5 0.423 0.146 0.614 345 92.1 1.362 0.481 1.920 353 99.9
—10 0.385 0.139 0.581 36.1 87.1 1.347 0.453 1.891 33.6 98.4
—15 0.377 0.149 0.585 39.5 87.7 1.220 0.437 1.777 35.8 92.5
-20 0.413 0.157 0.613 38.0 91.9 1.231 0.459 1.831 37.3 95.3
-25 0.431 0.159 0.616 36.9 924 1.336 0.493 1.938 36.9 100.8
-30 0.457 0.166 0.656 36.3 98.4 1.364 0.511 2.000 37.5 104.1
Model mean sea level Heysham tidal amplitudes
compared with present [0] - - -
as zero M, (m) S, (m) ¥ all six S, % of My T all six
constituents (m) constituents % of [0]
+5 2.821 0.945 4,203 335 107.0
+2 2.730 0.883 4,043 323 102.9
0 2.647 0.845 3.928 32.0 100.0
-2 2.556 0.822 3.815 32.2 97.1
-5 2.442 0.812 3.696 33.3 94.1
-10 2.372 0.816 3.561 344 90.7
-15 2.262 0.719 3.491 31.8 88.8
-20 1.783 0.502 2.858 28.2 72.8
-25 0.055 0.045 0.229 31.8 5.8
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in two areas, off Humberside and off The Wash, in the
eastern part of the model.

Table 3 and Fig 9(a—d) illustrate examples from the
coastal areas of the EC3 model of the alteration in tidal
amplitudes as water depths are changed within the model.
There is some local amplification of the M, tide when
water depths are reduced by 2 m from present levels.
However, in general, there s a fairly consistent decrease
in tidal amplitudes with all tidal constituents as water
depths are reduced. The major changes noted in
Morecambe Bay are not found in the EC3 model.
Fig. 9(a) shows results from the Northeast Atlantic model
plotted over those of the EC3 model. The EC3 model
results in this case give slightly higher tidal amplitudes
than shown by the Northeast Atlantic model results.

DISCUSSION

Changes to the tidal patterns shown at the scale of the
Northeast Atlantic model reflect the movement of
amphidromic points and alterations in areas of amplifica-
tion to the tidal wave at the present day due to resonance.
Reductions of water depth result in increased amounts of
friction within the model area. The amphidromic points in
the models presented here are generally moved in an
eastward direction as friction increases. Areas where tidal
resonance is important in amplifying the altitudes attained

may undergo changes to tidal amplitudes as a result of
different geometric configurations as water levels are
altered which compound the effect of differing tidal input
to the area(s) concerned. Both these factors may be used
to explain the various tidal patterns shown in Fig. 4.

Table | and Fig. 6 illustrate that the direction of change
of tidal amplitudes is by no means constant as water
depths are altered. The amplitude of the different tidal
constituents varies considerably in relation to each other.
These points should be borne in mind for palaeotidal
studies. However, it should be stressed that uniform water
depth reductions do not model past tides accurately at this
scale. Furthermore, the tides in the northeast Atlantic may
have changed as the ocean basin evolved to its present
shape during the Holocene, requiring an alteration in the
tidal boundary input to the Northeast Atlantic model. The
contradiction of model results from this scale with
geological evidence of tidal changes from coastal barriers
and embayments (Roep and Beets. 1988; van de Plassche,
1995) suggests that this small scale of modelling may not
be sufficient to highlight the local variations.

The scale changes between the Morecambe Bay model
and the Northeast Atlantic model give very different
results for the same area from two different models. The
Morecambe Bay model highlights the considerable
variation in tidal amplitudes within the model area. This
is not shown by the Northeast Atlantic model. yet there
are amplitude differences of over 4.5 m recorded



TABLE 2. Tidal amplitudes for various locations around Morecambe Bay computed with different water levels in the Morecambe Bay Model. The locations are shown in Fig. 2

Model mean sea level
compared with present [0]

Heysham tidal amplitudes

Morecambe tidal amplitudes

s zero Ms (m) S- (m) 3 all six ¥ all six M, (m) S, (m) ¥ all six S> % of M, X all six
constituents (m) constituents % of [0] constituents (m) constituents % of [0]

0 2.745 0.888 4019 100.0 2.697 0.824 4.091 35.5 100.0

-2 3.180 1.025 4.644 115.6 2.189 0.632 3.997 28.9 97.7

-5 3.008 0.983 4.508 112.2 0.407 0.262 1.394 64.4 341

—10 0.426 0.993 1.794 44.6 Fopok o Hkxk akio HokE

—15 Hpsor kRFR E3aE N 3k ¥ Fok FHRE dekskek FokRk L

Model mean sea level Halfway Shoals tidal amplitudes Wyre Light tidal amplitudes

compared with present [0] - - - -

as zero M, (m) S, (m) 3 all six 3 all six M, (m) S, (m) 3 all six S> % of M, X all six
constituents (m) constituents % of [0] constituents (m) constituents % of [0]

0 2.591 0.836 3.789 100.0 2.669 0.864 3.903 324 100.0

-2 2,972 0.950 4.369 115.3 3.102 1.000 4.537 322 116.2

-5 2.280 0.631 3.902 103.0 2.893 0914 4.308 31.6 1104

—10 0.000 0.000 0.000 0.0 0.007 0.007 0.036 100.0 0.9

—15 ok Hk Ak ko ok 0.000 0.000 0.000 100.0 0.0

*+*x Indicates no result recorded as location was dry land for this simulation
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FIG. 8. Maximum values of tidal amplitudes from the EC3 model (in metres). (a) M, at present sea level; (b) M, with water
depths reduced by 10 m; (¢) S, at present sea level; (d) S, with water depths reduced by 10 m; (e) all six constituents at
present sea level; (f) all six constituents with water depths reduced by 10 m.
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FIG. 9. Results of the maximum values of Ma, M,+S, and all six tidal constituents’ amplitudes combined from the EC3
model. Locations are shown in Fig. 3. (a) Inner Dowsing: (b) Roaring Middle; (c) Tabs Head; (d) Immingham.

(Fig. 6(e)). The complete change to S, dominance when
water depths are reduced by 10 m emphasises, again, the
considerable alterations of tidal constituents relative to
one another.

The EC3 model again highlights the greater variation
which a more local model shows for an area, compared
with the Northeast Atlantic model. However, in this case,
changes are not so great between the models of different
scale as those found between the Morecambe Bay and
Northeast Atlantic models.

CONCLUSIONS

Although the simulations carried out in this paper
cannot be related directly to tidal conditions at any
specific time. the manner in which tides vary with
different water depths is illustrated. It has been shown
that the scale of modelling is very important in
determining the model results for any given location.
More detailed models of local areas often have consider-
able variation of tidal amplitudes within the model than
can be shown by a single result, averaged to one grid cell,
from a smaller scale model. The differences extend to a
considerable variation in results for different tidal
constituents, as is most dramatically shown in the case
of the Morecambe Bay model. Even at the scale of the

Northeast Atlantic model, tidal constituents vary in their
relationships to each other to a large degree. Tt is therefore
inappropriate to use one tidal constituent, such as M,, to
deduce amplitudes of others at different water depths.

It cannot be assumed that the tidal constituents used in
this study will be those most important for palaeotidal
modelling. Each ocean basin amplifies a different set of
tidal constituents, which interact in a non-linear fashion,
and the relationships of these constituents may change
over time as the boundary conditions and configuration of
the basin shape itself change. This must be taken into
account when carrying out a palaeotidal modelling
exercise. The north Atlantic has undergone considerable
width and depth changes as recently as the Holocene.
This should be taken into account when determining the
model ocean boundary tidal input for palaeotidal studies.

The way forward with tidal modelling studies is to
include realistic estimates of the palacobathymetry for an
area in the model. This might be done by employing data
from crustal rebound models in a formerly glaciated area.
Modelling should be carried out at a scale appropriate to
the results required. For detailed sea level studies within a
coastal embayment, a final model grid resolution of 1 km
might be reasonable. Models covering the area of the
continental shelf are unlikely to produce realistic tidal
amplitude results for such a study as changes to the tidal
wave crossing the shelf edge are clearly important.



TABLE 3. Tidal amplitudes for various locations in the EC3 model computed with different water levels in the EC3 model. The locations are shown in Fig. 3

Model mean sea level
compared with present [0]

Immingham tidal amplitudes

Roaring Middle tidal amplitudes

as Zero M, (m) S, (m) % all six S: % of Ms % all six M, (m) S, (m) ¥ all six S, % ot M T all six
B constituents (m) constituents % of [0] constituents (m) constituents % of [0]
0 2.609 0.848 4.403 325 100.0 2.646 0.863 4.263 32,6 100.0
-2 2457 0.721 4.261 29.3 96.3 2.704 0.830 4.344 30.7 101.9
-5 1.473 0.386 2.567 26.7 58.3 2.694 0.791 4.207 29.4 98.7
-10 Hok ok ok Hokeok kst ok okdok 0.804 0.251 1.920 31.2 45.0
Model mean sea level Tabs Head tidal amplitudes Inner Dowsing tidal amplitudes
compared with present [0] - ) . - .
a8 Zero M, (m) S> (m) 3 all six S» % of My 3 all six M- (m) S> (m) 3 all six S> % of M~ X all six
- constituents (m) constituents % of [0] constituents (m) constituents % of [0]
0 2.696 0.880 4.363 32.6 100.0 2.236 0.736 3.250 329 100.0
-2 2.720 0.824 4513 30.2 103.4 2.264 0.706 3.275 31.2 100.8
-5 1.401 0.408 2917 29.1 66.9 2.238 0.678 3.268 30.3 100.5
—10 Hokrok Hekekok Hok ook ok ok 2.062 0.566 3.157 274 97.1
-15 koK ok *okok odkok Hodkok 0.000 0.000 0.001 100.0 0.0

**+*+ Indicates no result recorded as location was dry land for this sumulation.
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Modelling should commence at the scale of the northeast
Atlantic for detailed studies of coastal embayments on the
northwest European shelf. This may explain the differ-
ences between geological studies of palaeotides (e.g.
Roep and Beets. 1988: van de Plassche, 1995) and those
found from numerical modelling work carried out on the
northwest European shelf (e.g. Franken, 1987: Austin,
1988, 1991).

The real value of modelling former tides is that this can
provide estimates of tidal altitudes to compare against
geologically-derived sea-level curves or bands (van der
Spek, 1994). Such modelling may provide a further key to
the palaecoenvironment, leading to the re-interpretation of
the geology of an area, as found by van der Spek (1994).
On a local scale, palaeotidal modelling can help with
relating a sea-level indicator to a former level of the tide
(Devoy. 1987).
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Abstract — The coastal zone of southwest Taiwan is characterised by muddy tidal flats. offshore
bars, spits, lagoons and coastal sand dunes. These geomorphic features form an essential part of the
natural defences against sea-level change and coastal erosion. Between 1955 and 1995 the area
bounded by the Pei-Kang and Tseng-Wen rivers underwent considerable land use and topographic
changes. Two examples were studied using time-series aerial photographs. remote sensing images
and geomorphological field mapping. The result of this investigation demonstrates the influence of
human activities and the importance of the natural coastal landscape in acting as a first-line of
coastal defence and protection in Taiwan. Attention is drawn to: (1) inappropriately designed or
misplaced coastal engineering structures which may destroy or reduce the effectiveness of
neighbouring natural and engineered structures leading to storm damage, flooding and
encroachment by the sea; (2) the need for a co-ordinated coastal management program to regulate
on-shore activities, in particular the removal of ground water within the coastal zone. This research
demonstrates that there is significant land subsidence and inland penetration of sea water into the
ground water system in the coastal zone. Human activities also lead to considerable financial
expenditure on the prevention of coastal erosion in Taiwan. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

The coastal zone of south-west Taiwan (Fig. 1) is
characterised by muddy tidal flats, offshore bars, spits,
lagoons and coastal sand dunes. According to Hsu (1962)
the growth of the great coastal plain in south-western
Taiwan is accelerated by the moderate uplifting of the
region and deposition of sediments from rivers. However,
this is also an environmentally sensitive area. Misplaced
coastal engineering structures may destroy or reduce the
effectiveness of neighbouring natural and engineered
structures leading to storm damage, flooding and
encroachment by the sea.

The recent increase in industrial and commercial
activities within the coastal zone has resulted in
modifications to the coastline due to coastal engineering
works. These works have also modified the tidal regime.
Degradation of the natural first-line of defence against the
sea and significant changes to the coastal landscape have
been the outcome.

Within the coastal zones, major longshore movements
of sediments shape the coastal profile, producing
erosional and depositional landforms (Viles and Spencer,
1995). The report of the Highland Regional Council
(1991) on recent developments in ocean and coastal
management makes some recommendations which are
potentially useful in the Taiwanese context, especially for
the tidal flat areas found in south-western Taiwan:

(1) Survey all potential and actual pressures on the

895

coastal environment by comparing the present
ecological state to historical data, and by using
environmental indicators.

Survey ali potential and actual conflict between
coastal users.

Develop a continuous monitoring scheme for positive
and negative changes in distribution and intensity of
stresses on the environment.

Formulate priority uses for the management strategy,
weighing up the socio-economic and environmental
factors locally.

Establish a clear framework plan of specific devel-
opment policies including coastal-use zoning and an
implementation schedule in accordance with existing
administrative and legislative constraints.

In this study two examples show environmental
sensitivity and vulnerability in the coastal zone: human
modifications in south-western Taiwan caused conflict in
land use change, while coastal erosion problems became
one of the main considerations for coastal management.

(2)

(3)

“)

(5)

METHODOLOGY

In this research, land use change and the topographical
change of coastal landforms is related to the dynamic
coastal system, including its resources and management
of the coastal zone, as well as sea-level change. There is
an inherent conflict between the need to protect against
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FIG. 1. A geomorphological map of the coastal zone of south-
west Taiwan.

erosion and flooding and the need to allow coastal
landforms to adjust to natural processes. Development on
the coast may lead to significant changes elsewhere
within a coastal system (Fig. 2). These changes can affect
both the landforms, which provide natural coastal
defences and the habitats which they support. The
dynamic zone is directly affected by offshore and
nearshore natural processes {e.g. storm surges, erosion,
deposition, flooding. landslides). The mud flats and salt
marshes in south-western Taiwan have developed where
fine grained sediment is laid down in sheltered areas with

high tidal ranges: coastal sand dunes have developed as a
result of wind-blown sand transport.

Coastal systems are subjected to a range of distur-
bances, both human-induced and natural, and there are
many approaches to understanding the response to such
changes. Sensitivity and resilience are two concepts often
employed to explain the response of environmental
systems (Viles and Spencer, 1995). Many parts of the
coast are subject to natural hazards.

The varied nature of the coastline also provides
significant benefits of shelter and deep water for ports
and harbours, breeding grounds for fish and shellfish and
opportunities for recreation and tourism. The methodol-
ogy for the integration of coastal planning and manage-
ment should be based on:

(1) appreciation of the nature of the coastal environment;

(2) information needs for planning and management;

(3) appropriate responses to planning and management
issues (DOE, 1993).

Along the south-western coast of Taiwan, the land
reclamation schemes lead to increasing use of the coastal
zone for agriculture, industry and settlement. Such
human-induced activities enhance the coastal land use
problem. However, a concurrent increase in wealth and
changing public perception of the coastal resource may
result in some coastal areas becoming “preserved’ and an
increased desire to prevent widespread ‘damage’ to the
coast in general.

There has been much debate in recent years concerning
the global warming/rising sea level issue. It is clear that
this rise may be defrayed by tectonic uplift in some parts
of coastal Taiwan. However, the subsidence problem in
the south-western coastal area is a rather sensitive issue.
Regional subsidence, with its consequence of higher
relative sea levels, is a threat to unprotected lowlands,
some sand dunes, marshlands and mudflats. Sea level rise
heightens coastal management problems in this area.

Tt is necessary to locate sites where human modifica-
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FIG. 2. A sketch map of the coastal environment of south-west Taiwan.
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FIG. 3. Coastal change of the estuary of the Tsengwen river between 1955 and 1985. (A) Landuse map of 1955, there 1s not
much human activity along the coastline; (B) landuse map of 1985 (after the construction of sea walls).

tion has occurred and collect data to demonstrate the
adjustments of man—land interaction in this research.

The research method applied in this paper is divided
into three stages: (1) map/aerial photo/image interpreta-
tion; (2) field survey assisted by GPS; (3) mapping and
analysis of coastal evolution over a period of 40 years
employing the results from stage (1) and (2) above. Map,
aerial photo and remote sensing image interpretation help
the classification of coastal landform evolution through
time. It is necessary to monitor the changes regularly.
Different versions of maps (at a scale of 1:5000) and
aerial photos (at ca. 1:12,000) are used as references.
Field survey helps in identifying and updating the land
use. In mapping the evolution of the coastal landforms,
ARC/INFO software is used.

RESULTS

The results of this research show that the south-west
coast of Taiwan has undergone some significant changes
due to human influence between 1955 and 1995. For
example, a lagoon has been reclaimed and a thermal
power plant has been built on this new land in Hsinda.
The main results are listed below.

(1) Figure 3 shows that the estuary of Tsengwen river
underwent considerable coastal change between 1955
and 1995. It was a tidal flat with a series of offshore
bars (Fig. 3(A)), whereas now the land use type is
mainly salt marshes with some fish farms. However,
in this area a series of sea walls were built to assist
the development of aquaculture. The offshore bars
become a natural sea wall in front of the artificial sea
walls.

A series of lagoons, offshore bars, spits and coastal
dunes has been rapidly submerged beneath the sea

)

since 1955 (Figs 4 and 5). The sea-level change is
mainly caused by removal of ground water for
aquaculture. This abstraction of ground water results
in serious relative land subsidence (5-10 mm/year).
There is a need to maintain the sea walls at a
reasonable height, such as 5 m above mean sea level
for subsidence and storm surges and to ensure the

AUKU ARTIFICIAL
TIDAL LAND

TAIWAN
STRAIT

TAINAN COUNTY

FIG. 4. A map of the subsidence in Chiayi county and Tainan
county between 1991 and 1992.
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FIG. 5. Coastal change of the south-west coast from different

version of maps.

safety of the fish farms. This land subsidence also
affects the ongoing engineering projects along the
coastline at a huge financial cost (Fig. 3(B)). The

FIG. 6. The disappearing Hsinda lagoon. (A) Hsinda lagoon before the thermal power plant project; (B) after the launching
of thermal power plant, the lagoon is disappearing.

subsidence also results in more frequent marine
flooding of this area.

There are nine lagoons along the south-west coast.
Some lagoons are now used as harbours and thermal
power generating stations (Fig. 6) and this has
changed the ecology of the lagoons and caused
socio-economic concern. Fig. 6(A) shows that there
was a lagoon with a long spit in the Hsin-Da area
before 1980. The land use is mainly related to the
marine industry. The building of the Hsin-Da thermal
power station in this area changed the land use type
from aquaculture to heavy industry (Fig. 6(B)). A
series of sea walls were built to stabilise the coastline.
However, due to subsidence, this area is once again
under threat from the sea.

The evolution of coastal landforms can be summarised
as follows. (a) The fragile muddy tidal flat contains a
large quantity of sediments deposited due to fluvial
outflow along the coastline. Lagoons, sand bars and
coastal plains are the main landforms. The landscape
is composed of oyster farms, fish farms and salt fields
(fields where salt is evaporated from the sea water). (b)
There 1s significant coastal erosion in the research area
resulting from land subsidence. According to the
geodetic survey data, the maximum subsidence was
more than 20 cm between Auku and Tung-Shih in
1992. The total erosion between Chiayi and Tainan
between 1904 and 1987 was ca. 400-843 mm which
works out at ca. 5-10 m/year. As a result of the
subsidence, the building of sea walls became the most
important engineering work along the coastline. These
changes have led to coastal erosion of up to 10 m/year
between 1976 and 1989 at Howmeiliou, Chiayi
County. The erosion of offshore sand bars is serious
due to the potential hazard of flooding and coastal
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FIG. 7. Proposed coastal change model of south-west coast of Taiwan.

erosion as a result of relative sea level rise. (c)
Differential subsidence because of different amounts
of sediment compaction and liquefaction caused by
earthquakes, also leading to ground subsidence, are
other factors which make the coastline a potentially
hazardous area (Fig. 7). (d) There are some proposals
for an industrial park (Fig. 8) between Chiayi and
Tainan. This area has now been protected by sea walls
and tetrapods which form a unique landscape along the
coastline of south-western Taiwan. The evolution of

the coastline is highly dependent on the location of sea
walls. In some places the sea walls have become the
coastal boundary. (e) The dynamic nature of the
coastal zone and the interdependence between beaches
and nearshore sedimentation means that management
of the coast cannot be considered in isolation. Human
activities affecting coastal dunes include the alteration
of beach processes and sediment budgets by the
construction of sea walls, damage to vegetation, direct
removal of dunes, graveyards built on the top of
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coastal dunes, alterations to the groundwater table and
pollution from oil spills and seeps. Most of the sand
dunes along the coastal area of south-western Taiwan
have been reclaimed and/or cultivated into paddy
fields. The landward aeolian sand transport is mainly
influenced by wind; sand is transported from the
intertidal zone to the beach. Sand dunes become
natural sea walls. The stabilisation of dunes is more
important in the offshore bars because these form the
first line of defence against sea level rise or coastal
erosion. (f) The role of sea walls: many sea walls
collapse due to coastal erosion. The reflected wave
energy from the sea walls interacts with incoming
wave energy, leading to sediment removal at the base
of the sea walls, undermining of their foundations and
their subsequent collapse. The building of sea walls
has meant that the coastline has been turned into an
artificial coast. The evolution of landforms is then
limited to the littoral zone. The balance of the
sediment budget is another factor affccting coastal
change.

DISCUSSIONS

Coastal environments are dynamic, comprising con-
tinual fluxes of mass, energy and transportation of

sediments. Coastal managers should be prepared to
accept this dynamism and accommodate it within
management structures (Carter, 1988) and south-western
Taiwan is no exception. It is necessary to assess all the
land units along the coastal zone.

The thermal power plant project has changed the
coastal landforms from muddy tidal flats to artificial sea
walls. Such changes have resulted in the disappearance of
the Hsinda lagoon. Artificial sea walls have also changed
the landuse type in that area. Many aquaculture activities
were influenced by the project in the nearshore area too.
Although the coastline has been stabilised by the artificial
sea walls, the original land use and coastal landforms
have been changed.

The development of wetland environments is con-
trolled by the change in balance between tidal regime,
wind-wave climate, sediment supply. relative sea level
and wetland vegetation (Reed, 1990; Allen and Pye,
1992). In the coastal zone of south-western Taiwan there
is another important factor, that of coastal engineering
projects.

The result of this investigation demonstrates the
importance of natural coastal structures in acting as a
first line of coastal defence and protection in Taiwan.
From the analysis of the coastal system (the dynamic
zone, coastal resources and management aspects) the
coastal zone of south-western Taiwan is shown to be both
vulnerable and erodible. The subsidence of the coastal
zone and the building of engineering projects have both
changed the landscape along the coastline, increasing the
difficulty of coastal management.
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Abstract — This paper presents the second detailed study of sediments deposited by modern
tsunamis, the first being that of the Flores (Indonesia) tsunami of December 1992 (Shi et al.. 1995).
Sediment cores were collected from areas in which eyewitnesses reported sediment deposition.
Grain size analysis shows pronounced vertical vanations 1n grain size as well as changes in standard
deviation, skewness and kurtosis that appear to be indicative of complex tsunami flooding. Vertical
variations in grain size in individual cores are greater than spatial variations between cores taken
along a transect completed perpendicular to the coastline. The Java tsunami-deposited sediments do
not show unequivocal evidence of local erosion but instead evidence for sediment transport and
deposition is clear and is characterised by dominantly unimodal sediments with fine-tailed

distributions. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION
Background

In recent years, a large number of studies have been
undertaken on palaeotsunamis. For example, research on
the Pacific coastline of North America in Cascadia
(Atwater and Yamaguchi, 1991; Atwater and Moore,
1992), Hawaii (e.g. Moore and Moore, 1988), Chile
(Paskoff, 1991), Japan (Minoura and Nakaya. 1991),
Scotland (e.g. Dawson er al., 1988) and Portugal
(Andrade, 1992) have shown the significance of palaeot-
sunamis both in studies of seismic risk as well as coastal
change.

