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Introduction

Fluid-rich zones are an important but often diffi-
cult to locate target in petroleum exploration. The 
Faroes region is a prime example, with potential 
petroleum reservoirs lying undetected in fluid-rich 
sediments beneath basalt flows or in trapped un-
consolidated sediment layers (Mack, 1997). Flu-
ids are defined by their inability to support shear 
without deformation, but most geophysical meth-
ods are insensitive or secondarily sensitive to low 
shear modulus/velocity regions and some are even 
hindered by them. The seismic method is one of 
the best tools for detecting and monitoring petro-
leum reservoirs, but it is mostly sensitive to com-
pressional-wave velocities and the acoustic im-
pedance. In addition, the well-known difficulties 
of seismic imaging beneath stratified basalt flows 
hinder seismic imaging of sub-basalt sediments in 
the Faroes region. Much work has been done to 
overcome these difficulties (Fruehn et al., 1999; 

White et al., 1999; Barzahi et al., 2001; Fliedner 
and White, 2001; Fruehn et al., 2001; Martini and 
Bean, 2001; Hobbs, 2002; Fliedner and White, 
2003; White et al., 2003; Ziolkowski et al., 2003), 
but the problem remains difficult.
 Seafloor compliance measurements should help 
to locate and study fluid-rich zones. Seafloor com-
pliance is the displacement of the seafloor under 
pressure forcing from slowly propagating ocean 
surface waves. Seafloor compliance measurements 
are most sensitive to the sub-surface shear modulus 
and compliance values are largest over low shear 
modulus zones, making compliance measure-
ments a perfect complement to seismic data. Sea-
floor compliance measurements have been used to 
study shallow sediment properties (Yamamoto and 
Torii, 1986; Trevorrow and Yamamoto, 1991), gas 
hydrates (Willoughby and Edwards, 1997; 2000) 
and the melt structure between mid-ocean ridges 
(Crawford et al., 1994; Crawford et al., 1999; 
Crawford and Webb, 2002), and have proven par-
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ticularly sensitive to fluid-rich targets at depth. 
Much progress has been made recently in mod-
eling seafloor compliance and in understanding 
its properties (Crawford et al., 1998; Latychev and 
Edwards, 2003; Hulme et al., 2004). The method 
has its limitations, in particular a relatively low 
vertical resolution, but these can be overcome by 
combining with seismic data (Hulme et al., 2004; 
Roberts, 2004).
 In this paper, we review the state of the art in 
seafloorcompliance measurements, modeling, 
and data inversion, and investigate what compli-
ance measurements can contribute to studies of 
the Faroes-Shetland Basin. We first review the sea-
floor compliance method describe what it is sensi-
tive to and how it is modeled. We then present the 
data inversion technique we use to calculate sub-
surface structure from seafloor compliance data. 
We estimate the sensitivity of seafloor compliance 
measurements to subsurface features of interest 
in the Faroes region by applying our data inver-
sion to synthetic Faroes-area compliance data. We 
calculate the depths to which compliance will be 
sensitive throughout the Faroes region and identify 
where compliance measurements can be used to 
study sub-basalt sediments.

Seafloor Compliance

Seafloor compliance is the transfer function be-
tween pressure forcing from linear ocean surface 
gravity (LOSG) waves and the seafloor displace-
ment beneath them. It is measured using a seafloor 
broadband seismometer and pressure gauge (Fig-
ure 1). Both the seafloor compliance and seismic 
methods are based on elastic motions, but the 
compliance method uses the quasi-static subsur-
face deformation under shear stress rather than 
wave propagation, which gives it quite different 
properties than active seismic methods. The ap-
plied stress is mostly shear because the pressure 
highs and lows act normal to the seafloor and are 
separated horizontally.

