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Abstract

Information on the structure of the upper mantle comes from two main sources. Regional seismic studies provide
indirect information on large portions of the lithosphere, and mantle xenoliths provide direct information about the
composition and physical properties of the small regions sampled by kimberlites and other magmas. Fundamental mode
Rayleigh wave arrival times at seismic stations of the SVEKALAPKO seismic experiment, with periods between 10.5 and
190 s, were inverted to obtain a regional average shear-wave velocity model in the central Baltic Shield to a depth of 300
km. This model is very well constrained except for the crust and immediately below the Moho. Calculated velocities are
approximately 4% faster than in standard Earth models for the upper mantle down to 250-km depth. A low velocity zone
that could define the base of the lithosphere is absent. We compared our seismically derived shear-wave velocities to
models derived from the compositions of lherzolite and harzburgite xenoliths in Finnish kimberlites, sampled in regions
where the geotherm is well constrained. The velocities are similar for depths between 160 and 300 km. For depths
shallower than 160 km, our seismically derived velocities are slower than those from the petrologic models, and they have
a positive gradient with depth in contrast with the negative gradient predicted for homogeneous material in this depth
interval. Our data are best explained by a chemical layering of the lithospheric mantle: A layer with abnormally low
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velocities in the upper part of the lithosphere apparently grades downwards into more normal peridotitic compositions. Possible
candidates for the slow composition of the shallower mantle are metasomatized peridotites, or ultramafic cumulates or restites.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding the growth and stabilization of the
earliest continents remains a challenge to Earth
sciences. The development of thick lithospheric keels
seems to have protected the continental crust against
recycling into the mantle, but the mechanism and the
timing of the stabilization of these continental roots
remain largely unknown. To answer these questions, a
more complete knowledge of the structure and
composition of the cratonic lithosphere is required.
Seismic studies provide information on the present
structure of the mantle in terms of seismic velocities
and lateral variations (for example, in South Africa,
see [1]). Studies of mantle xenoliths provide a good
complement because these rocks directly sample the
mantle and yield direct information about its compo-
sition and physical properties [2,3]. In theory, a
combination of the two approaches provides valuable
constraints on the history and evolution of continents.
In practice, however, seismic models are rarely
sufficiently well constrained to provide reliable
constraints on mantle composition. In this paper, we
describe a project that used the array geometry of the
SVEKALAPKO seismic experiment in the Baltic
Shield to provide an unusually well-constrained
model for the absolute seismic velocities in a shield
area.

The Baltic Shield consists of an Archean nucleus,
the Karelian province, flanked to the northeast by
the late Archean Lapland-Kola domain and to the
southwest by the Proterozoic Svecofennian mobile
belt [4] (see Fig. 1). Its formation started some 3.5
Ga ago and continued through the Archean and
Proterozoic with several orogenies, continental
extensions and accretion events. The last recorded
tectonic events are extensional. They were accom-
panied by the intrusion of the Rapakivi granitoids
(1.65-1.54 Ga), and the deposition of the Subjotnian
sandstone (1.2 Ga) [5]. This composite craton,

which is largely free of sedimentary cover and
without noticeable reworking since the Proterozoic,
was the site of the SVEKALAPKO project [6], an
important element of the EUROPROBE program
[7].

As part of this large European project, a two-
dimensional seismic network was installed in southern
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Fig. 1. Simplified geological map of the central Baltic Shield
modified from [6]; triangles give the location of the broadband
stations of the SVEKALAPKO array, location of the Eastern
Finland Kimberlite Province is marked with the letter K.
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Finland in the central part of the Baltic Shield [8]. It
operated for 8 months, between summer 1998 and
spring 1999. The network was composed of 144
seismic stations, out of which 46 were equipped with
broadband sensors (43 CMG3 and STS2 with cutoff
periods of 90 and 100 s, and 3 CMG40 with cutoff
periods of 40 and 60 s; see Fig. 1). The concentration
of 46 broadband seismic stations on a 500x800 km?
area in the center of a shield provided a unique
opportunity to obtain a very well constrained model of
the local average shear-wave velocity with depth. The
data set has been given to Orfeus and should be soon
available on their website (Observatories and
Research Facilities for European Seismology, http://
orfeus.knmi.nl).

