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Figure 7. (a) The 2-D seismic survey and well locations on Richards Island, Mackenzie Delta, Northwest Territories of Canada. Line 120 was acquired parallel
to the axis of a regional anticline structure and thus is characterized by relatively smooth and shallowly dipping reflection events. Red arrows show water bodies
intersected by the profile. (b) P-wave sonic logs measured at Mallik 2L.-38 allow the identification of three zones (PM, SD and GH) representing permafrost,
fluid saturated sediment and gas hydrate bearing sediment, respectively. We observe the significant velocity variations in the permafrost. Velocities are generally
increasing to a maximum value (at approximately 300 m depth) and gradually decrease to values of water-saturated sediments at the base of permafrost. (c)
The pre-stack time migrated seismic image of Line 120. The dashed line marks the reflection used for the joint inversion. The water bodies intersected by the

seismic line smear and distort reflections (arrows).

three zones: permafrost, sediment saturated by fluid and sediment
saturated by gas hydrate (Fig. 7b). Velocity in permafrost usually
increases to a maximum value before gradually decreasing to ve-
locities of unfrozen sediments. The turning point of velocity shall
be referred to as the peak velocity zone. The effect of lakes (marked
in Fig. 7a) on the seismic section is observable in Fig. 7(c), and
corresponds to areas where near surface reflection events lose lat-
eral continuity (marked by arrows). Line 120 is parallel to the axis
of an anticline structure and possesses relatively continuous and
shallowly dipping reflections, especially on the South-East side of
the profile (Fig. 7c).

Line 120 comprises 386 shot gathers acquired with 30 m shot
and receiver intervals. The vibroseis source generated frequencies
ranging from 6 to 96 Hz. Over its total length (19 km), line 120 has
one very minimal deviation located approximately in the middle of
the profile. A total of 77 220 first arrivals with offset up to 4 km were
automatically picked, inspected and manually edited when appro-
priate. Since traveltime picks were restricted to a maximum offset
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of 4 km, we assumed that most of the traveltime picks followed 2-D
geometry. A clear reflection was identified from a prestack-time
migrated section (dashed line in Fig. 7c¢) and used in the model af-
ter time-to-depth conversion using interval velocities obtained from
pre-stack time migration velocity analysis. This reflection was also
used to define pilot traces to guide the picking of reflection travel-
times on unprocessed common midpoint (CMP) gathers. Reflection
arrivals at large offset are weak and usually contaminated by noise
and thus were not included in the inversion process. A total of
14 862 picks with offset up to 0.5 km were used as input data for
reflection traveltimes. The limited offsets and much smaller number
of reflected arrivals result in sparser wavefield coverage in the lower
part the model. In regions with limited transmitted waves, reflection
arrivals tend to smear the velocity model vertically. To diminish the
effect of smearing and balance the contribution between the first and
the reflected arrivals, we employed a space varying weighting func-
tion, wr(x), that equals to 1 at the surface and gradually decreases
to 0 at the reflective interface.
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Figure 8. The final velocity image from (a) first-arrival turning-ray tomography and (b) joint tomography using first and reflected arrivals from Line 120. The
starting model consisted of monotonically increasing velocity with depth and is still observed on the NW side of the profile. The low-velocity water bodies
(arrows) and peak velocity profiles absent in the starting model are well recovered in both tomographic models. The tomographic model from field data shows
complicated velocity distribution characterized by various scales and corresponding to water bodies observed on the satellite image shown in Fig. 7(a). (¢) The
rms misfit for the joint and transmission tomography as a function of iteration number is reduced to 21 and 7 ms, respectively.

