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The 170 km South Iceland Seismic Tomography (SIST) profile extends from the west and across
the Mid-Atlantic Ridge spreading center in the Western Volcanic Zone and continues obliquely
through the transform zone (the South Iceland Seismic Zone) to the western edge of the Eastern
Volcanic Zone. A total of 11 shot points and 210 receiver points were used, allowing precise travel
times to be determined for 1050 crustal P wave rays and 180 wide-angle reflections. The large
amplitudes of the wide-angle reflections and an apparent refractor velocity of 7.7 km/s are inter-
preted to be from a relatively sharp Moho at a depth of 20-24 km. This interpretation differs from
the earlier models (based on data gathered in the 1960s and 1970s), of a 10-15 km thick crust un-
derlain by a upper mantle with very slow velocity of 7.0-7.4 km/s. Nevertheless, these older data
do not contradict our new interpretation. Implication of the new interpretation is that the lower
crust and the crust-mantle boundary are colder than previously assumed. A two-dimensional to-
mographic inversion of the compressional travel times reveals the following structures in the crust:
(1) a sharp increase in thickness of the upper crust (“layer 2A”) from northwest to southeast and
(2) broad updoming of high velocity in the lower crust in the Western Volcanic Zone, (3) depth
to the lower crust (“layer 3”) increases gradually from 3 km at the northwestern end of the profile
to 7 km at the southeastern end of the profile, (4) a low-velocity perturbation extends throughout
the upper crust and midcrust into the lower crust in the area of the transform in south Iceland
(South Iceland Seismic Zone), and (5) an upper crustal high-velocity anomaly is associated with
extinct central volcanos northwest of the Western Volcanic Zone. The travel time data do not
support the existence of a large (> 0.5 km thick) crustal magma chamber in this part of the

Western Volcanic Zone but do not exclude the possibility of a smaller one.

INTRODUCTION
Geology of Transect

Iceland was built by volcanic rocks generated at a mid-
ocean ridge, beginning about 16 Ma. The volcanic pile
observed at the surface is conventionally divided into four
stratigraphic age groups: (1) postglacial, last 9000-13,000
years; (2) upper Pleistocene, back to 0.7 Ma; (3) Plio-Pleisto-
cene, 0.7-3.1 Ma; (4) Tertiary, older than 3.1 Ma [Semunds-
son, 1979]. The source of the volcanism is a the rift system
in Iceland. In southwest and south Iceland the rift system
consists of the overlapping spreading centers in the Western
and Eastern Volcanic Zones (WVZ, EVZ; Plate 1 and Fig-
ure 1). The continuation of the spreading center in central
and northeast Iceland is called the Northern Volcanic Zone
(NVZ). The spreading center in southwest Iceland made
a ridge jump at 7 Ma from the Snzfellsnes peninsula to
its current position in the WVZ [Pdlmason and Semunds-
son, 1974; Semundsson, 1979]. The Borgarfjordur uncon-
formity (BUC, at 820 km on the profile, Figure 1) marks
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the boundary between the volcanic pile originating from the
previous position of the spreading center and the volcanic
pile originating from the present position of the spreading
center in the WVZ. The EVZ is a propagating rift that
started its southern transgression from central Iceland at
3 Ma [Semundsson, 1979]. The formation of the EVZ has
been interpreted as a ridge jump in progress from the WVZ
to the EVZ [Pdlmason and Semundsson, 1974; Semunds-
son, 1979; Finarsson and Eiriksson, 1982; Oskarsson et al.,
1985]. The EVZ is a young geological feature in south Ice-
land, and most of its volcanic products are confined within
the zone. Therefore most of the volcanic pile between the
WVZ and EVZ originates from the WVZ or off-axis volcan-
ism between these two overlapping spreading centers.

The South Iceland Seismic Zone (SISZ) is a fracture zone
at a nascent stage of development that accommodates left-
lateral transform motion between the the EVZ and rifting
on the Reykjanes Ridge (Plate 1 and Figure 1). However,
no east-west surface fractures are observed within the zone.
The left-lateral motion of the SISZ is accommodated by
“bookshelf” type faulting (i.e., many parallel, north-south
striking strike-slip faults) [Einarsson and Eirtksson, 1982;
Hackman et al., 1990; Bjarnason et al., 1993]. The SIST
profile traverses the SISZ obliquely between 720-735 km
(Figure 1).