Using a newly developed surface wave tomog-
raphy [9] and the arrival times of the teleseismic
fundamental mode Rayleigh wave recorded by the
46 broadband stations, we obtained a 1D average
shear-wave velocity model with depth for the central
Baltic Shield. The presence of kimberlite pipes
containing mantle xenoliths in the same area [10]
makes it possible to compare velocities predicted
from xenolith petrology with seismically derived
velocities, and in so doing, to obtain constraints on
the composition of the lithospheric mantle in the
area.

2. Data selection and processing

For the present study, we used the fundamental
mode Rayleigh wave recorded on the vertical compo-
nent of the sensors. Due to the large number of
different sensors and recorders, the data were first
corrected for the instrument response. Then, a phase-
matched filter [11] was used to extract the funda-
mental mode Rayleigh wave from the signal.

We selected 69 events that met the following
criteria: a magnitude greater than 5.5, an epicentral
distance larger than 30°, and a high-quality signal at
most of the stations. On the filtered signals, we
measured time delays between pairs of stations
versus frequency using the phase of the Wiener
filter [12]. For each station pair, we selected only
very high quality data by eliminating points with a
coherency lower than 0.95 or a signal to noise ratio
lower than 4.

3. Average dispersion curve

We inverted the fundamental mode Rayleigh wave
delay times of the SVEKALAPKO seismic experi-
ment for an average phase velocity dispersion curve
using the procedure of Bruneton et al. [9]. This
method is based on two-dimensional paraxial ray
tracing and aims at calculating the phase velocities
that best explain the arrival times of the surface waves
at all the stations. A novel aspect is that it takes into
account the nonplanarity of incoming wavefronts. As
the phase velocity depends on the frequency, one
inversion per frequency is necessary. This method was
developed to invert for lateral variations of phase
velocity under a broadband array. To obtain the
average velocity beneath the array, we imposed a
constant velocity over the whole area for each
frequency, but we still considered nonplane incoming
waves because nearby heterogeneities may distort the
wavefronts.

Although the cutoff period of most of the seismic
stations is 90—100 s, the severe selection procedure of
the data made it possible to retrieve reliable informa-
tion for periods above 100 s. The number of inverted
data is greatest for the 22.5-s period (1856 arrival
times) but decreases at the longest periods (190 s: 557
arrival times). At shorter periods, the noise level
increases and only 478 arrival times have a sufficient
quality at 10.5 s. The dispersion curve obtained from
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Fig. 2. Regional average dispersion curve (error bars), compared to
the dispersion curves of different initial models for the inversion
(solid line: ak135-derived model with three-layer crust; dashed line:
xenoliths-derived model).
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this data set, with error bars, is presented in Fig. 2.
The computed error bars are proportional to the
mathematical a posteriori covariance and to the
inverse of the number of data.

4. Inversion for shear-wave velocity
4.1. Inversion method

We inverted the dispersion curve to obtain an
average model of the shear-wave velocity with depth.
This inversion follows a linearized method, by
Maupin and Cara [13], which makes it possible to
consider independent layers, each composed of
velocities varying smoothly with depth. We used the
program package developed by Saito [14] for the
direct modeling and computation of the partial
derivatives. The inversion algorithm [15] minimizes
the square of the difference between the predicted and
observed phase velocities. The inversion model
contains only the shear-wave velocities: P-wave
velocities, densities and depths of the interfaces are
kept unchanged during the inversion. The influence of
Vp and density on the inversion is small: For example,
using a constant Poisson’s ratio produces a similar S-
wave velocity model.