In all these cases of prehistoric tsunamis, it has always
been inferred that palaeotsunamis have taken place on the
basis of a variety of geomorphological and sedimentary
field evidence. This approach faces particular difficulties
because in any investigation it is always necessary to
distinguish those sediments and landforms attributable to
tsunamis from similar features which may have resulted
from long-term sea level changes and from storm surges.

Because of these difficulties, it was felt that there was a
great urgency to investigate the sedimentary processes
associated with modern tsunamis — for example, those
which have taken place during the last three or four years,
and that these would be of value as long as they were
supported by eyewitness observations to confirm that
tsunami sediment deposition had taken place in particular
locations. An opportunity to make such a study was
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immediately after the earthquake and tsunami in June
1994 in Java, Indonesia.

THE 1994 JAVA TSUNAMI

On June 2nd and 3rd 1994, a magnitude 7.7 earthquake
took place approximately 200 km south of the southern
coastline of Java (Fig. 1). The earthquake caused a
tsunami that flooded parts of Indonesia and Australia. In
Rajegwesi, the flooding caused a tsunami that was
observed by several eyewitnesses to have a maximum
altitude of 10—-12 m (Takahashi, unpublished). Numerical
models of the tsunami made by Takahashi and Shuto
(unpublished), show a pattern of complex flood runup at
the coast but one which is generally in agreement with the
eyewitness observations (Fig. 2). The investigation by the
Survey Team indicated that three tsunami floodwaves had
taken place in the Rajegwesi area and led to widespread
destruction (Figs 3 and 4). Sediment observed by
eyewitnesses to have been deposited by the tsunami were
sampled by shallow coring along two profile lines (Fig. I).

Methodology

In this study, the result of detailed granulometric
investigations of sediment sheets is described for one site
(Rajegwesi). Laboratory particle size analysis of these
samples was completed using a laser granulometer
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FIG. 2. Comparison of altitudes of tsunami runup as observed by eyewituesses as well as the theoretical runup values as
calculated from the numencal model of Takahashi and Shuto (unpublished).

(Malvern 2600 Series, Malvern Instruments, 1989). The
statistical method used in this study adopts the formulae
of moment statistics based on log—normal theory
(McBride, 1971). The Malvern instrument provides
analytical results in the form of percentage values of
different size classes and the lower and upper limits of the
classes are in dimensions of microns (um). The calcula-
tions used involves conversion of values in micrometers
into phi values. These conversions are based on:

phi (#) = ~1 x log,X ()

where X = the size in mm.
Mean is the mean diameter of particles in a sample and
is calculated with the following equation.

Mean (d) Zix)';ﬁ (2)

where d; is the midpoint of class /, namely the arithmetic
mean of the higher and lower limits of the class (in phi).
X, is the percentage of particles in the size band i.

Standard deviation is a measure of the spread from the
mean diameter and is calculated from:

5 [S@-arx]”
- > X

Skewness is a measure of the degree and direction to

FIG. 3. Coastal damage associated with Java tsunami of 1994. Note discontinuous tsunami sediment sheet in the foreground.
Note also flattened vegetation caused by tsunami. (Photo courtesy of S. Tinti.)
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FIG. 4. Destruction of settlements at Rajegwesi village. Note also discontinuous sediment sheet as well as transported
concrete blocks and tree damage. (Photo courtesy of S. Tinti.)

which a frequency distribution leans (the deviation from
normality). It is calculated from:

(d; — d)’X;

Kurtosis 1s a measure of uniformity of a particle size
distribution and is calculated from:

S X(d - a)
K=" ®)

Sediment Sampling

Several days after the Java tsunami took place,
one of the authors (TT) visited the area and obtained
detailed information from eyewitnesses regarding the
area around Rajegwesi that was flooded by the tsunami,
as well as the number of individual tsunami waves that
flooded this area. The eyewitness accounts made it clear
that particular areas had been subject to sediment
deposition and, accordingly, a brief survey was made of
this area in order to obtain sediment samples confirmed
by the eyewitnesses as having been deposited the
tsunami. A series of cores were collected along two
profile lines (Fig. 1) and these cores were returned
to the laboratory for detailed analysis. In several areas
near Rajegwesi, the tsunami was associated with the
transport of coarse debris including concrete blocks
and loose boulders. Tsunami flooding of Rajegwesi also
led to the deposition of continuous and discontinuous
sediment sheets up to 0.4 m in thickness (Figs 3 and
4). In the laboratory, each core was sliced at 1 cm
(and on occasions 5-10 mm) intervals and these
sediments were measured for mean (Uum) standard
deviation, skewness and kurtosis.

Particle Size Analysis: Downcore Variations

In general, the tsunami sediment grains present within
each core largely occur within the size range between 100
and 400 microns. On rare occasions, the sand deposits
contain shell material (e.g. core 2.8) (Fig. 5). It is clear
that there are large variations in the composition of the
particle size distributions as illustrated by the percentage
frequency curves that range from very well-sorted to
poorly-sorted sediments. The particle size distributions
appear to have higher kurtosis values (better sorted) than
that of the sediment described by Shi ef al. (1995), and
occur as three groups similar to the variations in particle
size distribution described by Shi et al. for the Flores,
Indonesia, tsunami of 1992 (Figs 6 and 7; Shi et al.,
1995).

1. Grain size distributions that are characterised by a

dominant single mode and possessing an approximate

log—normal grain size distribution that is indicative of
well-sorted sediments. Generally, these sediments
occur in the sand range and on many occasions also
possess a distinctive sediment tail composed of silts

and clays. The latter deposits generally constitute a

small percentage of the total composition, whereas the

dominant modal values range between 250 and 400

microns.

2. Multi-modal grain size distributions characterised

by at least two dominant modes ranging between fine-

grained sand and coarse sand (here defined in excess of

300 microns).

3. Poorly sorted distributions that do not exhibit a

clear unimodal peak and which are composed of a

mixture of sediments ranging from silts and clays

to sands.

The tsunami sediments deposited at Rajegwesi are
composed of three dominant sub-populations: (a) a major
sub-population that ranges between 200 and 400 microns;
(b) a component of fine-grain sediments that range
between 100 and 150 microns; and (c¢) an infrequent
coarse sub-population of sediments greater than approxi-
mately 350 microns. In general, the Java sediments are
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FIG. 6. Representative particle size distributions at core 1.2. Letters A-D are indicated on Fig. 9.

much more uniform than the Flores sediment in terms of
particle size distributions.

The calculations of mean. standard deviation, skewness
and kurtosis exhibit clear vertical variations in texture
illustrated by sharp fluctuations in grain sizes. Many of
cores exhibiting the above parameters are characterised
by marked fluctuations downcore.

Vertical Variations in Mean Values

In some cases, the vertical changes are scarcely
noticeable to the naked eye, yet they are indicated by
high-resolution particle size analysis as representing
changes in the mean value of no more than 50 um from
the base of individual cores to the top (e.g. core 2.4)
(Fig. 8). In other instances. there are pronounced changes.
For example, in core 12 there is a range in mean grain
size over a core thickness of 31 cm of approximately 200
microns (range 210-380 um) (Fig. 9). In other cores,
there is clear evidence of an overall decrease in mean
grain size with decreased depth upon which are super-
imposed episodic variations (e.g. core 2.7) (Fig. 10). In
the latter core, the mean grain size decreases from a
maximum value of 250 microns at the base of the core to
mean values close to 210 um near the top of the deposit.
Throughout the length of this particular core, there are
pronounced variations in mean grain size, short vertical
intervals are characterised by changes in mean grain size
in the order of approximately 50 microns. Similar trends
are evident in core 2.7, where the vertical variation in
mean grain size ranges between 200 and 250 microns and
there are clear episodic variations in mean grain size
superimposed upon an overall decrease in mean grain size
from base to top (Fig. 10). In some cases. these changes in
mean grain size are the most evident characteristic of the
vertical grain size variations to such an extent that they
mask any progressive variation in mean grain size down-
core. In core 2.7. there are two distinctive graded
sequences between the 24-30 cm and 14--18 c¢cm depth

where there are pronounced decreases in mean grain size
with increasing altitude (Fig. 10).

The inspection of the data on mean grain size shows
that there are only slight spatial variations in mean grain
size and that there is no conspicuous decrease in mean
grain size with increased distance inland.

Standard Deviation

In general, the values of standard deviation parallel the
trends observed with the mean values, but the similarity
in the two sets of data only corresponds in general terms
but not in detail. For example, core 2.7 exhibits a
progressive decrease in both mean grain size and standard
deviation upcore, yet the plots of mean and standard
deviation only correspond to each other broadly. In many
instances there are mis-matches which appear to indicate
that the shape of the grain size distribution varies, but that
this vartation docs not correspond with a progressive
change in mean grain size. In several cores there are
abrupt vertical changes in standard deviation. For
example, in core 2.4, the increase in mean grain size
between 4 and 8 cm depth coincides with a sharp decrease
in the values for standard deviation which is much higher
for the rest of the core (i.e. between 8 and 33 cm) (Fig. 8).
Since the measurement of standard deviation represents
the spread of data around the mean, very sharp changes in
standard deviation over relatively short time intervals
indicate the incorporation together of different particle
size subpopulations. However, the subpopulations them-
selves are rarely characterised by separate peaks.

Skewness

The values of skewness also show high magnitude
change over relatively short vertical intervals. For
example in core 2.7, the skewness values between 5 and
10 cm depth range between 0.3 and 2.9 (Fig. 10). The
high values of skewness correspond to grain size
distributions with a modal peak corresponding to




A.G. Dawson et al.: Coastal Sedimentanion in Rajegwesi, Java 907

g 30 g 30 B
@ 25 o 25
g g
H 20 g 20
8 s 8 15

Q
& 10 o 40
[ Q
€ s ;‘_E, 5
3 S o -
> T T ltrrrrr > 0T T T T TITTf

10 1000 2000 10 100 1000 2000
Pamcle size (um) Particle size (um)
3 % g D
8. 25 8. 25
8 20 & 2
£ g
3 s 8 15
& 10 § 10
®
E g s
£ 0 T lllllll S o T T T TTTTT
10 1000 2000 10 100 1000 2000
Pamcle size (um) Particle size (um)

FIG. 7. Representative particle size distributions at core 2.7. Letters A-D are indicated on Fig. (0.

medium-grain sands and the corresponding tail to a
distribution composed of finer-grain sediments. By
contrast, low skewness values corresponds o grain size
distributions in which there is a significant coarse-tail
element. Such high magnitude changes in skewness occur
in many other cores. For example in core 1.2 between 15
and 18 cm depth, the skewness values change from 0.0 to
[.5 over a vertical distance of 3 cm (Fig. 9). Inspection of
the corresponding data for mean grain size show that
these high magnitude changes in skewness are invariant
with respect to changes in the mean, but appear to relate
to variations in overall composition in grain sizes.

Kurtosis

The index of kurtosis generally refer to the degree in
which the grain size distribution exhibits marked
peakedness. High kurtosis values correspond to grain
size distributions which are characteristically unimodal
and which possess a peaked distribution. By contrast, low
kurtosis values (e.g. 5—10) (McBride, 1971) correspond to
much flatter grain size distributions. This appears to
suggest that the reduction in kurtosis values corresponds
to an increased presence of the coarse-tailed sediment
component, although often this coarse-tailed fraction is
not exhibited as a pronounced and separate population in
the histograms (see paragraph above). Inspection of Figs
8-10 indicates that the changes in kurtosis generally
mirror the vertical variations in skewness. Thus, grain
size distributions that exhibit a coarse-tail are generally
characterised by low kurtosis values indicative of
flattened distributions (e.g. core 1.2) (Fig. 9). By contrast,
the more common distributions observed for Rajegwesi
that exhibit modal values in the medium-sand range, tend
to have high skewness values associated with them as
well as high kurtosis values indicative of relatively
pronounced unimodal peaks in the grain size distribu-
tions. Yet, these two indices of the grain size distributions
are not paralleled by corresponding increases or decreases
of mean grain size of particular levels in the cores. Nor is

there any clear correspondence with vertical changes in
standard deviation in any of the cores. This would appear
to indicate that sediment supply is abundant in the
medium sand range and is characterised by a dominant
and uniform grain size distribution. By contrast, the
physical processes of transport and deposition appear to
have been associated with more variable particle size
distributions that are principally distinguished by slight
changes in the slope of the curves.

DISCUSSION

Despite the existence of numerous publications con-
cerned with the recognition of palaecotsunamis in coastal
sediment sequences, there have been relatively few
studies of sediments deposited by modern tsunamis. To
the authors knowledge, the only modern tsunami which
has been investigated to date in respect of sediment
characteristics, was the December 12, 1992 tsunami in
Flores, Indonesia (Shi et al., 1993, 1995; Shi, 1995). The
results of the present analysis for Java indicate a number
of differences in the nature of sediments deposited by
tsunamis. These differences are by the nature of the
information available, only relevant to comparisons with
the Flores tsunami.

Spatial Variations and Grain Size

Whereas Shi (1995) and Shi et al. (1995) indicated that
there was a clear decrease in grain size from the coast
inland associated with the Flores event, this is not the case
with the Rajegwesi sediments. Indeed, the vertical
vanations in grain size in individual cores are perhaps
greater than any spatial variation between cores. The
reason for this difference is not clear. This is possibly
related to the uniformity of sand grains in the source area
(see above). It is suspected that at Rajegwesi, the three
principal waves observed by the eyewitnesses to have
been responsible for the deposition of the sediment, were
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associated with depositional processes which led to large
short-term variations in the nature and style of sediment
deposition and these changes were much greater than
those associated with Flores.

The Rajegwesi grain size distributions on the whole are
characterised by a dominant grain size mode and
associated tail linked to the deposition of fine-grained
sediment. The Rajegwesi grain size distributions do not
possess many examples of distinctive multimodal sedi-
ment distributions as was observed in Flores. Again, the
reasons lor this difference are not clear although it is
possible that the source sediment of the Java tsunami is
much more uniform than in Flores (cf. Shi er al.. 1995).

Many of the grain size distributions at Rajegwesi have
a distinctive yet inconspicuous tail of fine-grained
sediment and some times a clear small-scale secondary
grain size mode. In the case of the Flores tsunami. it was
argued that much of the finer-grain sediments in the area
inundated by the tsunami were removed offshore leaving
a sediment mass dominated by medium- and coarse-sand
deposits. Although it is not possible to demonstrate this
similarity owing to the fact that no local sediments at
Rajegwesi unaffected by tsunami were sampled, and
therefore it is not possible to make comparisons. The
presence of a secondary fine-grained sediment modal
value may also indicate here that much of any fine-grain
sediments in the local area were winnowed out by the
movement of water during the tsunami.

Vertical Variations in Mean and Standard Deviation
Values

Although there is a general correspondence between
the vertical changes in mean grain size and standard
deviation in several corcs, there is a great deal of internal
variability that in many cases masks the overall trends.
The internal variability in both mean and standard
deviations do not match each other, and many instances
can be cited to demonstrate variations in standard
deviation unconnected to progressive increases or de-
creases in mean grain size. The causes of these
differences are not clear, but is possibly the result of
controls on sedimentation by the characteristics of both
the sediment sources and the processes of sedimentation.

Skewness and Kurtosis

In most cores, the skewness and kurtosis values parallel
each other closely and show that coarse-tail distributions
correspond with low values of kurtosis and associated
flattened grain size distributions. By contrast, high values
of skewness (the more common characteristic) are
associated with high values of kurtosis and relatively
peaked distributions. Yet these two parameters do not
appear to correspond in any way with changes in standard
deviation or the changes in the mean. Again it is not clear
why this is the case, why there should be such changes in
grain size distribution indicated by sudden changes in
both skewness and kurtosis.

Tsunami Deposition and Sorting

As in the case of Flores, there appears to be sets of
individual fining-upwards sequences represented by
progressive vertical decreases in mean grain size in a
series of cores. The separate sub-populations are readily
identiliable as various fixed ranges and this would appear
to indicate, together with the core data. that the coarsest
material is dcposited at the basc of sediment accumula-
tion and thereafter the tsunami sediment accumulation
becomes finer and decreases in proportion upcorc. These
observation are in agreement with those noted at Flores
and would appear to indicate a unique set of settling
processes characterised by rapid rates of tsunami
sedimentation arising from the simultaneous deposition
of fine and coarse particles (Shi et al.. 1995). Also as in
the case of Flores, the high-magnitude fluctuations with
changing depth of the particle size parameters show that
there is a positive correlation between a progressive
upward-fining trend and an increase in the degree of
sorting. It is concluded that these processes arise from a
progressive decrease in the energy of the tsunami waves
in the trend and the effects of short-time sorting of these
sediments.

SUMMARY

The Rajegwesi, Java study 1s the second illustration (in
addition to Flores, Indonesia) that sediments deposited by
modern tsunamis exhibit distinctive grain size distribu-
tions and that these are linked to complex processes of
tsunami sediment transport. Unlike Flores, the Java
sediment accumulation is not associated with clear
evidence of local erosion. Instead, it provides evidence
for tsunami sediment transport and deposition that has
resulted in the deposition of dominantly unimodal
sediments with fine-tail distributions. Shi er al. (1995)
have proposed that during periods when tsunamis
inundate the coastal zone, that provided there is an
adequate sediment supply, sedimentation rates are so high
that tsunami sediment is frequently composed of several
populations of particles in different size ranges. As a
result, the interaction of turbulence, rapid sedimentation
and the characteristics of the transported material play a
large part in dictating the characteristics of the particular
tsunami deposit. These conclusions also apply to Java and
a comparison is also made that tsunamis are associated
with rapid changes in the energy regime so that periods of
high water turbulence (tsunami runup) are followed by
still-water conditions (pre-backwash phase) and, in turn
followed by increased turbulence (backwash). The
complex hydrodynamics of tsunamis implies that parti-
cular coastal zones are unique insofar as it would appear
great changes in the water state take place over the
relatively short periods of time during which sediment
may be deposited. In addition, the rapid changes in the
direction of water flow across the coastal zone results in
unique processes of coastal sediment transport and
deposition. The complex patterns of the grain size
distributions evident in the individual cores and the great
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vertical variations in sediment properties within the
individual cores demonstrates effectively the complexity
of these processes. At present, however we can only
speculate on the precise physical processes of sediment
transport and deposition that produce these textural
characteristics.

It is clear, however, that tsunami sedimentation
patterns are complex insofar as modern events are
concerned. On some occasions there are very clear
fining-upwards sequences evident, but in other instances
such trends are not so noticeable. It is not yet clear, if it is
the case that most tsunami deposits are laid down during
periods of flood runup or during some other phase of
tsunami flooding. A great deal of consideration should be
given to the hypothesis that tsunami sedimentation may
take place during the turnround periods between phases of
flood runup and backwash. This hypothesis, however,
remains to be tested in a rigorous manner and this will
require many more empirical studies of sedimentation
processes associated with modern tsunamis.
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Abstract — Foraminiferal data from two sites, 6 km apart, on the shores of an inlet near Tofino on
the west coast of Vancouver Island, British Columbia, allow estimates to be made of the amount of
coseismic subsidence during a large earthquake 100400 years ago. The sampled sediment
succession at the two sites is similar; peat representing a former marsh surface is abruptly overlain
by intertidal mud grading upward into peat of the present marsh. At one of the sites, a layer of sand,
interpreted to be a tsunami deposit, locally separates the buried peat from the overlying intertidal
mud. The abrupt peat-mud contact records sudden crustal subsidence during the earthquake. The
paleoelevation of each fossil sample was estimated by comparing its foraminiferal assemblage with
modern assemblages of known elevation. The modern assemblages were obtained from surface
samples collected along transects across the marsh near the fossil sample sites. Comparisons were
made statistically using transfer functions. Estimates of coseismic subsidence, based on differences
in paleoelevations just above and below the top of the buried peat, range from 20 cm to | m, with
the most likely value in the 55-70 cm range. Post-seismic crustal rebound began soon after the
earthquake and may have been largely complete a few decades later. Copyright © 1996 Published

by Elsevier Science Ltd

INTRODUCTION

Foraminiferal data presented in this paper are used to
estimate the amount of subsidence that accompanied a
large earthquake on western Vancouver Island, British
Columbia, less than 400 years ago. This study builds on,
and refines, the previous study of Guilbault et al. (1995)
in the same area. The work is founded on the principle
that foraminiferal assemblages in tidal marshes vary with
elevation and that a change in elevation of as little as 5—
10 cm may produce a recognizable change in the
foraminiferal assemblage at a given site. This is the
essence of the conclusions of Scott and Medioli (1980),
based on their investigation of Nova Scotia tidal marshes.
This paper and others concerned more specifically with
marsh foraminifera from the northwest coast of North
America (Phleger, 1967; Williams, 1989; Patterson,
1990a; Jennings and Nelson, 1992; Jonasson and
Patterson, 1992) and from Chile (Jennings et al., 1995),
provide a basis for discriminating upper marsh from
lower marsh environments on the British Columbia coast.
Broad limits can then be placed on paleoelevations of
samples from intertidal sedimentary sequences using
foraminiferal data (Jennings and Nelson, 1992), provided
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the vertical limits of the marsh zones are known and have
not changed with time.

The originality of our method lies in the use of transfer
functions to estimate paleoelevation (Imbrie and Kipp,
1971). This approach allows a more objective treatment
of foraminiferal assemblages than is possible through
visual inspection and can be applied to large, multivariate
data sets. It also provides a paleoelevation for every
sample in a sequence, thus improving the resolution.

In this paper, we compare fossil foraminiferal assem-
blages at two sites, 6 km apart, near Tofino, British
Columbia, with modern assemblages from the adjacent
marsh. At both sites, a peat layer representing a former
marsh is abruptly overlain by mud that grades upward
into peat of the present marsh. The abrupt change from
peat to mud has been attributed to sudden subsidence
during a large earthquake 100—400 years ago (Clague and
Bobrowsky, 1994a). The earthquake may have resulted
from the rupture of the boundary between the North
America and Juan de Fuca plates along the Cascadia
subduction zone (Fig. 1). Samples collected through the
sediment sequence at each site were compared with
samples taken from a nearby modemn transect no more
than 150 m away. This was done to minimize the
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environmental differences between the fossil and modern
sites, which could affect comparison of the data sets.
By assigning a paleoelevation to each fossil sample, we
obtain an elevational history of the site, from which local
submergence or emergence during an earthquake can be
inferred. The instantaneous nature of earthquake sub-
sidence or uplift eliminates complicating factors such as
eustatic and isostatic sea level change, sediment accre-
tion, slow tectonic movements, and long-term sediment
compaction. The amount of sudden submergence or
emergence determined from foraminiferal data, however,
may differ from the amount of subsidence or uplift caused
by the earthquake (Guilbault et al., 1995). Possible
sources of error include a change in tidal range due to a
change in the shape of the basin during the earthquake,
coseismic sediment compaction, the presence of an

erosional hiatus in the succession of analyzed sediments,
and early post-seismic rebound before sediment begins to
accumulate on coseismically subsided surfaces. We wiil
come back to these points in the discussion.

STUDY SITES

The two sampled sites are marshes adjacent to
Browning Passage, an arm of the sea connecting the
open ocean southwest of Tofino with fjords and channels
farther inland (Fig. 1). Tidal marshes along Browning
Passage are low-energy environments sheltered from the
open Pacific Ocean by Esowista Peninsula and by
numerous islands north and west of Tofino.