Seismic Structure of Iceland, Previous Work
The earliest publications on results from seismic refrac-
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tion experiments in Iceland date back to the 1960s and early
1970s [Bath, 1960; Tryggvason and Bath, 1961; Pdlmason,
1971; Pélmason and Semundsson, 1974; Zverev et al., 1975].
Pdlmason [1971] synthesized the results of over 80 low-resolu-
tion (1-4 km station spacing) refraction profiles and com-
piled an average velocity model for Iceland. The model con-
sists of four crustal layers and an anomalously slow upper
mantle with P wave velocity of 7.2 km/s. The velocities of
the crustal layers correspond closely to velocities of oceanic
crust (layers 1, 2A, 2B, and 3) but are 2-3 times thicker
in Iceland. Depth to the lower crust varies considerably
between 3 and 10 km, and the total crustal thickness is
rather poorly constrained but likely is between 10 and 15
km [Pdlmason, 1971; Flévenz, 1980; Flévenz and Gunnars-
son, 1991]. Flévenz [1980] showed that Icelandic refraction
data could be better interpreted in terms of a continuous
velocity-depth profile rather than a layered structure with
sharp discontinuities. This interpretation is consistent with
recent models for oceanic crust [e.g., Minshull et al., [1991].

Interpretations of anomalously slow upper mantle under
Iceland (velocities between 7.0 and 7.4 km/s) were based on
the following reasoning: (1) The highest velocities observed
in these older seismic refraction experiments are between
7.0-7.4 km/s [Bath, 1960; Pdlmason, 1971; Gebrande et al.,
[1980]; (2) teleseismic travel times measured in Iceland are
about 1.6 s slower than travel times measured on the Euro-
pean continent and Greenland [Tryggvason, 1964; Long and
Mitchell, 1970] and could be explained with upper mantle
velocities of 7.4 km/s extending to depths of 160-240 km;
(3) high temperatures beneath Iceland (due to the hotspot),
1000—1100°C at 10-20 km depth produce a large percentage
of melt that leads to low mantle velocities (in the 7.0-7.4
km/s range) [Pdlmason and Semundsson, 1974; Gebrande
et al., 1980], (4) a high-conductivity layer is found under
a large part of Iceland in approximately the depth range
10-20 km, indicating partially molten upper mantle in that
depth range [Beblo and Bjérnsson, 1980; Eysteinsson and
Hermance, 1985].

The RRISP Working Group [1980] ran an 800-km-long
refraction profile that traversed the flanks of the Reykjanes
Ridge and continued on land over central Iceland, in order
to better determine the seismic structure of the upper man-
tle under Iceland and the Mid-Atlantic Ridge (MAR). The
RRISP study determined that 10-m.y.-old crust on the sub-
oceanic Reykjanes Ridge is underlain by slow (7.7 km/s)
mantle at 10 km depth but found that velocity increases to
a more “normal” upper mantle velocity of 8.2 km/s at 16
km depth [Goldflam et al., 1980]. Fundamentally different
upper mantle velocities were found beneath Iceland, ranging
from 7.0 km/s at the base of the crust at approximately 15
km depth to 7.4 km/s at the maximum penetration depth
of 30 km in this experiment [Gebrande et al., 1980]. The
RRISP experiment did not support the findings of previous
lower resolution Soviet studies of 40-60 km crustal thick-
ness and upper mantle velocities under Iceland in the range
7.8-8.2 km/s [Zverev et al., 1975]. Accordingly, the RRISP
experiment affirmed interpretations of anomalously slow up-
per mantle under Iceland and the relatively “normal” crustal
and upper mantle oceanic velocity structure of the Reyk-
janes Ridge.

The seismic structure of the Kolbeinsey Ridge, the part of
the MAR immedjiately north of Iceland, has not been studied
in any detail [Fldvenz and Gunnarsson, 1991]. However,
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the structure of the Iceland-Faeroe Rise (IFR) (southeast
of Iceland) is well determined. The IFR is thought to have
been formed by interaction of the Iceland hotspot with the
Mid-Atlantic spreading center at 40-55 Ma [Morgan, 1978;
Vink, 1984]. The crustal structure of the IFR is similar
to that of Iceland but is thicker, 28-35 km thick, and has
subcrustal velocity of 7.8 km/s [Zverev et al., 1975; Bott
and Gunnarsson, 1980].

A low-resolution, three-dimensional tomographic image of
Iceland, based on teleseismic P wave travel times [ Tryggva-
son et al., 1983] demonstrates significant lateral heterogene-
ity in the crust and upper mantle of Iceland. Compressional
velocities in the upper 75 km (the “pixel” height in their
inversion) increase with lateral distance from the spreading
center by about 4%. (Their type of inversion is not able to
determine the average velocity, only lateral gradients.)

EXPERIMENTAL DESIGN, DATA ACQUISITION
AND ANALYSIS

The SIST profile images a vertical slice through Earth
that strikes northwest-southeast across southern Iceland (Pl-
ate 1). It crosses the major geological features associated
with MAR rifting, such as the BUC, WVZ, and SISZ. The
source-receiver distribution is fine enough to permit high-
resolution tomography in the upper crust, where targets
such as magma chambers, fault zones, and shallow volcanic
intrusions may occur. The profile is long enough that seis-
mic rays from the longest offsets penetrate into the mantle,
permitting conventional, low resolution refraction measure-
ments of the lower crust, Moho, and uppermost mantle.