Seismic surface wave dispersion cannot resolve
small structures such as interfaces. We therefore
impose velocity variations that are smooth over the
entire upper mantle. However, at the end of this paper,
we also tested a model with a strong interface in the
middle of the lithosphere (Section 6). As in Lévéque
et al. [16], the smoothness is controlled by the
definition of a Gaussian correlation function. The
correlation length is defined as the half width of the
Gaussian for the 60% confidence interval. To reduce
the nonuniqueness of the problem, we chose a large
correlation length of 100 km. The a priori error in the
initial velocity model is set to 4%, so that large
variations from the initial model are possible. These
two parameters control the smoothness of the result
and the width of the error bars.

4.2. Shear-wave velocity model

The initial shear-wave velocity model used in the
inversion is based on the standard Earth model ak135

[17] for the mantle part, and on the work of Sandoval
et al. [18] for the crust. Observed Moho depths vary
between 38 and 64 km in the area of the SVEKA-
LAPKO array. The thickest part of the crust exhibits a
high-velocity lower crustal layer. We used an average
crustal thickness of 51.2 km for the region under the
array and placed the top of the high-velocity lower
crust at 35-km depth. The crust above 35 km was
arbitrarily separated in two equally thick layers. The
influence of the crustal structure is discussed in
Section 4.4. This initial model is plotted in Fig. 3
(Vs and phase velocity relative to the data in dashed
black lines) and its associated dispersion curve is
plotted in Fig. 2. In these figures, for most periods, the
phase velocities of the initial model are 0.05 to
0.1 km s~' lower than the observed phase velocities.
This is a first indication that the mantle has higher
shear-wave velocities than ak135.

The model obtained after inversion is plotted in
Fig. 3 (solid black line). The obtained phase velocities
are consistent with the observed dispersion curve for
all periods. The root mean square (rms) fit to the
observed phase velocities equals 0.0095 km s~ .

This model was constructed from surface waves
with wavelengths between 40 and 900 km. Because of
anelasticity, the seismic velocities depend on the
frequency and a correction is necessary before they
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Fig. 3. Shear-wave velocity models: influence of the initial mantle
structure. Dashed lines: initial models for the inversions; solid lines:
final models; black: mantle model based on akl35 [17]; grey:
mantle model based on a xenolith sample from Eastern Finland [10].
The insert shows the corresponding phase velocity dispersion curve
in km s~ relative to the data.
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can be compared with velocities obtained using other
methods. The correction was made according to Eq.
(5.81) of Aki and Richards [19] using a reference
frequency of 1 Hz. As the data were obtained from
frequencies lower than the reference, correcting for a
high attenuation (low Q value) increases the veloc-
ities. Observed O values for long-period seismic
waves in the continental lithosphere range from 125
to almost 1000 [20-22]. We adopted a two-layer O
model following the standard Earth model ak135-f
[23]. In this model O=600 for the crust and 0=400 for
the lithosphere, which is assumed to extend to 300-km
depth. From geobarometric studies of xenoliths, the
thickness of the lithosphere in the Baltic Shield is
thought to be at least 250 km [24]. Furthermore, no
clear low-velocity zone could be attributed to the
lithosphere—asthenosphere boundary in our seismic
model down to 300-km depth (Fig. 3). Fig. 4 shows
the influence of the correction for anelasticity using
different attenuation values in the lithosphere. Mod-
ifying Q from 1000 to 100 produces variations of Vs
in the mantle of 1.1-1.6%; at larger depths, the
difference is higher. However, the curves with
constant O are almost parallel and an attenuation
value with Q lower than 200 does not seem realistic
for a cratonic lithosphere.

In the shear-wave velocity model of Fig. 3,
velocities are higher (by about 4%) than standard
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Fig. 4. Influence of the correction for anelasticity on the seismic
model. Solid lines: shear-wave velocity models derived from the
Rayleigh waves dispersion curve with different values of the quality
factor O for the upper mantle; grey dashed line: standard Earth
model ak135 [17].

Earth model ak135 [17] for the mantle down to 250
km. There is no resolvable low-velocity zone: The
base of the lithosphere is not clearly defined in this
shear-wave velocity model.

