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SUMMARY

Optimal transport (OT) distances have been recently proposed to miti-
gate the non-convexity of the L2 misfit function in FWI. However, OT
is only applicable to positive and normalized data. To overcome this
difficulty, we have proposed to rely on the interpretation of the discrete
graph space of the data through OT. In this study, we compare this ap-
proach to the classical L2 misfit on the inversion of 3D OBC data from
the Valhall field, using a visco-acoustic time-domain FWI algorithm.
Starting from a crude 1D linear initial velocity model which generates
heavy cycle-skipping when used with L2 misfit, the graph space opti-
mal transport allows recovering an acceptable velocity model down to
2 km depth, while only marginally increasing the computational cost
compared to standard L2 FWI.

INTRODUCTION

Full waveform inversion (FWI) is a high-resolution seismic imaging
data fitting based procedure, now routinely used for exploration and re-
gional scale targets (Fichtner et al., 2010; Plessix and Perkins, 2010;
Stopin et al., 2014; Bozdağ et al., 2016). Despite successful applica-
tions, and its ability to account for an increasingly complex physics of
wave propagation (from acoustic to visco-elastic approximation), one
major issue still relies on the non-convexity of the L2 misfit function
which is minimized. This makes FWI strongly dependent on the accu-
racy of the initial model, as well as on the lowest frequency available in
the data (phase ambiguity/cycle skipping issue) (Virieux et al., 2017).

Among recent attempts to mitigate this issue, optimal transport (OT)
based misfit functions have been proposed (Engquist and Froese, 2014;
Métivier et al., 2016; Yang et al., 2018b; Métivier et al., 2018, 2019).
The convexity of the OT distance with respect to shifted patterns makes
it a good candidate to improve the convexity of FWI misfit functions.
However, OT theory is founded on the comparison of probability dis-
tributions, hence not directly applicable to the comparison of seismic
data, which are oscillatory, non-positive functions.

The most recent strategy proposed to overcome this issue consists in
comparing the discrete graph of the data through OT rather than the
data itself, referred to as the graph-space optimal transport (GSOT) ap-
proach in the following. GSOT preserves the convexity property of OT
and is accessible in terms of computational cost thanks to the numeri-
cal strategy designed in Métivier et al. (2019). In this study, we want
to assess the interest of the GSOT approach on the 3D OBC Valhall
data starting from a crude 1D linear initial velocity model. We apply
this technique in the frame of time-domain visco-acoustic FWI. We
observe a computational cost increase limited to approximately 15%
compared to L2 FWI.

GRAPH SPACE OPTIMAL TRANSPORT FOR FWI

We start by reviewing the GSOT misfit function formulation, as well
as its corresponding adjoint source for the gradient computation fol-
lowing the adjoint state strategy (Plessix, 2006). The observed and
calculated data are denoted by dobs(xr,xs, t) and dcal [m](xr,xs, t) re-
spectively, where (xr,xs) denotes the spatial position of the receivers
and sources, t is the time index, and [m] indicates the dependency of
the calculated data with respect to the model parameters m.

GSOT compares the discrete graph of the observed and calculated data
for each trace independently. For convenience, we introduce

scal,s,r[m](t) = dcal [m](xr,xs, t), sobs,s,r(t) = dobs(xr,xs, t). (1)

The GSOT misfit function is formulated as

fGSOT [m] =
∑

s

∑
r

h(scal,s,r[m],sobs,s,r),

h(scal ,sobs) = min
σ∈S(Nt )

Nt∑
i=1

ciσ(i)(scal ,sobs),
(2)

with ci j a weighted `2 distance between the discrete points of the graph
(ti,scal(ti)) and

(
t j,sobs(t j)

)
ci j(scal ,sobs) = |ti− t j|2 +η

2|scal(ti)− sobs(ti)|2, (3)

and S(Nt) the ensemble of permutations of (1 . . .Nt). The function h
corresponds to the 2-Wasserstein distance between the discrete graph
of the calculated trace scal(t) and the observed trace sobs(t), which is
equivalent to an optimal assignment problem (Métivier et al., 2019).