The ‘cemetery’ site (Guilbault et al., 1995; site 4 of

Esowista
Peninsula
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FIG. [. Map of the Tofino area showing the locations of the cemetery and Meares Island sections. Stippled areas are
intertidal. Inset map shows lithospheric plates; dot indicates the location of the detailed map.
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FIG. 2. Profiles of the two sampled marshes. Dots represent modern samples.

Clague and Bobrowsky., 1994a) is located 7 km south-
southeast of Tofino, near the head of a long, narrow,
shallow, winding arm of Browning Passage. This site is
completely protected from wave action and is fringed by a
narrow marsh. Samples of surface sediment for the
modern data base were collected along a 32-m-long
transect across the marsh (Fig. 2(a)). The site was chosen
because it is close to the fossil section and because the
marsh is broader here than elsewhere in the immediate
vicinity: consequently, the different foraminiferal biofa-
cies were expected to be better developed and more
complete.

The succession of late Holocene sediments underlying
the marsh was sampled in the wall of a tidal channel
located approximately 100 m east-southeast of the
modern transect. The following lithostratigraphic units
are exposed in the section (Fig. 3):

Unit 5 (0-3 c¢m below the marsh surface): dark brown,
rooty, muddy peat of the modern tidal marsh; grades
downward into unit 4.

Unit 4 (3-27 cm): olive-gray, organic-rich mud,
becoming lighter and less peaty downward: the contact
between this unit and the underlying muddy peat (unit 3)
is abrupt.

Unit 3 (27-31 cm): dusky brown, rooty, muddy peat (a
former marsh surface) with a gradational lower contact.

Unit 2 (31-53 cm): olive-gray, organic-rich mud
similar to unit 4; the uppermost several centimeters are
darker and richer in plant material than the rest of the
unit; grades downward into unit 1.

Unit 1 (53-75 cm): interstratified, olive-gray mud and
sandy silt, becoming sandier downward; the uppermost 6
cm of the unit were sampled.

Unit 1 rests on late Pleistocene, glaciomarine, silty clay
containing shells dated at about 16000 years BP (cali-
brated age; Clague and Bobrowsky, 1994a). Large conifer
stumps rooted in this clay or in the sediments that directly
overlie it have been dated at about 7400 to 9000 years BP
(Clague and Bobrowsky, 1994a). The five units described
above overlie these fossil forest remains. Accelerator
mass spectrometry (AMS) radiocarbon ages on Triglochin
rhizomes from the cemetery section indicate that unit 2 is
no more than 700 years old (Table 1).

The second study site (near site 1 of Clague and
Bobrowsky, 1994a) is situated on Meares Island,
3 km east of Tofino and 6 km north of the cemetery
site. It lies at the head of a broad bay that opens to
the southwest onto Browning Passage. The tidal marsh
is much broader here than at the cemetery site; the
lower part is patchy and irregular, perhaps due to
greater exposure to waves. Samples of surface sediment
were collected along a 128-m-long transect from the
forest edge to the unvegetated tidal flats (Fig. 2(b)).
To maximize the comparability of the modern and fossil
records, the fossil site was located along the transect;
the uppermost sample at the fossil site is one of the
modern samples of the transect. The transect crosses
Meares Creek at three places (Fig. 2(b)); freshwater
arcellacea are carried into the marsh at these points.

Fossil samples were collected from the wall of a pit that
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was dug in the upper part of the marsh. The following
succession of stratigraphic units was recorded at this site
(Fig. 4):

Unit 8 (0—4 cm below the marsh surface): dark brown,
rooty, muddy peat of the present marsh; the contact with
unit 7 is sharp.

Unit 7 (4-4.5 cm): silty mud (possibly a tsunami
deposit; see Clague and Bobrowsky, 1994a, b); sharp
lower contact.

Unit 6 (4.5-18 cm): brown muddy peat, upper part
rooty, becoming muddier with depth; gradational lower
contact.

Unit 5 (18-28 c¢cm): olive gray, organic-rich mud; sharp
lower contact.

Unit 4 (28-34 cm): fine sand (tsunami deposit; Clague
and Bobrowsky, 1994a, b); sharp lower contact.

Unit 3 (34-39 cm): brown, rooty, muddy peat (former
marsh surface), gradational lower contact.

Unit 2 (39-69 cm): olive gray, organic-rich mud
similar to unit 5; sharp lower contact.

Unit 1 (69-83 cm): poorly sorted, gravelly sand
grading downward into sandy gravel.

Unit 1 is a lag developed on late Pleistocene
glaciomarine sediments (Clague and Bobrowsky,
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TABLE 1. Radiocarbon ages from the two Tofino study sites

Radiocarbon age 3'7C (%) Calibrated age range Laboratory Strutlgra‘g)hlc Dated material

("*C years BPy (cal years before AD 1950)° number® unit

Cemetery site

480+£50 300-650 TO-4054 2 Triglochin rhizome*
41050 0-630 TO-4055 2 Triglochin rhizome*
480+£50 300-650 TO-3522 2 Triglochin rhizomes®
Meares Island
180+£50 0470 TO-3518 3 Conifer needles, cedar scales
340+50 0-540 TO-3517 4 Branch

4404+60 0-650 TO-3519 3 Rhizomes, leaves®
630£50 500-730 TO-3520 2 Conifer cone
68050 510-780 TO-3521 2 Twig
700460 249 550-720 GSC-5522 2 Branch'

1140+£50 800-1280 TO-3516 3 Conifer cone

“Laboratory-reported error terms are 26 for GSC age and 1o for all others. Ages corrected to 8'*C = —25.0%e PDB.
®Determined from dendro-calibrated data of Stuiver and Pearson (1993). The range represents the 95% confidence interval based on the 26 error limits
of the radiocarbon age (error multiplier=2.0; note error multiphers expand laboratory-quoted errors to cover uncertainties in reproducibility and

systematic bias; tor a discussion. see Stuiver and Pearson, 1993).

“GSC=Geological Survey of Canada; TO=IsoTrace (Unmversity of Toronto).

“See text and and Figs 3 and 4
“In growth position.

'Preea sp. (1dentified by H. Jetté, GSC Wood Identification Report 93 10}

1994a). A branch lying at the top of unit 1 gave a
calibrated radiocarbon age of 550-720 years BP
(Table 1). Rhizomes in growth position just below unit
4 (tsunami sand) are less than 700 years old, and detrital
wood and other plant material from within and just below
this sand are no more than 600 years old. The sand has
been optically dated at 325425 years old (Huntley and
Clague, 1996). The section as a whole is thus young,
probably spanning no more than 1000 years.

The buried peat at the cemetery and Meares Island sites
represents a former marsh that subsided suddenly during a
large earthquake (Clague and Bobrowsky, 1994a). At
Meares Island and at many other places along Browning
Passage, the buried peat is overlain by sand that was
deposited by the tsunami generated by the earthquake. The
sand is not present, however, in the cemetery section. At
some sites along Browning Passage, the tsunami appar-
ently eroded the subsided marsh (Clague and Bobrowsky,
1994b), but this probably did not happen at the cemetery
site. nor for that matter at Meares Island where delicate
stems and leaves of herbaceous plants extend upward from
the buried peat into the overlying sand.

Tides

The predicted level of the highest tide at the tidal gauge
at Tofino harbour for the summer of 1994 (July, August,

and September) is 3.7 m (Fisheries and Oceans, 1993).
The recorded high tide at Tofino harbour on July 14,
1994, when we sampled the Meares Island transect, was
3.18 m. The recorded high tide on June 24, 1993, when
we sampled the cemetery transect, was 3.21 m. We
surveyed the level reached by high tide at the cemetery
and Mecares Island sites on these two days. We also
estimated the height of the highest tide at the two sites
during the summer of 1994 by assuming that the
amplitude of tides are the same at the transects as at the
Tofino gauge (Table 2). There is no proof, however, that
tidal amplitude is the same at the three localities. Table 2
includes the height of an ‘exceptional’ tide; an excep-
tional tide is here defined as the level reached by the sea
no more than 0.1% of the time. At Tofino harbour, this
level is based on 18 years of tidal data collected from
1977 to 1994 inclusively (unpublished data from Fish-
eries and Oceans Canada).

METHODS

Modern samples (0-2 cm depth) were collected with a
garden bulb planter. Eighteen samples (20 if the top of the
section and one forest soil sample are included) were
collected over a 1.45 m vertical range along the cemetery
transect. Vertical intervals between these samples range

TABLE 2. Estimated maximum elevation (m) of high tides at Tofino cemetery and Meares Island

Tide gauge, Tofino harbour Cemetery Meares Island
June 24, 1993 3.21 —0.64 —
July 14, 1994 3.18 — —0.725
Maximum, summer 1994 3.7 —0.15 —0.205
Exceptional tide 4.1 0.25 0.195

Datum for tide gauge elevations is chart datum

Datum for cemetery and Meares Island elevations 1s edge of forest.
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from O to 23 cm. At Meares Island, 37 modem samples
were collected over a vertical range of 2.075 m. Over
much of the transect, the samples are separated vertically
by 4 to 6 cm; however, gaps of up to 12 cm exist. At both
sites, an elevation of 0 m was arbitrarily assigned to the
forest edge (=local datum).

The wall of the tidal channel at the cemetery site was
cut back about 30 cm prior to sampling to preclude the
possibility of contamination and destruction by oxidation

of foraminiferal tests. As mentioned previously, the
Meares lIsland samples were collected from a freshly
dug pit. At both sites, most samples were 2 cm thick and
there were no gaps between them. The sampling interval
above and below the top of the buried peat was reduced to
0.5-1 cm to capture, as much as possible, conditions
immediately before and after the earthquake.

Sample processing methods are detailed in Guilbault et
al. (1995). The Meares Island samples were stored in



TABLE 3. Total counts of foraminifera and arcellacea (stained + unstained) from the modern marsh at the Meares Island site
Foraminifera/em®: identified + indeterminate foraminifera; this is the value shown on Fig. 3.
Biofacies: FW=freshwater; UM=upper marsh; MM=middle marsh; LM=lower marsh; TF=tidal flats

Sample number 1 3 4 S1 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Elevation (cm) 10 -95 —I1.5 =23 —-195 -255 -255 -30.5 -325 -—-345 -355 -395 —40.5 —-445 485 -—-535 -—-575 -61.5 -—655
Foraminifera/cm® 1 186 62 369 40 158 1057 32 1918 106 1699 414 2922 1209 1762 2351 2580 2164
Biofacies FW Fw UM UM UM UM UM UM UM UM UM UM UM UM MM MM MM MM MM
Jadammina macrescens — — 79 39 109 30 35 15 38 23 119 164 29 104 128 155 59 89 145
Jadammina polystoma — — 1 — 2 — — 1 — 1 — 16 — 24 17 16 5 9 13
Trochamminita salsa — 1 79 3 98 5 55 72 1 111 5 309 48 90 176 143 91 93 145
Trochamminita irregularis — — 4 1 18 2 26 23 — 20 2 36 35 20 15 9 17 24 29
Haplophragmoides wilberti — — 3 32 7 6 9 78 1 29 5 77 52 113 71 97 50 70 143
H. wilberti 8+ chambers — — 1 — — 1 — 31 — 12 2 21 14 10 12 16 8 16 24
Haplophragmoides manilaensis — — — — — — — 1 — — — — — 1 — — — 2 —
Trochammina inflata — — 2 — 1 1 — 31 — 24 — 89 — 112 60 28 15 32 53
Siphotrochammina lobata — — — — — — 1 6 — 1 — 2 — 1 — 2 — 1 —
Trochammina ochracea — — 2 — — — — — — — — — — — — — — — 1
Trochammina cf. nana — — 1 — — — — — — — — — — — — — — — —
Polysaccammina ipohalina — 1 3 2 7 2 10 12 — 11 — 12 43 15 6 5 8 6 5
Pseudothurammina limnetis — — — — — — 6 6 — — — 2 3 — 1 — — — —
Adult Miliammina fusca — — 4 5 7 2 1 3 — 8 — 22 2 22 19 24 17 36 53
Young Miiammina fusca — — 15 4 16 — 16 40 — 92 — 284 8 187 80 74 40 79 65
Ammotium salsum — — — — — — — — — — — — — — — — — — —
Ammobaculites exiguus — — — — — — — — — — — — — — — — — — —
Polysaccammina hyperhalina — — — — — — — — — — — — — — — — — — — -
Indeterminate miliolid — — — — — — — — — — — — — — — 1 — — —
Epistominella vitrea — — — — — — — — — — — — — — — — — — —
Glabratella luxuribulla — — — — — — — — — — — — — — — — — — —
Glabratella sp. — — — — — — — — — — — — — — — — — — —
Elphidium cf. lene — — — — — — — — — — — — — — — — — — —
Elphidium cf. frigidum — — — — — — — — — — — — — — — — — — —
Elphidium cf. williamsoni — — — — — — — — — — — — — — — — — —
Total identified foraminifera 0 2 194 86 265 49 159 319 40 332 133 1034 234 699 585 570 310 457 676
Indeterminate foraminifera 1 1 38 7 64 3 43 69 1 65 6 293 38 100 95 77 39 57 68
Centropyxis aculeata — 17 9 41 23 25 70 29 81 6 67 11 42 1 2 1 — — 15
Centropyxis constrictus 4 3 1 94 54 6 3 3 15 11 8 139 13 16 1 1 — — 2
Plagiopyxis sp. 84 2 — 3 1 7 5 1 17 — 9 2 8 2 1 — — — —
Cyclopyxis cf. kahli — 2 — 3 2 3 3 1 14 1 13 — 1 — — — — — —
Cyclopyxis cf. puteus — — — — — — — — — — — — — — — — — —
Trigonopyxis sp. — — — — — 1 1 — 3 — 2 — — — — — —
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TABLE 3. Continued

Nebela cf. collaris — 3 — 2 — 1 2 2 3 — 1 — 4 — — 2 — — —
Nebela cf. tubulosa — 1 1 — — 1 — — 1 — — — 1 — — 1 _ _ _
Heleopera sphagni 1 1 — — — 1 — 1 6 — 2 — — — — — -— — 1
Distomatopvxis couillardii — 1 — — — 1 — — — — — — 2 _ _ — - _ _
Difflugia globulus — — — — — — — — — — — — — — _ _ _
Difflugia oblonga — 1 — 2 — 10 7 2 21 1 6 2 5 — — — — — —
Difflugia protaeiformis — — — — — — — — — — _ _ 1 — _ _ _ _ _
Difflugia urceolata — — — — — — 1 — — — 2 — 2 — — - — _ —
Pontigulasia compressa — — — 1 — 1 2 — 4 — — — 2 — _ _ _ _ _
Phryganella sp. — — — 2 — 5 2 — 5 2 — — 4 — — _ _ _ 1
Assulina sp. — — — — — — — — 1 — — — — — — _ — _ —
Total identified arcellacea 89 31 11 148 80 61 96 40 169 21 111 154 87 19 4 5 0 0 19
Indeterminate arcellacea 2 0 0 0 0 3 1 3 0 1 0 2 0 0 0 0 0 0
Sample number 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Elevation (cm) —70.5 —82.5 —855 —88.5 —92.5 —96.5 —99.5 —102.5 —106.5 —112.5 —117.5 —120.5 —126.5 —130.5 —135.5 —136.5 —157.5 —197.5
Foraminifera/cm’ 2066 752 490 236 241 868 637 1415 1489 535 364 83 101 186 200 578 488 141
Biofacies MM MM MM LM LM LM LM LM LM LM LM LM TF TF TF LM TF TF
Jadammina macrescens 248 111 77 52 39 22 42 44 254 24 23 3 2 3 2 38 32 30
Jadammina polvstoma 27 18 10 10 13 4 6 11 54 2 7 1 — 2 1 9 5 8
Trochamminita salsa 198 38 33 24 15 10 88 5 36 2 — 1 — 1 — 1 — 2
Trochamminita irregularis 40 19 12 6 2 5 24 4 10 — 3 1 — — — — 1 5
Haplophragmoides wilberti 162 23 15 6 5 24 142 48 137 21 25 1 — 2 — 26 17 29

H. wilberti 8+ chambers 9 3 — — — 1 11 1 8 4 1 — — — — 3 _ _
Haplophragmoides manilaensis 3 — — — — — — 2 — — 1 — — — — — _ _
Trochammina inflata 88 13 32 4 3 4 — 39 155 3 3 1 — — — 33 2 3
Siphotrochammina lobata 3 — 4 — — — — — 1 — — _ _ _ _ _ _ 1
Trochammina ochracea — — — — — — — — — 1 — 1 — — — — 1 15
Trochammina cf. nana — — — — — — — — 1 — — — — — 1 _ _ —
Polysaccammina ipohalina 27 36 16 2 25 7 7 3 12 — — — — — — 2 — —
Pseudothurammina limnetis — — — — — — — — 1 — — — — — — 1 —

Adult Miliammina fusca 152 84 67 111 128 181 109 179 285 239 155 153 102 166 152 141 362 483

Young Miliammina fusca 78 40 24 79 66 43 51 55 102 87 61 57 21 18 23 51 94 126
Ammotium salsum — — — 1 — — — — — 2 — 2 6 4 5 — — 2
Ammobaculites exiguus — — — 1 1 — 1 — 2 2 2 15 6 4 7 1 2 3
Polysaccammina hyperhalina ~— — — — 1 — — 1 1 2 3 3 6 21 29 25 8 11 4
Indeterminate miliolid — — — — — — — — 2 — — _ — _ _ _ _ _
Epistominella vitrea — — — — — — — — — — _ _ — _ 1 _ — _
Glabratella luxuribulla — — — — — — 1 2 — 2 1 1 — — — _ _ _
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TABLE 3. Continued

Glabratella sp. — — — — — — — — _
Elphidium cf. lene — — — — — — _ — _

Elphidium cf. frigidum — — — — — — — - —

Elphidium cf. williamsoni — — — — — — — — 1
Total identified foraminifera 1035 385 290 297 297 301 483 394 1063
Indeterminate foraminifera 95 26 24 6 6 4 64 15 51

Centropyxis aculeata — — — — — — — — —

|
l
|
|
|
|
|
|

Centropyxis constrictus
Plagiopyxis sp. — — — — — — 1 — 1
Cyclopyxis cf. kahli — — — — — — _ — _
Cyclopyxis cf. puteus — — — — — _ _ — _
Trigonopyxis sp. — — — — — — — _ _
Nebela cf. collaris — — — — — — — _ —
Nebela cf. tubulosa — — — — — — _ — _
Heleopera sphagni — — — — — — — — _
Distomatopyxis couillardii — — — — — — — — _
Difflugia globulus — — — — — — _ — _
Difflugia oblonga — — — — — — — _ 2
Difflugia protaeiformis — — — — — _ _ — _
Difflugia urceolata — — — — — — — — —
Pontigulasia compressa — — — — — — — — —
Phryganella sp. — — — — — — — — —
Assulina sp. — — — — — _ — _ —
Total identified arcellacea 1 0 0 0 0 0 1 0 3

Indeterminate arcellacea 0 0 0 0 0 0 0 0 0

s

(V%)
-5 |
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methanol instead of formaldehyde, as was done with the
cemetery samples., because of the toxicity of formalde-
hyde. Methanol was added to the modern samples in the
field and to the fossil samples one week later in the
laboratory. After sieving, modern samples from both sites
were fixed in formaldehyde and stained with Rose
Bengal. Fixing and staining took at least two days for
the cemetery samples and one week or more for the
Meares Island samples. Excess stain was then washed
away and the residues were placed in methanol for long-
term storage. The stained specimens were counted
separately, but the quantitative analysis of the modern
data set that follows is based on sums of living and dead
specimens. Counted fractions are stored at the senior
author’s laboratory in Montreal.

RESULTS

Modern Transects

Counts of foraminifera and arcellacea for samples
collected along the modern transect at the cemetery site
are reported in Guilbault et al. (1995); data for the Meares
Island transect are presented in Table 3. Generalized
percentage data for key taxa are displayed in Figs 5 and 6.

Quaternary Science Reviews: Volume 15

There are three biofacies at both localities: (1) the
unvegetated tidal flat and the lower marsh biofacies
dominated by Miliammina fusca; (2) the upper marsh
biofacies dominated by Jadammmina macrescens and
Trochamminita salsa; and (3) the supratidal biofacies
dominated by arcellacea. The upper and lower marsh are
defined on the basis of their foraminiferal biofacies and
not vegetation.

The tidal flat at Meares Island can be distinguished
from the low marsh by a greater number of tidal flat
species other than M. fusca (Ammobaculites exiguus,
Ammotium salsum and Polysaccammina hyperhalina) and
by a very low J. macrescens and T. salsa content.
However, total numbers of ‘other tidal flat foraminifera’
are rather small (maximum=22% of total; generally much
less), and the definition of a separate biolacies does not
seem justified, at least for the purpose of this paper. The
single tidal flat sample at the cemetery section is faunally
indistinguishable from the lower marsh.

The limit between the upper and lower marsh is set at
the level where the sum of J. macrescens and T. salsa
becomes greater than the sum of adult and juvenile M.
fusca. Guilbault et al. (1995) counted many of the T. saisa
in samples from the cemetery site as J. macrescens
morphotype polystoma (see Remarks on Morphotypes in
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FIG. 5. Distribution of total foraminiferal microfauna (stained and unstained) along the modern transect at the cemetery site.
Miliammina fusca percentages have been corrected using the M. fusca factor’ of Guilbault et al. (1995).
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Appendix). Grouping J. macrescens and T. salsa allows
data from the two study sites to be compared, while not
changing the position of the high marsh-low marsh
boundary at the cemetery site. There are two peaks of J.
macrescens in the upper marsh at Meares Island, one from
—11.5to —35.5 cm elevation and the other from —48.5 to
—85.5 cm (Fig. 6). Trochamminita salsa is generally high

923

from —25.5 to —70.5 cm and is especially abundant at
—11.5 and —19.5 cm. These trends vanish when the two
species are combined; their sum gradually increases
towards the top of the transect.

The M. fusca population at Meares Island is predomi-
nantly juvenile in the upper part of the upper marsh
(Fig. 6; Remarks on Morphotypes in Appendix), as at the
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cemetery site (Guilbault er al., 1995). The interval
between the top of the lower marsh and the point where
the juvenile:adult ratio first reaches 8:1 or more
constitutes a subfacies of the upper marsh called the
‘middle marsh’, which is recognized at both sites.

Haplophragmoides wilberti and T. inflata show little
correlation with elevation. H. wilberti may be more
closely controlled by salinity than elevation (Scott ef al.,
1990). The closely related species Huplophragmoides
manilaensis prefers brackish settings (Scott and Medioli,
1980; Scott er al., 1991; de Rijk, 1995). Meares Creek.
however, does not seem to have any effect on its numbers
in the upper part of the Meares Island transect.

Almost all observed calcareous specimens were living
(stained), and even those showed signs of dissolution.
Most belong to the genera Elphidium and Glabratella.
The total of calcareous specimens never exceeds 1.22%
of any assemblage. Ostracodes are present in many
samples, although in small numbers;: most, like the
calcareous foraminifera, were living and many were
decalcified.

Samples above —22 cm at the cemetery site either have
a limited fauna or are barren. This may be due to the
relative dryness of the substrate. As a result, interpretation
of paleoelevations above —22 c¢m at that site is difficult
and reliability is poor (Guilbault er al., 1995).

Samples 34, 35 and 36 from the Meares Island tidal flat
contain up to 10% arcellacea (Table 3), presumably
introduced by Meares Creek. Similarly, J. macrescens
and H. wilberti in these samples may have been carried in
by Meares Creek. The highest part of the Meares Island
transect, near the forest edge (north of 140 m on
Fig. 2(b)). is in a topographically irregular and somewhat
depressed area that is strongly influenced by Meares
Creek. This leads to assemblages that differ slightly from
those observed below. with more than 60% J. macrescens
+ T. sualsa and variable percentages of arcellacea (locally
greater than the percentage of foraminifera).