The results from the transmission and joint tomography are shown
in Fig. 8. In general, the upper part of the joint tomographic model
is mostly controlled by transmission arrivals whereas deeper part is
updated by reflected arrivals. In particular, the peak velocity zone
is well defined indicating that long wavelength variations within
permafrost are well resolved. Some low-velocity anomalies are also
well-defined between the depth of 0 and 200 m, such as the low-
velocity areas beneath water bodies (marked by arrows in Figs 8a
and b). The lowest velocity anomaly recovered for this profile at
10.5 km corresponds to a highly disturbed area on the 2-D seis-
mic profile and confirms imaging problem due to significant lateral
velocity variations near the surface. Velocities beneath this low-
velocity anomaly (i.e. beneath the reflector) were not significantly
updated during the inversion process, and remained very close to
the velocity of the initial model. In general, no useful velocity in-
formation can be obtained below the fixed reflector which is located
in the lower part of the permafrost. As a result, no velocity in-
formation could be recovered close to the base of the permafrost.
The high velocity imaged below the reflector at approximately 7.5
km is believed to be artefact. By the same token, velocity struc-
tures at the edge of the model area maintained their initial values
due to the lack of wave coverage. In addition, the effective band-
width of the seismic data (between 20 and 80 Hz) suggests that
structures with scales larger than 150 m are most reliable and Ap-

pendix B confirms that scales of 150 m are also resolvable by our
tomographic algorithm. The heterogeneous structures with smaller
scales are likely the result of sparse wave coverage or wave path
footprint. Since most recovered features are well above 150 m, the
tomographic model in Fig. 8 is sufficiently smooth to the primary
wavelength of the data and valid for the application of the Eikonal
equation.

Overall, results from the joint inversion provide additional infor-
mation that could not be recovered with transmission tomography
alone, especially for the deeper parts of the permafrost. However,
results obtained with this method depend strongly on the accurate
positioning of the reflector. Inversion results will tend to underesti-
mate the velocity if such reflector is too shallow or overestimate the
velocity if it is too deep. Thus, we assumed that this reflector was
well-imaged during the pre-stack time migration process and that
interval velocities appropriately positioned the reflector at depth.

4 CONCLUSION

In this study, we present a joint traveltime tomography method based
on FSM, Huygens’ Principle and adjoint-state technique. The FSM
solves the upwind finite difference formulated Eikonal equation
while maintaining the causality of the wave propagation. When
combined with Huygens’ Principle, the FSM provides traveltime
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of both direct and reflection arrivals. The adjoint method turns
the inverse problem to two forward modelling problems and thus
circumvents the computation intensive task of the Fréchet derivative
matrix estimation.

In a synthetic case example, the joint tomography recovered both
shallow and deep anomalies and provided the best image among
the three tomographic approaches tested (i.e. transmission only, re-
flection only and joint approach). The results from 2-D seismic
data from the Mackenzie Delta demonstrate some benefits and ro-
bustness in recovering both shallow and deep velocity structures in
the presence of heterogeneous permafrost and low-velocity zones
associated with thermokarst lakes. The permafrost peak velocity
zone not present in the starting models is recovered in the field data
indicating that large-scale variations within permafrost are well-
resolved. The image of small-scale low-velocity anomalies corre-
sponding to geologically disturbed areas such as partially frozen
lakes is also enhanced by the joint inversion of transmission and
reflection traveltimes. Although the joint tomography provides ad-
ditional information that could not be recovered with transmission
tomography alone, especially for the deeper parts of the permafrost,
our method depends strongly on the accurate positioning of the
reflector.
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APPENDIX A: ACCURACY ANALYSIS
OF THE FAST SWEEPING METHOD

In Section 2.1, we proposed to use FSM to efficiently solve the
Eikonal equation (eq. 1). In this section, we compare traveltime of
both direct and reflected arrivals calculated using FSM with the
analytical solution of a simple 2-D layered model with one dipping
reflector (Fig. A1). The analytical solution is obtained by directly
calculating the incidence and reflection wave travelling distance
normalized by the propagation speed in the first layer. The match
between FSM arrival times and the analytical results (see Fig. A2a)
confirms that the grid-based Eikonal equation solver can provide an
accurate traveltime for the transmitted and reflected body waves. To
eliminate the effect of the numerical errors on the final tomographic
model, the grid interval with numerical errors less than the error in
field data traveltime picking should be used.