The scaling parameter η controls the convexity of the misfit function
fGSOT with respect to time shifts. In practice, we define it as

η =
τ

A
, (4)

where τ is a user-defined parameter corresponding to the maximum
expected time shift between observed and calculated data in the initial
model, and A is the maximum amplitude discrepancy between observed
and calculated data.

The adjoint source of the misfit function fGSOT [m] is computed from
∂h

∂cal
. In Métivier et al. (2019) we prove the following: Denoting σ∗ the

minimizer in (2), we have

∂h
∂cal

= 2
(

dcal −dσ∗
obs

)
, (5)

where
dσ∗

obs(ti) = dobs(tσ∗(i)) (6)

GSOT can thus be viewed as a generalization of the L2 distance: The
adjoint source is equal to the difference between calculated and ob-
served data at time samples connected by the optimal assignment σ∗.
Interestingly, the solution of the problem (2) provides the information
to compute both the misfit function and the adjoint source.

To solve (2) efficiently, we use the auction algorithm (Bertsekas and
Castanon, 1989), dedicated to the solution of assignment problems such
as (2). Despite a relatively high computational complexity in O(N3

t ), it
is quite efficient for small dense instances of such problems. Sampling
the data close to the Nyquist frequency yields such small scale prob-
lems making GSOT feasible for realistic scale FWI applications, as we
will see in the application presented here.

APPLICATION TO 3D OBC DATA FROM THE VALHALL FIELD

Geological context, data, and preprocessing
The Valhall field is located in the southern part of the Norwegian sector
in the North Sea, approximately 300 km southwest of Stavanger. It
is a shallow environment with a nearly constant water depth of 70 m.
Valhall reservoir lies along the Lindesnes Ridge, which trends NNW
(Munns, 1985; Leonard and Munns, 1987) and has been discovered in
1975 and is used since then for oil production. It is characterized as
an anticlinal in chalk in the Upper Cretaceous Hod and Tor formations,
which form the reservoir at a depth of approximately 2400 m. Trapped
gas in Tertiary shale is present above the reservoir (Sirgue et al., 2010;
Prieux et al., 2011, 2013; Operto et al., 2015). The Tertiary overburden
is relatively simple and free of complex structure (Hall et al., 2002).

The Valhall permanent wide aperture/azimuth seismic array (LoFS) has
been installed in 2003 (Barkved et al., 2004). It covers a surface of
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45 km2. The acquisition is composed of twelve receivers cables lay-
ing on the seafloor at 70 m containing 2400 four-component receivers.
Data are acquired by firing a seismic source every 50 m by 50 m at a
depth of 5 m for a total of 50 824 shots. The total recording time is 8 s.

The processing consists of applying source-receiver reciprocity to de-
crease the number of sources to 2400, then removing noisy shot-gather,
reducing the shot used to 2048. Then de-spiking is applied, followed
by a band pass filtering of the data to a 2.5-5 Hz frequency band.

FWI workflow
We consider FWI based on a time-domain VTI visco-acoustic solver
(Yang et al., 2018a). The code is parallelized over shots with MPI
and for finite-difference modeling and OT computations with OpenMP.
Source subsampling is used to decrease the computational cost, with
120 sources used per cycle, each source being used only once in the
whole process (Warner et al., 2013). Each cycle corresponds to 3 itera-
tions of FWI, 51 iterations are required to use all the 2046 shot-gather.
For a fair comparison between misfit functions, we use the same se-
lection of sources, keeping a trace of the seed generating the pseudo-
random source selection.