The top of the Mcares Island marsh is considered to lie
between —9.5 and —11.5 cm elevation (Fig. 6). The
unsampled interval between 0 and —9.5 cm may contain
some foraminifera, but the presence of alders at —9.5 cm
(Fig. 2(b)) indicates supratidal conditions at that eleva-
tion. The highest sample, at +10 cm, has a completely
different arcellacea composition (Plagiopyxis sp.), which
probably reflects the fact that this is not a marsh but a
forest floor.

Correlation Between the Cemetery and Meares
Transects

Figure 7 compares elevations of marsh zones along the
cemetery and Meares Island transects. Despite a general
similarity, there are uncertainties that limit an exact
comparison of the two sites. The top of the marsh is
10 cm below the forest edge at both sites, but at the
cemetery this value is approximate because it is
interpolated between a foraminifer-bearing sample at
—17 cm and a barren sample at —4 cm. The upper marsh-

lower marsh boundary at Meares Island is precisely
defined at —87+1.5 c¢m, whereas at the cemetery it occurs
in an unsampled interval between —72 and —95 cm. The
lowermost patch of the vegetation at Meares Island, at
—136.5 cm, is within 1 cm of the elevation of the base of
the marsh at the cemetery site. However, that patch of
vegetation is, at best, a poor indicator of the level of the
base of the marsh. The middle-upper marsh boundary at
Meares Island is known to within a few centimeters
(between —44.5 cm and —48.5 cm), whereas at the
cemctery site it is poorly constrained within the broad
interval between —42 cm and —57 cm.

Figure 7 also shows the highest level reached by tides
on the respective days on which the two sites were
sampled. By chance, on both days, the tide reached about
the same level at the tidal gauge at Tofino (3.21 m and
3.18 m).

In summary, the marsh zones appear to be consistent in
elevation along Browning Passage, but the uncertainties
are such that we prefer to interpret each fossil section
only on the basis of its associated modern transect.

Sections

Results of foraminiferal analysis of samples from the
cemetery section can be found in Guilbault er al. (1995);
the tallies for the Meares Island section are given in
Table 4. Generalized results for the two sites are
displayed in Figs 3 and 4. All foraminiferal species that
occur along the transects are also found in the sections,
with the exception of calcareous foraminifera which
probably have undergone post-mortem dissolution. Pseu-
dothurammina limnetis is rare in the sections, but also is
known to be sensitive to post-mortem destruction (Scott
et al., 1981).

At the cemetery section (Fig. 3), the pre-earthquake
succession begins with a tidal flat and lower marsh
assemblage dominated by M fusca. There is a gradual
change upward into a clearly defined middle marsh
interval dominated by J. macrescens and T. salsa, with
abundant adult M. fusca, followed by upper marsh
assemblages with high J. macrescens-T. salsa and
juvenile : adult M. fusca ratios of 8:1 or more. The
post-earthquake deposits show a similar regressive trend.
At Meares Island (Fig. 4). the pre-earthquake succession
begins abruptly in the middle marsh and, after a brief
incursion in the lower marsh, returns to the middle marsh
and finally reaches the upper marsh. Above the tsunami
sand, there is a brief middle marsh interval which is
succeeded by upper marsh assemblages that extend to the
top of the section.

Differences between the two sections arise in part from
their difference in elevation. The top of the cemetery
section is 42 cm below the forest edge, whereas the top of
the Meares Island section is 19.5 cm below this datum.
This may explain why only one of the Meares Island
samples records a lower marsh environment. Even the
first marsh sample above the coseismically subsided
marsh surface on Meares Island contains too few M. fusca
to be called lower marsh. In contrast, the sample from the
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same stratigraphic level at the cemetery site is fully
representative of a lower marsh environment.

Arcellacea are much better represented at the Meares
Island site, both in terms of numbers and diversity, and
their occurrence does not seem related to the foraminif-
eral biofacies. In contrast, in the cemetery section,
arcellacea are more common in the upper marsh
assemblages. This may reflect the influence of Meares
Creek, since modern data show clearly that areas close to
the creek contain abundant arcellacea, even as far down
as the tidal flat. In general, arcellacea indicate the amount
of freshwater input rather than elevation (Scott et al.,
1980).

Microfauna of Tsunami Sediments

The tsunami sand at Meares Island contains marsh
foraminifera as well as species found in subtidal settings
(Table 5). The presence of species that live only at

: summer of 1994, projected
from the Tofino gauge

1

HHW on 24/6/93.
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“at 16:30 PST
HHW on 1477894
at 16:35 PST
Continuous
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t each site

metery and Meares Island sites. The horizontal dashed lines mark
h the juvenile : adult ratio of M. fusca is greater than §:1.

elevations lower than the tidal marsh is strong evidence
that the sand was transported landward and is not, for
example, a fluvial deposit. Trochammina nana and
Eggerella advena are common subtidal species that are
extremely rare in tidal marshes, and we are unaware of
any report of Cribrostomoides jeffreysii from marshes.
Trochammina ochracea is common and may be locally
dominant in Quaternary sediments off the British
Columbia coast (J.-P. Guilbault and R.T. Patterson,
unpublished data), but it is less indicative since it can
be found in small numbers throughout tidal marshes
(Table 3). All of these ‘subtidal’ specimens could as well
have been transported from the lower part of the tidal
flats, which we have not sampled, but they nevertheless
constitute irrefutable evidence of landward transport.
The thin silt layer at 44.5 cm depth in the Meares
Island section may have been deposited by the 1964
Alaska tsunami. This is the largest of the historical
tsunamis on the British Columbia coast, reaching 2.47 m
elevation at Tofino (Thomson, 1981, Table 9.1). The



TABLE 4. Total counts of foraminifera and arcellacea from the Meares Island section

Foraminifera/cm®: determined + indeterminate foraminifera; this is the value shown on Fig. 4.

Biofacies: UM=upper marsh; MM=middle marsh: LM=lower marsh; TSU=tsunami deposit..

Sample number
Depth (cm)
Foraminifera/cm®
Biofacies

S1
0-2
369
UM

S2
2-4
55
UM

S3
4-6
30
UM

S4
6-8

154
UM

S5
8-10
330
UM

S6
10-12
864
UM

S7
12-14

357
UM

S8
14-16

436
UM

S9
16-18

254
UM

S10
18-20
1036
UM

St
20-22
2660
UM

S12
2224
2446
UM

S13
2426
1911
MM

S14

26-27.5 27.5-28 28-30

1411
MM

S15

1105
MM

Sl6

13
TSU

Jadammina macrescens
Jadammina polystoma

Trochammnita salsa
Trochamminita irregularis
Haplophragmoides wilberti
H. wilberti 8+ chambers
Haplophragmoides manilaensis
Trochammina inflata
Siphotrochammina lobata
Trochammina ochracea
Remaneica helgolandica
Trochammina nana
Cribrostomoides jeffrevsii
Eggerella advena
Polvsaccammina ipohalina
Pseudothurammina limnetis
Adult Miliammina fusca
Juvenile Miliammina fusca
Ammobaculites exiguus
Total identified foraminifera
Indeterminate foraminifera
Arcella sp.

Centropyxis aculeata
Centropyxis constrictus
Plagiopyxis sp.

Cyclopyxis cf. kahli
Cyclopyxis cf. puteus
Trigonopyxis sp.
Hyalosphenia sp.

Nebela cf. collaris

Nebela cf. tubulosa
Heleopera sphagni
Distomatopyxis couillardii

110

266
63

23
54
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LA)LI]I

3

24
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2
41
24
1

23
110
54
120
18

2

54

94

80
17
19
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8]
1o =

w Llll\)|
— W = N N

61

50
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|
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TABLE 4. Continued.

Difflugia bacillariarum
Difflugia lithophila
Difflugia oblonga
Difflugia urceolata
Lagenodifflugia vas
Pontigulasia compressa
Phryganella sp.

Assulina sp.

Total identified arcellacea
Indeterminate arcellacea

OIQ'

Sample number
Depth (cm)

Foraminifera/cm®
Biofacies

S18
34—
35
835

UM

S19
35—
37
1218
UM

S20

37—
39

1092

UM

S21

39—
41

1826

UM

S22

41—
43

1436

UM

$23
43—
45
1567
MM

24
45—
147
1149
MM

$25
47—
49
991
MM

S26
49—
51
498

MM

S27
51—
53
364

MM

S28
53—
55
141

LM

S29

57
132

MM

S30
57—
59
270

MM

S31
59—
61
507
MM

S32

64
160

MM

Jadammina macrescens
Jadammina polystoma
Trochamminita salsa
Trochamminita irregularis
Haplophragmoides wilberti
H. wilberti 8+ chambers
Haplophragmoides manilaensis
Trochammina inflata
Siphotrochammina lobata
Trochammina ochracea
Remaneica helgolandica
Trochammina nana
Cribrostomoides jeffrevsii
Eggerella advena
Polysaccammina ipohalina
Pseudothurammina limnefis
Adult Miliaimmina fusca
Juvenile Miliammuna fusca
Ammobaculites exiguus
Total identified foraminifera
Indeterminate foraminifera
Arcella sp.

Centropyxis aculeata
Centropyxis constrictus
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TABLE 4. Continued.

Plagiopyxis sp.
Cyclopyxis cf. kahli
Cyclopyxis cf. puteus
Trigonopyxis sp.
Hyalosphenia sp.

Nebela cf. collaris
Nebela cf. tubulosa
Heleopera sphagni
Distomatopyxis couillardii
Difflugia bacillariarum
Difflugia lithophila
Difflugia oblonga
Difflugia urceolata
Lagenodifflugia vas
Pontigulasia compressa
Phryganella sp.

Assulina sp.

Total identified arcellacea
Indeterminate arcellacea
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TABLE 5. Microfaunal content of the lower part of the tsunami
sand at the Meares [sland section (sample S17, Fig. 4)

Species Number %
Trochammina nana 62 38
Miltammina fusca (adult + juvenile) 39 24
Eggerella advena 22 14
Trochammina ochracea 14 9
Cribrostomoides jeffreysii 6 4
Ammobaculites exiguus 6 4
Jadammina macrescens 3 2
Remaneica helgolandica 2 1
Trochamminita salsa 2 1
Plagiopyxis sp. 2 1
Difflugia oblonga 2 1
Jadammina polystoma 1 1
Haplophragmoides wilberti 1 1
Indeterminates 10 —
Total 172

%: Rounded values.

sample from 4-6 cm depth, which includes the silt layer,
does not have an unusual faunal content that would
support a tsunami origin, but the sample below it contains
an anomalously high percentage of adult M. fusca.

Statistical analysis assigns to this last sample a paleoe-
levation at least 25 cm lower than that of samples directly
above and below it. Since there is no other evidence for a
sudden change in relative sea level of this magnitude in
recent time, we interpret these M. fusca as reworked from
the lower marsh by the 1964 tsunami. They do occur 2 cm
lower than expected, but it is possible that they were
carried alive from the lower marsh and subsequently
buried themselves in the sediment to escape the either too
dry or too hyposaline conditions at the surface of the
upper marsh. Bioturbation by other organisms is an
unsatisfactory explanation because some adult M. fusca
would be present in the 4-6 cm sample.

STATISTICAL ANALYSIS AND
INTERPRETATION

We first estimated paleoelevations by visually com-
paring the distributions of the modern and fossil data
in the same way as was done by Guilbault er al.
(1995). The interpretation that follows is based mainly
on statistical analysis, but the two approaches yielded
similar results.

We began by performing Q-mode factor analysis

TABLE 6. B-Hat matrix and paleoelevations for samples from the cemetery section (moditied from Guilbault et al.. 1995)

Sample no. Sample depth (cm) Communality Factor 1 (J. macrescens Factor 2 (M. fusca) Calculated
+ T. salsa) paleoelevation (cm)
Sl 0-2 0.9919 0.5376 0.1126 —49
S2 24 0.9977 0.7337 0.1169 —38
S3 4-6 0.9995 0.7902 0.0688 -32
S4 6-8 0.9985 0.7847 0.1953 —40
S5 8-10 0.8995 0.8796 0.0842 —28
S6 10-12 0.9864 0.9884 0.0941 -22
S7 12-14 0.9819 0.9908 0.0026 —16
S8 14-16 0.9783 0.9881 0.0431 -19
S9 16-18 0.9809 0.9902 0.0141 —-17
S10 18-20 0.9860 0.9853 0.1058 -23
S11 20-22 0.9925 0.9874 0.1221 -24
S12 22-24 0.9967 0.8692 0.4451 —52
S13 24-26 0.9854 0.7601 0.3853 —54
S14 26-27 0.9988 0.5594 0.7037 —87
S15 27-28 0.9898 0.9927 0.0087 —16
S16 28-30.5 0.9896 0.9932 0.0244 —17
S17 30.5-33 0.9607 0.9755 0.0933 -23
S18 33-35 0.9899 0.9882 0.1002 -23
S19 35-37 0.9912 0.9899 0.1052 -23
520 37-39 0.9935 0.9811 0.1599 -27
S21 3941 0.9942 0.9152 0.3585 —44
S22 41-43 0.9855 0.9343 0.2624 -36
523 43-45 0.9966 0.7103 0.6176 =73
S24 4547 0.9941 0.7707 0.5624 —66
S25 47-49 0.9919 0.3203 0.9169 —114
S26 49-51 0.9895 0.2323 0.9624 —122
S27 51-55 0.9839 0.1257 0.9814 —130
528 55-60 0.9888 0.0656 0.9899 —134

Regression equation: Paleoelevation= —66.337 (factor 1) + 56.495 (factor 2) —71.728.

Standard error of estimate, adjusted for degree of freedom: £15.8 cm.
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TABLE 7. B-Hat matrix and paleoelevations for samples from the Meares Island section

Sample Sample depth Communality Factor 1 (J. Factor 2 Factor 3 Calculated
no. (cm) macrescens + T. salsa (M. fusca) (H. wilbertiy  paleoelevation (cm)
S1 0-2 0.9986 0.9927 0.1146 —0.0023 —29
S2 2-4 0.9794 0.9827 0.0660 0.0966 —24
S3 4-6 0.9965 0.9911 0.0939 0.0731 —28
S4 6-8 0.9704 0.9083 0.3575 0.1329 —61
S5 8-10 0.9913 0.9712 0.1412 0.1677 =36
S6 10-12 0.9571 0.8455 0.1112 0.4795 =33
S7 12-14 0.9981 0.9949 0.0906 0.0064 —26
S8 14-16 0.9900 0.9911 0.0738 0.0482 -25
S9 16-18 0.9932 0.9895 0.0824 0.0853 —-27
S10 18-20 0.9966 0.9958 0.0702 —0.0095 -23
S11 20-22 0.9946 0.9944 0.0684 —0.0329 -22
S12 22-24 0.9952 0.9947 0.0735 —-0.0197 —23
S13 24-26 0.9952 0.9782 0.1939 0.0254 —40
S14 26-27.5 0.9918 0.9436 0.2960 0.1178 —54
S15 27.5-28 0.9901 0.8776 0.4506 0.1298 =73
S18 34-35 0.9969 0.9950 0.0782 —0.0285 —24
S19 35-37 0.9963 0.9934 0.0974 0.0078 —27
520 37-39 0.9962 0.9949 0.0798 —0.0051 —24
S21 3941 0.9956 0.9889 0.0991 0.0886 -29
$22 4143 0.9955 0.9892 0.0982 0.0858 —29
523 4345 0.9960 0.9943 0.0861 0.0083 —-26
S24 45-47 0.9959 0.9837 0.1598 0.0518 —36
S25 47-49 0.9940 0.9772 0.1872 0.0624 —40
$26 49-51 0.9959 0.9754 0.2094 0.0261 —42
S27 51-53 0.9770 0.8003 0.5794 0.0284 -84
S28 53-55 0.9752 0.5731 0.8034 0.0374 —-104
$29 55-57 0.9798 0.7789 0.6099 0.0334 —87
$30 57-59 0.9898 0.8866 0.4403 0.0994 -71
S31 59-61 0.9903 0.9351 0.3238 0.1054 —-57
S32 61-64 0.9961 0.9358 0.3416 0.0604 -59
S33 64-69 0.9854 0.8870 0.4188 0.1528 —69

Regression equation: Paleoelevation= —45 319 (factor 1) —135.467 (factor 2) —23.461 (factor 3) + 31 333.

Standard error of estimate, adjusted for degrees of freedom: £13.0 cm

(CABFAC program of Imbrie and Kipp, 1971) on the
modern data. Two matrices were obtained: the varimax
factor component matrix (factors vs. sites) and the
varimax factor score matrix (factors vs. species). Then,
we executed stepwise multiple regression analysis on the
varimax factor component matrix and obtained a regres-
sion equation (the ‘transfer function’) which gives
elevation as a function of species composition (RE-
GRESS program of Imbrie and Kipp, 1971). Fossil
foraminiferal assemblages were factored by applying the
program THREAD (Imbrie and Kipp, 1971) to the
varimax factor score matrix derived from the modern
samples. This yielded a varimax factor component matrix
(B-Hat matrix, Tables 6 and 7). The transfer function
determined from REGRESS was then applied to the data
in the B-Hat matrix to calculate paleoelevations of the
fossil samples (Tables 6 and 7).

We initially used all of the taxonomic categories and
all of the samples at each of the two sites. Then, we
removed, one at a time, those taxa or samples that could
bias the results. Supratidal samples weaken the linear
correlation between J. macrescens and elevation because

that species peaks in the upper marsh and disappears n
the supratidal area. In addition, freshwater samples
provide no information about elevations in the marsh.
The removal of the single freshwater sample from the
cemetery transect allowed a good correlation between J.
macrescens and elevation, leading to the estimate of
coseismic relative sea level change of 57 ¢cm reported by
Guilbault et al. (1995).

At Meares Island, the analysis was more complex
because there is a larger number of taxonomic categories.
The separation of T. salsa and J. macrescens left both
species as poor elevation indicators (Table 8), even
though they are known to concentrate in the upper marsh.
We solved this problem by grouping J. macrescens and T.
salsa. Both species have variable distributions, but their
combined numbers correlate well with elevation (R=0.82,
Table 8). Then, we removed the two supratidal samples at
the top of the transect for the same reason as at the
cemetery site. Also, we removed tidal flat samples 31 to
36 because, below a certain elevation, there is no more
faunal variation except that resulting from material
transported by Meares Creek. Finally, we removed the
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TABLE 8. Correlation between elevation and species percentage at Meares Island

Species

and arcellacea

Correlation coefficient (R):
With freshwater samples

Freshwater samples removed

with arcellacea without arcellacea

Jadammina macrescens (+ polystoma)
Trochamminita salsa (+ trregularis)

Jomacrescens + T. salsa
Haploplhragmoides wilberti
Polysaccammina ipohalina
Trochammina inflata (+ S lobata)
Adult Miliaimmina fusca

Juvenile M. fusca

Total M. fusca

Sum of arcellacea

+0.086
+0.336

+0.279
—0.033
+0.018
—0.167
—0.877
—0.553
—0.874
+0.689

+0.333 +0.488
+0.544 +0.634
+0.595 +0.816
+0 004 +0.202
+0.070 +0.168
—0.077 —0.041
—0.896 —0.889
—0.473 —0.403
—0.872 —0.858
+0.596 —

All tidal flat samples except the highest one (no. 30, Fig. 6) have been removed from the data set.

arcellacea because their modern distribution shows they
are mostly redeposited by Meares Creek.

CABFAC yielded 3 factors that explain 96.8% of the
variance of the Meares Island data. Factor | is dominated
by the sum of J. macrescens and T. salsa and accounts for
75.2% of the variance; it characterizes the upper marsh.
Factor 2 (18.6% of the variance), dominated by adult M.
fusca, is characteristic of the lower marsh. Factor 3
(3.0%) is dominated by H. wilberti its significance is not
known.

To harmonize the results from the two sites, we reran
the cemetery data with J. macrescens and T. salsa
grouped. and arcellacea removed. We also removed one
modern cemetery sample that contained only seven
specimens (sample 5) and was thus statistically invalid.
The numbers of M. fusca were modified by the ‘M. fusca
factor’ as in Guilbault ef al. (1995). CABFAC produced
three factors that explain 98.5% of the variance. They are
the same factors as at Meares Island and account for
70.7%. 23.1% and 4.7% of the variance, respectively.
REGRESS considered only the first two factors (J.
macrescens-T. salsa and adult M. fusca) in the regression
equation, rejecting the third (H. wilberti).

Figure 8 shows paleoelevation curves for the two
sections, along with standard errors calculated by the
program REGRESS. The confidence intervals for statis-
tically calculated modern elevations are compared to
measured elevations in Fig. 9(a.b). The mean absolute
value of residuals at the cemetery is about the same as
reported by Guilbault er al. (1995) (11.2 cm vs. 11.9 cm),
as are the correlation between calculated and measured
elevations (Fig. 9(c); 0.949 vs. 0.941). and the correlation
between measured elevations and residuals (Fig. 9(e):
0.315 vs. 0.337). At Meares Island, the mean absolute
value of residuals is 10.7 cm, the correlation between
calculated and measured elevations is 0.936, and the
correlation between measured elevations and residuals is
0.352 (Fig. 9(d.f)). Correlation coefficients in the 0.3 to
0.4 range indicate that there is no systematic correlation
between residuals and measured elevations (Fig. 9(e,f)).

Examination of Fig. 8 reveals that a sudden rise in
relative sea level (i.e. submergence) terminated deposi-

tion of the buried peat. This submergence is a manifesta-
tion of subsidence during a large earthquake, probably the
last great plate-boundary earthquake on the Cascadia
subduction zone (Clague and Bobrowsky, 1994a). The
magnitude of the submergence is similar at the two study
sites. The mean value for the cemetery site is 71 cm
(Table 9), whereas the mean value for the Meares Island
site is 55 cm, which includes the difference in paleoele-
vation between the top and base of the tsunami sand
(49 cm) plus the thickness of the sand itself (6 cm).

In the pre-earthquake part of the Meares Island section.
there is an apparent submergence of about the same
magnitude as the coseismic subsidence that is the focus of
our work. The change from upper to lower marsh is too
large to be explained by errors in paleoelevation estimates
(Fig. 8). or by irregularities in the distribution of fauna in
the lower marsh. The submergence is not likely due to
compaction or mass movement, and probably is not the
result of an earlier earthquake, as the change occurs over
a few samples and thus is gradual. A seismic subsidence
and rapid eustatic sea level rise are possible explanations.

DISCUSSION

The discussion of Guilbault er al. (1995) is worth
reviewing in light of the new data from Meares Island.
The limitations due to the small size of the previous
paper’s data base are much less of a problem now that a
better sampled transect from another site that is more
exposed to marine influence has given comparable
results. We nevertheless maintain that it is preferable to
interpret sections on the basis of close modern transects
because of local site differences such as the presence or
absence of streams. The vertical sampling interval that we
used at Meares Island is sufficient to provide a good
resolution of the vertical faunal changes. Problems are
more likely to result from irregularities in distribution
such as the low M. fusca contents of some lower marsh
samples (nos 25 and 27, Fig. 6). However, the confidence
interval for the calculated elevations (Fig. 9(b)) com-
pletely encloses the measured elevations along the
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FIG. 8. Graphs of calculated paleoelevations for the cemetery and Meares Island sections determined by stepwise multiple

regression analysis. The wavy vertical line marks the discontinuity at the top of the buried peat. The discontinuity coincides

with a sharp decline in paleoelevation. The shaded envelope is the standard error of estimate calculated by the program

REGRESS. The dashed segment in the Meares Island graph corresponds to sample S4, where faunal elements, probably
reworked landward by the 1964 Alaska tsunami, skew the paleoelevation estimate.

transect. This means that all calculated elevations are
reliable within the given margin of error.

