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OE.Cm.-ﬁF MOVEMENTS AND RELATIVE SEA LEVEL

CHANGES IN ICELAND Geologically, Iceland is located in a very dynamic environment. The country owes its existence to a
major plume of upwelling mantle material. As the mantle material moves upwards its melting
temperature is lowered. Partial melting occurs, and the melt is transported towards the surface lo
Pill Einarsson feed volcanism and form crust that is thicker than normal for the oceanic areas. The plume and the
S het e Al thick crust keep the country above sea level. In addition, Iceland is located on the boundary
stitute, University of Iceland, Dunhaga 3, IS-107 Reykjavik, Iceland between two of the largest lithosphere plates, the North American Plate in the west and the
; Eurasian Plate to the east. The boundary crosses the island and is a source of volcanism and

seismic activity (Fig. 1). New lithosphere is formed at the divergent plate boundary as the plates
separate. These processes are accompanied by considerable vertical crustal movements. Variations
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global scale sea level is dependent on the mass and vol > global extent. On a glacier load. Past, as well as current changes in glaciation lead to measurable crustal movements
basins that contain it. On a more local volume of the sea water, and the volume of the o
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» and crustal movements. Crustal movements and the configuration and movements of
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crustal movements in Iceland that can %@Q _.nﬂ_unm%n ”nwﬁmw_,m"._ ﬁqﬁ”w_w mumm : u_._n__.c 24 Jun_n o m_.?.w mMO_oma_n_ r“ﬂoQ . _nnwm_.a_._mﬁ ybe _n:_u& Enﬁ%cﬁ%ﬂ ol ﬂ._m__oa wnmm_m. i .rm :s._nzs:n: e
causati ’ : - mpt is made to explai celand mantle plume emerged and apparently intiated rifting of Greenland away trom Norway.
tive processes, and relate them to the geological history of the Eﬁ__u. plainfhe Since then the _m_.::n has mnﬂo:m:. m%wnﬁh_ .—wn history of E%n movements in :._w North >:E=Wm.
s Greenland became attached to the Nort American Plate and has been moving away from the
v 15°W Eurasian Plate at a rate of about 2 cm per year, Itis generally thought that a plume of rising
J\\ . T Y material in the mantle forms a plume head. When the head arrives at the surface it leads to crustal
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Figure 2. Reconstruction of the North Atlantic region just after the onset of oceanic spreading
berween Greenland and Norway. Shading and hatching show the areas of volcanism associated
with this event, and the small circle in E-Greenland shows the inferred position of the center of the
plume at this time (from White and McKenzie, 1989).
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uplift and extensive and widespread volcanism (White and McKenzie, 1989). Remnants of this
stage of the Iceland plume are found all around the continental margins in the NE-Atlantic, centered
on the assumed plume center beneath E-Greenland (Fig. 2). After the initial intensive phase the
volcanism continues above the plume, at a reduced rate, and leaves a trail of thickened crust on the
plate above. The location and shape of the trail depends on the relative movement of the plate with
respect to the plume. Iceland, the Iceland-Faeroes Ridge and the Iceland-Greenland Ridge are the
expressions of this trail. The present location of the plume center is presumed to be beneath
east-central Iceland, in the area of the subglacial volcanoes Birdarbunga, Grimsvotn and Kverkfjoll
(Fig. 1). .

SUBSIDENCE AND LITHOSPHERIC COOLING

The lithosphere is formed at the divergent plate boundary by injection and extrusion of magma
from the mantle. It then drifts away from the plate boundary and cools as it becomes older. The
cooling ieads to contraction and subsidence as the lithosphere adjusts isostatically with the
asthenosphere below, and therefore a general relationship exists between water depth and the age
of the lithosphere. A depth-age curve for the oceanic lithosphere is shown in Fig. 3. The crustal
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Figure 3. Summary of global depth and age data from the ocean floors, demonstrating :.R.
subsidence of the oceanic crust in response 1o the cooling of the lithosphere with age. Modified
from Carlson and Johnson (1994).

subsidence during the first 10 million years is about 1000 m, and further 1700 m in the subsequent
50 million years. Close to the plate boundary the sea level can be expected to change by 0.1 mm
per year due to this process. Although this rate hardly makes much difference in sea level on the
human time scale of 1-1000 years, it certainly is of considerable importance on the geological time
scale of 105 - 107 years. Thus the Iceland- Faroes Ridge (Fig. 1), now below present sea level,
was formed by subaerial volcanism due to the Iceland plume. As this piece of crust drifted away
from the plate boundary the lithosphere cooled and subsided. Parts of the ridge sank below sea
level in the early Miocene (about 20 million years ago) and the highest parts no later than the
Pliocene (about 8 million year ago) (Thiede and Eldholm, 1982).