A reference VP model has been obtained through reflection travel-time
tomography and is provided by BP (Figure 1). It will be referred to
as VP TOMO initial model in the following. This initial model has al-
ready been used in several FWI applications to Valhall field data. It has
proven its capacity to provide satisfactory results with L2 FWI, avoid-
ing cycle-skipping issue (Prieux et al., 2011; Operto et al., 2015; Operto
and Miniussi, 2018). The associated density model is derived from VP
TOMO using Gardner’s law (Gardner et al., 1974). BP also provided
the anisotropy model ε and δ . While their structure is not complex,
they are of significant influence in the modeling, with ε as high as 0.20.
The quality factor QP model used also has a simple geometry: 1000 in
the shallow water layer, 200 in the sediments below. It also plays an
essential role as the presence of gas on top of the reservoir significantly
attenuates wave propagation.

We introduce in this study a new - very crude - VP starting model called
VP 1D in the following (Figure 1). It is a purely 1D vertical starting
model, based on a 1D profile with one main interface around 2400 m
depth. This new starting model generates strong cycle-skipping that
traditional L2 based FWI can not tackle, therefore allowing us to bench-
mark the capability of GSOT. Associated with VP 1D , a new density
model is derived using the same Gardner’s law. The anisotropy model
ε and δ , as well as the attenuation model QP , are kept similar to the
ones used in the VP TOMO setup.

A random subset of 240 shot-gathers is used for source inversion, us-
ing a dedicated data weighting strategy focusing on short-offset only
(400 m) while also removing Scholte waves. The wavelet is only es-
timated at the beginning of each frequency band and kept fixed during
FWI steps.

For inversion, a strict time/offset windowing strategy is needed when
starting from VP 1D to maximize the capability of the GSOT. This leads
to the introduction of a six steps strategy. The three first steps only fo-
cus on diving waves using a short time windowing, while restricting
the offset to the first 4 km, 8 km offset and finally full offset. Then,
the three last steps release the time windowing slowly on diving waves,
starting with 8 km offset, then on full offset; to finally finish with full
offset and a complete release of time windowing while still remov-
ing the Scholte waves (to be compliant with the visco-acoustic mod-
eling we use). In all these steps, the near-zero offset traces (350 m)
are also muted. At each step, FWI is performed with 51 iterations for
the VP TOMO initial model, and 102 iterations for the VP 1D initial
model. This corresponds respectively to 306 or 612 FWI iterations in
the VP TOMO or VP 1D setup. The minimization of the misfit function
is performed using the l-BFGS algorithm of the SEISCOPE toolbox
(Métivier and Brossier, 2016). The memory l is set to 3 according to
the previous settings.

Reference FWI results
In this setup, VP TOMO is used as the initial model for the FWI work-
flow. This allows us to establish a ”reference” results and compare

GSOT with L2 misfit in a case where convergence should be achieved
with no cycle-skipping.

The final reconstructed VP after 306 FWI iterations are shown in Fig-
ure 2 for both L2 misfit and GSOT misfit. The results are almost iden-
tical between L2 and GSOT on this setup. Some minors differences
can be observed, such as enhancement in lateral coherency in the low-
velocity anomalies with GSOT. These results are satisfying as increas-
ing the robustness to cycle skipping usually causes a loss of resolution
power. The data-fit presented in Figure 4 shows that both L2 and GSOT
provide an equivalent good data-fit. It can also be observed that the VP
TOMO initial model presents almost no trace of cycle-skipping (at least
at short to medium offset on the diving waves) and is already provid-
ing a good data-fit. Looking in detail at the differences between L2 and
GSOT, a small improvement of the data-fit can be observed with GSOT,
for example, at -4 km offset and 5 s where the reflections are more in
phase using GSOT.

For the frequency band considered in this study (2.5-5 Hz), the compu-
tational overhead for GSOT is around 15 %. Note that this additional
cost decreases when getting to higher frequencies, as the complexity for
solving the GSOT problem is roughly in O(ω3) while the time model-
ing in O(ω4).

These results validate the capability of GSOT to tackle 3D field data
applications with improvement in terms of data-fitting and spatial co-
herency in the reconstructed VP model in the case of a ”good” initial
model.