Guilbault et al. (1995) wondered whether foraminiferal
tests from the buried peat had been reworked and
incorporated into the sediment immediately above, thus
biasing the interpretation towards higher elevations. At
Meares Island, a layer of tsunami sand blankets the peat
over a large area around the section and constitutes
evidence that no redeposition from the peat into the
overlying mud has taken place. The sand itself contains
too few foraminifera to be a source of error-causing
redeposition.

Goldstein and Harben (1993) and Patterson ef al.
(1994) have shown that living foraminifera can occur to a
depth of 30 cm beneath the tidal marsh surface and that
there are vanations in the composition of the living and
total assemblages with depth. Patterson et al. (1994)
further found that different zonal schemes could be
proposed for cores from their study site at Nanaimo on
Vancouver Island (Fig. 1), depending on whether the
modern samples included only the uppermost centimeter
of sediment, or the first 2 cm of sediment, or more, up to
10 cm. They observed little difference between zones
obtained with 7-cm and 10-cm modern samples. We
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FIG. 9. Graphs showing some of the results of the statistical analysis of the modern data. (a) and (b) Measured sample
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of measured vs. calculated elevations. (e) and (f) Plots of residuals (calculated elevations minus measured values) vs.
measured elevations. R is the coefficient of correlation. (a), (¢) and (e) Cemetery site: (b). (d) and (f) Meares Island site.

sampled only the uppermost 2 cm of sediment, which
may introduce a bias. However, it is the opinion of R.T.
Patterson (pers. commun., 1995) that, because the greatest
density of fauna is found just below the marsh surface, we
have enough reliable information at our disposal with a 2-
cm sampling depth to estimate paleoelevations, but that
adding modern data from greater depths would increase
accuracy. Work is now underway to investigate deep
infaunal foraminifera at other sites on Vancouver Island
where earthquake-induced subsidence has occurred.
Guilbault er al. (1995) argued that there has been no
significant change in tidal range in the Tofino area in the
last several hundred years. Any such change might alter
faunal zonation in the marshes. Supporting evidence is
the presence of living trees at least 250 years old near the
edge of the marsh along the shores of Browning Passage

and the absence of dead trees rooted in the marsh. The
presence of old trees shows that upper limit of tides has
not been noticeably higher than today since the trees
started growing, because they cannot tolerate saltwater.
Likewise, the absence of dead trees in the marsh tells us
that the sea has not risen from a lower level in the recent
past. The rather broad and deep connection between
Browning Passage and the open ocean ensures that any
increase in tidal prism, and hence salinity, due to
coseismic subsidence would be minor. Furthermore, the
fact that both sites have comparable foraminiferal
distributions as a function of elevation despite the greater
exposure of Meares Island to saltwater indicates that the
zonation is not particularly sensitive to salinity.
Guilbault et al. (1995) concluded that any coseismic
compaction would likely be small. The Holocene marsh
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TABLE 9. Estimates of coseismic change in relative sea level

Relative change in sea level (cm)

Minimum Most likely Maximum
Cemetery (Guilbault et al., 1995 statistical) 20 57 94
Cemetery (Guilbault et al., 1995 subjective) 50 68 95
Cemetery (this paper. statistical) 39 71 102
Meares Island (statistical) 29 55 80
Mcares Island (subjcctive) 41 68 84

sequences investigated here are less than 1 m thick and
overlie compact glaciomarine clay. In addition, sediment
units above the buried marsh display no systematic
differences in thickness between sites that are close to
bedrock outcrops and those that are farther away (Clague
and Bobrowsky. 1994a), which might be expected if the
sediment pile compacted significantly during the earth-
quake.

Guilbault et al. (1995) were concerned that some
of the coseismic subsidence they attempted to measure
was not recorded due to elastic rebound of the Earth’s
crust soon after the earthquake, before sediment began
to accumulate on the subsided marsh surface. To
capture as much of the post-seismic rebound as
possible, we collected a 1-cm-thick sample of sediment

above the stratigraphic discontinuity (top of buried peat)
at the cemetery site and a 0.5-cm-thick sample at the
Meares Island site. At the cemetery site, it was not
possible to prove that there was no hiatus in sedimenta-
tion following the ecarthquake, although such a hiatus
is unlikely. At Meares Island, however. an early
resumption of sedimentation is suggested by the pre-
sence of an undisturbed layer of tsunami sand on top
of the buried peat. Stems and leaves of herbaceous
plants rooted in the peat are covered by the sand,
indicating that the subsided marsh was not eroded by
the tsunami. In addition. a thin layer of sand probably
could not remain exposed for long in the intertidal zone,
more precisely in the middle marsh, without being
washed away.
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Both study sites yield comparable results for the
amount of coseismic subsidence (Table 9) and for the
period of postseismic rebound (i.e. rebound is largely
complete within 6 cm of the top of the buried peat or
tsunami sand: Fig. 8). This is strong evidence that the
subsidence and post-earthquake recovery are well re-
corded at these sites.

CONCLUSIONS

Coseismic submergence at the Tofino cemetery site,
determined by statistical analysis of foraminiferal data,
is estimated to be 71 cm (possible range: 39 to
102 cm). This is comparable to the estimates of
Guilbault er al. (1995) (most probable value: 57 cm;
range: 20 to 94 ¢m). The estimate of submergence at
Meares Island is 55 cm (range: 29 to 80 cm). The
differences between the estimates for the two sites are
not significant.

The presence of a well preserved layer of tsunami
sand above the coseismically subsided marsh surface
at the Meares Island site is an indication of good
preservation and completeness of the record. Further-
more, the similarity of the post-seismic rebound at both
sites (Fig. 8) strongly suggests that there is no hiatus
in the sedimentary sequence and that much or all of
the rebound is recorded in our samples. Each forami-
niferal zone appears to have a similar composition
and a similar vertical range over a large area along
Browning Passage, and it is unlikely that the tidal prism
in this area has changed in the last several hundred
years, altering salinity and thus invalidating our paleoe-
levation estimates. These facts give us confidence that
the estimated coseismic change in relative sea level
is reasonable and approximates the amount of coseismic
subsidence. The greatest uncertainty stems from the lack
of information about deep infaunal foraminifera. We
are encouraged by the fact that, at the cemetery section,
no Miliammina fusca have burrowed from above the
stratigraphic discontinuity into the underlying peat.
Since M. fusca concentrates in the uppermost 2 to 3 cm
of sediment in tidal marshes (Patterson et al., 1994),
the specimens of that species found just above the
discontinuity must have lived there. Thus, the most
critical samples for our interpretation would show only
minimal bias.

ACKNOWLEDGEMENTS

We thank David B. Scott (Dalhousie University) and R Timothy
Patterson (Carleton University) for advice on laboratory and field
methods, interpretation, and species identification. We also thank Brian
F. Atwater (U.S. Geological Survey), Richard Hebda (Royal British
Columbia Museum), Anne E. Jennings (University of Colorado), and
Alan R Nelson (U.S. Geological Survey) for helpful discussions.
Richard E. Thomson (Fisheries and Oceans Canada) kindly supplied us
with unpublished tidal data from the Tofino tidal station. Olav Lian
assisted 1n the field Reviews by Thane Anderson (Geological Survey of
Canada) and Roland Gehrels (University of Plymouth) improved the
paper This 1s Geological Survey of Canada Contribution 30895.

REFERENCES

Andersen, H.V. (1953) Two new species of Haplophragmoides
from the Louisiana coast. Cushman Foundation for For-
aminiferal Research, Contributions, 4, 20-22.

London, New SeriesBrady, H.B. (1881). Notes on some of the
Reticularian Rhizopoda of the ‘Challenger’ Expedition, Part
1. Quarterly Journal of Microscopical Science, 21, 31-71.

Carter, H.J. (1864). On freshwater Rhizopoda of England and
India. Annals and Magazine of Natural History, Series 3, 13,
18-39.

Clague. J.J. and Bobrowsky, P.T. (1994a). Evidence for a large
earthquake and tsunami 100400 years ago on western
Vancouver Island, British Columbia. Quaternary Research.
41. 176-184

Clague, J.J. and Bobrowsky. P.T. (1994b). Tsunami deposits
beneath tidal marshes on Vancouver Island, British
Columbia. Geological Society of America Bulletin, 106,
1293-1303

Cushman. J.A. (1933). New Arctic foraminifera collected by
Capt. R.A. Bartlett from Fox Basin and off the northeast coast
of Greenland. Smithsonian Miscellaneous Collections, 89, 1
8.

Cushman, J.A. and McCulloch, 1. (1940). Some Nonionidae 1n
the collections of the Allan Hancock Foundation. Publica-
tions of the Allan Hancock Pacific Expedition, University of
Southern California, 6, 145-178.

de Rijk, S. (1995). Salinity control on the distribution of salt
marsh foraminifera (Great Marshes, Massachusetts). Journal
of Foraminiferal Research, 25, 156-166.

Ehrenberg, G.C. (1832). Uber die Entwicklung und Lebensdauer
der Infusionsthieve, nebst ferneren Beitragen zu einer
Vergleichung threr organischen Systemen. Abhandlungen
der komglichen Akademie der Wissenschaften, Berlin, 1831,
Physikalische Abhandlungen, 1-154, pls. 1-4.

Ehrenberg, G.C. (1848). Fortgesetzte Beobachtungen uber jetzt
herrschende atmosphirische mikroskopische Verhiltnisse.
Bericht iiber die zur Bekanntmachung geeigneten Verhan-
dlungen der koniglichen Preussischen Akademie der Wis-
senschaften zu Berlin, 13, 370-381.

Fisheries and Oceans (1993). Canadian Tide and Current
Tables, 1994; Volume 6, Barklexy Sound and Discovery
Passage to Dixon Entrance. Canadian Department of Fish-
eries and Oceans, Ottawa, Ontario, 93 pp.

Goldstein, S.T. and Harben, E.B. (1993). Taphofacies implica-
tions of infaunal foraminiferal assemblages 1n a Georgia salt
marsh, Sapelo Island. Micropaleontology, 39, 53-62.

Guilbault, J.-P., Clague, J.J. and Lapointe, M. (1995). Amount
of subsidence during a late Holocene earthquake-evidence
from fossil marsh foraminifera at Vancouver Island, west
coast of Canada. Palaeogeography, Palaeoclimatology,
Palaeoecology, 118, 49-71.

Haynes, J.R. (1973). Cardigan Bay Recent foraminifera. Bulletin
of the British Museum (Natural History), Zoology,
Supplement, 4, 245 pp.

Huntley, D.J. and Clague, J.J. (1996). Optical dating of tsunami-
laid sands. Quaternary Research, 46, in press

Imbrie, J. and Kipp, N.G. (1971). A new micropaleontological
method for quantitative paleoclimatology; application to a
late Pleistocene Caribbean core. /n: Turekian, K.K. (ed.). The
Late Cenozoic Glacial Ages. pp. 71-181. Yale University
Press, New Haven, Connecticut.

Jennings, A.E. and Nelson, A.R. (1992). Foraminiferal assem-
blage zones in Oregon tidal marshes—relation to marsh floral
zones and sea level. Journal of Foraminiferal Research, 22,
13-29.

Jennings, A.E., Nelson, A.R., Scott, D.B. and Aravena, J.C.
(1995). Marsh foraminiferal assemblages 1n the Valdivia
estuary, south-central Chile, relative to vascular plants and
sea level. Journal of Coastal Research, 11, 107-123.



936 Quaternary Science Reviews: Volume 15

Jonasson, K.E. and Patterson, R.T. (1992). Preservation
potential of marsh foraminifera from the Fraser River delta,
British Columbia. Micropaleontology, 38, 289-301.

Lamarck, J.-B. (1816). Histoire naturelle des animaux sans
vertebres. Verdiere (Paris), 2, 568 pp.

Lankford, R.R. and Phleger, F.B. (1973). Foraminifera from the
nearshore turbulent zone, western North America. Journal of
Foraminiferal Research, 3, 101-132.

Leidy, J. (1874). Notice on some rhizopods. Academy of Natural
Sciences of Philadelphia Proceedings, Series 3, pp. 155-157.

Loeblich, A.R. and Tappan, H. (1953). Studies of Arctic
Foraminifera. Smithsonian Miscellaneous Collections, 121,
150 pp.

Medioli, F.S. and Scott, D.B. (1983). Holocene Arcellacea
(Thecamoebians) from eastern Canada. Cushman Foundation
for Foraminiferal Research, Special Publication, 21, 63 pp.

Murray, J.W. (1971). An Atlas of British Recent Foraminiferids.
Heinemann Educational Books, London, 244 pp.

Ogden. C.G. and Hedley. R.H. (1980). An Atlas of Freshwater
Testate Amoebae. British Museum (Natural History), London,
222 pp.

Parker, F., Phleger, F.B. and Peirson, J.F. (1953). Ecology of
foraminifera from San Antonio Bay and environs, southwest
Texas. Cushman Foundation for Foraminiferal Research,
Special Publication, 2,75 pp.

Patterson, R.T. (1990a). Intertidal benthic foraminiferal biofa-
cies on the Fraser River Delta, British Columbia: modern
distribution and paleoecological importance.
Micropaleontology, 36, 229-244.

Patterson, R.T. (1990b). New and renamed species of benthic
foraminifera from the Pleistocene Santa Barbara Formation of
California. Journal of Paleontology, 64, 681-691.

Patterson, R.T., Ozarko, D.L.. Guilbault, J.-P. and Clague, J.J.
(1994). Distribution and preservation potential of marsh
foraminiferal biofacies from the Lower Mainland & Van-
couver Island, British Columbia. Geological Society of
America, Abstracts with Programs, 267, A-530.

Phleger, F.B. (1967). Marsh foraminiferal patterns, Pacific coast
of North America, Universidad Nacional Autonoma de
México, Instituto de Biologia Anales 38. ser. Ciencia del
Mar y Limnologia, 1, 11-38.

Rhumbler, L. (1938). Foraminiferen aus dem Meeressand von
Helgoland, gesammelt von A. Remane (Kiel). Kieler
Mecresforschungen, 2, 157-222.

Scott. D B. and Medioli, F.S. (1980) Quantitative studies of
marsh foraminiferal distributions 1n Nova Scotia: implica-
tions for sea level studies. Cushman Foundation for
Foraminiferal Research, Special Publication, 17, 58 pp.

Scott, D.B., Schafer, C.T. and Medioli, F.S. (1980). Eastern
Canadian estuarine foraminifera: a framework for
comparison. Journal of Foraminiferal Research, 10, 205—
234,

Scott, D.B., Williamson, M.A. and Duffett, T.E. (1981). Marsh
foraminifera at Prince Edward Island: their recent distribution
and application for former sea level studies. Maritime
Sediments and Atlantic Geology, 17, 98-129.

Scott, D.B., Schnack, E.J., Ferrero, L., Espinosa, M. and
Barbosa, C.F. (1990). Recent marsh foraminifera from the
east coast of South America—companson to the Northern
Hemisphere. In: Hemleben, C., Scott, D.B., Kaminski, M.A.
and Kuhnt, W. (eds). Paleoecology, Biostratigraphy, Paleo-
ceanography, and Taxonomy of Agglutinated Foraminifera,
pp. 717-738. Kluwer, Dordrecht, Proceedings of NATO ASI/
Series C, Vol. 327.

Scott, D.B., Suter, J.R. and Kosters, E.C. (1991). Marsh
foraminifera and arcellaceans of the lower Mississippi Delta:
controls on spatial distributions. Micropaleontology, 37, 373—
392.

Stuiver, M. and Pearson, G.W. (1993). High-precision bidecadal
calibration of the radiocarbon time scale, AD 1950-500 BC
and 2500-6000 BC. Radiocarbon, 35, 1-23.

Thomson, R.E. (1981). Oceanography of the British Columbia
coast. Canadian Special Publication of Fisheries and Aquatic
Sciences, 56, 291 pp.

Williams, H.F.L. (1989). Foraminiferal zonation on the Fraser
River delta and their application to paleoenvironmental
interpretations. Palaeogeography, Palaeoclimatology,
Palaeoecology, 73, 39-50.

Williamson, W.C. (1858). On the Recent Foraminifera of Great
Britain. Ray Society Publications, 107 pp.

APPENDIX: TAXONOMIC NOTES

Complementary faunal reference list

Guilbault et al. (1995) provided a synonym list for the
species they observed at the cemetery site. Most of the
species reported in the present paper are the same; the
following list includes only species that were not reported
by Guilbault et al. (1995).

Cribrostomoides jeffreysii (Williamson)

Nonionina jeffreysii Williamson, 1858, p. 34, pl. 3, Figs
72-73.

Alveolophragmium jeffreysii (Williamson). Loeblich and
Tappan, 1953, p. 31, pl. 3. Figs 4-7.

Cribrostomoides jeffreysii (Williamson). Murray, 1971, p.
23, pl. 4, Figs 1-5.

Difflugia globulus (Ehrenberg)

Arcella ? globulus Ehrenberg, 1848, p. 379.

Difflugia globulus Medioli and Scott, 1983, p. 24, pl. 5,
Figs 1-15.

Difflugia lithophila Penard

Difflugia lithophila Penard. Ogden and Hedley, 1980, p.
142, pl. 60.

Difflugia oblonga (Ehrenberg)

Difflugia oblonga Ehrenberg, 1832, p. 90.

Difflugia protaeiformis Lamarck

Difflugia protaeiformis Lamarck, 1816, p. 95.

Difflugia urceolata Carter

Difflugia urceolata Carter, 1864, p. 27, pl. 1, Fig. 7.
Elphidium frigidum Cushman

Elphidium frigidum Cushman, 1933, p. 5, pl. 1, Fig. 8.
Elphidium lene (Cushman and McCulloch)

Elphidium incertum (Williamson) var. lene Cushman and
McCulloch, 1940. p. 170, pl. 19, Figs 2, 4.
Cribrononion lene (Cushman and McCulloch). Lankford
and Phleger, 1973, p. 118, pl. 3, Fig. 18.

Remark: Our specimens belong to a morphotype of
Elphidium excavatum (Terquem) which differs from
the published morphotypes clavata, excavata, selseyen-
sis. and lidoensis. They resemble Elphidium lene, which
probably also is a morphotype of Elphidium excava-
tum.

Elphidium williamsoni Haynes

Elphidium williumsoni Haynes, 1973, p. 207, pl. 24 Fig.
7, pl. 25 Figs 6, 9, pl. 27 Figs 1-3.

Epistominella vitrea Parker

Epistominella vitrea Parker in Parker et al., 1953, p. 9, pl.
4, Figs 34-36, 40, 41.

Glabratella luxuribulla Patterson

Glabratella luxuribulla Patterson, 1990b, p. 689, Figs
6.6-6.9, 7.1, 7.2.

Haplophragmoides manilaensis Andersen
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Haplophragmoides manilaensis Andersen, 1953, p. 21,
pl. 4, Fig. 8.

Haplophragmoides bonplandi Todd and Bronniman.
Scott and Medioli, 1980, p. 40, pl. 2, Figs 4, 5.
Remarks: Scott et al. (1991) suggest that H. manilaensis
may be synonymous with Haplophragmoides wilberti, but
we prefer to separate the two until more data are
available. Our material resembles the Haplophragmoides
bonplandi illustrated by Scott and Medioli (1980).
Lagenodifflugia vas (Leidy)

Difflugia vas Leidy, 1874, p. 155.

Lagenodiffiugia vas (Leidy). Medioli and Scott, 1983, p.
33, pl. 2, Figs 18-23, 27, 28.

Nebela tubulosa Penard

Nebela tubulosa Penard. Ogden and Hedley, 1980, p. 112,
pl. 45.

Pontigulasia compressa (Carter)

Difflugia compressa Carter, 1864, p. 22, pl. 1, Figs 5, 6.
Pontigulasia compressa (Carter). Medioli and Scott,
1983, p. 35, pl. 6, Figs 5-14.

Remaneica helgolandica Rhumbler

Remaneica helgolandica Rhumbler, 1938, p. 194.
Trochammina nana (Brady)

Haplophragmium nana Brady, 1881, p. 50.
Trochammina nana (Brady). Loeblich and Tappan. 1953,
p. 50, pl. 8, Fig. 5.0

Remarks on morphotypes

Morphotypes of some of the foraminiferal species were
counted separately in the hope that they might have
paleoenvironmental significance. Jadammina macrescens
was counted separately from Jadammina macrescens
morphotype polystoma because the latter seems to prefer
more saline settings (Scott and Medioli, 1980; de Rijk,
1995). Large Haplophragmoides wilberti with eight or

more fully developed chambers in the last whorl were
abundant in one sample near the top of the cemetery
transect and thus were counted separately from specimens
with fewer chambers. Siphotrochammina lobata may be a
morphotype of Trochammina inflata, but until the two are
proven to be synonyms, we will keep them separate.
Trochamminita irregularis, a variant of Trochamminita
salsa (Jennings et al., 1995), was also counted separately
from the typical morphotype, but only at the Meares
Island site. Many, maybe most. of the specimens of T.
salsa observed by Guilbault er al. (1995) at the cemetery
site were mistakenly counted as Jadammina macrescens
morphotype polvstoma. This is probably one of the
reasons for the higher recorded number of T. salsa at
Meares [sland.

Guilbault et al. (1995) observed that the upper part of
the upper marsh at the cemetery site contained abundant
juvenile Miliammina fusca and almost no adults, whereas
adults were more abundant than juveniles elsewhere in
the marsh. This suggests marginal living conditions for
that species in the uppermost marsh. Guilbault er al.
(1995) introduced a ‘M. fusca index’ to take into account
the variations in the juvenile : adult ratio at the cemetery
site. The distinction between juvenile and adult was made
on the basis of the length of the test, the boundary being
set arbitrarily at 183 pm. At Meares Island, adult and
juvenile M. fusca were counted separately: adults
dominate at lower elevations and decrease rapidly
upward, whereas juveniles have a much more regular
distribution except near the top of the transect (Fig. 10).

Of these various attempts at separating morphotypes,
the only one to give useful results for the paleoenviron-
mental interpretation was the discrimination between adult
and juvenile Miliammina fusca. However, all morphotypes
that are not specified in the text as having been grouped
were kept separate in the statistical analysis.
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LIQUEFACTION AND VARVE DEFORMATION AS EVIDENCE OF
PALEOSEISMIC EVENTS AND TSUNAMIS.
THE AUTUMN 10,430 BP CASE IN SWEDEN

NILS-AXEL MORNER
Paleogeophysics & Geodynamics, Stockholm University, S-10691 Stockholm, Sweden

Liquefaction and deformations of annually varved sediments provide information on paleoseismic
events. The evidence for a major earthquake and associated tsunami waves in Sweden are explored.
Thanks to the varve chronology. liquefaction structures and varve deformations caused by this event
can be dated at the autumn 10,430 varve years BP. The magnitude is estimated at 8 (or more) on the
Richter scale. The tsunami washed the previously blocked outlet of the Baltic free of icebergs and
pack-ice so that marine water could suddenly invade the entire Baltic, forming the Yoldia Sea.
Copyright © 1996 Elsevier Science Ltd

Abstract — Coastal seismic events generate instantaneous changes in relative sea level (1.e. land
level vs sea level). Tsunamis may cause disastrous damage to coasts and coastal habitation. Q S R

INTRODUCTION may become suddenly broken and even reversed. This is,
for example, the case of the Greece record studied by
The changes in relative sea level are the combined Pirazzoli et al. (1981) where 10 events of moderate
function of all changes in the level of the sea surface and subsidence suddenly were followed by a 2.8 m uplift
the level of the land surface (e.g. Morner, 1987). These followed by 1500 years of quiescence (Fig. 3).
variables include parameters of quite different application In intra-plate and cratonal regions, the situation is quite
with respect to time and amphtude (Fig. 1). We are different. These regions are often termed ‘stable’ or
dealing with different spectra of sea and land level seismically ‘quiet’. This is misleading and incorrect. We
changes, respectively (Morner, 1996a). have now understood that even a seemingly low-activity
We may argue about what part of these spectra (Figs area may suddenly experience quite drastic events.
1A and B) that can be classified as generating ‘rapid Whether these represent singular stochastic events or
changes in sea level’. This paper will deal with long-term strain and stress build-up/release, is not known.
‘instantaneous’ changes in land and sea level by means In formerly glaciated areas like Fennoscandia, we have
of seismo-tectonics and tsunamis as exemplified by the understood that the seismic situation, at the time of
sedimentological criteria of a major paleoseismic event in deglaciation and peak-rates of glacial isostatic uplift, was
Sweden dated at the autumn of varve 10,430 BP. quite different from that of today (e.g. Morner, 1991).