Data Acquisition

The multiple offset refraction experiment was designed in
the following way: Long range shots, necessary to determine
the crustal structure, were placed at distances up to 170 km.
Higher shot-receiver density was put around the most inter-
esting imaging targets, the WVZ, and the SISZ to improve
resolution. The highest shot and receiver density was over
and around the WVZ and in the South Iceland Lowlands
(between 695 and 795 km on the profile), with 10-20 km shot
spacing and 0.5-1.0 km station spacing. The resulting profile
was 170 km long, with the WVZ and SISZ approximately
in its central part, with total of 11 shot points and 210 re-
ceiver points distributed along the profile (Table 1). Signif-
icant geological and geographical features along the profile
are summarized in Table 2. Although three-component data
were recorded, only P wave arrivals are addressed here.

Data

Prominent coherent arrivals are visible to about 120 km,
and weak arrivals are visible to about 170 km on the profile
(Figure 2). Large lateral velocity variations are observed
along the profile. For example, there is up to 1 s travel time
difference between stations with the same range (20-40 km)
from each of the end shots, AK and JL (Figures 2 and 3).
This travel time difference is an indication of a large dif-
ference in the upper-crustal structure at the end points of
the profile. Consistent travel time delays are observed at
stations in the SISZ, for both distant and close shots (e.g.,
in 105-120 km range from the AK shot, and in 60-70 km
range from the JL shot, Figures 2 and 3). Travel time ad-
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TABLE 1. Acquisition Parameters

Parameter Description

1 170 km refraction profile, approximately linear crossing ridge and transform

2 11 shot points in water, using 10 to 220 kg dynamite shots

3 210 receiver points

4 three-component Mark Product L22D geophones

5 digital recording with RefTek 72A and Sintrex PRS-4 instruments

6 digitization at 200 samples/s and 12 and 16 bits/sample

7 timing to 0.01 s accuracy by Omega radio time

6 shot and receiver points located by both GPS and aerial photos,

with approximately 30-m accuracy
7 1050 three-component seismograms with good signal to noise ratios
8 experiment performed with small (four person) field team over 2.5 months
TABLE 2. Significant Features
Name ~ Feature Profile, km Latitude* Longitude* Latitude* Longitude*
profile 840.0 64.6000 -22.4259
AK (Akrar) shot 841.0 64.6052 -22.4425
BF (Borgarfjordur) shot 818.3 64.4812 -22.0673
HF (Hvalfjérdur) shot 794.9 64.3524 -21.6841
SV (Stiflisdalsvatn) shot 774.5 64.2393 -21.3530
TV (Thingvallavatn) shot 762.6 64.1730 -21.1610
UV (Ulfljétsvatn) shot 753.9 64.1243 -21.0213
HV (Hestvatn) shot 734.4 64.0148 -20.7099
TA (Thjérsd) shot 723.6 63.9538 -20.5385
YR (Ytri Rang4) shot 708.4 63.8677 -20.2985
ER (Eystri Rangs shot 695.2 63.7926 -20.0913
JL (J8kullén) shot 669.5 63.6455 -19.6911
profile 670.0 63.6483 -19.6989

Borgarfjérdur fjord 813.8-819.0 64.4562 -21.9925 64.4851 -22.0788
Hvalfjordur fjord 794.5-798.0 64.3502 -21.6776 64.3695 -21.7346
Stardalur extinct volcano 778.0 64.2587 -21.4095
WVZ spreading center 753.8-767.0 64.1246 -21.0189 64.1975 -21.2319
Grimsnes volcanic center 740.0-745.6 64.0778 -20.7991 64.1235 -20.8884
SISZ transform 721.3-734.0 63.94056 -20.5013 64.0125 -20.7035

* All latitudes and longitudes are for the point of projection of features onto the profile.

vances (high velocity perturbations) are associated with two
extinct central volcanos northwest of the WVZ (Skardsheidi
and Stardalur caldera in distance ranges 31-39 km and 62-71
km from the AK shot, Figures 2 and 3). A number of later
phases are observed in the data. The most prominent later
arrival has the characteristics of a wide-angle reflection. It is
observed in four record sections of the shots with the largest
offsets. The onset of this phase is at a reduced travel time
of 1.5 s and at an offset of approximately 80 km (Figure 2).

Travel times were picked by hand and are believed to be
accurate to about 0.015 s for first arrivals and 0.050 s for
later arrivals.

Data Analysis

The similarity of Icelandic crust to oceanic crust is easily
seen in the exemplary travel time curves (Figure 3). Layer
2A (3.5 + 0.5 km/s) is at the surface of the HV shot, fol-
lowed by layer 2B (5.2 £+ 0.4 km/s) and layer 3 (6.5 + 0.3
km/s). Layer 2B is just below the surface at the AK shot.
Velocities of 7.2 + 0.2 km/s have been attributed to a slow
upper mantle in Iceland. However, in this study a higher
maximum apparent velocity of 7.7 km/s is observed from
the JL shot.

Further data analysis was done in two stages. First, the
two-dimensional crustal seismic velocity structure along the
SIST profile was imaged by tomographic inversion of crustal
travel times. Second, the nature of the observed deep reflec-
tor was explored by two-dimensional forward modeling of
the reflected arrivals using the tomography results.