We use LOSG waves because we can calculate 
their wavelength, L(ω), from the water depth, ω), from the water depth, ω H, 
and the angular frequency, (ω), using the LOSG ω), using the LOSG ω
wave dispersion relation:

ω2 = gk(ω)tanh(ω)tanh(ω k(ω)ω)ω H)  (H)  (H 1)

where k(ω)ω)ω ≡2π /L(ω) is the wavenumber and ω) is the wavenumber and ω g is 
the gravitational acceleration (Apel, 1987). In gen-
eral, LOSG waves only generate a measurable sea-
floor pressure signal if , because the pres-
sure signal decays exponentially with depth (Apel, 
1987). The upper frequency bound, , for com-
pliance measurements is the frequency where both 
the seafloor pressure signal and the seafloor motion 
underneath it are significantly above background 
noise levels, which corresponds approximately to 

. Using this observation and equation 
(1), we can calculate  as a function of water 
depth: for example, Hz forHz for
meters and 0.038 Hz for meters. Ocean 
surface waves that are visible to the naked eye are 
generally less than 100 meters long, so most of the 
seafloor signal at water depths greater than 100 
meters comes from very small (0.001-0.01 meter 
tall), low frequency LOSG waves known as free
infragravity waves (Webb et al., 1991).

Figure 2 shows seafloor acceleration and pressure 
spectra measured at 345, 900, and 2600 meter wa-
ter depths. The free infragravity waves are the high 
energy in the pressure signal between 0.001 and 
0.1 Hz (Figure 2a). At the shallowest site, wind 
waves generate a small pressure peak at 0.05 Hz 
(  meters) (these waves are also LOSG 
waves, and so their signal and effects can be used 
for compliance studies). The compliance motion 
under free infragravity waves generates a broad 
peak in the acceleration signal between 0.0035 
and 0.1 Hz (Figure 2c). By plotting the spectra 
as a function of the wavelength calculated using 

Figure 1.  Cartoon representation of the compliance wave 
source and the compliance measurement using a broadband 
seismometer and differential pressure gauge (P) deployed to 
the seafloor. The typical ocean wave and the seafloor signal 
amplitudes are shown. H is the water depth.H is the water depth.H
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equation (1), it is clear that most of the compli-
ance signal is at wavelengths longer than the ocean 
depth (Figure 2b, d). The seafloor compliance is 
the transfer function between the acceleration and 
pressure in this band.
 Compliance is governed by the same equations 
of motion that describe elastic wave motion:

  ρ(x)üi (ω,x)=τij,ij,ij j (ω,x)  (2)

where  is the material density,  is the motion 
in the ith direction and  is the stress acting in the 
jjth direction across the plane normal to the th direction across the plane normal to the i-axis 
(i,j=1,2,3). We define seafloor compliance as

  η (ω)=ω)=ω k(ω)  ω)  ω u(ω)ω)ω      . (3)
  τzz(ω)  

     . (
)  
     . (

ω)  ω z=0

The seafloor compliance has been calculated for 

an isotropic uniform half-space and slow wave 
forcing:

 η (ω)=ω)=ω -1 i x̂ + (λ+2λ+2λ µ)µ)µ ẑ , (ˆ , (ˆ 4)
2(λ+λ+λ µ)  2µ)  2µ µ(µ(µ λ+λ+λ µ)µ)µ

where λ is the dilatation modulus, λ is the dilatation modulus, λ µ is the shear µ is the shear µ
modulus and  and  are unit vectors (Crawford, 
2004). The horizontal compliance motion is very 
hard to measure at the seafloor, so we concentrate 
here on the vertical compliance motion (  term). 
This motion is at least 5 times more sensitive to µµ
than to λ and is inversely proportional to λ and is inversely proportional to λ µ if µ if µ µ =
λ. It is this sensitivity to λ. It is this sensitivity to λ µ, especially where µ, especially where µ µ is µ is µ
small, that makes compliance useful for studying 
fluid-rich regions within the sub-surface. A fluid-
rich region within the subsurface generates a peak 
in the compliance (Figure 3) whose center fre-
quency depends on the region’s depth: the deeper 

Figure 2.  Seafloor pressure and acceleration power spectral densities (PSD) in the compliance frequency-wavelength band, 
measured at 345-m, 900-m and 2600-m water depths. In the right column, a vertical line marks the wavelength equal to the 
water depth for each measurement. (a) Pressure PSD as a function of frequency. (b) Pressure PSD as a function of wavelength. 
(c) Acceleration PSD as a function of frequency. (d) Acceleration PSD as a function of wavelength.