APPENDIX B: RESOLUTION
AND SENSITIVITY ANALYSIS

In Section 3, the joint tomography is applied to synthetic data and to
a 2-D seismic profile from Mackenzie Delta, Northwest Territories
of Canada. To analyse the resolution of the tomographic model, we
applied the joint tomography algorithm to the synthetic traveltime
simulated from checkerboard models (Fig. Blc). These models re-
sult from the superposition of checkerboard anomaly (Fig. B1b)
and a background velocity with vertical gradient (Fig. Bla). The
2-D synthetic acquisition geometry is based on seismic line 120
and has an identical surface topography, and the same distribution

Reflection

/ / MY
AN

OONNNNNNANANA R

///,

v,, (m/s)
4000

3500

3000

2500

2000

' Distance X (m)

Figure A-1. A 2-D model (500 m x 2100 m) with a dipping layer is used to solve traveltimes with the FSM. The star and triangles denote the location of
sources and receivers. The velocity above and below the reflective interface is 2000 m s~ and 3500 ms™', respectively. (a) The traveltime of down-going
(incident wave) and up-going (reflected wave) solved with the FSM. (b) The traveltime of direct arrivals. The contours show the propagation of the wave fronts.
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Figure A-2. The analytical direct and reflected arrivals are compared with the numerical results from the 2-D model descretized with different grid intervals,
ie., I m,2m,5m, 10 m, 20 m and 50 m. (a) The analytical traveltime are superimposed with the numerical results from the 2-D model with 1 m grid interval.
(b) The error between the analytical and numerical results (1 m grid interval) generally increases with offset. (c) The rms error is shown as a function of grid
interval. The rms error of the direct traveltime remains negligible for all test grid intervals due to the simple wave path, whereas the rms error of the reflection
traveltime increases with grid interval. Thus the grid interval should be used that reduces the numerical error to the level lower than the errors in the field data
traveltime picking.
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surface topography.
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Figure B-2. The joint tomographic images from the checkerboard model in Fig. B-1. The size of each square tiles is 150 m by 150 m. Only the part from
the representative region is shown for display purpose. (a) The true model. (b) Joint tomographic results without noise. (c) and (d) Joint tomographic results
with different magnitude of noise. (¢) Samples of direct and reflected arrivals without noise from one shot. (f) and (g) Samples of direct and reflected arrivals
with different magnitude of noise. The magnitude of the noise is increasing with offset to mimic lower signal-to-noise ratio often observed at large offset in
practical situations. The joint tomography recovers the top 200 m of the checkerboard perturbations.
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Figure B-3. The joint tomographic images similar to the ones in Fig. B-2. The size of the square tiles is now 300 m by 300 m. (a) is the true model. (b)
shows the joint tomographic model without noise, whereas (c) and (d) show the joint tomographic model with different magnitude of noise. (e), (f) and (g)
show samples of direct and reflected arrivals without and with different magnitude of noise. The joint tomography recovers the top 400 m of the checkerboard

perturbations.

of sources and receivers. The synthetic traveltime picks used in
the joint inversion are also representative of picks made on real
data to ensure that input data are not unrealistically oversampled.
Following this, the input traveltime used the same number of trans-
mission and reflection arrivals that could be picked on real data
from line 120 (77 220 and 14 862, respectively). The joint to-
mography uses the background velocity as the initial model and

is applied to the synthetic traveltime with and without contami-
nation of random noise which increases with offset. Two differ-
ent sizes of checkerboard are used, 150 m (Fig. B2) and 300 m
(Fig. B3). It is shown that the joint tomography is efficient and ro-
bust in recovering the top 200 and 400 m velocity characteristics
of the checkerboard perturbation even in the presence of random
noise.

© 2011 Geological Survey of Canada, GJI, 188, 570-582
Geophysical Journal International © 2011 RAS

9T0Z ‘ST Jequieides uo A1sBAIUN aIS elURA|ASuuad e /610 sfeulnolpioxo 1ib//:dny wouy papeojumoq


http://gji.oxfordjournals.org/