FWI results from VP 1D initial model

This case presents a tough challenge as it introduces heavy cycle-skipping.
The L2 results are stopped after two steps (204 FWI iterations) as they
were heavily cycle-skipped, and introducing more data in the workflow
would not solve this issue. GSOT is run entirely through the six steps
(612 FWI iterations). The reconstructed VP are shown in Figure 3 for
both L2 misfit and GSOT misfit.

We can observe for the L2 misfit run that FWI converge toward some
local minima, completely missing structure of the model. The data fit
presented in Figure 5 exhibit strong cycle-skipping after 204 iterations.
On the contrary, GSOT achieves a much better data fit, even more on
the shot gathers far away from the center, meaning that the 1D structure
of Valhall is nicely reconstructed. Of course, the VP model obtained
with GSOT is not as good as the one obtained in the reference run,
especially below 2 km depth. This is, however, expected: reflection
phases mostly sample this part of the medium. To recover the infor-
mation at this depth, a dedicated method such a reflection waveform
inversion should be used (Xu et al., 2012; Zhou et al., 2018).

In the shallow part (down to 2 km depth) when the medium is sampled
both by diving and reflected waves, the reconstructed model exhibit key
features identified in the reference run: top of the low-velocity zone
shape on vertical slice 1, small low-velocity chimney in the vertical
line 2, top of the low-velocity zone in the depth slice at 1120 m. There
is still an issue with this reconstructed model related to the very shal-
low part (first 500 m): here, a downward vertical shift is introduced,
which offset the structures below. This is why the depth slice of the
low-velocity zone is at 1120 m while it is expected shallower from the
reference run 980 m. We expect that this shift will be, however, atten-
uated by moving to higher frequency content (work in progress).

CONCLUSION

The reconstructed model and the data-fit obtained with GSOT FWI
starting from a crude 1D initial model is encouraging and validate the
capacity of GSOT for tackling strong cycle-skipping, where conven-
tional L2 based FWI is unable to achieve any convergence. This im-
provement of robustness, combined with a small computational over-
head of only 15% on the first 2.5-5 Hz frequency band, prove the fea-
sibility and concrete possibilities offers by this new method.
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Figure 1: Vertical slices (line 1) in the VP initials models. The first line corresponds to VP TOMO . The second line corresponds to VP 1D . Two
subplots on last line correspond to extracted verticale profiles comparing VP TOMO and VP 1D at the position a and b shown on model above.

Figure 2: FWI results starting from VP TOMO initial model. The left panels correspond to results with L2 misfit, the right with GSOT. On each
panel, the top figure represents a vertical slice through the low-velocity anomalies. The second vertical slice in the middle is in front of low-velocity
anomalies and present a small vertical low-velocity chimney. The two verticale slice are masked in transparent white under 2 km to emphasis the
actual reconstructed area. The two bottom sub-figures (grayscale) represent depth slices at 210 m and 900 m. They respectively show paleochannels
and the top of the low-velocity zone.

Figure 3: Same setup as in Figure 2 but for VP 1D initial model. Here the left panel for L2 misfit is only at the second stage of our inversion as
we decided not to continue further as the results obtained are cycle-skipping and injecting more data will not help. The results obtained on the left
panel with GSOT are way more acceptable and closer to the one of the reference run. The shallow part is not exactly reconstructed and induce a
downward vertical shift of the reconstructed low-velocity zone by approximately 140 m.
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Figure 4: 2D CSG starting from VP VP TOMO initial model: Synthetic data are display in a blue/white/red color scale, real data are overlapped in
grayscale with transparency. The best result is achieved when black and blue are the only colors visible. Red and white are shown when data are
not in phase. The top line represents L2 results, bottom GSOT. The left column is a 2D CSG through the gas cloud. The right column is far away
from the gas.

Figure 5: Same setup as on Figure 4 for results starting from VP VP 1D initial model.