This is illustrated by a time/magnitude relation super-

L imposed on a parabolic (glacial isostatic) function instead
Paleoseimicity of a linear function (Fig. 2B).
It is well known that present day earthquakes primarily
are concentrated along plate boundaries and spreading
centres (i.e. the so-called high-seismic zones). In these
areas, seismicity usually exhibits some sort of recur-

. . . Paleo-Tsunamis
rences-time and lateral segmentation activity. Present day °

seismic recurrence is measured in time/magnitude rela- Coastal and submarine vertical fault movements and
tions. The recurrence time of paleoseismic events is huge submarine slides may set up special ocean waves of
measured in time/fault-offset relations or simply in time/ extraordinary wave lengths, known as tsunamis (e.g.
seismic repetition. Some linear or semi-linear relation can Bretschneider, 1982). When these waves break against a
often be established (Fig. 2A). This is a fairly powerful coast they may rise to immense sizes of several tens of
tool for semi-quantitative predictions of near-future meters height (even up to 100 m) which usually causes
events. Sometimes, however, a long unidirectional trend disastrous coastal damage. The Lisbon 1755 event is
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FIG. 1. Relations between time and amplitude (rates) of different variables controlling the ocean level (A) and the land level
(B). Scales 1in 10 potency: D=1 day, H=1 hour. M=1 minute, S=1 second (from Mérner, 1996a).

classic (e.g. Dawson et al., 1994). A few examples are
given in Table 1.

We have quite recently started to appreciate that such
tsunami events also occurred in the past (i.e. paleo-
tsunamis). Even in regions like the North Sea, such events
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FIG. 2. Schematic illustrations of the time/magnitude relation of

instrumental and historical earthquakes n high-seismic zones

(A) and the time/offset relation of paleoseismic events in

cratonal Fennoscandia superposed on a parabolic trend of the
glacial 1sostatic uplift (B).

have been reported (Dawson ef al., 1988). In this paper I
will discuss a very large event which occurred in the
Baltic 10,430 BP.

MATERIAL AND METHODS

At the peak-rate of glacial isostatic uplift around
10,000 BP. the Swedish bedrock rose by 10 ¢m (in the
south) to 50 ¢m (in the center of uplifl) per year (Morner,
1979). This is an enormous rate and by far exceeds the
horizontal rates recorded in the high-seismic zones of the
globe today. Hence, it is by no means surprising to find —
rather what one would expect — that this period of uplift
was characterized by a very high seismic activity (both in
amplitude and frequency). Besides the vertical uplift,
there were horizontal extensional forces in the tangential
and radial directions of uplift. The strain rates were 2
orders of magnitude larger than those of today, and
differently directed with respect to the long-term forces
from the opening of the Atlantic (Morner, 1991).

Our observational records of Fennoscandian paleoseis-
micity include morphological elements such as fault-
scarps, fractures, ‘blown-up’ rock surfaces and hills
turned into block/bedrock cave systems, sediment defor-
mations and liquefactions (see review in Morner and
Troften, 1993). The length/height of the fault-scarps give
some information on the magnitudes involved (e.g.
Slemmons, 1982). So do the different types and shapes
of bedrock deformation (Nikonov, 1996). Liquefaction is
known from Italy to commence at MCS-magnitude 6.8
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FIG. 3. Time/offset relations of the island of Antikythira for the last 4000 years (based on data from Pirazzoli et al., 1981).
After 10 events of subsidencc, the picture suddenly reversed to a 2.8 m uplift followed by a long period ot quiescence.

with a linearly increasing relation between magnitude and
distance from the epicenter (Galli and Meloni, 1993; Galli
and Ferreli, 1995).

The dating of paleoseismic events is usually a difficult
problem. In Sweden, the situation is different, however.
Thanks to the Swedish Varve Chronology (De Geer,
1940; Stromberg, 1989; Brunnberg, 1995), we are often
able to date a past event with an accuracy of 1 year (in the
case here discussed, even to the season of a year). Table 2
lists some major paleoseismic events in Sweden together
with three large historical events.

In a few cases, we can establish the recurrence time on

a yearly basis; so, for example, are we able to define three
(probably, at least, five) events with a time spacing of
only about 20 years in the Stockholm region (Table 2; e.g.
Moérner and Tréften, 1993).

The occurrence of certain ‘seismites’ in the varve
records, allows us to define — with an annual time
resolution — the areas of deformation of one single event.
So, for example, are sediment deformations recorded over
120x120 km for the Sundsvall 9287 BP event, over
220x30 km for the Iggesund 9663 BP event and over
320x60 km for the Mariefred-Stockholm 10,430 BP
event (Table 2).

TABLE 1. Some historical tsunamis (for further information, see ¢.g. Dawson et al., 1994) and two paleo-tsunamis (Dawson et al., 1988;
Morner, this paper)

Time Place Comments

1995 Chile erosion, sand deposition, lake 1ngression

1992 Indonesia erosion, sand deposition (I m sand in a house)

1992 Nicaragua extensive erosion/resedimentation

1964 Alaska sand and silt deposited up 67 m a.s.l.

1960 Chile sand deposition some 4 km inlands

1952 Hawaii sand deposition of the airport ramp

1946 Hawaii roads and parkinglots covered by sand

1869 Hawaii an old church covered by sand and coral blocks

1868 Hawaii trees covered by 2 m sand

1771 Japan pieces of coral thrown up 85 m a.s.l.

1755 Poriugal severe destruction of Lisbon, sand and fish thrown up on land

7200 BP Norway the big Storegga Slide with significant effects along the coasts of Norway and Scotland
10,430 BP Sweden free-washing of the Narke Strait allowing marine water suddenly to invade the Baltic (Yoldia Sea)
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TABLE 2. Some very large palcoseismic events tn Sweden (age n years BP) and
three historical earthquakes (age in years AD) of moderate magnitude

Age Magnitude Name/location Rel.
~12,000 6-7 Aspo (subglacial) 1
11.700 >7 Kinnarumma 23
10,469 67 Stockholm-1 3
10.447 6-7 Stockholm-2 3
aut. 10,430 >8 Marietred-1/Stockholm-3 345
~10.400 6-7 Billingen 5.3.2
9663 7-8 Iggesund 6.2
9287 6-7 Sundsvall 2
~9150 >8 Lansjary 7
~9000 >8 Parve R(3.5)
~8500 77 Sturuman (to be confirmed) 2
~3500 6-7 Mariefred-2 29
~ 1000 6-7 Torekov (to be confirmed) 23
AD 1497 >4.8 Vanern 10
AD 1759 >5.3 Skagerack-Bohuslan 10
AD 1904 >5.4 Bohuslan-Skagerack 10

Retferences (1) Morner, 1993, (2) unpublished material. (3) ¢ ¢ Morner and Troften, 1993,
() Morner, 1996b, (5) Morner, 1985, (6) Sjoberg. 1994, (7) ¢ ¢ Lagerback, 1990, (8) ¢ ¢
Lundgvist and Lagerback, 1976: (9) Morner, 1995 & 1996. (1) histoncal data (e ¢ Kijko et

al . 1992)

DISCUSSION: THE 10,430 BP EVENT

When the ice receded over southern Sweden, a huge ice
dammed lake (the Baltic Ice Lake) was formed in the
Baltic depression. When the ice halted during the
Younger Dryas Stadial. building up extensive terminal
moraines all around Fennoscandia, the Baltic Ice Lake
was dammed some 26 m a.s.l. When the ice later receded
from the northern slope of the damming mountain (Mt
Billingen), the entire ice lake drained to the level of the
sea. This occurred at 10,740 varve years BP (Fig. 4). Yet
no saltwater entered into the Baltic. The outlet changed
from the Strait of Oresund in the south to the Narke Strat
in south-central Sweden. In the Baltic, fully lacustrine
conditions prevailed with an Ancylus-fauna living along
the shores of the islands of Oland and Gotland (Mbrner,
1995) and a lacustrine diatom flora recorded both 1n the
Nirke Strait area (Florin, 1944) and in the Oland region
(Thomasson. 1927).

Atvarve 10,430 BP (De Geer's varve-1073), there was a
sudden ingression of saltwater changing the character of
the varves both in Sweden and Finland. By definition (e.g.
De Geer, 1940), this marks the onset of the Yoldia Sea
stage in the Baltic (Fig. 4). Originally. it was correlated
with the drainage of the Baltic Ice Lake at Billingen (De
Geer, 1940; Caldentus, 1944). This was fully logical as the
sudden, I-year, ingression of saltwater called for a very
drastic causation event. We now know (Morner, 1995;
Brunnberg. 1995) that there is, in fact, a period of 310
years of fully freshwater conditions (Fig. 4) between the
drainage (10.740 BP) and the ingression (10,430 BP). This
calls for a significant reinterpretation (Mdorner, 1995).

It implies that the classical drainage of the Baltic Ice
Lake (e.g. Caldenius, 1944 Bjorck and Diegerteldt. 1984
Bjorek. 1995; Gliickert, 1995) occurred much earlier and

in no way affected the sudden ingression of saltwater to
the Baltic. The ingression of marine water to the Baltic —
though 1t had been on a level with the sea tor 310 years —
calls for another mechanism that can cxplain both the
rapidity (within less than | year) and the extension (the
entire Baltic) of the change in environmental conditions
at varve 10,430 BP.

I have previously called attention to the fact that the
sudden ingression of saltwater is hinked to a varve
characterized by strong turbidite transport with unusual
deposition (sand-beds within the clay) at many places and
erosion in other places in this very varve (known as varve
-1073). L. therelore, proposed that this varve represents a
major palcoscismic event (Morner, 1980, 1985). Not until
later. however, was the additional 310 years between the
end of the Baltic Ice Lake and the onset of the truc Yoldiua
Sea (yensu stricti) understood (Morner, 1995). This
means that the seirsmic event of varve-1073
(=10.430 BP) has to represent a major earthquake that
caused the Narke outlet area suddenly to become open —
free of pack-ice and icebergs — so that the marine water
could enter into the Baltic. The area s traversed by an
extensive E-W fault. Because relative sea level was some
150-200 m higher 1 the Stockholm-Nirke area at that
time. a scismo-tectonic fault displacement 1s likely to
have set up a considerable tsunami wave. 1t was therefore
proposed (Mdrner, 1995) that (1) the Baltic Ice Lake
drained at 10,740 BP, that (2) it was followed by totally
reshwater stage of 310 years’ duration. and that (3) in the
year 10430 BP a major earthquake occurred that set up a
tsunami wave which washed the Narke Strait free of
icebergs and pack-ice so that the marine water could
suddenly invade the Baltic basin forming the Yoldia Sca
stage (sensi strictit).

In 1995, a number of remarkable stratigraphic
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FIG. 4. Positions of the ice margin at the time of the drainage of the Baltic lee Lake at 10.740 varves BP and at the time of

the sadden ingression of marine water at 10,430 varves BP in association with a huge carthquake and tsunami in the autumn

ol that vear. Stars give the location of the section west (Figs 8=12) and south (Figs 5-7) of Stockholm here discussed. B=Mt
Billingen. N=the Niirke Strait.

F1G. 3. Contorted and liquetied varves pre-dating the seismic deformation event troad cut south ol Stockholn).
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FIG. 6. Differential deformation of varves (road cut south of Stockholm). An undeformed fine laminated layer separates a
lower part of contorted varves from an upper unit of pop-up-hke deformation.

FIG. 7. Muttiple liquefaction phenomena occur in this gravel pit (Olivelund. south of Stockholm). In this picture. we see an
upper, Targe-scale, liquefaction structure of finer deposits pushing/rising upwards through coarser sand and a4 lower. pocket-
like. slide, faulted downwards (to the right of the [ m scale).

FIG. 8. The glacially well-polished and striated bedrock surface to the right was down-faulted in latest glacial to early
postglacial time by some 6~8 m. This N-S directed fault represents a sccondary fault to the main E W fault (rail road cut
west of Laggesta).
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=

FIG. 9. The wavy layers give evidence of a significant ground acceleration that shaked and swung the sediment surface nto
this pattern. Below follows a unit of contorted and liquefied sand and silt, and further down a liquefied and laulted sand unit
(rail road cut at Ryssjobrink, west of Stockholm).

sequences were made available in connection with the

construction of a new railroad and motorway west of

Stockholm (between Mariefred and Sodertdlje) and a new
road south of Stockholm (between Stockholm and
Nynidshamn). These records give evidence of extensive
liquefaction and varve deformation (Figs 5-12), the
details and character of which indicate that they can only
have been generated by a very large earthquake (cf.
Cakmak and Herrera, 1989; Lucchi, 1995; Galli and

FIG. 10. Detail of a long road cut (at Turinge west of
Stockholm) showing strongly liquefied silty-sandy beds that
penctrate up through the lacustrine varve unit where it stops just
where the environment changes to brackish-marine varved clay.

Ferreli, 1995). Judging from the size of the area of
deformation and the magnitude/distance from epicenter
graph of Galli and Melont (1993) for liquefaction
structures., the earthquake should be in the order of 8
(or more) on the Richter scale. This is also the area of a
major, pre-existing, E—-W fault which seems to have been
reactivated at about the time of deglaciation (Morner,
1985). A displacement along this fault, at that time below

FIG. 11. The change from freshwater varves to brackish-marine

varves 1s very well expressed in this section (marked by the

pen). The arca was deglaciated 35 varves before this environ-

mental change took place. Some 60-70 varves were counted and

measured in details (road tunncl section at Turinge west of
Stockholm).
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FIG. 312, The erosive contact between the two clay umits some 10 m north ol the concordant section shown in Fig. 11, The

depression on the left side of the picture began to fill up again (restored quict condition alter an event of deformation) in the

autumn of varve 10430 BP indicating that the paleoscismic event occurred i the aatumn this very yvear, The sudden varve

enviconmental change. refers to the sudden mgression of marine water at this very moment (cdue to the tsunamn ushing ol
the Nirke Strait).

some 150-200 m of water, is almost bound 1o set up a
considerable tsunami wave. The actual occurrence ol a

tsunami seems indicated by the sudden (ree-washing of

the Nirke Strait and ingression ol saltwater. und the
occurrence of sand layers in small lake-basins. Some old
diatomological records (Florin, 1944) show that these
sand layers are associated with a sudden onsct of marine
conditions (further studies arc now in progress).

The new sedimentary scquences merit spectal attention
(Morner er al.. 1996 Mdrner, 1996b).

Along an 8-km new road south of Stockholm, there are
numcrous sites of remarkable deformations of the varves
(Figs 5 and 6). including faulting. contortion, folding,
fiquelaction, pop-up like features. thick beds tilted in
vertical position. turbidides and erosion. Multiple Tigue

ey

laction structures are recorded in o gravel pit (Fig. 7). The
ground acceleration must have been considerable.

West ol Stockholm, there are a number of sections that
provide exceptionally clear evidence of high-amphitude
ground shaking with generation of liquefactions and other
types of deformations. Figure 8 shows a fault of 6=8 m
that may have moved just at the time in question. The
fault surface contains melted silica. foliated rock,
carbonate precipitation and unconsohdated fracturc-fill.
The road section in Fig. 9 shows a lower sand unit
including liquelied and faulted structures, a completely
contorded middle unit and an upper unit ol shaken.
stratified sand layers. Figure 10 represents a large section
with numerous different types of deformation and
liquefaction phenomena. As the liqueficd sand penetrates
up into the covering clay unit, the causation event must
have occurred some time after the deglaciation when the
deposition of glacial clay was going on. In a near-by
varved clay scquence. we were able o dale the event not
only o the year but also to the scason of the ycar: the
autumn 10,430 BP.

In this section, there is a beautiful sequence of glacial

varves. Some 60-70 individual varves were measured and
counted. The change from freshwater to saltwater
covironment 1s very clear (Fig. 11} 1t oceurred 35 varves
after the deglaciation (i.e. at a time when the 1ce margin
was some 7 km farther to the north). The main part ol the
section cxhibits o concordant chunge from the Jower
lacustrine varves o the upper brackish-marine varves
(Fig. 11, Laterally. howcever, there were significant
disturbances in the fower varve umit and at the contact
between the two units. here crosive (Fig. 12). The first
sediments (0 be deposited 1n a small erosional trough —
i.c. the deposits that represented the restoration ol quict
conditions after the deformation event — were  the
autumn and  winter parts of the first saltwater varve.
Fhe summer part ol this varve was missing. We therelore
concluded that the major paleoseismic event responsible
for all the deformation recorded in the arca, must have
occurred in the autumn of the year when marine waler
suddenly ushed into the Baltic basin. We know that the
first full varve 10 denote this ingression dates at the vear
10,429 BP (the old varve -1073 = -1191 1 the revised
chronology of Strémberg. 1989). Hence, we can date the
big carthquake and the related tsunami at the autunm of
the vear before: 1.e. 10430 BP.

ANALOGUES

The relationship between liquefaction structures and
earthquakes is well cstablished (c.g. Galli and Melont,
1993; Galli and Ferreli, 1995). The sedimentological
characteristics are usually well defined (e.g. Cakmak and
Herrera, 1989: Lucchi. 19950 Galli and Ferreli, 1995).

Liquefaction in sandy-silty deposits have been reported
in association with the post-glacial carthquake along the
Lansjdry Fault in northern Sweden (Lagerbick, 1991, In
Southern Sweden, only a few limited cxamples were
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FIG. 130 Secuon trom Mejullones Penmsula north of Antotagasta. Chitle. "Concrctions” in oft=shore ~ilt and sand represent
small-seale diapiric mounds of silt intruded into the covering sandy beds. With time. the silt mounds have become cemented.
whilst the sandy deposits have remained casily eroded altowing wind to expose the cemented structures. No doubt, we are
here seeing fossil liquetaction structures from marine deposits of Late Plhocene or Early Pleistocence age (photo: Moruoer,

previously  known (c.g. Morner, 19850 Morner and
Troflen, 1993).

Deformations and  liquelaction structures in glacjal
lacustrine sediments have been reported from Scotland
(Ringrose, 1989).

Because Chile represents a high-scismic arca. 1t s
stgnificant that similar, not to say identical. hquelaction

structures were recorded o uplifted  marine beds of

Pliocene—Pleistocence age north of Antofagasta (Fig. 13).
Differential crosion has here exposed the cemented
ligueficd silt in three dimensions so that the upwards
mjection and mushroom-pattern arc casily seen.

CONCLUSIONS

In the autumn 10430 BP. 4 major earthquake occurred
along the E-W fault south and west ol Stockholin. The
ground acceleration caused extensive deformations and
liquelactions. Judging from the area of deformation, the
corresponding magnitude 1s likely to be m the order of 8
(or more) on the Richter scale. This sub-agucous cvent set

up @ tsunami wave that washed the ™drke Strait free of

icebergs and pack-ice so that marine water could

suddenly mvade the entire Baltic basin within 1 vcar.
The identification of the arcal distribution ol single

liquefaction events by means ol a firm varve chronology

wilth an annual time resolution provides d new method of

estimating the intensity  (magnitude) of paleosetsmic
events.
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Abstract — Coralline algac that may be predominant in the upper part of the intralittoral zone
along rocky shorelines proved to be a useful indicator of rapid coastal uplift. As these encrusting
algac cannot survive desiccation, even for short periods at low tide, they can provide estimates of
positive vertical motions like those which may accompany seismic events. The desiccation of a
fringe of the algal encrustment, at the base of the intertidal area (=infralittoral fringe), combined
with clfects of solar radiation rapidly kills the organisms. This niortality results 1n a conspicuous
alteration of the pigmentation from pink/beige/reddish to white. After the July 30, 1995 Antofagasta
earthquake (M,, 8.1). in northern Chile, such a white fringe appeared in some parts of the bay of
Antofagasta and surroundings. The width of the dead algae fringe varied from 0 to more than 1.8 m.
The widest observed widths are related to local parametres {exposition to wave splash, geometric
disposition) that account for an amplitication of the width of the dead algae fringe, and must be
identificd. Thus, a carcful study of cach locality led us to determine the extent of the coastal areas
that had been uplifted. and to reconstruct, with a preciston of the order of 2 cm. the amount of the
vertical deformation along the Antofagasta Bay and southern Mejillones Peninsula.

It was thus shown that the coastline bordering the town of Antofagasta suffered practically no
coscismic uplift, while areas to the south and to the west of Antofagasta Bay proved to have been
uplifted by as much as 25 and 40 cm. respectively. The maximum uplift (80 ¢m) was seen at the
southwestern tip of the peninsula of Mejillones. These precise reconstructions are of great help for
the calibration of geodetic studies performed independently and for the modelling of the coseismic

deformation at a regional scale. Copyright © 1996 Elsevier Science Ltd

CORALLINE ALGAE AND COASTAL
INSTABILITY

For almost one and a halt centuries (Darwin, 1846),
intertidal organisms and upper subtidal algae have been
used, although not systematically, to document coastal
uplift, particularly in the case of coseismic motions
(Plafker, 1964; Johansen, 1971; Lebednik, 1973: Bodin
and Klinger, 1986). In Chile, studies performed in relation
to the 3 March 1985, M, 7.8 earthquake focused on the
post-scismic displacement of cirripeds, molluscs and kelp
algac (Lessonia nigrescens), giving major importance to
the subsequent reorganisation of the vertical zonation in
the intertidal area (Castilla, 1988; Castilla and Oliva,
1990). In these papers therc was only a brief mention of
the death and bleaching of ‘lithothamnioid algac’ that
preceded the downward shift of the lower level of kelp
beds (L. nigrescens). It must be noted that for thc March
1985 Chilean earthquake. unlike the cases of the Alaskan
(Plafker, 1964; Johansen, 1971) and Mexican (Bodin and
Klinger, 1986) earthquakes, coralline algae were not
actually used to evaluate the amount of coseismic uplift.

The group of coralline algae pertain to the Corallina-
caea family (Rhodophyta, Cryptonemiales). This family

949

is characterised by the presence of calcium carbonate in
the cell walls that confers to most of the genus the
possibility to encrust 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 associated with coral reefs are probably
the best known, but the group is represented by many
genus and species in temperate and cold oceanic
environments as well. As algae, they depend on light
for their photosynthetic activity, and thus are commonly
found between the intertidal zone downward to a depth of
the order of 100 m or so. In terms of vertical zonation, in
many coastal areas the most common genus found in the
uppermost subtidal area are Porolithon and Neogonioli-
thon, while the genus Lithothamnnium, Mesophyllum and
Archaeolithothamnium are dominant at greater depths
(50-80 m; Adey, 1986).

