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INTERACTION of the elastic lithosphere with the underlying
anelastic asthenosphere causes strain to propagate along the
Earth’s surface in a diffusion-like manner following tectonism at
plate boundaries. This process transfers stress between adjacent
tectonic segments and influences the temporal tectonic pattern
along a plate boundary. Observations of such strain transients
have been rare, and have hitherto been confined to strike-slip and
underthrusting plate boundaries'. Here we report the observation
of a strain transient at the divergent (spreading) plate boundary
in Iceland. A Global Positioning System survey undertaken a
decade after an episode of dyke intrusion accompanying several
metres of crustal spreading reveals a spatially varying strain field
with the expected diffusion-pulse shape and an amplitude three
times greater than the 5.7 cm that would be expected from the
average spreading rate’. A simple one-dimensional model with a
thin elastic layer overlying a viscous layer fits the data well and
yields a stress diffusivity of 1.1£0.3 m*s™'. Combined with struc-
tural information from magnetotelluric measurements, this implies
a viscosity of 0.3-2 x 10'® Pa s—a value comparable to that derived
for Iceland from post-glacial rebound®, but low compared with
estimates for mantle viscosity obtained elsewhere’.

The Krafla volcanic system is one of five en echelon systems
in the Northern Volcanic Zone of Iceland, the locus of the
accretionary plate boundary there* (Fig. 1a). It comprises a
100-km-long fissure swarm containing the Krafla central vol-
cano. The full spreading rate predicted by the NUVEL plate
velocity model is 1.9 cm yr™! (ref. 2).

A spreading episode commenced in the Krafla system in 1975
(refs 5-10). During the following decade a magma chamber
beneath the volcano inflated, with occasional rapid deflations
when magma flowed out of the chamber and was intruded along
the fissure swarm, forming dykes. From 1975 to 1979, about 10
such deflations with dyke intrusion occurred. Terrestrial survey-
ing work revealed that roughly a metre of local crustal widening
accompanied each event. The total widening across the fissure
swarm was ~2m along 50 km of its length, and 6 m along
another 30 km, giving an average expansion of 3.5 m (ref. 10).
The average height of the dyke complex was estimated to be
2 km, assuming that its width was constant with depth'®. The
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widening zone extended from Axafjordur in the north to
Hverfjall in the south (Fig. 1a). Expansion in the centre of the
fissure swarm was accompanied by contraction of the adjacent
plates out to at least 50 km from the fissure swarm'*'2.

After 1980, most of the magma escaping during deflations
flowed onto the surface as lava. Evidently the stress perpen-
dicular to the plate boundary had increased so as to prevent
further dyke intrusions. Post-intrusion earthquake focal
mechanisms show the absence of a systematic extensional stress
field, thereby supporting this conclusion'*,

Early geodetic studies indicate that little spreading occurred
in the Krafla system during the 27-yr period 1938-65 (ref. 15).
Historical records, however, describe eruptions and tectonism
during the period 1724-29 that were similar to those of 1975-85.
These observations suggest that crustal spreading is episodic in
the Krafla system, with several metres of widening occurring
during brief episodes of intense activity, separated by quiescent
periods lasting hundreds of years.

A geodetic network of ~40 points encompassing Northeast
Iceland was measured using the Global Positioning System
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FIG. 1 a Tectonic map of Northeast Iceland showing the five en echelon
volcanic systems that comprise the accretionary plate boundary. b, Horizontal
point displacements, 1987-90. The lengths of the vectors are proportional
to the point displacements. Thick lines indicate vectors that are significant
at greater than the 99% level (30). Zone A indicates the part of the network
around the middle of the intruded dyke complex, and points within this zone
are modelled in Fig. 2. Zone A extends from 26.5km north of the point on
Mount Krafla to 16.9km south of it, parallel to the trend of the volcanic
system.
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(GPS) in 1987 and remeasured in 1990 (Fig. 1b). Points were
concentrated within the Krafla volcanic system and were
sparsely distributed for 130 km into the adjoining plates. In 1987
a six-satellite daily observation window 3 hr 20 min long was
used, and most of the points were occupied two or three times.
The data were processed at the University of Hannover with
GEONAP (geodetic navstar positioning) software'® and at the
University of Durham with the Bernese version 3.2 GPS soft-
ware'”. The standard deviations of all the components are ~0.5-
1.3 cm for the GEONAP results'>'®, and the integer values of
all cycle slips and ambiguities could be calculated. The
GEONAP and Bernese results agree to within 1cm in the
horizontal for more than 70% of the points. Broadcast
ephemerides were used for both analyses, as the available precise
orbits offered little improvement.