4.3. Influence of the input parameters

To test the influence of the input parameters for the
inversion (correlation length and a priori error in the
velocity model), we ran a second series of inversions
in which the correlation length was varied between
100 and 20 km, and the a priori error between 2% and
4%.

The difference in rms fit to the data dispersion
curve for these inversions is insignificant as it varies
between 0.0089 and 0.0095 km s~ '. The average
difference of Vs is less than 0.5% for all models.
Increasing the a priori error or decreasing the
correlation length leads to larger variations in shear
wave velocity and larger a posteriori error bars.
Reducing the smoothing of the model also results in
an upward translation of the velocity oscillations in
the mantle. However, as the velocity variations remain
small, this translation does not alter the overall aspect
of the model.

We chose a value of 4% for the a priori error in the
velocity model and 100 km for the correlation length,
values we believe give realistic error bars but avoid
too great an influence from the initial model. The final
error bars (Fig. 3) are of the order of 1% at 100-200-
km depth and up to 2% elsewhere in the mantle.

4.4. Influence of crustal structure

An interpretation that combines seismic and
gravity data in the same region led Kozlovskaya et
al. [25] to define a four-layered rather than a three-
layered crust. Based on their results, we inverted the
data using a different initial model composed of the
same ak135-based mantle structure and of four crustal
layers with the following thicknesses (from top to
bottom): 15, 13, 7, and 16.2 km.

The rms fit to the data of the resulting model is
only slightly better than for the previous inverse
model (0.0085 km s ). Although the velocities
within the crust depend strongly on the number and
thickness of the layers, the mantle structure is
unchanged. It appears that our data cannot resolve
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the crustal structure but its modification does not alter
the result obtained for the mantle.

However, the constant Moho depth imposes a strong
constraint on the shear-wave velocity model. Thanks to
the numerous seismic sounding profiles in the region,
and confirmed by gravity data [25], the Moho depth is
known to within 2 km (Kozlovskaya, personal com-
munication). We therefore tested the influence of an
increase of 3 km in the Moho depth, as this is higher
than the maximum error that can be expected on the
average Moho depth. This resulted in an increase in the
velocity in the lower crustal layer of 0.75%. Immedi-
ately below the Moho, mantle velocities increased by
0.5%, an effect that became negligible around 100—120
km. Such a small variation in the shallow mantle does
not influence the overall shape of the velocity profile.
More realistic errors (<1 km) have an insignificant
influence on mantle velocities.

4.5. Influence of the initial mantle structure

We also changed the initial mantle structure while
keeping a three-layer crust. Recently, Kukkonen et al.
[24] computed a seismic velocity model on the basis
of the compositions of mantle xenoliths from eastern
Finland. Because they did not take into account
anelasticity, we recalculated the S-wave velocities
versus depth based on the original xenolith composi-
tions [10], and taking into account anelasticity and
updated data from laboratory experiments. The initial
model corresponds to a garnet harzburgite (composi-

tion 2 of Table 1) and the method for computing the
seismic velocities is given in more detail in Section
5.1. This model is plotted in Fig. 3 (Vs and phase
velocity relative to the data in dashed grey lines) and
its associated dispersion curve is plotted in Fig. 2.

The resulting model is shown in Fig. 3 (solid grey
line). Its dispersion curve (insert of Fig. 3) is close to
the data for the entire measured interval. After
inversion, the rms fit to the phase velocity data is
0.0092 km s

The two final models plotted in Fig. 3 are quite
similar, particularly at the depths of origin of the
xenolith sample (~210 km). However, there are
significant differences at 50-80-km depth where
higher(lower) velocities are compensated by low-
er(higher) velocities in the lowermost crust. It is
difficult to choose between the two models because
the velocity variations are so small that they are not
resolved by other seismic data. Even though the
shallowest mantle velocities are somewhat dependent
on the initial model, the mantle velocities from 100 to
300 km are particularly robust.