UPLIFT DUE TO EROSION

Erosion of the land surface moves mass to the ocean, to be deposited at the ocean bottom. This
mass removal leads to uplift of the crust by isostatic adjustment. Walker (1982) estimates that
about 1000 m have been eroded off the 3-14.5 million years old basalt pile in Eastern Iceland. A
large part of theis erosion is doubtless associated with the glacial period, i.e. the last 3 million
years. Assuming crustal and mantle densities of 2600 kg/m3 and 3000 kg/m3 , respectively, an
isostatic adjustment leads to uplift of 870 m. Steinth6rsson (1987) estimates the present erosion
rates to be in the range 0.01-0.025 m3 per year. Similar numbers are given by Gfslason and
Amérsson (1988) who include chemical denudation in their estimate. This corresponds to lowering
of the land surface by 0.1-0.25 mm per year. Uplift due to isostatic adjustment would be in the
range 0.09-0.22 mm per year. The effects of this process on present-time relative sea level in
Iceland are thus of the same order of magnitude as that of lithosphere cooling, but with the opposite
sign. They would tend to cancel each other.

PROCESSES AT THE PLATE BOUNDARY
The divergent Mid-Atlantic plate boundary crosses Iceland. The process of crustal accretion affects
the plate boundary region, and is accompanied by substantial vertical movements of the crust.
Relative sea level changes will result in the two areas where the plate boundary crosses the coast,
i.e. in the SW comner of the country and in NE-Iceland (Fig. 1). These changes may be of
considerable economic importance, since the city of Reykjavik and the towns of HafnarfjorBur,
Vogar, Njarbvik, Keflavik, Sandgerdi, Grindavik Porldkshafn and Képasker are within the
affected areas. At least three processes can be identified:
1. Volcanic loading of the neovolcanic zone, The plate divergence is accompanied by volcanism.
New volcanic material is transported from depth and deposited at the surface or at shallow levels in
the crust. This added surface load is accomodated by isostatic adjustment and subsidence. If a
steady-state is assumed, the subsidence is equivalent to the average production rate of volcanic
material. A model of this process developed by P4lmason (1973, 1980, 1986) assumes a
production rate of 1.3 * 10 km?/a per km length of the plate boundary, and derives a subsidence
rate of a few mm per year, depending on the distribution of the load. This rate is consistent with
drill hole data at Reykjanes. This subsidence rate is a long term average. On a shorter time scale
the rate is not supposed to be constant. The volcanic production takes place in discrete events, but
viscous layers at subcrustal depths respond slowly to the added crustal load. The relaxation time is
of the order of hundreds of years. The subsidence is therefore expected to take place mostly in the
first few hundred years after a volcanic event, and then gradually slow down. The Pélmason
model assumes a direct relationship between loading and subsidence and does not take the finite
strength of the plates. In reality the plates have a finite flexural rigidity and subsidence will occur
also outside the areas of lava accumulation.
1 in i The divergent movements of the
large lithospheric plates on either side of the boundary is more or less continuous. Therefore the
crust in the plate boundary region between them is being continuously stretched. Its surface
subsides due to elastic necking. The subsidence could amount to a few mm per year. This
deformation is elastic and is recovered during rifting events when the crust fails along the plate
boundary. On a short time scale this ptocess may be difficult to separate from the loading process
described above. Both lead to subsidence within the same areas and of the same order of
magnitude. On a long time scale, however, they can be separated, since only the loading process
contributes to the long time average subsidence. Continuing subsidence of the plate boundary
region of several mm per year has been deduced from tilt measurements on the rift zone flanks by
Tryggvason (e.g. 1974, 1982). 3
3. Rifting events, The crust in the plate boundary regions failes when the tensional stress exceeds
the crustal strength, or when the strength is lowered due to ¢.g. inflow of magma in the crust.
Failure occurs along one or more of the volcanic systems of the rift zone and is usually
accompanied by magmatic activity. The volcano-tectonic events of the Krafla volcanic system in
1975-1989 (see e.g. Bjornsson, 1985, Einarsson, 1991a, 1991b) provided a dramatic
demonstration of such failure at the divergent boundary. Magma began flowing into a crustal
magma chamber in the roots of the Krafla volcano in NE Iceland in 1974 or 1975. When the