Acknowledgements: This study was partially funded by the SEISCOPE consortium (https://seiscope2.osug.fr), sponsored by AKERBP,
CGG, CHEVRON, EQUINOR, EXXON-MOBIL, JGI, PETROBRAS, SCHLUMBERGER, SHELL, SINOPEC, SISPROBE and TOTAL. This
study was granted access to the HPC resources of CIMENT infrastructure (https://ciment.ujf-grenoble.fr) and CINES/IDRIS/TGCC
under the allocation 046091 made by GENCI. We thank AKERBP ASA and their partner Pandion Energy for providing the dataset and permission
to present this work and the help of Ross Milne from AKERBP.

10.1190/segam2020-3420007.1
Page    699

© 2020 Society of Exploration Geophysicists
SEG International Exposition and 90th Annual Meeting

https://seiscope2.osug.fr
https://ciment.ujf-grenoble.fr


REFERENCES

Barkved, O. I., J. H. Kommedal, and L. A. Thomsen, 2004, The role of multi-component seismic data in developing the Valhall Field, Norway: 66th
Annual International Conference and Exhibition, EAGE, Extended Abstracts, doi: https://doi.org/10.3997/2214-4609-pdb.3.E040.

Bertsekas, D. P., and D. Castanon, 1989, The auction algorithm for the transportation problem: Annals of Operations Research, 20, 67–96, doi: https://
doi.org/10.1007/BF02216923.

Bozdag, E., D. Peter, M. Lefebvre, D. Komatitsch, J. Tromp, J. Hill, N. Podhorszki, and D. Pugmire, 2016, Global adjoint tomography: First-gen-
eration model: Geophysical Journal International, 207, 1739–1766, doi: https://doi.org/10.1093/gji/ggw356.

Engquist, B., and B. D. Froese, 2014, Application of the Wasserstein metric to seismic signals: Communications in Mathematical Science, 12, 979–
988, doi: https://doi.org/10.4310/CMS.2014.v12.n5.a7.

Fichtner, A., B. L. N. Kennett, H. Igel, and H. P. Bunge, 2010, Full waveform tomography for radially anisotropic structure: New insights into present
and past states of the Australasian upper mantle: Earth and Planetary Science Letters, 290, 270–280, doi: https://doi.org/10.1016/j.epsl.2009.12
.003.

Gardner, G. F., L. Gardner, and A. Gregory, 1974, Formation velocity and density — The diagnostic basics for stratigraphic traps: Geophysics, 39,
770–780, doi: https://doi.org/10.1190/1.1440465.

Hall, S. A., J.-M. Kendall, and O. I. Barkved, 2002, Fractured reservoir characterization using P-wave AVOA analysis of 3D OBC data: The Leading
Edge, 21, 777–781, doi: https://doi.org/10.1190/1.1503183.

Leonard, R., and J. Munns, 1987, Valhall field in geology of Norwegian oil and gas fields: Graham and Trotman.
Metivier, L., A. Allain, R. Brossier, Q. Merigot, E. Oudet, and J. Virieux, 2018, Optimal transport for mitigating cycle skipping in full-waveform

inversion: A graph-space transform approach: Geophysics, 83, no. 5, R515–R540, doi: https://doi.org/10.1190/geo2017-0807.1.
Metivier, L., and R. Brossier, 2016, The SEISCOPE optimization toolbox: A large-scale nonlinear optimization library based on reverse commu-

nication: Geophysics, 81, no. 2, F1–F15, doi: https://doi.org/10.1190/geo2015-0031.1.
Metivier, L., R. Brossier, Q. Merigot, and E. Oudet, 2019, A graph space optimal transport distance as a generalization of Lp distances: Application to

a seismic imaging inverse problem: Inverse Problems, 35, 085001, doi: https://doi.org/10.1088/1361-6420/ab206f.
Metivier, L., R. Brossier, Q. Merigot, E. Oudet, and J. Virieux, 2016, An optimal transport approach for seismic tomography: Application to 3D full

waveform inversion: Inverse Problems, 32, 115008, doi: https://doi.org/10.1088/0266-5611/32/11/115008.
Munns, J. W., 1985, The Valhall field: A geological overview: Marine and Petroleum Geology, 2, 23–43, doi: https://doi.org/10.1016/0264-8172(85)