Coralline algae are known under a variety of names:
Corallinacea, Melobesioids, crustose algae, lithotham-
nium s.1. (or ‘lithothamnion’). Not many authors are able
to differentiate the distinct subfamilies, genus and species
within this family (e.g. Lithophyllum spp., Pseudolitho-
phyvllum spp., Mesophyllum spp.. Porolithon spp., clc.).
The dctermination of specimens, even at the generic



950 Quaternary Science Reviews: Volume 15

Coquimbo Antofagasta lquique AEI_F:B(E)X
SUPRALITTORAL 29°59'S 23°40'S 20°15'S LEVELS
ZONE ...
B btrinin b W, .| HHw
Supralittoral .
fringe
L Upper MHW
/ midlittoral
T Z waiittoral
T o zone MSL
0 wN
R Lowet
£ midiittoral MLW
A
L
Infralittoral
fringe
___________ R R PRI LLW
INFRALITTORAL oot &0
ZONE
Littorina peruviana | &7 &5 | Enteromorpha
Barnacles Ulva lactuca
m Mussels ¢ €| Corallina spp.
Acanthopleura .
E echinata m Lessonia
XA () o g Endarachne
G W| Pyura praeputialis binghamiae
D Colpomenia sinuosa %, N | Aigae
Lithothamnia = crustose coralline algae
FIG 1| Sketch ot the biological vertical zonation of the litoral arca in northern Chile tmeluding Antotagasta). modified [rom Guiler

(1959) and Stephenson and Stephenson (1972) with indication ol the tdal Tevels tonly vahd e quiet and protected areas)

level, cannot be made in the field and normally requires
ground sections and scanning electron microscope
analysis. The taxonomic identification is based on the
cell s1ze, location of heterocysts, type of hypothallium,
presence and diameter of multispored conceptacles and/or
sporangial sort s1ze (Johansen, 1971: Adey and Johanscen,
1972; Adey, 1986: Meneses, 1986).

In a review on the studies concerning this group,
Meneses (1986) emphasised that. in spite of their wide
representation along the Chilean coasts, practically no
taxonomic studies had been conducted (except in the
Magellan region. to the south, at the beginning ot the
century) and that much work was still needed to
understand the ecology, distribution and characteristics
of each species along the Pacitfic coast of South America.
This implies that nowadays it is practically impossible to
identify the distinct species of coralline algae in Chile.

In central and northern Chile, the coralline algac are
abundant and may form a belt at the limit of the intertidal
and subtidal zones (Guiler, 1959: Stephenson and

Stephenson, 1972: Meneses. 1986). In the arca of Iquique
(20°S), Guiler (1959) distinguished, without identifying
them. ‘three obvious species of Lithothamnia, a purple-
red coloured species, a deep red and a pink, the latter
being the most common’. In the area of Antofagasta,
where rocky shorelines are predonunant. coralline algae
are abundant in the subtidal zone and in the lowermost
ponds and hollows of the intertidal area (Fig. 1). Their
presence is apparently weakly controlled by the lithology
of the rocky substrate, since they grow without visible
differences on volcanic rocks (La Negra Formation).
granite (Bolfin Formation) or conglomerates (Caleta
Coloso Formation). Much more important is the exposi-
tion to the wave action. as indicated by most authors (e.g.
Adey and Vassar. 1975: Raffaelli. 1979; Johansen, [971).
The water motion plays a role in the calcification process,
and also in the protection from some grazers and/or in
himiting the competition with other organisms. The upper
limit of the coralline algae belt is strictly determined as
the area which never desiccates completely. Because of
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splash action, this level may be several em, or dm, above
the lowest tide mark. Furthermore, the survival of the
algac does not require submergence, but (at least)
permanent wetness. Well-exposed arcas that are almost
permanently subjected to strong waves (all year long),
and where the biological sonation is displaced upward,
may thus exhibit an upper limit ol the algal belt that
stands significantly higher than the mean low water mark.
In general though. along most ol the protected sectors of
the coasthine. this upper limit s found ncar. or slightly
above. the mean low water line At Antofagasta, the tides
are ot the mixed semi-diurnal type., the mean tidal range is
about 0.8 m, with extremes of 0.6 and 1.6 m.

The well defined upper limit of the coralline algae belt
in the Antofagasta area often coincides with the lower
limit of extension of the Pyura praeputiaits, an endemic
species of ascidians (Chordata) only found in the bay of
Antolagasta (Guiler, 1959: Guticrrez and Lay. 1965 in
both ref.. P. praeputialis 1s crroneously identified as P.
chilensis, an infralittoral species). In the areas most
exposed to the ocean swell, particnlarly on the southern
and western coast of Mejillones Peninsula, kelp algac are
abundant. and a near comncidence is observed in the
respective upper limits ot the coralline algae belt and that
of L. nwigrescens. Both algae can be used to deline the
limit between the subhittoral zone and the iniralittoral
fringe (Fig. 1).

The tine which is defined by the top of the coralhine
algac belt n the infrahittoral fringe provides one of the
most precise bromdicators related to sea level in that
region. Actually this tine. perfectly horizontal in the open
protected chvironments, v ~so well defined that it can be
used to evaluate the amplitude of exceptional low tde
stands and of sudden uplift motions produced by seismic
activity. As the algae 15 extremely sensitive to desicca-
ton, 1t may die rapidly 1 subjected to sudden desiccation,
cven of short duration (1.c. an hour or so, during the low
tide hemicycle). The death of the algae is commonly
accompanied by a whitening of the dead material. The
decolouration of the algal material is most probably due
to solar radiation effects (bleaching) on the strong
pigmentation of the coralline algae. Thus, the desiccation
of a few centimetres of the upper part of the coralline
algae belt produces a white fringe (of the corresponding
width) that contrasts sharply with the reddish or pink
encrustment of hving algac immediately below.

The conspicuous white belt of dead coralline algae that
can be formed mmmediately after an uplift cpisode,
appears in the few days following the seismic event,
and may be visible for weeks, or a few months. We used
this bio-indicator to quantify uplift motions related to the
30 July. 1995 Antofagasta carthquake. Morcover. we
address some ot the problems in reconstructing  the
amplitude of the vertical motions.
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FIG. 2. The 30 July. 1995 Antofagasta carthquake: extension of the rupture, focal mechanism and distribution map of the aftershocks,
simplified from Ruegg er al. (1996). The rectangle represents the best uniform <hp model satistying observed deformation field based on
GPS measurements (see Fig. 3).
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FIG. 3. Uniform slip model of deformation of the 1995 Antofagasta earthquake, calculated from GPS measurements, from

Ruegg ¢t al. (1996). The model suggests that the town of Antofagasta was precisely. and fortunately. located in the nodal

area which separates the coseismically uplifted western area from the subsident inland region. This interpretation was
assessed by the coralline algae record of deformation of the coastal area.

THE ANTOFAGASTA EARTHQUAKE

The M. 7.3 Antotagasta earthquake which occurred on
July 30, 1995 is the largest event of the last century in
northern Chile. A local permanent seismological network
(ORSTOM/EOPG-Strasbourg/Universidad de Chile) lo-
cated the hypocentre at 23°26.7’S, 70°28.5'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 (M,, 8.1) and the distribution of the
aftershocks (Monfret er al., 1995: Delouis et al., in press),
the rupture zone extended over an area of about 180 km
by 70 km. from the northern half of Mejillones Peninsula
(23°10’S) southward to Paposo (25°S; 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 activity along the numerous recent fault scarps
known 1n the area, including Mejillones 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 some caving-in of loose ground
(road embankment, n-fills in the quays of Antofagasta
harbour). Near Blanco Encalada (24°20’S) some circular
structures, with a diameter of several tens of metres,
appeared in stabilised coastal dunes. and suggest some
settling phenomena.

As the recurrence for strong earthquakes (M,>8) in
Northern Chile was evaluated to about 100 years (Comte
and Pardo, 1991), and because the last major earthquake
occurred in 1877, 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 25°S and includes
about 50 benchmarks, was initiated in 1991 and

r
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remeasured in 1992. Two weeks after the earthquake, the
southernmost portion of the geodetic network, near
Antofagasta, was remeasured. Between 1992 and August
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 ¢t
al.. 1996). The southern tip of Mejillones Peninsula,
where only one benchmark was set, seemed 10 have been
uplifted by an amount of at least 15 c¢cm. Combined
teleseismic (from very broad band digital records) and
geodetic data were analysed and produced a deformation
model reproduced in Fig. 3 (Ruegg er 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 et 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 et al., 1995a, b).

THE CORALLINE ALGAE RECORD OF THE
COSEISMIC DEFORMATION IN THE
ANTOFAGASTA AREA

The Study 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
some regional oceanographic 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 some 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 some 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 coastal area that was surveyed measured
more than 250 km, between Mejillones (23°S) and Paposo
(25°S; Fig. 2). A more detailed study 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 by
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 well represented.
albeit in varying abundance. all along thc 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 10 cm 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.

Measurement 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. It 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. Alternatively, 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 problems in terms of the
accuracy of the evaluation of uplift amount than the
precision of the measurements itself.
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The width of the dead algae belt was mcasured with a
tape disposed vertically. In most localities, the precision
ot the measurement was of the order of | em (Fig. 4A and
4B). The cases i which the accuracy of the measure-
ments posed some problems were those concerning the
areas of smallest uplift (lIess than a few ¢cm) and where the
dead algal belt was thin and discontinuous. In a tew cases
(notably at Antofagasta. or immediately o the south of
the town) the only evidence ol uplift consisted in an
alignment ot small white patches. In these cases. the
upper limit of the coralline algae was not well detined by
an horizontal level. and ended upward by a series of
isolated small patches. that eventually whitened after the
earthquake.

To resolve the problems posed by differences within
short distances of the width of the dead algae belt, we
tried to establish a series of criteria, that would provide
the most representative and accurate evaluation of the
local uplift of the land.

One of these criteria was the parallelism of the upper
and lower limits of the white belt of dead algac. The
inclination of the lower and/or upper limits of the belt,
with respect to the horizontal plane. indicated that wave
motions were strong enough (o displace upward the
extension of the coralline algae belt. within the intertidal
rone (Fig. 1), In these cases. the width of the white belt
provided an amplified evaluation of the relative vertical
motion. The parallelism of the white belt limits was
normally observed in arcas of agitated waters (for an
optimal dcvelopment ot the algae) but with limited wave
splash (at low tide). Such conditions were usually met in
protected small re-entrants, or micro-coves. that remained
linked with the open ocean even at the lowest tide level.
An extreme opposite situation is that ot vertical clifts
beaten by permanently strong waves (even on calm days),
in which the upper limit of living coralline algae may be
observed at up to 1 or 2 m above the mean low tide line
(Fig. 5).

Another usetul criteria for the representativity of the
measurements was the coincidence between values
determined on vertical microclifts (Fig. 4A) and upon
‘dormant” boulders commonly found n the infralittoral
tringe (that had not been moved by the waves since the
carthquake occurrence).

When. in a given locality, variation ol the belt-width
was large it appeared that the best estimate of uplift was
near the lowest values obtamed. The highest values
corresponded to arcas of relauvely stronger waves. and
thus were discarded The lowest measured values were
sometimes due to the fact that some threshold separated the
open occan from the measured spot. in such a way that the
measured belt width underestimated the amplitude ot the
reconstructed vertical motion. In every locality, it was
necessary to locate the areas least affected by non-tectonic
local effects that were susceptible to either amplity or
diminish the evaluation of the coseismic uplift. This could
not be determined on the basis of a mean value of several
measurements of the height of the white belt, unless the
measured values (within a few metres. or tens of metres of
coastline) were differing by less than about 5%.

Results and Interpretation

The measured width of the dead coralline algal belt that
was formed in a senes of visited localities is indicated in
Fig. 6. Two calegorics of measured values are distin-
guished: those satisfying the above mentioned quality
cntena, and those which although of lower quality are the
only evaluations possible ot the amplitude of the belt. The
latter category includes localities where the observations
could not be completed satistactorily due to difficulty of
access. areas exposed to strong waves, measurements
made before or after the low tide maximum, or those
where the (former. and/or new) upper limit of the
coralline algae zone was not neatly defined.

The survey of the distribution and width ot the white
fringe of coralline algae showed that the vertical motions
caused by the 1995 Antotagasta earthquake were limited to
an area between the northern Mejillones Peninsula and the
southern extremity of the Bay of Antotagasta. The
impossibility ol accessing the coastline south of Punta
Coloso left some doubts regarding the extension toward
the south of the uphifted area. A coastal road could be used
between Caleta El Cobre (24 10/S) and Paposo (257S). At
Caleta El Cobre. copper mining activitics scem to have
climinated the coralline algae in the intralittoral zone, so
that no record was possible. But at a few kilometres south
of Caleta El Cobre. when the crustosc algae are present in
the infralittoral fringe. no white belt was observed. It is
concluded that the arca was not uplitted cosersmically. The
same situation (living coralline algae without white fringe)
was observed southward, all along the coast, with the
exception of one locality. Punta Tragagente, where a belt
measuring up to 10 cm was observed. This area might have
experienced a localised tectonic motion, unlike the coast to
the north and south. At Paposo, coralline algae are
common but no indication of desiccation of the upper limit
of the algal crust was noticed.

Near Punta Coloso. a relaavely “steep’ gradient of
uphft motions was documented. In a short distance, the
dead algal belt increased from less than 5 ¢m (o about 25
cm (El Lenguado). 1t could not be determined whether the
indicated deformation reflected a focal tectonic ettect
hinked, for instance. to a triggered slip on a small fault.
Alternatively. it may reflect the fact that the coastline 18
locally trending ENE-WSW._ instead of roughly N-S hke
further north. along the city ol Antofagasta, and that the
ENE-WSW direction would be that ol the steeper
gradient of the deformation pattern in that area.

Along the eastern shore of Antotagasta Bay, the
coralline algae are as abundant in the infralittoral fringe
than elsewhere, but no continuous, well-defined, white
belt of desiccated algae was observed. Only a rather
discontinuous narrow fringe or isolated small patches of
white dead algae were wvisible 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 5 cm, and locally less than 2 ¢m, along a 35 km
long stretch of coastline.

At the north-westernmost end of Antofagasta Bay. at
La Rinconada, an trregular belt and aligned white patches

mn
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FIG. 40 Ty pical aspects of the white! dead Tringe ol coralline ulgae alter the 1995 Antolagasta carthquake ina series of

localities. (A) Consprcuous Iringe of dead coralline algac, at Punta Jorge (southern tip ol Mejillones Peninsula). At that
relatively protected locality. the width of the white fringe measured 31 cm. (B) Close up ol the Timit between the white

fringe of dead algae and the unaliered pink encrustment of the same algac. on a "dormant” boulder. Note that the precision of

the measurcment may be better than 1 em. (C) Small pond in the Tower intertidal zone which is permanently submerged and
where the coralline algac remained alive (pink colour). while the surroundings are couted with white dead algae (hanier for
sabe at feftm the foregroundy. (D) Example of the white fimge on the western side of Mejilfones Peninsula, close to Caleta
Bandurria del Sur. Measured width was 28 ¢m. (E) The white {ringe at EI Lenguado. near the southern end of Antolagasta
Bay. Note the comcidence between the top of the white Iringe and the base ol the colonics of Pyvura praeputialis (ascidians).
[t is expected that, unless the coast registers a subscquent subsidence. the ascidians will colonise the area abandoned by the
coralline algae. (F) About 10 weeks after the carthguake. the (formerly white) lringe ol dead crustose algae get covered with
green algae: observe evolution with respect to photo 4E. Monitoring the position of the upper limit ol the living coralline
algae encrustment should provide information regarding the evolution of the vertical motions (including an eventual
compensatory subsidence).
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Variation of width (in metres) of the white fringe of dead coralline algae according to the degree of
wave exposition, near Punta Tetas, southwestern tip of Mejillones peninsula
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FIG. 5. Sketch of the vertical zonation of the dead and Jiving coralline algae at the south-westernmost end of Mejillones Peninsula (near

Punta Tetas). in the locality where wave activity is very strong, Note the variation in height of the upper limit of the crustose algae coaling

which may even reach the mean high tide level. In this locality (see also Figs 6 and 7A) was measured in the protected part of the coastline.
not the 1.0 or 1.5 m values observed in the more exposed areas.

of desiccated coralline algae appeared in the infralittoral
fringe. At most, the width of the irregular white belt
measured between 5 and 8 cm. [n that locality the uplift
motion was probably less than 5 ¢cm. Southward from [.a
Rinconada. several localities were visited and showed
increasing values of a much better defined belt. At Playa
Los Metales, the village of Juan Lopez, and Punta Jorge
(the southernmost point of Mejillones Peninsula, Fig. 6),
the belt measured. respectively. 20. 25 and 31 cm
(Fig. 4A). The reconstructed deformation pattern along
this NWNE-SSW oriented coastal stretch clearly indicates
an increasing differential uplift toward the southern tip of
Mejillones Peninsula, This coastal stretch is partly
controlled by a major. left-lateral normal, lault that has
been active during the Quaternary (Okada, 1971; Armijo

Qo
w0

60

Coastal Uplift (cm)
40

and Thiele, 1990; Ortlieb ef «l.. 1995b, 19964, b), but no
indication of any triggered slip was observed, neither
along the coast nor inland, to the north of La Rinconada.
Furthermore. the vertical distribution of the Middle and
Late Pleistocene marine terraces of the area indicates that,
at least on the long term, greater uplift of the western
faulted block occurred north of La Rinconada, and that
the southern tip of the peninsula had been uplifted less.
We conclude that the recorded deformation of the
northwestern shores of Antofagasta Bay was not caused
by slip on the La Rinconada fault, but, rather, 1s due
entirely to coseismic slip of the main thrust plain.

The southern extremity of Mejillones Peninsula,
between Punta Jorge and Punta Tetas, 15 ol dithcult
access, and could be visited only briefly in the weeks

FIG. 6. Reconstruction of the coseismic uplift motion associated with the July 30, 1995 Antofagasta earthquake as recorded in the
intertidal zone, between 23 and 25°S. through the width of the dead coralline algae fringe. Regions without data are indicated in blue.
Maximum uplift was recorded at the south-easternmost extremity of Mcjillones Peninsula.



L. Ortlieb et al.: The 1995 Antofagasta Earthquake Case 957

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,
specifically 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 coralline algae encrustment there,
are wider than in the rest of the Antofagasta area. These
considerations cast some 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.
praeputialis now located 1 m above the top of the
infralittoral fringe (i.e. the top of the encrusted living
coralline algae; Fig 7A). This is the only locality where
the ascidians did not survive the consequences of the
coseismic uplift, probably because there was substantially
larger uplift in that area. It 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 some 10-12 cm, is tentatively assigned to a
small 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 small 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.

In western Mejillones Peninsula, well exposed to
oceanic swell, 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 coralline
algae, with a width varying between 20 and 45 cm. From
Caleta Bandurrias del 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
Mejillones (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 coralline algae belt. We emphasise that the
plotted values do not simply correspond to the measured
width of the white belt in all 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 well as horizontal GPS data) fairly well. Because we
are mainly concerned with the coastal changes, and not on
the modelling aspects of the data, we shall only briefly
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 modelling (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 small
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
Mejillones Peninsula, reaching more than half a meter
of uplift in its southwestern end. The total moment of this
model reaches 2 x 10*' Nm, equivalent to a magnitude
M,, 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 fault
displacements with low frequencies or, in other words,
a significant behavior as a slow earthquake.

CONCLUSIONS

Common pink-coloured coralline algae cover 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 lowest 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 southwesternmost extremity of the Mejillones Peninsula. was observed the highest width of the dead algal
fringe (80 ¢m) produced by the 30 July earthquake, and also evidence for a second small (10 c¢m) local uplift motion that
occurred before mid(?) December 1995. (A) Remnants of the post-July 1995 fringe of dead algae are visible from the base of
the I mscale up to 20 em below the top of scale. The top of the former upper limit of the crustosc algae coating is figured by
a 20 em high fringe of ascidians (Pyura praeputialis), like in Fig. 4E and 4F. Below the scale, a conspicuous, more recently
formed white fringe of 10-12 cm width was observed at the end of December 1995. This secondary feature depicts a new
uplift episode of minor amplitude. (B) 2 km SW from the locality of 7A, in south-westernmost Mejillones Peninsula,
boulders in the infralittoral fringe (photograph taken at low tide) also registered the secondary 10 cm uplift in December
1995.
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FIG. 8. Expected elevation change (contours in m) associated with the July 30, 1995 Antofagasta earthquake. These values

are based on a variable fault slip model derived from the study of the coralline algae fringe and geodetic (GPS) observations.

The nil elevation change runs parallel to the coast south of Antofagasta. The deformation is limited to the area between
Mejillones 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 effectively provided the best available
evaluation of the positive vertical motion suffered by
the coastal area during the Antofagasta earthquake.
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. In some localities, like the area of Punta Coloso,
marine terrace data strongly suggest that no significant
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long term vertical uplift motion occurred in the course of
the last 125,000 years (Ortlieb ef al., 1993, 1995b), so that
it would be possible that some 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 1o any single seismic
event. Finally in the case that no further vertical motions
occur, the periodic photographic control set up in some
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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comparisons with the paleobotanical record

S. A. Elias, T. R. Van Devender & R. De Baca, Palaios, 10(5),
1995, pp 454-464.

The Younger Dryas climatic event in the Cordillera de
Talamanca, Costa Rica

G. A. Islebe, K. Van der Borg & H. Hooghiemstra, Geologie
en Mijnbouw, 74(3), 1995, pp 281-283.

A short review of the Younger Dryas in the eastern Medi-
terranean area
S. Bottema, Geologie en Mijnbouw, 74(3), 1995, pp 271-273.

The Younger Dryas-sapropel S1 connection in the Mediter-
ranean Sea

S. R. Troelstra & J. E. Van Hinte, Geologie en Mijnbouw,
74(3), 1995, pp 275-280.

Solar and ENSO signatures in laminated deposits from Lake
Magadi (Kenya) during the Pleistocene/Holocene transition
B. Damnati & M. Taieb, Journal of African Earth Sciences,
21(3), 1995, pp 373-382.
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Potential of opal phytoliths for use in paleoecological
reconstruction in the humid tropics of Africa

F. Runge, Zeitschrift fur Geomorphologie, Supplementband,
99, 1995, pp 53-64.

New results on late Quaternary landscape and vegetation
dynamics in eastern Zaire (Central Africa)

J. Runge, Zeitschrift fur Geomorphologie, Supplementband,
99, 1995, pp 65-74.

Foraminiferal evidences for 77-year cycles of droughts in
India and its possible modulation by the Gleissberg solar
cycle

R. Nigam, N. Khare & R. R. Nair, Journal of Coastal
Research, 11(4), 1995, pp 1099-1107.

Palaeoarctic elements in mountain forest ecosystems of
northern Vietnam (in Russian)

D. A.Krivolutsky, G. N. Ogureeva & Huin Kim Hoy, Vestnik
- Moskovskogo Universiteta, Seriya Geografiya, 6, 1995, pp
53-59.

Loess mounds on the Laizhou Bay plain south of Bohai Sea
and their paleogeographic implication (in Chinese)

Zhang Zulu, Acta Geographica Sinica, 50(5), 1995, pp 464-
470.

Preliminary palynological results on the Pleistocene-Holo-
cene transition, Seram Trench, offshore Irian Jaya, Indone-
sia

S. Van der Kaars, Geologie en Mijnbouw, 74(3), 1995, pp 285-
286.

Thermoluminescence dating of dune podzols at Cape Arn-
hem, northern Australia

B. G. Lees, J. Stanner, D. M. Price & Lu Yanchou, Marine
Geology, 129(1-2), 1995, pp 63-75.

Holocene evolution of coastal wetlands in wet-tropical
northeastern Australia

G. M. Crowley & M. K. Gagan, Holocene, 5(4), 1995, pp 385-
399.

The evolution of the continental and coastal environments
during the last climatic cycle in Brazil (120 ky BP to present)
K. Suguio & 8 others, Boletim IG - Universidade de Sao Paulo,
Instituto de Geociencias: Serie Cientifica, 24, 1993(1995), pp
27-41.