13 ed a critical level in the chamber, the surrounding crust failed and magma was
ﬂw%ﬁﬂ mﬂﬂﬂnw:n fissure swarm that transects the volcano. A small volume of magma erupted to the
surface, but most of it was injected laterally along the fissures. This magmatic event s_mm_._ -
accompanied by large crustal deformation near the coast where the fissure swarm enters t _w» ocean.
After this initial event the volcanic system went through a series of similar events. The Krafla
volcano reinflated and injected new batches of magma into various section of the fissure mﬁﬁmﬂ
Each time the fissure swarm was widened, its central part subsided and its flanks were uplifte
(Fig. 4). The vertical displacements were of the order of tens of centimeters to a few meters.
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contracted and uplifted. Modified from Einarsson (1991 b) and Bjirnsson (1985).

A wenty such events were documented in this rifting episode of Krafla. Rifting episodes of
wzw%%mwsshmn seem to occur in Iceland once or twice each century. Sudden sea level nrn:mn_ﬂ_ due
to rifting and magma movements may occur where the volcanic systems intersect the ngw.. a X
may be of considerable economic importance. The harbor of Grindavik in SW-Iceland m!.._w. )is
particularly vulnerable, but other harbors and communities in SW- ans .Zm;nn_sﬂ may

affected. Holocene raised shorelines on post-glacial Javas on the Reykjanes Peninsula (sce
Szmundsson and Einarsson, 1980) are possibly of this origin.

GLACIAL LOADING AND ISOSTACY

nd of the last glaciation . >
m_m,sa ﬁohﬂ.m_uo;_ geologic record of Ieeland contains considerable evidence of rapid sea level
changes at the end of the last glacial period. Raised beaches and terraces are found in numerous
places in the lowlands, and generally become higher towards the interior of the country. In the
coastal areas they are often at about 50 m elevation, but may reach over 100 m elevation m::_:u.. "
inland. These have generally been taken as evidence for isostatic adjustment of the crust due 1o the
reduces load when the ice sheet disappeared. In contrast to Fennoscandia and Canada, where
glacio-isostatic movements are still continuing, the Icelandic crust seems to have responded .n:_.m.q
quickly to the load changes. Most of the movements were over in less than 1000 years. This fact

was used by Trausti Einarsson (1966) to conclude that the subcrustal viscosity in Iceland was an
order of magnitude lower than beneath the continental shields. Sigmundsson (1990, 1991)
reviewed the available geological evidence and constrained the subcrustal viscosity by model
calculations. He determined a maximun viscosity of 1019 Pa s, and concluded that further
refinement of this value required improved knowledge of the ice retreat history. This means that
most of the crustal adjustments took place in about 400 years. This rapid adjustment is further
supported by recent data on submerged coastal features and deltas in N-Iceland (Thors and
Boulton, 1991) and SW-Iceland (Thors and Helgadéttir, 1991). These features are found at depths
of 20-40 m. They are postglacial and must have been formed during the final stage of crustal
adjustment to the reduced ice load, but at a low eustatic sea level. Combining their results from the
Horg4 delta in N-Iceland with the eustatic curve of Fairbanks (1989), Thors and Boulton (1991)
suggest the relative sea level curve shown in Fig. 5.
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Figure 5. Relative sea level curve for the Horgd area in N-Iceland, as suggested by Thors and
Boulton (1991). The sea level drops rapidly during and immediately after deglaciation, remains
relatively stationary at -40 m around 10 000 years b.p., then begins to rise as the rate of eustatic sea
level rise exceeds the rate of crustal rebound. After about 8000 years b.p. the curve follows the
global eustatic curve of Fairbanks (1989).

The disappearance of the major northern hemisphere ice sheets led to isostatic adjustments on a
global scale. Peltier and Tushingham (1991) presented results of model calculations of the
isostatic contribution 1o relative sea level changes. They assume a sperically symmetric earth model
and calculate isostatic adjustments everywhere due 1o a given ice load history of the last
deglaciation. These adjustments are still in progress and amount to a few mm per year over large
parts of the globe, but Iceland is close to the zero-line. No changes are therefore expected in
Iceland from this process.