90046-7.
Operto, S., and A. Miniussi, 2018, On the role of density and attenuation in 3D multi-parameter visco-acoustic VTI frequency-domain FWI: An OBC

case study from the North Sea: Geophysical Journal International, 213, 2037–2059, doi: https://doi.org/10.1093/gji/ggy103.
Operto, S., A. Miniussi, R. Brossier, L. Combe, L. Metivier, V. Monteiller, A. Ribodetti, and J. Virieux, 2015, Efficient 3-D frequency-domain mono-

parameter full-waveform inversion of ocean-bottom cable data: Application to Valhall in the visco-acoustic vertical transverse isotropic approxi-
mation: Geophysical Journal International, 202, 1362–1391, doi: https://doi.org/10.1093/gji/ggv226.

Plessix, R. E., 2006, A review of the adjoint-state method for computing the gradient of a functional with geophysical applications: Geophysical
Journal International, 167, 495–503, doi: https://doi.org/10.1111/j.1365-246X.2006.02978.x.

Plessix, R. E., and C. Perkins, 2010, Full waveform inversion of a deep water ocean bottom seismometer dataset: First Break, 28, 71–78, doi: https://
doi.org/10.3997/1365-2397.2010013.

Prieux, V., R. Brossier, Y. Gholami, S. Operto, J. Virieux, O. Barkved, and J. Kommedal, 2011, On the footprint of anisotropy on isotropic full
waveform inversion: The Valhall case study: Geophysical Journal International, 187, 1495–1515, doi: https://doi.org/10.1111/j.1365-246X
.2011.05209.x.

Prieux, V., R. Brossier, S. Operto, and J. Virieux, 2013, Multiparameter full waveform inversion of multicomponent OBC data from Valhall. Part 1:
Imaging compressional wavespeed, density and attenuation: Geophysical Journal International, 194, 1640–1664, doi: https://doi.org/10.1093/gji/
ggt177.

Sirgue, L., O. I. Barkved, J. Dellinger, J. Etgen, U. Albertin, and J. H. Kommedal, 2010, Full waveform inversion: The next leap forward in imaging at
Valhall: First Break, 28, 65–70, doi: https://doi.org/10.3997/1365-2397.2010012.

Stopin, A., R.-E. Plessix, and S. Al Abri, 2014, Multiparameter waveform inversion of a large wide-azimuth low-frequency land data set in Oman:
Geophysics, 79, no. 3, WA69–WA77, doi: https://doi.org/10.1190/geo2013-0323.1.

Virieux, J., A. Asnaashari, R. Brossier, L. Metivier, A. Ribodetti, andW. Zhou, 2014, An introduction to full waveform inversion, inV. Grechka and K.
Wapenaar, eds. Encyclopedia of Exploration Geophysics: SEG, R1-1–R1-40.

Warner, M., A. Ratcliffe, T. Nangoo, J. Morgan, A. Umpleby, N. Shah, V. Vinje, I. Stekl, L. Guasch, C. Win, G. Conroy, and A. Bertrand, 2013,
Anisotropic 3D full-waveform inversion: Geophysics, 78, no. 2, R59–R80, doi: https://doi.org/10.1190/geo2012-0338.1.

Xu, S., D. Wang, F. Chen, G. Lambare, and Y. Zhang, 2012, Inversion on reflected seismic wave: 82nd Annual International Meeting, SEG, Expanded
Abstracts, 1–7, doi: https://doi.org/10.1190/segam2012-1473.1.

Yang, P., R. Brossier, L. Metivier, J. Virieux, and W. Zhou, 2018a, A time-domain preconditioned truncated Newton approach to multiparameter
visco-acoustic full waveform inversion: SIAM Journal on Scientific Computing, 40, B1101–B1130, doi: https://doi.org/10.1137/17M1126126.