     . (     . (
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the region is, the lower is the peak frequency. If 
the fluid-rich region is bounded horizontally, the 
peak is largest directly over the region and decays 
to one-half its maximum height at a distance away 
from the region equal to 1.7 times the region’s 
depth (Crawford et al., 1998; Latychev and Ed-
wards, 2003; Hulme et al., 2004). A large number 
of compliance measurements can be made with a 
few instruments because each instrument can be 
deployed multiple times and there is no need to 
make the measurements concurrently. Typically, 
we recover and redeploy each compliance instru-
ment every two days.

 The depth, , beneath the surface to which 
compliance is sensitive is between L(ω) /6 and ω) /6 and ω
L(ω) /4 (Crawfordω) /4 (Crawfordω  et al., 1991; Crawford et al., 
1998). The shortest wavelength is approximate-
ly 1.1H and the longest, from equation (1), isH and the longest, from equation (1), isHly 1.1  and the longest, from equation (1), is

, where  is the minimum meas-
ured frequency (typically 0.0035 to 0.004 Hz). If ured frequency (typically 0.0035 to 0.004 Hz). If 
we assume  and = 0.0035 Hz, 
the minimum sensitive depth is approximately 
H/5.5 andH/5.5 andH  the maximum sensitive depth, , is 
approximately (Figure 4). Compliance 
measurements can be used to calculate the average 
velocity above and just below these bounds, but 

Figure 3.  The effect of a low velocity zone on seafloor compliance, calculated using 1D and 2D models. In both cases the LVZ 
is 2 km beneath the seafloor. (a) 1D shear velocity model. (b) 1D compliance. (c) 2D velocity model, the low velocity zone is 
modeled as a cylinder (Hulme et al., 2004). (d) Compliance of the 2D model as a function of frequency and offset.
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they can only distinguish velocity structure within 
these bounds.

The sensitivity of compliance to a given feature 
depends on the feature’s size and shear modulus: 
small but very low shear modulus features can 
generate a stronger signal than larger features with 
more subtle shear modulus variations (e.g. Craw-
ford et al., 1991; Crawford et al., 1999; Latychev 
and Edwards, 2003; Hulme et al., 2004). To date, 
compliance measurements have been used to study 
shallow sediment shear moduli at shallow water 
sites (Yamamoto and Torii, 1986; Trevorrow and 
Yamamoto, 1991), magma chambers beneath 
volcanic seamounts (Crawford et al., 1991), gas 
hydrates (Willoughby and Edwards, 2000) and 
lower crustal partial melting beneath oceanic ridg-
es (Crawford et al., 1994; Crawford et al., 1999; 
Crawford and Webb, 2002). In November 2004, 
seafloor compliance was measured in the Faroe-
Shetland Basin to study sub-basalt sediments.

If shear velocities are available from seismic data, 
these values can be combined with compliance-es-
timated shear velocities to calculate the shear wave 
attenuation. The compliance frequency band is 
several orders of magnitude lower than the active 
seismic frequency range and the shear wave veloc-
ity may be significantly lower in the compliance 
frequency band if attenuation is important between 

the two bands (Figure 5). This was the case at a site 
on the East Pacific Rise, where converted S-wave 
phases recorded using a shot-streamer configura-
tion indicated much higher upper crustal shear ve-
locities than did seafloor compliance data. Hulme 
et al. (2003) found that transverse anisotropy could 
explain up to a 5% variation between shear wave 
velocities measured by seismic and compliance 
methods and that anelasticity could cause up to 
a 40% decrease in seismic velocities between the 
seismic and seafloor compliance frequency bands 
(Figure 5). If there is significant anelasticity, com-
pliance-derived shear velocities should better in-
dicate a region’s permeability to fluid flow, since 
this flow generally occurs over time scales closer 
to seafloor compliance frequencies than to seismic 
frequencies.

Compliance measurements, 
modeling and data inversion

Compliance is measured using a seafloor seis-
mometer and pressure gauge (Figure 1). If the wa-

Figure 4.  Depth sensitivity of compliance. For a given 
water depth (x-axis), compliance is sensitive to structure at 
the shaded sub-surface depths. The calculations assume a 
minimum sensitive frequency of 0.0035 Hz.