Most of the gelogical evidence of sea level change
glacial period. The Tjornes sequence in N-Iceland

during the Ice Age are from the end of the last
(Fig. 1), however, contains evidence of repeated

marine transgressions associated with carlier glacial periods (e.g. Th. Einarsson et al., 1967,

Eirfksson, 1981). These changes are most likely a

ssociated with glacial loading, but it should also

be considered that Tjmes is located within an active transform zone of the plate boundary, the
Tjomes Fracture Zone. This is a complex zone of transform faulting and rifting (Saemundsson,
1974, Einarsson and Saemundsson, 1987, Einarsson, 1991 a), and the Tjornes strata are located
on a crustal block between two transcurrent features, The Hisavik Faults and the Grimsey seismic
zone, and immediately west of the rift zone of North Iceland. The interaction of these zones may

lead to complicated vertical crustal movements.
h in ice |
The low subcrustal viscosity beneath Iceland, of

the order of 1019 Pa s, suggests that changes in

the ice load in this century might lead to detectable crustal movements. The volume of the
Vatnajokull ice cap in SE-Iceland (Fig. 1) decreased by 180 km3 in the warm period that began

about 1920. Model calculations of Sigmundsson (

1990, 1991) indicate that this decrease should

Jead to crustal uplift in the area around the glacier at a rate of 5-20 mm per year at the present time
and tilt away from the glacier. An experiment to measure this uplift was conducted by Sigmunds-
son and Einarsson (1992) by measuring relative changes in lake level of the lake Langisj6r near the
SW edge of Vatnajokull. By comparing levelling results of 1991 to a previous survey in 1959, an
uplift of about 12 cm was determined for a bench mark near the NE end of the lake with respect to
a bench mark near the SW end of the lake, 15 km farther from the center of the glacier. This tilt

rate constrains the subcrustal viscosity values to 1
the post-glacial uplift.

018 - 5x1019 Pa s, and confirms the results from

Further constraints will be provided by a new geodetic experiment initiated in 1991-1992
(Einarsson et al., in preparation). A geodetic network of 10 points was installed in the area SE of
the glacier and measured by GPS geodesy. The network contains points near the glacier edge as
well as a point at a distance of 50 km, i.e. outside the affected area. Uncertainties in relative
positioning are estimated to be about 1 cm in the horizontal components and 2 cm in the vertical.
Gravity was also measured at the geodetic points as well as several older gravity points in the area.
Indications of gravity changes were found, consistent with uplift of several mm per year.

There is some evidence for rates even higher than

the model calculations indicate. Jahn (1992)

analysed the results of an extensive GPS-network in N - and E-Iceland in 1987. One of the points

occupied was in Hornafjordur, at the SE edge of the glacier. The same point was occupied during a

GPS-campaign in 1990. Comparison between the
Homafjordur showed changes that could be interp
Hornafjérdur point during the period 1987-1990.

two determinations of the vector Akureyri-
reted as the result of 8 cm uplift of the
Imsland (1992, and this symposium) documents

changes in relative sea level that could indicate similar rate of uplift. A small skerry, Hellnasker,

within the HorafjorSur lagoon emerges about 75
1950 this skerry never showed, even at the lowest

cm above sea level at low tide at present. Before
tidal levels. Crustal uplift is considered the most

likely cause, even though this could conceiveably be caused by other changes in the lagoon. This
observation indicates a rate of a little less than 2 cm per year.

There are also geological indications of earlier marine transgression in HorafjorSur (Jénsson,
1957, Sigmundsson and Einarsson, 1992, Imsland, 1992 and this symposium), presumably

caused by increased ice load of Vatnajokull in the

MEASUREMENTS OF SEA LEVEL
Reykijavik tide gauge record

period 1400-1900 AD.

The only tide gauge record in Iceland the exceeds a few years is from the Reykjavik harbour.
The gauge was installed in 1956 and has been in operation with short interruptions since. The
record was recently analysed by Gudmundsson and Einarsson (in preparation). Offsets and errors
were corrected and about 60 harmonic coefficients determined. A record of yearly averages
corrected for atmospheric pressure is shown in Fig. 6.