5. Comparison with xenolith-derived velocities

5.1. Computation of seismic velocities from xenolith
compositions

From a petrologic point of view, the seismic
velocities depend on the density and elastic parame-

Table 1

Composition of mantle rocks® (% in volume)

Rock type OL (Mg#) OPX CPX GT Sp AMPH PHL Reference
(1) GT-SP harzburgite 70.0 (0.95) 25.2 0.9 2.7 - - - [10] L48
(2) GT harzburgite 86.1 (0.95) 10.4 1.0 2.5 - - - [10] L29
(3) GT lherzolite 64.2 (0.95) 26.4 8.1 1.2 - - - [10] L66
(4) GT OL websterite 14.3 (0.95) 77.3 7.3 1.0 - - - [10] L29
(5) GT wehrlite 75.6 (0.88) 1.5 18.2 4.7 - - - [10] L44
(6) AMPH peridotite 59.0 (0.85) 21.0 15.0 - 2.0 3.7 - [36]

(7) AMPH peridotite 50.0 (0.82) 17.0 21.0 - 1.5 10.0 - [37]

(8) PHL peridotite 53.0 (0.90) - 32.0 - 1.0 - 13.0 [38]

(9) granit. m. rest. 30.0 (0.80) - 60.0 10.0 - - - [39]

Reference for the Finnish xenoliths also contains the sample name.

% OL: olivine (forsterite—fayalite); OPX: orthopyroxene (enstatite—ferrosilite); CPX: clinopyroxene (diopside-edenbergite); GT: garnet
(pyrope—almandin); SP: spinel; AMPH: amphibole; PHL: phlogopite; granit. m. rest.: granitoid magma restite. For computations in this paper,
we assumed that the Mg# in both pyroxenes is equal to that of olivine, and the Mg# in garnet is twice that of olivine. For the elastic parameters
of amphibole and phlogopite, we used published laboratory analysis of minerals from the same family (hornblende and biotite).
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ters, which in turn depend on the rock composition,
the orientation of minerals, and finally on temperature
and pressure conditions. We computed the seismic
velocities following Goes et al. [26]. In this method,
values of density and elastic parameters at ambient
conditions are extrapolated to high P—T conditions for
each mineral, then properties are averaged out using a
Voigt—Reuss—Hill procedure. Finally, computed seis-
mic velocities are corrected of anelasticity (see
below). Reference values for the elastic parameters
of the minerals, as well as their pressure and temper-
ature derivatives, are based on laboratory experiments
(see [26] for olivine, orthopyroxene, clinopyroxene,
garnet and spinel, and [27] for phlogopite and
amphibole).

As each of the elastic parameters is known within a
certain error [26], we also calculated for composition
2 (Table 1) the maximum and minimum predicted
velocities at each depth. The variation ranges from
+0.5% at 50-km depth to £2.1% at 250-km depth.
These variations are quite large but all curves have (1)
a significant negative velocity gradient with depth
within the lithosphere, (2) a low-velocity region at the
base of the lithosphere, and (3) a positive gradient
below 250-km depth, where the geotherm becomes
convective.

For the computations, we used the pressure profile
of PREM [28]. We used the geotherm derived by
Kukkonen et al. [24] based on a two-dimensional
conductive model along a seismic profile in the
Finnish kimberlite province [10,29]. This geotherm
is in satisfactory agreement with the thermobarometry
of the xenolith samples (less than 100 °C discrepancy
except for three samples). Measurements of surface
heat flow coupled with geochemical analysis of heat-
producing elements [30] support the idea of uniform
upper mantle temperatures beneath Finland. The study
of receiver functions shows horizontal interfaces at the
seismic boundaries of 410 and 670 km [31], which
also implies homogeneous upper-mantle tempera-
tures. Both interfaces are slightly shallower than the
global average depth indicating a cold mantle above
these interfaces. Based on these studies, the geotherm
in this cratonic setting is not likely to have been
modified by more than 100° since the time of eruption
of the kimberlites. A modification of the geotherm by
+100 °C shifts the predicted Vs(z) to higher or lower
velocities (maximum variation 1.2%), without chang-

ing significantly the shape of the model. The change
in velocity gradient at 250-km depth is located at our
predefined base of the lithosphere. A different litho-
spheric thickness has a negligible effect on the shape
of the predicted Vs(z) within the lithosphere.