Yang, Y., B. Engquist, J. Sun, and B. F. Hamfeldt, 2018b, Application of optimal transport and the quadratic Wasserstein metric to full-waveform
inversion: Geophysics, 83, no. 1, R43–R62, doi: https://doi.org/10.1190/geo2016-0663.1.

Zhou, W., R. Brossier, S. Operto, J. Virieux, and P. Yang, 2018, Velocity model building by waveform inversion of early arrivals and reflections: A 2D
ocean-bottom-cable study with gas cloud effects: Geophysics, 83, no. 2, R141–R157, doi: https://doi.org/10.1190/geo2017-0282.1.

10.1190/segam2020-3420007.1
Page    700

© 2020 Society of Exploration Geophysicists
SEG International Exposition and 90th Annual Meeting

http://dx.doi.org/10.3997/2214-4609-pdb.3.E040
http://dx.doi.org/10.3997/2214-4609-pdb.3.E040
http://dx.doi.org/10.3997/2214-4609-pdb.3.E040
http://dx.doi.org/10.3997/2214-4609-pdb.3.E040
http://dx.doi.org/10.3997/2214-4609-pdb.3.E040
http://dx.doi.org/10.1007/BF02216923
http://dx.doi.org/10.1007/BF02216923
http://dx.doi.org/10.1007/BF02216923
http://dx.doi.org/10.1007/BF02216923
http://dx.doi.org/10.1093/gji/ggw356
http://dx.doi.org/10.1093/gji/ggw356
http://dx.doi.org/10.1093/gji/ggw356
http://dx.doi.org/10.4310/CMS.2014.v12.n5.a7
http://dx.doi.org/10.4310/CMS.2014.v12.n5.a7
http://dx.doi.org/10.4310/CMS.2014.v12.n5.a7
http://dx.doi.org/10.4310/CMS.2014.v12.n5.a7
http://dx.doi.org/10.4310/CMS.2014.v12.n5.a7
http://dx.doi.org/10.4310/CMS.2014.v12.n5.a7
http://dx.doi.org/10.4310/CMS.2014.v12.n5.a7
http://dx.doi.org/10.1016/j.epsl.2009.12.003
http://dx.doi.org/10.1016/j.epsl.2009.12.003
http://dx.doi.org/10.1016/j.epsl.2009.12.003
http://dx.doi.org/10.1016/j.epsl.2009.12.003
http://dx.doi.org/10.1016/j.epsl.2009.12.003
http://dx.doi.org/10.1016/j.epsl.2009.12.003
http://dx.doi.org/10.1016/j.epsl.2009.12.003
http://dx.doi.org/10.1190/1.1440465
http://dx.doi.org/10.1190/1.1440465
http://dx.doi.org/10.1190/1.1440465
http://dx.doi.org/10.1190/1.1440465
http://dx.doi.org/10.1190/1.1503183
http://dx.doi.org/10.1190/1.1503183
http://dx.doi.org/10.1190/1.1503183
http://dx.doi.org/10.1190/1.1503183
http://dx.doi.org/10.1190/geo2017-0807.1
http://dx.doi.org/10.1190/geo2017-0807.1
http://dx.doi.org/10.1190/geo2017-0807.1
http://dx.doi.org/10.1190/geo2017-0807.1
http://dx.doi.org/10.1190/geo2015-0031.1
http://dx.doi.org/10.1190/geo2015-0031.1
http://dx.doi.org/10.1190/geo2015-0031.1
http://dx.doi.org/10.1190/geo2015-0031.1
http://dx.doi.org/10.1088/1361-6420/ab206f
http://dx.doi.org/10.1088/1361-6420/ab206f
http://dx.doi.org/10.1088/1361-6420/ab206f
http://dx.doi.org/10.1088/0266-5611/32/11/115008
http://dx.doi.org/10.1088/0266-5611/32/11/115008