A trend of rising sea level is obvious. A straight line fit to the points gives the following equation:
H(t) = 2.183 + 0.0034 (year - 1973)

The equation gives the height of the sea level in meters with respec j

reference system. Relative sea level is rising in Reykjavik at a _.wa ﬂowﬁnhhw%”ﬁwﬁ%ﬂw_n
yearly averages deviate as much as 11 cm from the best fitting line. The most ooz%mn.:ozw
deviations occur during the period 1964-1968. By comparison with data from Grindavik in
mw._f;no_m:n_ and Thorshavn in the Faeroe Islands Gudmundsson and Einarsson (in prep.) argue
that these deviations are of oceanographic origin. Regional conditions in the ocean appear to have

von m_. .. . . ‘
nom.m.hw:%mmw ! during this period. Sea ice, for example, drifted around large part of the Icelandic
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Figure 6. Sea level in Reykjavik 1956-1989 from tide

. a lev ! gauge data. Yearly averages are plotted

.M.M:QE: of time in years (modified from Gudmundsson and Einarsson, in E.mnnwauaa&,.u The ana,...nn
ve been corrected for atmospheric pressure. Arrows show times of leveling to a bench mark.

The yearly averaging smooths out oscillations of shorter peri i ies sti i

. i ths ¢ periods. The time series still contains
longer tidal periods. Contributions from three long period tidal constituents of astronomical origin
may still be assumed in the time series. These are the pole tide, generated by the Chandler wobble
of 435 days period, the lunar perigee rotation with period of 8.8 years, and the lunar nodal
regression with period of 18.6 years. Taking these constituents into account we are left with a
secular sea level rise of 2.4 mm per year in Reykjavik.

The estimated secular sea level rise in Reykjavik is within the range of the global eustatic sea |
[ | k evel
Mwn _cww.hwc.o mm per year given by Peltier and Tushingham :mm:. m_._nmo_.__w. slightly exceeds
e 1.6-2 mm per year, as estimated e.g. by Trupin and Wahr (1990) and Douglas (1991). The
n_WmE from Reykjavik therefore indicate that no significant crustal subsidence is occurring in
eykjavik at the present time. Slight subsidence is indicated only if the lowest estimates of eustatic
sea level rise are taken. This conclusion is somewhat at odds with previously published views
(e.g. Steinthérsson, 1987, Emery and Aubrey, 1991, Imsland and Th. Einarsson, 1991), who
assume that Q._.__w_.m_ _3963.35 are the main contributor to the sea level rise in wnwimiw..
Short term sea level recordings
In addition to the Reykjavik tide gauge sea level has been measured at a number of locati
short period. The Danish Navy recorded sea level at the beginning of this century Eo_.mwmwowcﬂwmwﬂ



i i been found and are presumed to
-~ W- and SW-Iceland. The data and reference points have not T
__U_Mmc.m_s___ z_ﬂ_umﬁu_znam were done in Grindavik harbor in 1956-1964 by the Lamont Omwﬁm_nw_ﬂ
Ogn_.._._ﬁo_.w (now Lamont-Doherty Earth Oawa?m:_qu_ in Hnﬁo ;_\W}?;N aﬂw Mwmnﬂﬂ wn :M_. u
int has not been recovered. The Icelandic Harbor Authonty - !
ﬁw‘ﬂﬂ% menv_,mmzmzo:m at 32 harbors around the country during the period E....m._mew Ema_ﬂmm N
mélastofnun rikisins, 1980). The duration of the measurements was usually about 2_ :..%_._m& &
each location. Mean sea level and the principal harmonic coefficients were determin : a o
the deviations of monthly averages from the mean sea level curve in Reykjavik, the values of se
level obtained for these locations may be accurate to 10-20 cm.
Plan of future sea level monitoring

i i i level. Monitoring of
land is rather well placed as a platform to observe changes in eustatic sea {
WMM m_.n_._cn“ rise in Rmuammn to the anticipated global warming due to greenhouse gases in z._n.s
atmosphere is becoming increasingly important. A ﬂmnm o ﬂm.awmmn__._g _M.M” Mammw_cﬂ%ﬂ.uwoﬁwnﬂaw _
Iceland is being implemented. Gauges will be installed at ocations arou e cou
is i - lity and regular calibration. A prototype
next few years. An emphasis is put on long-term stability a e e L
i been in operation in the Reykjavik harbor since early 1992. It consist )
H..wﬂ_hw“ wﬂam w_mwm_ mcﬂmﬁn wngwoa for automatic calibration. Digital data are collected into solid state
memory, and the gauge contains no movable parts.
= inad i i land. The caused of relative sea
til recently sea level could only be determined with reference to land.
ﬂ”n__ mrmsmow could therefore not be separated directly. A large global data set imﬂ:ﬂn& to i’
separate the contribution of global sea level change from the local effects of nEmﬁt Enﬁ..:g £
With the recent advent of space geodetic technology this is no longer necessary. Wit wm_ul ks
combination of Very Long Baseline Interferometry (VLBI), Satellite Laser Ranging (S1 S
GPS-geodesy (Global Positioning System), m_._._u_ other mxmﬁ_.:w.a: _w _M.M”M_%M_M _wr ﬂm%ﬂﬂ.w_“nm e
ition of geodetic points to within several millimeters in an absolute sense.
wmm_wwmowﬁm sea _o<oﬂ"rm=mam can therefore be determined by a geodetic tie between J.m _,..,__.ﬂu__ﬂ
gauges and such absolute geodetic points. Absolute coordinates are available in two p mnw._ “_ !5
Iceland, near Reykjavik and H6fn (Magnisson et al., 1993). A DORIS n_o.m::_:m:c._.m wﬂ ik
survey _.n.mﬁ... nearly identical results for a point near Reykjavik. A VLBI-point was s i shed n
HornafjérBur in 1992. Attempts are being made to connect these points to sea level in the vicinity.