The predicted seismic velocities were corrected for
anelasticity on the basis of a mineralogical interpre-
tation of the quality factor Q, which depends on
pressure, temperature, and several thermodynamic
factors [26]. Note that these theoretical models are
generally different from the Q models used for
correcting the observed Vs (see Section 4.2). We
used the model O, of Goes et al. [26]. As the variation
of O with depth is somewhat uncertain (especially
because of the activation volume), we tested the effect
of adopting the same constant O model that we used
for correction of the seismic model. A Q of 400 at all
depths slightly reduces the velocity gradients: It yields
lower velocities in the uppermost mantle (maximum
discrepancy 0.5%) and higher velocities around 250
km depth (maximum discrepancy 0.7%), improving
the fit to our seismic observations. Nonetheless, the
predicted shear-wave velocities in the lithosphere
always show a negative gradient with depth.

The predicted velocities we obtain from these
computations are faster than the recent study con-
ducted on shield xenoliths of South Africa by James et
al. [32]. The rock compositions and the geotherms of
the two studies are very similar and do not influence
largely the results. The correction for anelasticity
decreases the velocities of the lowermost lithosphere,
thereby enhancing slightly the negative velocity
gradient. Most of the difference between the two
studies is explained by the different elastic parameters
used. Because HT-HP laboratory experiments have
progressed significantly in the last 10 years, we
preferred the more recent compilation of Goes et al.
[26] to the compilation of Bass [33] used by James et
al. [32].

5.2. Mantle xenoliths from eastern Finland

In the region covered by the SVEKALAPKO
seismic array, mantle xenoliths that provide con-
straints on the mantle composition are restricted to
a single location within the Archean domain, close
to the limit with the Proterozoic domain [10] (see
Fig. 1).
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Most of the sampled xenoliths are common
peridotites such as harzburgite and lherzolite, and
only a few have more unusual compositions. We
selected five compositions that represent the max-
imum range of shear-wave velocities predicted using
the samples described by Kukkonen and Peltonen
[10]. Most xenoliths originate from the garnet facies
(180-240-km depth). They are, in order of abundance,
lherzolite (composition 3 Table 1), harzburgite (com-
position 2), wehrlite (composition 5), and websterite
(composition 4). The remaining xenoliths are strongly
depleted harzburgite from the spinel-garnet facies
(110-180-km depth). Composition 1 leads to the
fastest velocities in this group of samples.

The profiles based on the composition of harzbur-
gites and lherzolites (1-3) provide anomalously high
phase velocities for the period range 3080 s, which
corresponds to the depth interval 40—150 km (the
dispersion curve computed from composition 2 is
shown in Fig. 2 and in the insert of Fig. 3). To better
understand this discrepancy, we compare the observed
and predicted shear-wave velocity models in Fig. 5.

There are major differences between the shapes of
the two types of profile. The velocity curves based on
the compositions 1-3 have a negative velocity
gradient for the lithosphere whereas the profiles based
on seismic observations have an almost constant
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Fig. 5. Comparison between surface wave derived mantle velocities
(bold lines with error bars), and computations based on rock
composition (thin black lines with associated number, see Table 1):
1-5: selected xenoliths from Eastern Finland [10], 6 to 8: hydrated
peridotites [35-37]; 9: residue of granitoid formation [38]. The
dashed black line corresponds to a mantle with two noncorrelated
layers.

velocity. The gradients become comparable for depths
larger than 250 km, corresponding to the astheno-
sphere in the geotherm that we used. This supports our
choice of lithospheric thickness.

For depths below 160 km, the observed shear-
wave velocities are similar to the velocities calcu-
lated from common peridotite compositions. This is
the part of the lithospheric mantle from which the
majority of the xenoliths originate. Above 160 km,
velocities predicted from the harzburgite and lher-
zolite compositions are faster than the observations.
Moreover, the peridotite from the spinel-garnet
facies (composition 1), representing the shallowest
xenoliths, exhibits even faster velocities. The litho-
sphere sampled by the kimberlites therefore does
not appear representative of the whole region
sampled by the seismic waves, and we had to
consider other compositions to explain the seismic
observations.