Quaternary wadi and floodplain sequences of Tripolitania,
northwest Libya: a synthesis of their stratigraphic relation-
ships, and their implications in landscape evolution

J.M. Anketell, S. M. Ghellali, D. D. Gilbertson & C. O. Hunt,
in: Mediterranean Quaternary river environments, ed J. Lewin
& others, (Balkema), 1995, pp 231-244.

Alluvial Holocene terraces in eastern Maghreb: climate and
anthropogenic controls

J.-L. Ballais, in: Mediterranean Quaternary river environ-
ments, ed J. Lewin & others, (Balkema), 1995, pp 183-194.

Palaeosols in late Quaternary colluvium, northern KwaZulu-
Natal, South Africa

G. A.Botha & N. Fedoroff, Journal of African Earth Sciences,
21(2), 1995, pp 291-311.

Imja glacier dead-ice melt rates and changes in a supra-
glacial lake, 1989-1994, Khumbu Himal, Nepal: danger of
lake drainage

T. Watanabe, S. Kameyama & T. Sato, Mountain Research &
Development, 15(4), 1995, pp 293-300.

Radiocarbon dating and sedimentation rates in the Holocene
alluvial sediments of the northern Bihar plains, India
R.Sinha, P. F. Friend & V. R. Switsur, Geological Magazine,
133(1), 1996, pp 85-90.

Lithostratigraphy and alluviation history of Quaternary
deposits of southern part of Gangetic plain, Uttar Pradesh
S. P. Bhartiya, S. Narayan & A. C. Nigam, Journal - Geolo-
gical Society of India, 46(4), 1995, pp 393-399.

Quaternary facies and palaeoenvironment in north and east
of Sambhar Lake, Rajasthan

R. M. Sundaram & S. Pareek, Journal - Geological Society of
India, 46(4), 1995, pp 385-392.

Sedimentology of Quaternary alluvial deposits of the Gan-
dak-Kosi interfan, North Bihar plains

R. Sinha, Journal - Geological Society of India, 46(5), 1995, pp
521-532.

Quaternary stratigraphy and sedimentation of the Indo-
Gangetic plains, Haryana

J. L. Thussu, Journal - Geological Society of India, 46(5), 1995,
pp 533-544,

A sea-running Changjiang River during the last glaciation?
(in Chinese)

Li Congxian & Zhang Guijia, Acta Geographica Sinica, 50(5),
1995, pp 459-463.

Mid-latitude and extra-glacial

Vegetation and climate of the last glacial-interglacial cycle
in southern Illinois (USA)

Hong Zhu & R. G. Baker, Journal of Paleolimnology, 14(3),
1995, pp 337-354.

Ostracode 380 and 5!'3C evidence of Holocene environ-
mental changes in the sediments of two Minnesota lakes

A. Schwalb, S. M. Locke & W. E. Dean, Journal of Paleo-
limnology, 14(3), 1995, pp 281-296.

Modelling of icecap glaciation of the northern Rocky
Mountains of Montana
W. W. Locke, Geomorphology, 14(2), 1995, pp 123-130.

Post-glacial vegetation history of the Mission Mountains,
Montana

L. M. Gerloff, L. V. Hills & G. D. Osborn, Journal of
Paleoliminology, 14(3), 1995, pp 269-279.

Late-glacial and early Holocene lake sediments, ground-
water formation and climate in the Atacama Altiplano 22-
24°S

M. Grosjean, M. A. Geyh, B. Messerli & U. Schotterer,
Journal of Paleolimnology, 14(3), 1995, pp 241-252.

Middle Pleistocene Hoxnian Stage interglacial deposits at
Hitchin, Hertfordshire, England

S. Boreham & P. L. Gibbard, Proceedings - Geologists’
Association, 106(4), 1995, pp 259-270.

Notice of raised beach deposits at Llanddona, Anglesey,
North Wales

S. Campbell, M. Wood, K. Addison, J. D. Scourse & R. E.
Jones, Quaternary Newsletter, 77, 1995, pp 1-5.

Pollen records from the Velay craters: a review and correla-
tion of the Holsteinian interglacial with isotopic stage 11
J.-L. De Beaulieu & M. Reille, Mededelingen - Rijks Geolo-
gische Dienst, 52, 1995, pp 59-70.

The expression of the tripartition of the Allerod chronozone
in the lithofacies of Late Glacial polycyclic profiles in
Belgium and the Netherlands

J. M. Van Mourik & R. T. Slotboom, Mededelingen - Rijks
Geologische Dienst, 52, 1995, pp 441-450.

The Dinkel valley revisted: Pleniglacial stratigraphy of the
eastern Netherlands and global climatic change

T. Van der Hammen, Mededelingen - Rijks Geologische
Dienst, 52, 1995, pp 343-355.

Some palaeobotanical data on the fluviatile Rhine/Meuse
Kreftenheye Formation in the Netherlands (Weichselian)

J. De Jong, Mededelingen - Rijks Geologische Dienst, 52,1995,
pp 369-385.
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Late Glacial and Holocene pollen records from the Aisne and
Vesle valleys, northern France: the pollen diagrams Maizy-
Cuiry and Bazoches

C. Bakels, Mededelingen - Rijks Geologische Dienst, 52, 1995,
pp 223-234.

Correlation of Middle-European late-Pleistocene pollen
sequences of the Pfefferbichl and Zeifen types

E. Gruger, Mededelingen - Rijks Geologische Dienst, 52, 1995,
pp 97-104.

Early Pleistocene depositional environments and stratigra-
phy at Obel (Burggen), Nordrhein-Westfalen, Germany

P. L. Gibbard, L. Krook & J. Vandenberghe, Mededelingen -
Rijks Geologische Dienst, 52, 1995, pp 83-96.

Terrassenstratigraphie des Mittelpleistozan am Niederrhein
und Mittelrhein (Middle Pleistocene terrace stratigraphy of
the lower and middle Rhine)

W. Boenigk, Mededelingen - Rijks Geologische Dienst, 52,
1995, pp 71-87.

A paleohidrologiai kutatasok ujabb eredmenyei (New results
of the paleohydrological investigations in Hungary)
G. Gabris, Foldrajzi Ertesito, 44(1-2), 1995, pp 101-109.

Le premier stratotype continental de quatre stades isotopi-
ques successifs du Pleistocene moyen pour le basin mediter-
raneen septentrional: le Vallo di Diano (Campanie, Italie)
(The first continental stratotype for four successive isotope
stages of the Middle Pleistocene for the northern Mediter-
ranean Basin: the Vallo di Diano, Campania, Italy)(French
with abridged English)

E. R. Ermolli & 7 others, Comptes Rendus - Academie des
Sciences, Serie I1: Sciences de la Terre et des Planetes, 321(10),
1995, pp 877-884.

Macrofossils and pollen representing forest of the pre-Taupo
volcanic eruption (c. 1850 yr BP) era at Pureora and
Benneydale, central North Island, New Zealand

B.R. Clarkson, M. S. McGlone, D. J. Lowe & B. D. Clarkson,
Journal - Royal Society of New Zealand, 25(2), 1995, pp 263-
281.

Stratigraphy and chronology of late Quaternary andesitic
tephra deposits, Tongariro Volcanic Centre, New Zealand
S. L. Donoghue, V. E. Neall & A. S. Palmer, Journal - Royal
Society of New Zealand, 25(2), 1995, pp 115-206.

Pleistocene palynology of the Petone and Seaview drillholes,
Petone, Lower Hutt Valley, North Island, New Zealand

D. C. Mildenhall, Journal - Royal Society of New Zealand,
25(2), 1995, pp 207-262.

Vertical tectonic movement in northeastern Marlborough:
stratigraphic, radiocarbon, and paleoecological data from
Holocene estuaries

Y. Ota, L. J. Brown, K. R. Berryman, T. Fujimori & T.
Miyauchi, New Zealand Journal of Geology & Geophysics,
38(3), 1995, pp 269-282.

Thermoluminescence dating of late Pleistocene loess and
tephra from eastern Washington and southern Oregon and
implications for the eruptive history of Mount St. Helens
G. W. Berger & A. J. Busacca, Journal of Geophysical Re-
search, 100(B11), 1995, pp 22,361-22,374.

A 12 000 year radiocarbon date of deglaciation from the
Continental Divide of northwestern Montana

P. E. Carrara, Canadian Journal of Earth Sciences, 32(9),
1995, pp 1303-1307.

Textural, geochemical and mineralogical evidence for the
origin of Peoria loess in central and southern Nebraska, USA
N. R. Winspear & K. Pye, Earth Surface Processes & Land-
Sforms, 20(8), 1995, pp 735-745.

Opal phytoliths as an indicator of the floristics of prehistoric
grassiands

R. F. Fisher, C. N. Bourn & W. F. Fisher, Geoderma, 68(4),
1995, pp 243-255.

Geochronology of Quaternary coastal plain deposits, south-
eastern Virginia, USA

J. E. Mirecki, J. F. Wehmiller & A. F. Skinner, Journal of
Coastal Research, 11(4), 1995, pp 1135-1144.

Isotopic evidence for shifts in atmospheric circulation pat-
tern during the late Quaternary in mid-North America

R. Amundson, O. Chadwick, C. Kendall, Yang Wang & M.
DeNiro, Geology, 24(1), 1996, pp 23-26.

Evolucion comparada de bahias de la peninsula Mitre, Tierra
del Fuego (Comparative evolution of bays of Mitre Peninsu-
la, Tierra del Fuego)

F. 1. Isla, Revista - Asociacion Geologica Argentina, 49(3-4),
1994, pp 197-205.

Palaeoecology of a Donatia- Astelia cushion bog, Magellanic
moorland-subantarctic evergreen forest transition, southern
Tierra del Fuego, Argentina

C.J. Heusser, Review of Palaeobotany & Palynology, 89(3-4),
1995, pp 429-440.

Edad y genesis del Rio de la Plata (Age and origin of the Rio
de la Plata)

G. Parker, C. M. Paterlini & R. A. Violante, Revista -
Asociacion Geologica Argentina, 49(1-2), 1994, pp 11-18.

Environmental change and tephra deposition: the Strath of
Kildonan, northern Scotland

D. J. Charman, S. West, A. Kelly & J. Grattan, Journal of
Archaeological Science, 22(6), 1995, pp 799-809.

Late Quaternary vegetation history of the Western Isles of
Scotland
J. A. Fossitt, New Phytologist, 132(1), 1996, pp 171-196.

The climate of the Younger Dryas in the Netherlands
J. Vandenberghe, Geologie en Mijnbouw, 74(3), 1995, pp 245-
249.

Valley bottoms in the late Quaternary
W. Schirmer, Zeitschrift fur Geomorphologie, Supplement-
band, 100, 1995, pp 27-51.

Palynological investigations of Younger Dryas sediments in
the northern Netherlands

E. Mook-Kamps, Geologie en Mijnbouw, 74(3), 1995, pp 261-
264.

Younger Dryas deposits of the Tjonger Valley fill in the NE
Netherlands

S. Van der Meulen, Geologie en Mijnbouw, 74(3), 1995, pp
257-260.

Younger Dryas cooling and fluvial response (Maas River, the
Netherlands)
C. Kasse, Geologie en Mijnbouw, 74(3), 1995, pp 251-256.

Late Weichselian and Holocene fluvial palaeogeography of
the southern Rhine-Meuse delta (the Netherlands)

H.J. T. Weerts & H. J. A. Berendsen, Geologie en Mijnbouw,
74(3), 1995, pp 199-212.

Le Gour de Tazenat et I’evolution de I’environnement du
Tardiglaciaire au Boreal dans la Chaine des Puys septen-
trionale (Massif Central, France) (The ‘Gour de Tazenat’
and the late glacial to Boreal environmental changes in the
northern Chaine des Puys)(French with abridged English)
E. Juvigne & B. Bastin, Comptes Rendus - Academie des
Sciences, Serie II: Sciences de la Terre et des Planetes,
321(11), 1995, pp 993-999.
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La Tephra des Roches, marqueur du volcanisme contempor-
ain de la fin du Magdalenien dans le Massif Central francais
(The Les Roches Tephra: a marker of volcanism contempor-
ary with the late Magdalenian in the Massif Central,
France)(French with abridged English)

G. Vernet & J.-P. Raynal, Competes Rendus - Academie des
Sciences, Serie II: Sciences de la Terre et des Planetes, 321(8),
1995, pp 713-720.

Les diatomees des depots lacustres du maar de Ribains
(Haute-Loire), durant le dernier interglaciaire et les periodes
qui Pencadrent (Diatoms of the lacustrine infilling from
Ribains maar (Haute-Loire), during the last interglacial)(-
French with abridged English)

P. Rioual, Comptes Rendus - Academie des Sciences, Serie II:
Sciences de la Terre et des Planetes, 321(8), 1995, pp 705-712.

Les travertins de la vallee du Lez (Montpellier, Sud de la
France). Datations 2>°Th/?>*U et environnements pleisto-
cenes (The Lez Valley travertines (Montpellier, south of
France). °Th/?3#U dating and Pleistocene environments)(-
French with abridged English)

P. Ambert, Y. Quinif, P. Roiron & R. Arthuis, Comptes
Rendus - Academie des Sciences, Serie II: Sciences de la Terre
et des Planetes, 321(8), 1995, pp 667-674.

De Dhistoire du genre Betula dans les Alpes francaises du
nord (Notes on the late Quaternary history of the genus
Betula in the northern French Alps)

F. David & M. Barbero, Review of Palaeobotany & Palynol-
ogy, 89(3-4), 1995, pp 455-467.

Microfabrics, grain-size-distributions and grain surface
textures in late Pleistocene basin sediments of Brandenburg
(northern Barnim)

L. Schirrmeister, Zeitschrift fur Geomorphologie, Supplement-
band, 99, 1995, pp 75-89.

Quartarmorphologisches Nord-Sudprofil durch Branden-
burg (Quaternary morphological north-south profile through
Brandenburg)

P. Gartner, L. Behrendt, S. Bussemer, J. Marcinek, G.
Markuse & N. Schlaak, Berichte zur Deutschen Landeskunde,
69(2), 1995, pp 229-262.

Fluvia)] geomorphodynamics in the Danube River valley and
tributary river systems near Regensburg during the Upper
Quaternary - theses, questions and conclusions

M. W. Buch & K. Hecine, Zeitschrift fur Geomorphologie,
Supplementband, 100, 1995, pp 53-64.

The middle Neckar as an example of fluvio-morphological
processes during the middle and late Quaternary period

E. Bibus & J. Wesler, Zeitschrift fur Geomorphologie, Supple-
mentband, 100, 1995, pp 15-26.

The development of the middle and lower course of the Weser
river during the late Pleistocene

K. Meinke, Zeitschrift fur Geomorphologie, Supplementband,
100, 1995, pp 1-13.

The Wutach Gorge in SW Germany: late Wurmian (peri-
glacial) downcutting versus Holocene processes

G. FEinsele & W. Ricken, Zeitschrift fur Geomorphologie,
Supplementband, 100, 1995, pp 65-87.

Geomorphological evidence for anti-Apennine faults in the
Umbro-Marchean Apennines and in the peri-Adriatic Basin,
Italy

M. Coltorti, P. Farabollini, B. Gentili & G. Pambianchi,
Geomorphology, 15(1), 1996, pp 33-45.

The Holocenic evolution of a stretch of an eastern Italian
Alpine valley

C. Friz, V. Villi & M. C. Turrini, Earth Surface Processes &
Landforms, 20(8), 1995, pp 747-757.

Did a late Wurm broad-leaved flora exist in the Altay range?
A. P. Derevyanko, S. A. Laukhin, E. M. Malayeva, M. V.
Shun’kov, L. A. Orlova & A. V. Postnov, Transactions Dok-
lady - Russian Academy of Sciences: Earth Science Sections,
331(5), 1993(1995), pp 128-133; translated from: Doklady
Rossiyskoy Akademii Nauk, 330(6),. 1993, pp 736-739

Holocene evolution of peatland and paleoenvironmental
changes in the Sarobetsu Lowland, Hokkaido, northern
Japan (in Japanese)

A. Ohira, Geograpical Review of Japan, Series A, 68A(10),
1995, pp 695-712.

Palynological characteristics of near-shore shell-bearing
Pliocene through Holocene sediments of Florida, Georgia,
and South Carolina

F.J. Rich, Tulane Studies in Geology & Paleontology, 28(3-4),
1995, pp 97-112.

Paleoecological aspects of a late Wisconsinan aquatic
mollusk assemblage associated with mastodon bone recov-
ered from the north fork of Ward Creek, Baton Rouge,
Louisiana

B. Lewis, Tulane Studies in Geology & Paleontology, 28(3-4),
1995, pp 57-81.

Documentation and evaluation of radiocarbon dates from the
‘Cape Fear coquina’ (late Pleistocene) of Snows Cut, New
Hanover County, North Carolina

J. A. Dockal, Southeastern Geology, 35(4), 1995, pp 169-186.

Diverse nonmarine biota from the Whidbey Formation
(Sangamonian) at Point Wilson, Washington

P. F. Karrow, A. Ceska, R. J Hebda, B. B. Miller, K. L.
Seymour & A.J. Smith, Quaternary Research,44(3), 1995, pp
434-437.

Holocene glacial chronology in Patagonia: Tyndall and
Upsala glaciers
M. Aniya, Arctic & Alpine Research, 27(4), 1995, pp 311-322.

Late Pleistocene interglacial deposits at Pennington
Marshes, Lymington, Hampshire, southern England

L. G. Allen, P. L. Gibbard, M. E. Pettit, R. C. Preece & J. E.
Robinson, Proceedings - Geologists’ Association, 107(1),
1996, pp 39-50.

An abrupt mid-Holocene decline of Pinus sylvestris in Glen
Torridon, north west Scotland: implications for palaeocli-
mate change

D. Anderson, Research Paper - University of Oxford, School
of Geography, 52, 1995, 29 pp.

Palaeoecology of a late Weichselian vertebrate fauna from
Norre Lyngby, Denmark
K. Aaris-Sorensen, Boreas, 24(4), 1995, pp 355-365.

Holocene sedimentary sequences in the Arc River delta and
the Etang de Berre in Provence, southern France

M. Provansal, in: Mediterranean Quaternary river environ-
ments, ed J. Lewin & others, (Balkema), 1995, pp 159-165.

La formation de Montfleury pres de Geneve: etude palyno-
logique et sedimentologique d’une sequence du Pleistocene
moyen (The Montfleury Formation near Geneva: palynology
and sedimentology of a mid-Pleistocene sequence)

S. Wegmuller, G. Amberger & J.-P. Vernet, Eclogae Geologi-
cae Helvetiae, 88(3), 1995, pp 595-614.

Stratigraphic and paleogeographic interpretation of analysis
results of magnetic susceptibility of loesses at Bojanice (NW
Ukraine)

A. Bogucki, H. Maruszczak & J. Nawrocki, Annales - Uni-
versitatis Mariae Curie-Sklodowska, Sectio B, 50, 1995, pp 51-
64.
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Development stages of loessial and glacial formations in
Ukraine: (Stratigraphy of loesses in Ukraine)

P. Gozhik, V. Sheikoplyas & T. Khristoforova, Annales -
Universitatis Mariae Curie-Sklodowska, Sectio B, 50, 1995, pp
65-74.

The profile of loesses at Korshov (NW Ukraine) in the light of
heavy minerals analyses

R. Racinowski & A. Bogucki, Annales - Universitatis Mariae
Curie-Sklodowska, Sectio B, 50, 1995, pp 191-205.

Loesses and their bedrock in the southeastern part of the
Miechow Upland (S Poland)

L. Lindner & A. E. Siennicka-Chmielewska, Annales - Uni-
versitatis Mariae Curie-Sklodowska, Sectio B, 50,1995, pp 75-
90.

Glacial cycles of loess accumulation in Poland during the last
400 ka and global rhythms of paleogeographic events

H. Maruszczak, Annales - Universitatis Mariae Curie-Sklo-
dowska, Sectio B, 50, 1995, pp 127-156.

Accumulation conditions and the upper limit of Neopleisto-
cene loesses in the central Roztocze region (SE Poland)

H. Maruszczak, Annales - Universitatis Mariae Curie-Sklo-
dowska, Sectio B, 50, 1995, pp 157-171.

Stratigraphical and paleogeographical interpretation of the
results of heavy minerals analyses in loesses of Voivodina
H. Maruszczak & M. Wilgat, Annales - Universitatis Mariae
Curie-Sklodowska, Sectio B, 50, 1995, pp 173-190.

Viviparus diluvianus (Kunth) w osadach interglacjalu mazo-
wieckiego w Grabanowie na Podlasui (Viviparus diluvianus
(Kunth) in the sediments of Mazovian Interglacial from
Grabanow in Podlasie, E Poland)

K. M. Krupinski & S. Skompski, Przeglad Geologiczny,
43(12), 1995, pp 1045-1048.

Malacofauna of the Vistulian loess in the Cracow region (S
Poland)

S. W. Alexandrowicz, Annales - Universitatis Mariae Curie-
Sklodowska, Sectio B, 50, 1995, pp 1-28.

Loess and alluvia in the Krzeczkowski Stream valley in
Przemysl environs (SE Poland)

S. W. Alexandrowicz & M. Lanczont, Annales - Umversitatis
Mariae Curie-Sklodowska, Sectio B, 50, 1995, pp 29-50.

Stratigraphy and paleogeography of loess on the Przemysl
Foothills (SE Poland)

M. Lanszont, Annales - Universitatis Mariae Curie-Sklodows-
ka, Sectio B, 50, 1995, pp 91-126.

Soils of Quaternary river sediments in the Algarve

P. A. James & D. K. Chester, in: Mediterranean Quaternary
river environments,ed J. Lewin & others, (Balkema), 1995, pp
245-262.

The influence of Quaternary tectonics on river capture and
drainage patterns in the Huercal-Overa Basin, southeastern
Spain
E. Wenzens & G. Wenzens, in: Mediterranean Quaternary
river environments, ed J. Lewin & others, (Balkema), 1995, pp
55-63.

Controls on drainage evolution in the Sorbas basin, southeast
Spain
A. E. Mather & A. M. Harvey, in: Mediterranean Quaternary
river environment, ed J. Lewin & others, (Balkema), 1995, pp
65-76.

Tectonics versus climate: an example from late Quaternary
aggradational and dissectional sequences of the Mula Basin,
southeast Spain

A.E. Mather, P. G. Silva,J. L. Goy, A. M. Harvey & C. Zazo,
in: Mediterranean Quaternary river environments,ed J. Lewin
& others, (Balkema), 1995, pp 77-87.

Pleistocene environmental change in the Guadalope Basin,
northeast Spain; fluvial and archaeological records

M. G. Macklin & D. G. Passmore, in: Mediterranean Qua-
ternary river environments, ed J. Lewin & others, (Balkema),
1995, pp 103-113.

Quaternary soil and river terrace sequences in the Aguas/
Feos river systems: Sorbas Basin, southeast Spain

A.M. Harvey, S. Y. Miller & S. G. Wells, in: Mediterranean
Quaternary river environments, ed J. Lewin & others, (Balk-
ema), 1995, pp 263-281.

Quaternary valley floor erosion and alluviation in the
Biferno Valley, Molise, Italy: the role of tectonics, climate,
sea level change, and human activity

G. W. Barker & C. O. Hunt, in: Mediterranean Quaternary
river environments, ed J. Lewin & others, (Balkema), 1995, pp
145-157.

Facies sequences and sedimentation influences in late Qua-
ternary alluvial deposits, southwast Cyprus

R. L. Stevens & P. O. Wedel, in: Mediterranean Quaternary
river environments, ¢d J. Lewin & others, (Balkema), 1995, pp
219-229.

Quaternary drainage development, sediment fluxes and
extensional tectonics in Greece

R.E. L. Collier, M. R. Leeder & J. A. Jackson, in: Mediterra-
nean Quaternary river environments, ed J. Lewin & others,
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