. G REMARKS .
mwdﬂmﬂwﬁmwwmn tried to give an overview of processes in the crust and upper ,Eh_%n that nm:_
lead to changes in relative sea level. Examples have been given from the geologic: _mme _.u=.
Iceland where these processes played a role. In mvwﬁ oM its mron%.ﬂ..m:o:_.%m_mwa mm_..uﬂcm %m_w %_ﬂ
is hi is unusually rich and contains a broad range of these pi , 6.8 U :
w%ﬂﬂ%ﬂw::%ﬂ.w:_mﬂma E:EM. rifting of a continent, subsidence due to :Eom,.cwm_d mﬁa___nm. loading
of the crust by volcanic production, stress changes at a plate boundary mmmoﬁ%. H_M_‘” _._v m” %
movements and rifting, and loading and deloading of the crust by glaciers, amss :oQ i
sedimentation. These processes may play together in a complicated way and it may nc ot y .
obvious which one is the most important. Measurements of present sea level changes in _uMa Haa "
will add important constraints to ideas on eustatic sea level, in particular when :Nw mun nwz c
conjunction with independent measurements of crustal movements, such as by surveying,
VLBI or other space-based techniques.

ledgements. Fruitful cooperation with Olafur Gudmundsson, Freysteinn
WMHHMMS%M&: Viggésson, Gudjén Scheving Tryggvason, and many others is m_.m_nzw__« ,
acknowledged. Part of the research reported here was supported by the Icelandic Science Fun
and the Research Fund of the University of Iceland.

References .
Bjomsson, A., 1985. Dynamics of crustal rifting in NE Iceland. J. Geophys Res., 90,
10,151-10,162.

Carlson, R. L., H. P. Johnson, 1994. On modeling the thermal evolution of the oceanic upper
mantle: An assessment of the cooling plate model. J. Geophys. Res., 99, 3201-3214,

Douglas, B. C., 1991. Global sea level rise. J. Geophys. Res., 96, 6981-6992.

Einarsson, P., 1991 a. Earthquakes and present-day tectonism in Iceland. Tectonophysics, 189,
261-279, 1991

Einarsson, P., 1991 b. Umbrotin vi8 Kriflu 1975-1989 (The volcano-tectonic episode of Krafla,
1975-1989, in Icelandic), In: Néttdra Myvatns, (ed. A. Einarsson and A. Garbarsson), Hid
Islenska Nétuirufredifélag, p. 97-139.

Einarsson, P., F. Sigmundsson, M. Hofton, G. Foulger, W. Jacoby, in preparation. An
experiment in glacio-isostacy near Vatnajokull, Iceland.

Einarsson, P., and K. Szmundsson, 1987. Earthquake epicenters 1982-1985 and volcanic
systems of Iceland. Map accompanying the Festschrift "[ hlutarins edli" (ed. Th. 1.
Sigfiisson), Menningarsjédur, Reykjavik.

Einarsson, Th., D. M. Hopkins, R. R. Doell, 1967. The stratigraphy of Tjtrnes, northern
Iceland, and the history of the Bering Land Bridge. In: The Bering Land Bridge (ed. D. M.
Hopkins), p. 312-325. Stanford University Press.

mmzﬁmwo:w.m?; 1966. Late- and post-glacial rise in Iceland and subcrustal viscosity. Jokull, 16,
157-166.