The velocities computed from composition 4
(websterite) are comparable to those of compositions
1-3 (Fig. 5), and they cannot explain the slow upper
mantle. The presence of wehrlite (composition 5)
would lower the velocity of the mantle (Fig. 5), but
large accumulations of such a rock are unlikely [34].

Mantle eclogites are less common in the eastern
Finland xenoliths and none of these samples was fresh
enough for geochemical analysis [10]. The velocity
predicted from a hypothetical cratonic eclogite (50%
garnet, 50% omphacite [32]) is faster than our seismic
model. Even though some eclogites with unusual
composition could produce lower velocities, it appears
unlikely that they explain our observations over this
large area.

5.3. Exotic compositions

In Fig. 5, we included the shear-wave velocity
models obtained from further four different rock
compositions (compositions 69, see Table 1) known
to have low seismic velocities.

Compositions 6 to 8 represent strongly hydrated
peridotites [35-37]. They correspond to mantle
material metasomatized to different degrees and by
different fluids. All three compositions give veloc-
ities that are lower than those of our seismic model
(Fig. 5). Our seismic data could therefore be explained
by the presence of only moderately metasomatized
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peridotite, i.e., rock containing less phlogopite or
amphibole than the chosen examples.

Finally, we tested a composition (9) proposed by
Arndt and Goldstein [38], which corresponds to an
olivine+clinopyroxene+garnet restite left in the lower
crust following melting that gave rise to granitoid
magmas. Such a restite has a density greater than that of
the surrounding crust and should accumulate at the top
of the lithospheric mantle. This composition produces
the shear-wave velocity profile that is the closest to our
seismic model. A composition with slightly more
garnet or less clinopyroxene would match the data.

6. Discussion and conclusions

The seismic array of the SVEKALAPKO seismic
experiment is located on two different crustal units, the
Archean and the Proterozoic, with the later represent-
ing two thirds of the study area (Fig. 1). Both surface
wave and body wave tomography show, however, that
the lithospheric structure is not simple [39,40], in
contrast to results from South Africa, for example [1].
The presented regional model therefore integrates over
lateral heterogeneities, but it is the best resolved
absolute Vs model known within a shield area. Our
main conclusions may not apply to the entire region,
but a stratified lithosphere must be a dominant feature.

The presence of depth-dependent anisotropy would
not modify noticeably our conclusions. Our model,
constructed from Rayleigh waves, is influenced
mainly by the vertical component of S-wave velocity.
Explaining lower than predicted Sv velocities in the
upper part of the lithosphere by anisotropy alone
would require a horizontal fast axis in this layer and a
perfectly aligned vertical fast axis in the lower
lithosphere. Based on tectonic interpretation of the
anisotropy, such a situation is very unlikely; and an
oblique fast axis would not produce velocity varia-
tions large enough to explain our observations.

The observed velocities are approximately 4%
higher than the standard Earth model ak135 [17] in
the upper 200 km of the mantle. They also lack a clear
low-velocity zone that could define the base of the
lithosphere.

By testing different initial models, we conclude that
the structure of the crust is not resolved by our data. The
velocity of the mantle down to 80-km depth is also

somewhat uncertain as it shifts by 1.5% when different
initial models are used. A well-constrained, independ-
ently derived shear-wave velocity model for the crust
would improve the resolution in the uppermost mantle.

The seismically derived shear-wave velocities are
similar to models computed from the petrology of
lherzolite and harzburgite xenoliths from eastern
Finland for the depth of origin of most samples
(160-240 km). For shallower depths, the fit is poor.
The inferred velocities above 150 km are too slow to
be consistent with material with the same composition
as that in the lower part of the lithosphere. Moreover,
the observed shear-wave velocity gradient varies
between slightly positive or slightly negative, whereas
a constant composition should give a strongly
negative gradient.