In 1990, a seven-satellite daily observation window of
4hr 10 min was used”. Selective Availability (degradation of
signal quality for military security) was on for most of the survey.
The 1990 data are noisy because of ionospheric irregularities
(scintillations) caused by the current sunspot maximum, but
again, the integer values of cycle slips and ambiguities could
be calculated using suitable linear combinations of the carrier-
phase data. The 1990 GEONAP and Bernese solutions yielded
standard deviations (10) of 1-3 c¢m for all components after
network adjustment. The agreement between the GEONAP'
and Bernese results is mostly within the 1o error. We assumed
a standard troposphere in all our analyses, an adequate model
in the low-temperature environment of Iceland. Because of the
great ionospheric turbulence, the 1990 results'® are inferior to
those from 1987.

The deformation results described here are based on the
GEONAP results. The two coordinate sets with their complete
variance-covariance matrices were subjected to deformation
analysis using the PANDA'® software. This corrected for system-
atic translations and rotations between epochs arising from
unmodelled systematic errors using a set of reference points
close to the rift axis that showed no significant scale deformation
(Fig. 1b). The displacement field shows the relative motion of
the other points (object points) with respect to the reference
points. Significant movements occurred for 44% of the object
points. The deformation field shows a large, systematic east-west
expansion with a maximum amplitude of ~15 cm. This is clearest
around the middle of the fissure swarm, where crustal widening
was greatest during 1975-85 (zone A, Fig. 1b). Vertical move-
ments were up to 10-15cm, but no systematic deformation
pattern such as occurs in the horizontal plane was observed.

The time-averaged spreading rate in Northeast Iceland,

1.9 cm yr™! (ref. 2), cannot account for the deformation. Also,
no significant tectonic activity occurred in our network between
1987 and 1990. We therefore attribute the 1987-1990 deforma-
tion to consequences of the 1975-85 spreading episode. We
show below that the 1987-90 deformation agrees well with the
field predicted for such an episode by the simple model of
transient stress relaxation proposed originally by Elsasser’® and
Bott and Dean?".

The Elsasser-Bott-Dean model consists of a thin elastic layer
overlying a viscous layer (Fig. 2a). We will consider the deforma-
tion source as a long vertical dyke oriented in the y-direction,
with x being the horizontal distance from the dyke and ¢ being
time. This problem is one-dimensional with the only non-zero
component of horizontal displacement, u(x,t), lying in the
x-direction. If the traction exerted by the viscous layer on the
base of the elastic layer is —(n/b) du/at, where n and b are the
viscosity and thickness of the viscous layer, then u obeys the
diffusion equation®®?!

du  d*u
= e 1
ot ax? (1)
with
k= Mhb/n (2)

where h is the thickness of the elastic layer and M is the elastic
modulus relating horizontal stress and strain within it. For the
plane-strain conditions assumed here (in the x-z plane), M =
4u(A+u)/(A+2p), where A and p are the Lamé moduli. The
elastic layer is initially at rest, and at time ¢t =0 a dyke of width
2U, is intruded, so that the material immediately adjacent to
the line x =0 is suddenly displaced to the right or left by Uj,.
The appropriate solution to the diffusion equation (1) is*

x
u(x, 1) = U, erfcz—m (3)

and the corresponding horizontal velocity is

dau U, x

ot v 2kt

We treat the observed 3-yr displacements as instantaneous veloc-
ity 11 years after the dyke intrusion episode, and estimate the
half-width of the dyke, U, and the diffusivity, «, by fitting the
theoretical expression for the velocity, equation (4), to the
observations.

Figure 2b illustrates the best-fit curve, in the least-squares
sense, to the point displacements around the middle of the dyke
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FIG.2 a Schematic diagram of the Elsasser-Bott-Dean model. b, Movements
of points within zone A (Fig. 1b), perpendicular to the fissure swarm as a
function of distance from it. The trend of the plate boundary is taken to be
015°. Vertical bars indicate 1o error bars. The curve superimposed on the
data points is the best-fit curve, in a least-squares sense, of the form
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predicted by the diffusion equation. it corresponds to a dyke haif-width of
1.0+ 0.1 m and a diffusivity of 1.1 + 0.3 m? s™*. This model has a normalized
root-mean-square residual of 0.61 and a weighted root-mean-square
residual of 1.68 cm.
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complex, zone A (Fig. 1b). The position of the centre of the
dyke is well known from previous geodetic measurements and
was held to a fixed location within the fissure swarm. The analysis
indicates a dyke half-width of 1.0+£0.1 m and a diffusivity of
1.1£0.3m?s™". This estimate of U, suggests a value of 2.0 m
for the average width of the dyke complex, which is smaller
than the 3.5 m obtained from geodetic measurements during the
spreading episode, as expected if the dykes extend only part of
the way through the elastic layer. The distance of the velocity
maximum from the dyke, and therefore the value of the diffusiv-
ity obtained, 1.1 m*s™!, is fairly well constrained.