Eiriksson, J., 1981. Lithostratigraphy of the upper Tjornes sequence, North Iceland: The
Breibavik Group. Acta Naturalia Islandica, 29, 37 pp.

m_.n.wnw.m K. 0., D. G. Aubrey, 1991. Sea levels, land levels, and tide gauges. Springer-Verlag,

PP-

Gislason, 8. R., S. Arndrsson, 1988. Chemistry of rivers in Iceland and the rate of chemical
denudation (in Icelandic, with English summary). Natirufredingurinn, 58, 183-197.

Gudmundsson, O., P. Einarsson, in preparation. Urvinnsla sjdvarfallagagna: Sjdvarfoll og
hagfara sjdvarbordsbreytingar { Reykjavik (Analysis of tide gauge data: Tides and secular sea
level changes in Reykjavik, in Icelandic). Science Institute, University of Iceland, report.

Hafnamdlastofnun rikisins, 1980. Sjdvarhzdir (Sea level, in Icelandic). The Harbor Authority,
report, 42 pp.

HEm_mmSn_. P., 1992. Stgur af Hellnaskeri (Tales of Hellnasker skerry, in Icelandic). Skaftfellingur,

. 130-139.

Imsland, P., Th. Einarsson, 1991. Sjévarflé 4 Eyrarbakka og Stokkseyri (Floods at Eyrarbakki
and Stokkseyri, in Icelandic). Science Institute, University of Iceland, report RH-01-91, 71

PP.

Jahn, C.-H., 1992. Untersuchungen iiber den Einsatz des Global Positioning Systems (GPS)
zum Nachweis rezenter Erdkrustenbewegungen im Spaltengebiet Nordost-Islands.
Wissenschaftliche Arbeiten der Fachrichtung Vermessungswesen der Universitit
Hannover, 155 p.

Jénsson, J., 1957. Notes on changes of sea-level in Iceland. The Hoffellssandur, part I11.
Geografiska Annaler, 39, 143-212.

Kanngieser, E., 1983. Vertical component of ground deformation in north Iceland. Ann,
Geophys., 1, 321-328.

Magniisson, I., B. Gudmundsson, G.-Viggdsson, G. Porbergsson, 1. P. Bjérnsson, M. K.
Torfason, P. Einarsson, R. D. Jensson, T. Theédé6rsson, V. Erlendsson, J. Erlingsson, B.
Bjartmarsson, 1993. Tilraunaverkefni um gerd stadfredikorta, grédurkorta og um
landfradilegt upplysingakerfi: Landmalingar (Pilot project of topographic mapping, vegetation

mapping and GIS: Geodetic surveying. In Icelandic). Icelandic Geodetic Survey, report, 63
Pp-

Maller, D., B. Ritter, K. Wendt, 1982. Geodetic measurement of horizontal deformations in
northeast Iceland. Earth Evol. Sci., 2, 149-154.

Pdlmason, G., 1973. Kinematics and heat flow in a volcanic rift zone, with application to Iceland.
Geophys. 1. Royal Astron. Soc., 33, 451-481,

Pdlmason, G., 1980. A contiuum model of crustal generation in Iceland: Kinematic aspects. J.
Geophys., 47, 7-18.

Pdlmason, G., 1986. Model of crustal formation in Iceland, and application to submarine
mid-ocean ridges. In: Vogt, P. R., and Tucholke, B. E., eds., The Geology of North America,
Volume M, The Western North Atlantic Region. Geological Society of America, p. 87-97.



Peltier, W. R., A. M. Tushingham, 1991. Influence of glacial isostatic adjustment on tide gauge
measurements of secular sea level change. J. Geophys. Res., 96, 6779-6796.

Saemundsson, K., 1974. Evolution of the axial rifting zone in Northern Iceland and the
Tjomes fracture zone. Geol. Soc. Amer. Bull, 85, 495-504.

Saemundsson, K., and S. Einarsson, 1980, Geological map of leland, sheet 3, SW-Iceland,
second ed. Museum of Natural History and the Iceland Geodetic Survey.

Sigmundsson, F., 1990. Seigja jardar undir {slandi, samanburdur likanreikninga vid
jarbfredileg gOgn (Viscosity of the Earth beneath Iceland, comparison of model calculations
with geological data, in Icelandic with English summary). M. Sc. thesis, 121 pp, University of

Iceland.
Sigmundsson, F., 1991, Post-glacial rebound and asthenosphere viscosity in Iceland. Geophys.