Figure 5.  The ratio of shear wave speed values measured 
by compliance versus active seismic data as a function of by compliance versus active seismic data as a function of 
quality factor 
by compliance versus active seismic data as a function of 

. The different curves show values for . The different curves show values for 
different Poisson’s ratios (0.2 to 0.3) (from Hulme et al., 
2003).
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ter is more than 100 meters deep, these instruments 
should be sensitive out to at least 300 seconds pe-
riod. We use a broadband seismometer (Streck-
eisen STS-2 or Guralp CMG3-T) and a differen-
tial pressure gauge (Cox et al., 1984). To reduce 
uncertainty, we stack 100 or more data windows 
during which there are no extraneous signals from 
instrument settling, earthquakes, ships, and etcet-
era. We generally deploy each seafloor compliance 
sensor every two days to obtain one hundred or 
more good 1024-second windows (28.5 hours), 
while allowing for the time required to recover and 
redeploy the instruments (6-8 hours), for them to 
thermally and mechanically settle at the seafloor 
(5-10 hours) and for events such as earthquakes 
that mask the compliance signal (0-5 hours).

We calculate the subsurface shear modulus from 
the compliance data using geophysical inversions 
in which the model constraint is either minimum 
structure or a priori values (Crawford, 2004). Us-
ing the minimum structure constraint, the results 
are independent of the starting model, but we can-
not use prior data and a large model parameter 
space is required, making the inversion slow for 
all but 1-D models. Using an a priori constraint 
takes advantage of prior data and gives quicker in-
versions for 2D and 3D models.

Some compliance applications 
in the Faroes region

We begin our investigation of compliance applica-
tions in the Faroes region by calculating the depth 
range of compliance sensitivity around the islands 
(Figure 6), and comparing these ranges to the esti-
mated depths of sub-surface features of interest. We 
focus on the area where most of the seismic lines 
have been shot in Faroes waters (blue polygon, 
Figure 6a) and a sub-region of this area in which 
seismic coverage is particularly dense (red poly-
gon). We refer to these areas as the “exploration 
area” and the “densest seismic area”, respectively. 
Within the exploration area, water depths are con-
centrated at 200 and 900 meters (Figure 6b), cor-
responding to maximum sensitive depths of 2500 
and 5500 meters beneath the seafloor, respectively 
(Figure 6d). Within the densest seismic area the 
depths are clustered at 300 and 1100 meters, cor-

responding to maximum sensitive depths of 3000 
and 6000 meters. Compliance measurements are 
sensitive to subsurface structures starting about 50 
meters beneath the seafloor in the shallower zones 
and about 200 meters beneath the seafloor in the 
deeper waters (Figure 6c). 

To determine the sensitivity of compliance to 
sub-basalt sediments and surface sediments, we 
ran geophysical inversions on synthetic compli-
ance data calculated for the range of water depths 
and subsurface structures expected in the Faroes 
region. The synthetic compliance data includes 
uncertainties calculated using typical seafloor 
noise levels and assuming 28.5 hours of good data 
(Crawford, 2004).

Shallow sediment properties
Compliance is very sensitive to shallow sediments, 
especially if they have low shear moduli (uncon-
solidated sediments, for example). Crawford et al. 
(2004) ran inversions on synthetic data for a model 
with a 50 meters thick, 200 m/s shear velocity sedi-
ments overlying 1500 meters thick sediments with 
700 m/s shear velocity layer, for a water depth of 
1300 meters. They recovered the surface sediment 
layer thickness to within 10 meters and its shear 
velocity to within 30 m/s, and the underlying layer 
thickness to within 10 meters and its shear veloc-
ity to within 1 m/s. Inversion uncertainties will be 
greater for real data because of lateral inhomo-
geneities and depth variations in velocity within 
each layer, but the results underline the sensitivity 
of compliance measurements to low shear veloc-
ity regions. When compliance measurements are 
combined with active seismic data that provide ac-
curate information about horizon depths and later-
al variations, one may obtain inversion accuracies 
approaching these ideal values.