Most of the xenoliths sampled in eastern Finland
came from depths between 160 and 240 km; only two
came from 100-150 km, and none from shallower
depths. Although a paucity of samples from the
shallower mantle appears to be widespread in cratonic
areas [41,42], the reason for this is uncertain. Perhaps
the upper part of the mantle has a composition that
makes it less likely to be sampled by ascending
kimberlite magmas.

To explain these observations, we propose a
stratified lithospheric mantle in which a layer of
anomalous and slow material overlies normal cratonic
peridotite. To test if the surface wave analysis can
discriminate between a model with two noncorrelated
layers and a model with continuous variations of the
velocity, we tested an initial Vs(z) model for the
inversion with an interface at 150-km depth. The
shear-wave velocities that result from this exercise
depend highly on the initial model. However, at least
one of the acceptable models appears to be consistent
with the superposition of two internally homogeneous
layers with different compositions (dashed black line,
Fig. 5). The observed dispersion curve cannot
discriminate between a continuously varying litho-
sphere and a stratification with sharp interfaces.

At least two petrologic processes might explain the
lower velocities of the upper layer.

6.1. Mantle metasomatism

Mantle metasomatism produces mineral assemb-
lages that are relatively rich in seismically slow
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minerals such as Fe-rich olivine or pyroxene, clino-
pyroxene (rather than orthopyroxene), and hydrous
phases. The causes of the process are diverse but in
most cases they are linked to the upward migration of
liquids, either silicate magmas or H,O/CO,-rich
fluids. One geodynamic context in which this takes
place is above a subduction zone where fluids
liberated from dehydrating oceanic crust invade the
overlying mantle wedge; another is the base of the
lithosphere, which is subject to a constant flux of
fluids from deeper sources.

The Baltic Shield has had a complex history. A
succession of subduction events, collisions, accretions
of island-arcs, terrains, and micro-continents [43]
could have introduced fluids and created regions in
the lithosphere with slower than normal seismic
velocities. The problem with this type of explanation
in the context of our seismic models is that it is
normally the lower part of the lithosphere that
becomes metasomatized, whereas our seismic data
show a low-velocity layer in the upper part. Unless a
layer of mantle material with “normal” seismic
characteristics was added to the base of the litho-
sphere after a metasomatic event, we cannot see how
this process could explain our data.

6.2. High-density ultramafic cumulates or residues in
the upper part of the lithosphere

Two processes might provide an alternative
explanation by producing low-velocity ultramafic
cumulates or restites at the top of the lithospheric
mantle [38,44,45]. First, dense picritic magmas may
be trapped at the base of the crust, where they
differentiate to form layered sills with gabbroic
upper parts and olivinetpyroxene cumulate lower
parts. The gabbroic layers are integrated into the
crust while the cumulates return to the mantle due
to their high density. Second, granitoid magmas
formed during intracrustal melting leave dense
residues that may also return to the mantle. These
processes yield an anomalous layer in the upper
lithosphere, which is richer in clinopyroxene and
contains more Fe-rich olivine that normal cratonic
lithosphere.

We have calculated the proportion of ultramafic
restite mixed with cratonic peridotite required to
reproduce our seismic observation. A shallow litho-

spheric layer containing 60-65% of restite (composi-
tion 9) and 35-40% of lherzolite or harzburgite
(composition 2 or 3) is consistent with our observa-
tions. The composition evolves with depth (gradually
or across sharp interfaces) into normal cratonic
peridotite around 200 km.

This scenario also explains the anomalous crust of
central Finland, which reaches 65-km thickness at
places with a very high velocity lower crust but without
topographic and gravity variations [18,25]. The high-
velocity layer may consist of a complex of sills of
essentially basaltic compositions, and the underlying
layer in the upper part of the lithosphere could be the
residues left by differentiation of these sills, or by the
partial melting and magmatic evolution that produced
the granitic portions of the Fennoscandian craton.
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