Res. Lett., 18, 1131-1134.

Sigmundsson, F., P. Einarsson, 1991. Glacio-isostatic crustal movements caused by historical
volume changes of the Vatnajokull ice cap, Iceland, Geophys. Res. Lett., 19, 2123-2126.
Steinthérsson, S., 1987. Rates of some moon_oaro_omwnm_ processes in Iceland (in Icelandic, with

English summary). Néttirufredingurinn, 57, 81-95.

Thiede, J., O. Eldholm, 1982. Speculations about the paleodepth of the Greenland-Scotland Ridge
during the late Mesozoic and Cenozoic times. In: Structure and Development of the
Greenland-Scotland Ridge (Ed. M. H. P. Bott, S Saxov, M. Talwani, J. Thiede), Plenum
Press, New York, p. 445-456.

Thors, K., J. S. Boulton, 1991. Deltas, spits and littoral terraces associated with rising sea level:
Late Quaternary examples from Northern Iceland. Marine Geology, 98,99-112.

Thors, K., G. Helgadottir, 1991. Evidence from South West Iceland of low sea level in early
Flandrian times. In: Environmental Change in Iceland: Past and Present (ed. J. K. Maizels
and C. Caseltine). Kluwer Academic Publishers, p. 93-104.

Trupin, A., J. M. Wahr, 1990. Spectroscopic analysis of global tide gauge sea level data.
Geophys. J. Int., 100, 441-453.

Tryggvason, E., 1974. Vertical crustal movements in Iceland. In: Geodynamics of Iceland
Mma M.M North Atlantic Area (ed. Led Kristjdnsson). Reidel Publ, Co., Dordrecht, Holland. p.

1-262.

Tryggvason, E., 1982. Recent ground deformation in continental and oceanic rift zones. In:
Continental and Oceanic Rifts (ed. G. Pélmason). Geodynamic Series, Vol. 8, Am. Geophys.

-Union, p. 17-29.

Tushingham, A. M., W.R. Peltier, 1991, Ice-3G: A new global model of late Pleistocene
de-glaciation based upon geophysical predictions of post-glacial relative sea level change. J.
Geophys. Res., 96, 4497-4523.

Walker, G. P. L., 1982. Topographic evolution of eastern Iceland. Jokull, 32, 13-20.

White, R., D. McKenzie, 1989. Magmatism at rift zones: The generation of volcanic continental
margins and flood basalts. 1. Geophys. Res., 94, 7685-7729.

e

THE DEVELOFMENT OF DOWMDRIFT EROSION

FPer Bruun
Hilton Head Island, South Carolina, USA

INTRODUCTION

Downdrift or “leeside" erosion is an ancient feature on shores occurring
where a headland, an inlet, a river, a bay, a canyon, a reef or other type of
shoal blocked, wholly or in part, the natural longshore drift of materials
that is transport of sand and gravel, by waves and currents. This 1mm:~nm.m=
accumulations on the updrift, receiving, side and in the ocean, and a
corresponding depletion of material, thereby causing erosion, on the downdrift
side. The terminology "Littoral Drift Barrier" accordingly developed.

This paper which should be considered "an interim report", reviews
practical cases of leeside erosion and makes an attempt to exuplain the

development as function of tiame.

NATURAL LITTORAL DRIFT BARRIERS

Natural littoral drift barriers are found everywhere in the world and
they have a determining influence on the development of shoreline
configurations. Barriers may be more or less effective. As they store
material on their updrift side and as the storage capacity usually is limited
some material will finally bypass the barrier and may then resume migration .
downdrift. Part of it may then be lost to the offshore bottom or be deposited
in offshore shoals. Complete littoral drift barriers on a long uninterrupted
shore are very rare, but they occur freguently as pocketed headland-shores
where the available materials are trapped between two headlands extending Mu
greater depths making escape of materials from the pocket very difficult or
impossible.

Man's influence on natural shores first started in rivers. R few
thousand years ago he began developing ocean-going vessels. At the beginning
they were based in river entrangces, bays and other sheltered areas, but such
favorable canditions were not always available. 3,000 to 4,000 years ago the
Phoenicians built an open sea port at Tyre in the Eastern Mediterranean.
Located on an open exposed littoral drift shore it was protected by
breakwaters consisting of heavy concrete blocks. The Cretes and the Greeks
followed the Phoenicians but their ports were situated on rocky shores with

little littoral drift, if any at all. &,000 years ago the Romans built a