Tomographic Inversion

In this study we use the tomographic inversion formula-
tion of Caress et al. [1992]. The velocity structure is pa-
rameterized as a staggered two-dimensional grid divided into
triangles. The velocity within each triangle is determined
by linear interpolation of the vertex nodal values, giving a
continuous velocity model with constant velocity gradients
in each triangle. Rays can be traced three dimensionally
through the two-dimensional model, allowing the actual ge-
ometry of the seismic experiment to be accurately incorpo-
rated into the inverse problem. Geometrical ray paths and
travel time residuals are calculated by ray tracing through
a starting velocity model; the residuals are then inverted for
the perturbation to the starting model which is required to
satisfy the travel time data. The inversion is regularized by
the addition of a smoothing operator which penalizes rough-
ness as measured by the second derivatives of the velocity
perturbation.

The initial data analysis consisted of one-dimensional for-
ward modeling of individual record sections associated with
the shot points. The resulting 11 one-dimensional velocity
models were linearly interpolated into the two-dimensional
starting velocity model used for the tomographic inversion
(Plate 2). We used 1020 travel time picks in the inversion;
the associated ray paths through the starting velocity model
are shown in Plate 2. We inverted the travel time data us-
ing a number of different grid spacings and with differing
amounts of smoothing applied. We found that somewhat
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not shown, compose the raw data for the tomographic inversion. Note the clear first arrivals. The wide-angle
Moho reflection is visible as a clear second arrival between ranges 80-125 km on the AK record section and 85-100

km on the JL record section.
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Fig. 3. P wave reduced travel time curves for the shots AK and JL (which are at the west and east ends of the
profile, respectively), and shot HV (which is close to the center) (Plate 1). Note that the P wave has apparent
velocities (in km/s) that are close to the characteristic velocities of the oceanic layers 2A, 2B, 2C, and 3. The
7.74 km/s apparent velocity observed at large ranges for JL shot is slower than typical measurements of the upper
mantle but is much higher than previously accepted values (7.0-7.4 km/s). Note the large difference in travel
time (up to 1 s) between shots AK and JL at short offsets, which is related to large differences in upper crustal
thickness between the east and west ends of the profile. Note the broad travel time delays centered at ranges 65
km and 110 km from shots JL and AK, which is due to a low-velocity zone in the SISZ area.

better resolution was achieved with a coarser grid and less
smoothing than with a finer grid and more smoothing. The
highest resolution is obtained in the area of the WVZ down
to approximately 5 km depth. In this area, station spacing
is 0.5 km and shot spacing is 10 km (Plate 2). Away from
the WVZ the station spacing varies between 0.5 and 1.5 km,
and the shot spacing is approximately 20 km. Our preferred
model was obtained using a 1-km vertical and 10-km lateral
grid spacing; this velocity mesh extends to a depth of 15
km, has a lateral extent of 190 km, and includes 328 veloc-
ity nodes and 585 triangles. Plate 3 presents the results of
the tomographic inversion, of the travel time data, which
are discussed in detail in the next section of the paper.

The resolving power of the tomographic inversion is as-
sessed with an impulse response method. Synthetic travel
times are computed for the actual source-receiver configu-
ration, but with a velocity structure that is homogeneous,
except for a perturbation at a single node. These data are
inverted to yield an estimated velocity model, which owing
to imperfect resolution have perturbations at more than one
node. In our case, we find the resolution to be very good
(10 km horizontally, 1 km vertically) down to 8 km depth
(Figure 4).

The fit of the final velocity model to the travel time picks
indicate there are no systematic errors in the model and that
the overall fit is excellent (Figure 5). The root-mean-square
(rms) misfit of the travel time data relative to the final ve-

locity model is 0.033 s, a 97% variance reduction compared
to the 0.19-s rms misfit relative to the starting model. The
rms misfit of the final model is close to the estimated 0.015-
8 average picking error, indicating that further iterations of
the inversion are unnecessary.

Wide-Angle Reflection Modelling

In our data, clear wide-angle reflections are observed in
the record sections of the four shots with the largest off-
sets. Assuming these are from the same reflector, we deter-
mined its depth by forward modeling of travel times using
the Seis81 ray-tracing program [Cerveny and Psencik, 1981].
The upper 15 km of the velocity structure were determined
by the results of the tomographic inversion. The lower part
of the model was adjusted by trial-and-error forward model-
ing. Our data set only poorly constrains the velocity struc-
ture between 15 km depth and the depth to the top of the re-
flector, because few rays turn at those depths. In this depth
range we have used a velocity of 7.1 km/s at 15 km depth
increasing linearly to 7.2-7.25 km/s immediately above the
reflector. The travel times of the wide-angle reflections can
be modeled with a reflector at 20-22 km depth under the
South Iceland Lowlands, deepening to 24 km northwest of
the WVZ (Figure 6). The velocity is modeled as 7.5 km/s
just below the reflector and has a positive gradient, so that
rays turning just beneath the reflector have an apparent ve-
locity of about 7.6-7.7 km/s and hence fit the travel times
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Plate 2. (Top) The two-dimensional starting model for the tomographic inversion based on interpolated one-
dimensional models along the profile. (Middle) The 1050 P wave ray paths through the starting model. (Bottom)
Perturbations to the starting model as determined by the tomographic inversion of P wave travel time residuals.
Note that the perturbations are difficult to interpret visually, because the starting model is laterally heterogeneous.

of the observed mantle refractor in shot JL in Figure 6. We
interpret the reflector to be the Moho and discuss the rea-
soning for this interpretation below.