http://dx.doi.org/10.1088/0266-5611/32/11/115008
http://dx.doi.org/10.1016/0264-8172(85)90046-7
http://dx.doi.org/10.1016/0264-8172(85)90046-7
http://dx.doi.org/10.1016/0264-8172(85)90046-7
http://dx.doi.org/10.1016/0264-8172(85)90046-7
http://dx.doi.org/10.1093/gji/ggy103
http://dx.doi.org/10.1093/gji/ggy103
http://dx.doi.org/10.1093/gji/ggy103
http://dx.doi.org/10.1093/gji/ggv226
http://dx.doi.org/10.1093/gji/ggv226
http://dx.doi.org/10.1093/gji/ggv226
http://dx.doi.org/10.1111/j.1365-246X.2006.02978.x
http://dx.doi.org/10.1111/j.1365-246X.2006.02978.x
http://dx.doi.org/10.1111/j.1365-246X.2006.02978.x
http://dx.doi.org/10.1111/j.1365-246X.2006.02978.x
http://dx.doi.org/10.1111/j.1365-246X.2006.02978.x
http://dx.doi.org/10.1111/j.1365-246X.2006.02978.x
http://dx.doi.org/10.1111/j.1365-246X.2006.02978.x
http://dx.doi.org/10.3997/1365-2397.2010013
http://dx.doi.org/10.3997/1365-2397.2010013
http://dx.doi.org/10.3997/1365-2397.2010013
http://dx.doi.org/10.3997/1365-2397.2010013
http://dx.doi.org/10.3997/1365-2397.2010013
http://dx.doi.org/10.1111/j.1365-246X.2011.05209.x
http://dx.doi.org/10.1111/j.1365-246X.2011.05209.x
http://dx.doi.org/10.1111/j.1365-246X.2011.05209.x
http://dx.doi.org/10.1111/j.1365-246X.2011.05209.x
http://dx.doi.org/10.1111/j.1365-246X.2011.05209.x
http://dx.doi.org/10.1111/j.1365-246X.2011.05209.x
http://dx.doi.org/10.1111/j.1365-246X.2011.05209.x
http://dx.doi.org/10.1093/gji/ggt177
http://dx.doi.org/10.1093/gji/ggt177
http://dx.doi.org/10.1093/gji/ggt177
http://dx.doi.org/10.1093/gji/ggt177
http://dx.doi.org/10.3997/1365-2397.2010012
http://dx.doi.org/10.3997/1365-2397.2010012
http://dx.doi.org/10.3997/1365-2397.2010012
http://dx.doi.org/10.3997/1365-2397.2010012
http://dx.doi.org/10.1190/geo2013-0323.1
http://dx.doi.org/10.1190/geo2013-0323.1
http://dx.doi.org/10.1190/geo2013-0323.1
http://dx.doi.org/10.1190/geo2013-0323.1
http://dx.doi.org/10.1190/geo2012-0338.1
http://dx.doi.org/10.1190/geo2012-0338.1
http://dx.doi.org/10.1190/geo2012-0338.1
http://dx.doi.org/10.1190/geo2012-0338.1
http://dx.doi.org/10.1190/segam2012-1473.1
http://dx.doi.org/10.1190/segam2012-1473.1
http://dx.doi.org/10.1190/segam2012-1473.1
http://dx.doi.org/10.1190/segam2012-1473.1
http://dx.doi.org/10.1137/17M1126126
http://dx.doi.org/10.1137/17M1126126
http://dx.doi.org/10.1137/17M1126126
http://dx.doi.org/10.1190/geo2016-0663.1
http://dx.doi.org/10.1190/geo2016-0663.1
http://dx.doi.org/10.1190/geo2016-0663.1
http://dx.doi.org/10.1190/geo2016-0663.1
http://dx.doi.org/10.1190/geo2017-0282.1
http://dx.doi.org/10.1190/geo2017-0282.1
http://dx.doi.org/10.1190/geo2017-0282.1
http://dx.doi.org/10.1190/geo2017-0282.1