Equation (2) may be used to estimate the value of b, h or n,
provided the two other parameters are assumed. Magnetotelluric
work suggests that Northeast Iceland is underlain by a layer of
partial melt 5-10 km thick, and it has been suggested that this
layer decouples an overlying layer from material with a high
viscosity below®. If we identify this partial melt layer with the
viscous layer in our model, and take h =8-30km, b =5-10 km,
A=p=028x10" Pa for basalt and x = 1.1 m*s™", we calculate
7=0.3-2x10" Pas. This may be compared with values of
10" Pas obtained for the viscosity in a half-space model of
Icelandic post-glacial rebound®.

The rebound estimate of viscosity is not significantly different
from ours. Our estimate of diffusivity, however, is incompatible
with a thick layer having a viscosity as low as we have calculated.
These two apparently incompatible results can be reconciled by
a model that involves a thin, shallow layer of relatively low
viscosity (« 10'®) underlain by a thicker layer of higher viscosity
(~10"). The thin, shallow layer may lubricate horizontal
motions in the manner suggested by Bjornsson'® and at the same
time transmit stress from the large-scale glacial relief to deeper
regions.

Our model is a simplification, and although the data have the
essential shape predicted by diffusion theory, our quantitative
interpretation should be viewed as tentative. Our assumption of
one-dimensionality overestimates the motion at distant points,
although this effect is small for points close to the dyke, which
dominate our values of U, and «. Ignoring the effect of older
transients underestimates the motion at distant points. The radial
component of the deformation field apparent in Fig. 1b results
from the real two-dimensionality of the dyke. We assume thin-
ness and perfect elasticity for the upper layer, newtonian
behaviour for the lower layer and lateral homogeneity. These
approximations probably have a significant effect on the value
that we calculate for the diffusivity, «, and thus viscosity, . A
model incorporating viscoelasticity and finite layer thicknesses
would result in modified values.

Of the three stages of the ‘seismic cycle’ (strain accumulation
between events, co-seismic elastic step and post-seismic
transient), the strain transient is the least well observed. But
transient behaviour contains unique information about the struc-
ture and rheology of the Earth and its response to stress changes.
In addition, it influences the temporal interactions of
earthquakes. Transient stress diffusion is a physical mechanism
by which the stress changes accompanying an earthquake or
rifting episode are redistributed to adjacent regions and con-
tribute eventually to triggering other earthquakes. Statistical
analyses of the spatial and temporal correlations between
earthquakes have had little success in predicting their behaviour.
A physical model that incorporates both co-seismic elastic and
delayed transient stress redistribution may be a better prediction
tool.

Observations of transients from spreading plate boundaries
are particularly difficult to acquire because most of the world’s
rift system is on the ocean floor. A similar but smaller dyke
intrusion event in 1978 in the rift system of Afar, East Africa,
was studied geodetically**?®. The deformation following the
intrusion is compatible with that from Northeast Iceland. The
network in Afar, extending to 37 km from the rift, was however
too narrow to detect any but the quasi-linear central part of the
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stress diffusion curve, and the observations were interpreted as
a steady state process controlled by the plate motion. Reinterpre-
tation of the Afar observations in terms of transient stress
diffusion would be expected to yield insights into the structure
and rheology of this area. 0O
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THE Mid-Atlantic Ridge (MAR) between the Kane and Atlantis
fracture zones consists of segments 20—85 km in length' ; bull’s-eye
patterns in the mantle Bouguer gravity anomaly field” centred on
several segments associated with narrow rift valleys® have been
interpreted as centres of strong mantle upwelling and thick crust.
Here I present a map of normal faults inferred from ~5 x 10* km®
of Sea Beam bathymetry® along the MAR between 28° N and the
Atlantis fracture zone. Faults are mapped both on- and off-ridge
using a criterion that distinguishes them from volcanic topography.
Abyssal hill lineations seem to form at the rift valley walls through
the growth of the normal faults; towards ridge segment ends these
faults are more widely spaced, with larger throws than those at
segment centres, and often define the boundaries of the gravity
bull’s-eyes. These two different faulting styles, which probably
reflect changes in lithospheric strength, are preserved into the rift
mountains. Large-throw faults are highly correlated with the
mantle Bouguer highs, suggesting that amagmatic extension on
the large faults contributes to the crustal thinning inferred towards
the segment ends.

To distinguish faults from constructional volcanism, both of
which can create steep slopes, I measure topographic curvature
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