RESULTS AND DISCUSSION
Crust

On the basis of our data and previous knowledge of the
velocity structure of the Icelandic crust we find it convenient
to subdivide the crust in Iceland into three different units,
upper crust, midcrust, and lower crust.

1. Upper crust (defined here as everything above the 5.0
km/s contour, i.e., approximately layer 2A) has significant
lateral variation and varies in thickness from 0.7 to 3.0 km
(Plate 3). The upper crust has a very constant thickness
between 0.7 and 1.2 km west of the WVZ. At the WVZ
there is a sharp discontinuity in the thickness of the upper
crust. Under the WVZ the thickness of the upper crust is

approximately 2.0 km, and east of the WVZ the thickness
varies between 2.0 and 3.0 km. No significant sedimentary
layers occur along the profile.

Earlier refraction surveys [Pdlmason, 1971; Flévenz, 1980
show that the upper crust in Iceland varies in thickness from
zero to 2.5 km. The lowest values are found in areas of
greatest glacial erosion and high alteration (secondary min-
eralization) connected with extinct central volcanos. The
generally low values in the area west of the WVZ are due
to erosion in glacial times. The maximum thickness of the
upper crust is controlled by alteration processes. Almost all
the material of the upper crust is made up of subaerial lava
flows that subside due to the load of subsequent eruptive
material. As the basalt is brought to greater depth it be-
comes increasingly altered due to secondary mineralization
and the compressional wave velocity increases. When the
temperature reaches approximately 250°C, heavy minerals
like epidote start to form, and the velocity exceeds 5.0 km/s
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Plate 3. (Top) The major contours of the compressional wave velocity as determined by the tomographic inversion.
The contours outline the shape of the upper crust (above 5.0 km/s), the midcrust (between 5.0-6.5 km/s) and the
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tomographic model.

which we define as the top of the midcrust. The temperature
gradient within the volcanic zone and in its surroundings is
always higher than 100°C/km [Fldvenz and Semundsson,
1993] leading to a maximum thickness of ~ 2.5 km for the
upper crust. Thicker upper crust can only be formed in
Iceland when lava is accumulated on older crust with a tem-
perature gradient lower than 100°C (e.g., as a consequence
of ridge jumps or propagation of rifts through older crust).
The thick upper crust in the South Iceland Lowland is prob-
ably due to the ridge jumping from the WVZ to the EVZ.
2. The midcrust (defined here as everything between con-
tours 5.0 and 6.5 km/s, i.e., layers 2B and 2C) has signifi-
cant lateral variation in thickness from 2.0 to 4.5 km (Plate
3). The midcrust has relatively constant thickness of 2.0-
2.5 km under and to the west of the WVZ (except around
810 km on profile). There is rapid thickening of the mid-
crust east of the WVZ, where the thickness is between 3.0
and 4.5 km. The thickening of the midcrust may be due

to off-ridge volcanism. Several drill holes penetrate almost
through the midcrust to just over 3 km and show that it is
made of basaltic lava flows with increasing content of higher-
temperature alteration minerals like epidote.

3. The depth to the top of the lower crust (i.e. layer
2-3 boundary, defined by a sharp decrease in the velocity
gradient at ~ 6.5 km/s) is on average 4.5 km, and it is 14-
20 km thick (Plate 3.) The depth is relatively constant west
of the WVZ, between 3.0 and 4.0 km. Under the WVZ the
depth is 4.3 km, and it increases to 6.0-7.0 km east of the
WVZ. Mutter and Mutter {1993] examining a large suite of
published oceanic crustal profiles, find that the depth of the
layer 2-3 boundary is remarkably constant 4.5 km below sea
level, when depths are corrected to paleodepth at the time
of seafloor creation. The average depth of this boundary
below south Iceland is also about 4.5 km below sea level.
The nature of layer 3 in Iceland is still unknown since the
deepest borehole in Iceland terminates a few hundred meters
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above the boundary.

4. The crust in south Iceland is 20-24 km thick with
a sharp reflector at the bottom which we interpret as the
Moho. This is significantly thicker crust than has been pos-
tulated in previous investigations. A relatively sharp Moho
is probably a common feature in Iceland, at least outside
the volcanic zones.