Sub-basalt sediments
Compliance should be sensitive to sub-basalt sedi-
ments if  is more than 1000 meters beneath 
the bottom of the basalts. A typical case for Faroes 
Basin is H=1000 meters and the bottom of the ba-H=1000 meters and the bottom of the ba-H
salts is 3500 meters beneath the seafloor (White
et al., 2003). For this case, a minimum structure 
inversion detects the sub-basalt sediments (Figure 
7a) and a Bayesian inversion constrains the depth 
to their top to within 200 meters. If the sediments 
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Figure 6.  Bathymetry and compliance depth sensitivity around the Faroe Islands. (a) Bathymetry. The blue polygon contains 
the region of principal seismic exploration within the Faroes economic zone. The red polygon contains the densest region 
of seismic studies (from the SINDRI web site: http://www.sindri.fo/data/surveys/geophys_data.html). The numbered black of seismic studies (from the SINDRI web site: http://www.sindri.fo/data/surveys/geophys_data.html). The numbered black 
lines mark wide-angle seismic lines from the FLARE experiment (Fruehn et al., 1999; White et al., 1999; Fruehn et al., 
2001; Fliedner and White, 2003). The yellow line marks the boundary between Faroes and United Kingdom waters. (b) 
The distribution of water depths within the entire map (black line) and the two polygons. (c) The upper (shallow) limit ) The upper (shallow) limit 
of compliance sensitivity to structural variations in the subsurface. (d) The lower (deep) limit of compliance sensitivity to 
structural variations in the subsurface.
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are 2000 meters thick, the depth to their bottom 
is also constrained to within 200 meters. Without 
a priori constraints, a sub-basalt sediment layer 
more than 600 meters thick should be detected by 
compliance data (Crawford, 2004).

To determine where in the Faroes region sea-
floor compliance measurements will be sensitive 
to sub-basalt sediments, we subtracted the depth 
to the bottom of the basalts (White et al., 2003) 
from Dmax in the Faroes area (Figure 8). North 
of ~61°N, this region is limited to water depths 
greater than 900 meters, whereas south of 61°N, 
where the sub-basalt sediments are shallower, the 
region spans most of the Faroes waters. The region 
of sensitivity includes about 75% of the densest 
seismic area.

Figure 7. Minimum structure and Bayesian inversion results 
for a model with sub-basalt sediments starting 3500 meters 
beneath the seafloor. (a) Minimum structure inversion (the 
starting model contains no low-velocity zone). Grey line = 
true model. Thick black lines: inversion results with no a 
prioripriori information. Thin dashed line: inversion results if the 
depth to the top of the basalts is known. (b) One a priori
model (black line) and uncertainties. Grey line = true model. 
(c) Bayesian inversion result (black line) and uncertainty 
calculated from the a priori model and synthetic compliance 
data as discussed in the text.

Figure 8Figure 8.  Estimates of where compliance measurements can be used to study sub-basalt sediments in the Faroes region (white .  Estimates of where compliance measurements can be used to study sub-basalt sediments in the Faroes region (white 
colour, subplot (d)). (a) Maximum sensitive depth of compliance. (b) Depth to the bottom of the basalt layer (calculated 
using a compilation of seismic lines in the region and first published in White et al., 2003). (c) Compliance depth sensitivity 
beneath the basalts, obtained by subtracting (b) from (a). (d) Faroes bathymetry, with the “good compliance” zone (wherever ) Faroes bathymetry, with the “good compliance” zone (wherever 
compliance is sensitive to more than 1000 meters beneath the basalts) within the white outline. The eastern bound of this zone 
is the limit of the basalt flows. Depth contours and lines indicating other boundaries are the same as in Figure 6a.
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Figure 9 compares the compliance depth sensi-
tivity to subsurface cross-sections from the two-
ship active seismic FLARE experiment (White et 
al., 1999; Fliedner and White, 2003; White et al., 
2003). 
 We identified two end member structures, a 
“Faroes Deep” (FD) profile with sub-basalt sedi-
ments starting 3500 meters beneath the seafloor 
and a “Faroes Shallow” (FS) profile with sub-ba-
salt sediments starting 2500 meters beneath the 

seafloor. We used these models as references to 
calculate the seafloor compliance sensitivity to 
surface and sub-basalt sediments. We assumed the 
basalt layer was 1000 meters thick in the FS model 
and 2000 meters thick in the FD model. The FD 
model is the same as that used by (Crawford, 2004) 
to investigate sub-basalt compliance sensitivity, 
except we decreased the water depth from 1300 
to 1000 meters to more accurately represent the 
Faroes region. We use realistic infragravity wave 

Figure 9.  Cross-sections of sub-surface structure obtained from the FLARE experiment (Fliedner and White, 2003; White et  et 
al., 2003), compared to the compliance depth sensitivity limits (dashed lines). The top shaded area is water. The sections “FS” 
and “FD” indicate the models we ran that are most similar to these sections (Figures 7 and 10).