This new model does not contradict the older data of
Pdlmason [1971] since we interpret his layer 4 (compressional
velocity 7.2 km/s) as being the lowest part of the crust,
underlain by a sharp Moho.

Layer 3 is disproportionately thicker than standard oceanic
crust. The ratio of the thickness of layer 2 to layer 3 is about
3:5 (= 0.6) for typical oceanic crust from a slow spreading
center such as the MAR [Minshull et al., 1991] but 4.5:17.5
(= 0.25) for south Iceland. The disproportionate thickness
of layer 3 has been reported for thick oceanic crust elsewhere
in the world [Mutter and Mutter, 1993).

Our lower crustal velocities are not well constrained but
reach about 7.2-7.25 km/s just above the postcritical mantle
reflector. A jump from 7.2 to 7.25 km/s above the reflec-
tor to 7.5 km/s just below it, increasing to 7.6-7.7 km/s a
few kilometers lower, does a reasonable job in fitting the
mantle reflection and refraction travel time data but is not
especially well constrained. We interpret the reflector to
be the Moho under Iceland, and the prominent reflections
indicate that it is fairly sharp. The key observations for
this interpretation are the sharpness of the reflector and the
7.7 km/s apparent upper mantle velocity just below it. It
is, however, necessary to know in what physical state a 7.7
km/s fast upper mantle is in, before affirming that the re-
flections are from the crust-mantle boundary. We explore
some possibilities below.

The Moho, as determined by forward modeling of travel
times, dips slightly to the west (Figure 6). Wide-angle re-
flections observed from it are probably from the east and
west of the WVZ, with only a few reflection points imme-
diately beneath the WVZ. Consequently, we cannot defini-
tively address whether the Moho is continuous across the
WYVZ. Several one-dimensional profiles of the final model
are shown in Figure 7.

A wide-angle reflection observed on the RRISP profile is
interpreted by Gebrande et al. [1980] to be from a localized
high-velocity lens at 30 ki depth [see Gebrande et al., 1980,
Figure 1, shot D]. We see no strong argument for this reflec-
tor being associated with a thin layer and instead interpret
it to be a reflection from ~ 30 km deep Moho. Another
RRISP profile [Gebrande et al., 1980, Figure 2] also con-
tains evidence for a sharp Moho, since the apparent velocity
increases sharply from approximately 7.0 km/s to 7.67 km/s
at a range of 140 km. No Moho reflection is observed on this
RRISP record section, probably due to the low-frequency
content of the data and spatial aliasing. Hence a relatively
sharp Moho is probably a common feature in Iceland at least
outside the volcanic zones.

Mantle

5. Upper mantle velocities reach 7.6-7.7 km/s a few kilo-
meters beneath the Moho in Iceland. Implications are that
previous temperature estimates have been overestimated at
the top of the upper mantle in Iceland. The upper man-
tle velocities of 7.4 km/s reported by RRISP may only be
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Fig. 7. Five one-dimensional profiles of compressional wave ve-
locity through the final model. Profiles are displaced 2 km/s from
each other. Top scales are for first and last profiles.

representative of the NVZ itself. Tomographic inversion of
teleseismic data have been interpreted by Trygguvason et al.
[1983] to indicate the mantle velocity increases by 4% away
from the NVZ to the older areas of eastern Iceland, which
corresponds to an increase from 7.4 to 7.7 km/s. Some
RRISP record sections that have rays that bottom at the
periphery of the NVZ have apparent velocities of 7.67 and
7.7 km/s [Gebrande et al., 1980, Figure 2, RRISP Working
Group, 1980, Figure 4]. These measurements are in close
agreement with our measurements of apparent velocity of
7.74 km/s for shot JL (Figure 3).

Some authors [ Tryggvason, 1964; Long and Mitchell, 1970]
have proposed that very low upper mantle velocities exist
below Iceland (7.4 km/s down to at least 160 km depth)
on the basis of teleseismic travel time anomalies. However,
we find that more recent anomaly data and velocity models
[Dziewonski and Anderson, 1983] support somewhat higher
velocities, similar to our 7.6-7.7 km/s sub-Moho value. Dzie-
wonski and Anderson [1983)] find that the teleseismic P wave
travel time delay of Iceland is between 1.6 and 1.9 s. This
anomaly can be interpreted as a low-velocity zone in the
upper 240 km of the mantle of Dziewonski and Anderson’s
[1981] Preliminary Reference Earth Model (PREM) from
8.0-8.1 km/s to about 7.7 km/s but do not require a velocity
inversion within the uppermost mantle beneath Iceland.