Applications of Seafloor Compliance Measurements in the Faroes-Shetland Basin 41

source levels and random seismic noise based on 
observed seafloor noise levels to calculate hun-
dreds of synthetic seafloor compliance data for 
each model. We ran inversions on all the data and 
statistically analyzed the results to determine the 
compliance sensitivity to each model layer (Craw-
ford, 2004). Table 1 lists the a priori and final pa-
rameter uncertainties for both models and Figure 
10 shows the uncertainties for the FS model.

The only significant difference in the compliance 
sensitivity to the FS and FD models is to the depth 
of the top of the sub-basalt sediments. Compliance 
measurements constrain this depth to within 100 
meters in the FS model and to within 200 meters in 
the FD model. Both are significant improvements 
over the a priori uncertainty of 1000 meters. The 
depth of the sub-basalt sediments controls the 
compliance sensitivity, not the thickness of the 
overlying basalts (Crawford, 2004).

Discussion and Conclusions

Seafloor compliance measurements may be used 
to detect and study low shear modulus zones as-
sociated with unconsolidated sediments and sub-
basalt sediments. They should be sensitive to un-
consolidated sediments up to several km beneath 
the seafloor throughout the Faroes region and use-
ful for studying sub-basalt sediments in the deeper 
waters (greater than 500 meters water depth to the 
south of the Faroe Islands and greater than 900 
meters water depth to the east). The shallower the 
sub-basalt sediments are, the more sensitive the 
compliance measurements will be to them.

The greatest uncertainty in this analysis is the pres-
sure levels of the source infragravity waves. We 
assumed that the pressure level was 104 Pa2/Hz, 
which is a typical value worldwide, but the levels 
in the Faroes region could be higher or lower be-
cause of local effects. The only way to know these 
levels are to measure them directly at the seafloor 
over a period long enough to cover any seasonal 

Parameter FS model FD model

Value Uncertainty Value Uncertainty

a 
priori

After 
inversion

a 
priori

After 
inversion

Depth to top of middle sediments (meters) 50 20 3 50 20 3

Depth to top of basalts (meters) 1500 100 5 1500 100 4

Depth to top of sub-basalt seds (meters) 2500 1000 100 3500 1000 200

Depth to bottom of sub-basalt seds (meters) 5500 1000 200 5500 1000 200

Shear velocity of top sediments (m/s) 200 50 3 200 50 3

Shear velocity of middle sediments (m/s) 700 100 1 700 100 1

Table 1:  Compliance sensitivity to features of two Faroes Basin sub-surface models.

Figure 10Figure 10.  Uncertainties in Faroes FS model parameters before and after inversions using synthetic compliance data. The .  Uncertainties in Faroes FS model parameters before and after inversions using synthetic compliance data. The 
data are generated assuming a 1000 meters water depth, infragravity wave power spectral density of 10data are generated assuming a 1000 meters water depth, infragravity wave power spectral density of 104 Pa2/Hz and 100 data /Hz and 100 data 
windows of 1024 seconds each (see Crawford (2004) for details).windows of 1024 seconds each (see Crawford (2004) for details).
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variations. The ideal solution would be year-long 
pressure measurements at a site in shallow water 
near the Faroe Islands and at a second site at 1000 
meters water depth in the Faroes Basin.

Compliance inversions can be considerably im-
proved by using a priori data, and the structure 
should be even better constrained using joint in-
versions with seismic and electromagnetic data. 
An experiment is scheduled to measure compli-
ance over the FLARE-1 and FLARE-10 seismic 
lines in the Faroes Basin. The FLARE 10 line was 
the site of recent electromagnetic measurements 
(Jegen-Kulcsar and Hobbs, this issue): compliance 
measurements on this line should provide a good 
opportunity to investigate the relative strengths of 
active seismics, EM and compliance for studying 
unconsolidated and sub-basalt sediments and will 
provide a test bed to study the usefulness of joint 
seismic-compliance-EM inversions.
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