In a dry state the mantle rock, peridotite, has a com-
pressional velocity of 7.4 km/s at 5 kbar pressure (~ 20
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km depth) and at the solidus temperature 1180°C [Murase

and Kushiro, 1979; Sato et al., 1989a; Takahaskhi, 1986]

(and compiled by Sato et al., 19895].) We therefore believe
that the 7.7 km/s refractor under south Iceland is below
the solidus temperature of peridotite, if we assume that the
upper mantle rocks in Iceland are peridotite. Accordingly,
steady state accumulations of partial melt do not seem to
occur at the top of the upper mantle, and hence melt gen-
eration must be at greater depths. Unfortunately the lab
data of Murase and Kushiro [1979] and Sato et al. [19894]
do not extend to low enough temperatures to determine di-
rectly the temperature of 7.7 kmn/s peridotite. An approxi-
mate estimate of this temperature can be made by assum-
ing that the linear velocity-temperature gradient of olivine
(5.2x10™*km/s°C [Anderson et al., 1992]) applies to peri-
dotite. This extrapolation gives a temperature of 600°C.
If, however, we extrapolate the very few velocity values of
peridotite that are below the solidus determined by Murase
and Kushiro [1979] and Sato et al. [19894] to lower tem-
peratures, we obtain a temperature estimate of 900°C for
7.7 km/s peridotite. The solidus of gabbro at 5 kbar con-
fining pressure is 1090°C [Thompson, 1975]. Hence gabbro
is below its solidus in the inferred range of Moho tempera-
tures. The only remaining question is if crustal rocks at 20
km depth can have the observed velocities of 7.0-7.2 km/s
at the relatively high temperature under Iceland.

Lower oceanic crustal velocities are reported to lie in the
range 6.5-7.2 km/s (e.g., Minshull et al., [1991]), but are
usually found in colder crust than in Iceland. The fastest
gabbro sampled from the lower crustal portion of an ophi-
olite site in Papua New Guinea has velocity of 7.69 km/s
at 5 kbar and room temperature [Kroenke et al., 1976]. A
linear extrapolation of this velocity to 600-900°C leads to
a velocity drop to 7.1-6.7 km/s. Olivine gabbro sampled
from an ophiolite site in Oman has a velocity 0.12 km/s
faster than the fastest gabbro from New Guinea, when mea-
sured at the same temperature and pressure [Christensen
and Smewing, 1981]. It is therefore plausible that olivine
rich gabbro could account for seismic velocities up to 7.2
km/s in the relatively hot lower crust of Iceland. Some geo-
chemists expect that the lower crust of Iceland should have
a larger proportion of olivine than “normal” oceanic lower
crust, due to the influence of the hotspot (C. Langmuir, per-
sonal communication, 1992). Elevated temperatures under
Iceland cause melting to occur at higher temperature and
greater pressure (depth) in the mantle than under normal
ridges, producing olivine-rich melt. Part of this melt will
crystallize into olivine gabbro in the lower crust. Olivine
enrichment has the effect of raising seismic velocities.

Our new interpretation of crustal thickness in south Ice-
land, between 20 and 24 km, agrees well with expected thick-
ness of crust over hotspots as determined by geochemical ar-
guments [McKenzie, 1984; Klein and Langmuir, 1987; Sleep,
1990].

The new interpretation for the lower crust presented here
is not consistent with previous estimates of temperature be-
tween 1000 and 1100°C in the depth range 10-20 km [Pdlma-
son and Semundsson, 1974]. In this depth and tempera-
ture range a large proportion of crustal material would be
molten and seismically slow. Hence previous authors con-
cluded that velocities of 7.0-7.2 km/s should be attributed
to mantle rocks. The older estimates of temperature at 10-
20 km depth were obtained by linear extrapolation of the
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measured geotherm in the top 0-2 km part of the crust.
However, a simple, one-dimensional thermal structure cal-
culation for a ridge [e.g. Sparks and Parmentier, 1991] shows
that geothermal gradients decrease with depth. We there-
fore believe that previous temperatures estimates have been
overestimated.

Crustal Anomalies

6. A broad high-velocity zone domes in the lower crust be-
neath the WVZ median valley (754-767 km) and extends 30
km farther to the west along the profile. No magma cham-
ber is seen within the WVZ at the transect. The velocity is
elevated by about 0.5 km/s (i.e., from 6.5 to 7.0 km/s) at a
depth of 5 km. The deepest rays, which bottom at a depth
of about 12 km in the WVZ, have apparent velocities of 7.13
km/s. The shape of the dome at the bottom of the inversion
model (15 km) is essentially unconstrained, as are the high
velocities (> 7.3 km/s). The dome of high velocities under
the ridge axis may represent a region of the lower crust that
has been enriched in olivine by plutonism. This seismically
fast material may be advected to greater depths in the crust
as it ages and spreads [Pdlmason, 1980].

The high midcrustal velocities indicate that a large magma
chamber is not present beneath the WVZ. Careful inspec-
tion of the travel time of the AK, BF, and JL profiles (Fig-
ure 5), which have rays that pass subvertically through the
midcrust at the WVZ, reveals no pronounced delays that
might be associated with a magma chamber. (In fact, those
portions of the travel time curves are generally fast.) We
feel that the maximum plausible amplitude of a “hidden”
travel time delay is about 0.1 s, which gives a maximum
magma chamber thickness of 0.6 km (for magma velocities
of 3 km/s). Vera et al. [1990] modeled the East Pacific Rise
(EPR) magma chamber as being 2 km wide and 0.7 km
thick. Our data cannot rule out a small magma chamber
of this type. On the other hand, Vera et al.’s [1990] crustal
velocity model (their Figure 22) shows a broad depression of
velocities throughout all of layer 3 out to a lateral distance
of 5 km. Our inversion rules out the presence of this kind of
broad low-velocity zone beneath the WVZ.

7. Upper crustal velocities are high beneath extinct cen-
tral volcanos west of the WVZ. The upper crustal velocities
are elevated by ~ 0.5 km/s in the vicinity of the Stardalur
extinct central volcano (775-785 km, Figure 1 and Plate 3).
The surface geology of this region is dominated by massive
basaltic plutons, which are seismically faster than the sur-
rounding layered flood basalts. The depth to the lower crust
is shallowest in this area, ~ 2.5 km. Fldvenz [1980] had
previously noted that of all places measured in Iceland the
shallowest depth to the lower crust (2.0 km) occurs under
the Stardalur Caldera. A smaller, fast travel time anomaly
was observed along the Skardsheidi extinct central volcano
(800-815 km, Figure 1 and Plate 3).

8. The axis of the spreading center in the WVZ (754-767
km) coincides with a very sharp change in the thickness of
the upper crust from 0.8 km west of the WVZ to 2.0 km
in the WVZ, but a uniform midcrust (Plate 3). The thin
upper crust west of the WVZ is not confined to our profile
but extends northward by at least 20 km where Zverev et al.
[1980] have measured a 40-km-long profile (their profile I).
Rays in their profile that bottom at the layer 2A /2B bound-
ary (i.e., apparent velocity ~ 5.0 km/s) have travel times
only about 0.1 s slower than our values west of the WVZ,
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indicating very similar upper crustal thicknesses. (However,
rays bottoming at the top of Layer 3 are delayed by approx-
imately 0.45 s in their data set compared to ours, indicating
that the midcrust is about 1.0 km thicker along their profile
than ours.)

9. A 2.5-km-deep upper crustal velocity low occurs under
the eastern edge of the WVZ and the hyaloclastite ridge,
Buirfell extending to the eastern edge of the medium valley
of the WVZ (748-754 km) (Plate 3). The abrupt termination
of this feature on the east side (748 km) is probably related
to an intruding upper crustal velocity high under the off-axis
Grimsnes volcanic center (Figure 1).

10. A narrow upper and midcrustal velocity high at (738-
747 km) is associated with the off-axis Grimsnes volcanic
center which is postglacial in age [Jéhannesson and Semunds-
son, 1989] (740-746 km, Plate 3). We note that the lower
crust beneath the volcanically active WVZ, as well as the
midcrust under the much smaller Grimsnes volcanic center,
are characterized by faster than average seismic velocities.
Fast velocities may be caused by high geothermal alteration
(which leads to a reduction in porosity) and by the unusu-
ally numerous lower crustal intrusions below the volcanic
centers.

11. A broad crustal low-velocity zone approximately coin-
cides with the transform of the South Iceland Seismic Zone
(721-735 km). The low-velocity zone is approximately 15
km wide and extends from the upper crust into the lower
crust to a depth of 10 km between 727 and 740 km. Veloc-
ity reduction is approximately 0.3 km/s or 5%.

12. The narrow, slow upper crustal velocity zone near the
southeastern end of profile (695-708 km) has no clear corre-
spondence to surface geology. The surface in this region is
covered with glacial outwash [Jéhannesson end Semunds-
son, 1989).

CONCLUSIONS

The depth to the lower crust (“layer 3”) is asymmetric
across the WVZ. On average the depth to the lower crust is
3.0 km northwest of the WVZ, 4.3 km in the WVZ, and 6.0
km southeast of the WVZ. The asymmetry may in part be
explained by greater amount of crustal erosion to the north-
west of the WVZ and due to secondary crustal accretion in
the South Iceland Lowlands associated with the ride jump-
ing from the WVZ to the EVZ. A broad high-velocity zone
domes in the lower crust beneath the WVZ median valley
and extends 30 km farther to the northwest along the pro-
file. The dome may represent a region of the lower crust
that has been enriched in olivine by plutonism. No magma
chamber is seen within the WVZ at the transect. This ex-
periment sampled only a narrow cross section of the WVZ,
and therefore we cannot generalize about the existence of
magma chambers in other parts of the WVZ. Indeed, the
Hengill central volcano, which has had postglacial eruptions,
is 10 km southwest of the profile.

The crust in south Iceland is 20-24 km thick with a sharp
reflector at the bottom which we interpret as the Moho.
This is significantly thicker crust than has been postulated
by most previous investigators. A relatively sharp Moho is
probably a common feature in Iceland, at least outside the
volcanic zones. Upper mantle velocities reach 7.6-7.7 km/s
a few kilometers beneath the Moho in south Iceland. Im-
plications are that the lower crust and the top of the upper
mantle are colder than previously postulated.
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