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Abstract

Seismic imaging in foothills areas is challenging because of the complexity of the near-surface and subsur-
face structures. Single seismic surveys often are not adequate in a foothill-exploration area, and multiple phases
with different acquisition designs within the same block are required over time to get desired sampling in space
and azimuths for optimizing noise attenuation, velocity estimation, and migration. This is partly because of
economic concerns, and it is partly because technology is progressing over time, creating the need for unified
criteria in processing workflows and parameters at different blocks in a study area. Each block is defined as a
function of not only location but also the acquisition and processing phase. An innovative idea for complex
foothills seismic imaging is presented to solve a matrix of blocks and tasks. For each task, such as near-surface
velocity estimation and static corrections, signal processing, prestack time migration, velocity-model building,
and prestack depth migration, one or two best service companies are selected to work on all blocks. We have
implemented streamlined processing efficiently so that Task-1 to Task-n progressed with good coordination.
Application of this innovative approach to a mega-project containing 16 3D surveys covering more than
9000 km2 in the Kelasu foothills, northwestern China, has demonstrated that this innovative approach is a cur-
rent best practice in complex foothills imaging. To date, this is the largest foothills imaging project in the world.
The case study in Kelasu successfully has delivered near-surface velocity models using first arrivals picked up to
3500 m offset for static corrections and 9000 m offset for prestack depth migration from topography. Most
importantly, the present megaproject is a merge of several 3D surveys, with the merge performed in a coor-
dinated, systematic fashion in contrast to most land megaprojects. The benefits of this approach and the strat-
egies used in processing data from the various subsurveys are significant. The main achievement from the case
study is that the depth images, after the application of the near-surface velocity model estimated from the mega-
surveys, are more continuous and geologically plausible, leading to more accurate seismic interpretation.

Introduction
Seismic exploration and development in foothills re-

gions are attractive because there are good trap condi-
tions for oil and gas accumulations. However, because
of the complexity of the near-surface and subsurface
structures, seismic acquisition and imaging are difficult
in foothills regions.

Figure 1 shows a seismic field crew collecting data
across the foothills in the Kuqa Depression of the Tarim
Basin, northwestern China (Figure 2). Near-surface con-
ditions are complicated with steep-dip outcrops, Gobi,
and farmland (Figure 3). In areas such as Kuqa in China
and the Andes foothills in South America, these types of
terrain mean that receiver lines will be far apart and
there might not even be well-defined shot lines. In addi-
tion, planting geophones, or groups of geophones, on

rocky outcrop or dense undercover will be a problem.
With such surface sampling, it is hard to sample the slow
noise enough to attack it using standardmethods. Also, it
is extremely difficult to apply advanced imaging such as
reverse time migration, which needs fine crossline spac-
ing especially at high frequencies (Gray and Zhu, 2019).

Dense, wide-azimuth seismic surveys usually are car-
ried out over timewith different acquisition stages within
a foothills-exploration area. This involves considerably
more surface effort than standard one-time wide azimuth
acquisition. Because of the complexity in the near sur-
face and subsurface, it is hard to acquire with receiver
lines along strike, then dip, and then intermediate in
foothills settings. Very often, a full-azimuth survey is
composed of two or more wide-azimuth surveys with
a certain overlap. This is necessary and practical in
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foothills exploration, partly because of the economic
concerns. In this scenario, determining how to set up uni-
fied criteria for processing workflows and parameters at
different blocks in a study area is critical. Here, each

block is defined as a function of not only location but
also of time for seismic acquisition. Multiple acquisition
and processing phases involving, for example, wider azi-
muths and denser receivers, usually are needed at spe-
cific blocks in foothills areas for improved structural
imaging and reservoir characterization.

Figure 4 shows a matrix of blocks and tasks. The
blocks (Block-I, Block-II, : : : , Block-N) in the horizontal
direction represent geophysical operations in space and
time, meaning that a task can take place at a specific lo-
cation with different times or phases. Each block refers to
a single portion of the entire survey; for example, KeShen
3D in Figure 3. Tasks (Task-I, Task-II, : : : , Task-M) in the
vertical direction illustrate geophysical milestones such
as near-surface velocity estimation and statics, signal
processing and stack, prestack time migration (PSTM),
velocity model building and prestack depth migration
(PSDM), and seismic inversion. For consistency, unified
criteria across all blocks are required for each task. Fig-
ure 5a shows an example of nine unified criteria for task-
1: near-surface velocity estimation and statics. The base
of the weathered layer (Figure 5b, modified from Taner
et al., 2007) also is frequently called the “top of a high-
velocity refraction layer,” which is to be defined in calcu-
lating statics.

Figure 1. Foothills exploration is challenging. This is a field
crew collecting seismic data across the foothills in the Kuqa
Depression of the Tarim Basin, northwestern China. (Source:
https://finance.sina.com.cn/roll/2019-06-25/doc-ihyt-
cerk9063950.shtml.)

Figure 2. Regional geology across Kuqa Depression of Tarim Basin, northwestern China. (a) Kelasu, Qiulitage, and Northern Slope
are three major structures in the Kuqa Depression, and Kelasu has the most gas reserves, more than 50% of the Tarim oilfield. (b) A
regional geologic cross section A-B in (a), from the South-Tianshan Mountain uplift in the north to the Kuqa Depression in the middle,
and the North-Tarim uplift in the south. Reverse faults caused by the tectonic movement of Tianshan Mountain are evident in Kelasu
structure of the Kuqa Depression, forming good reservoirs in Cretaceous below a regional cap rock of Paleogene gypsum.
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Solving the matrix (Figure 4) is challenging because
there is no existing example in geophysics. Based on
industrial experience outside the oil and gas industry,
we conduct the following strategies and policies:

1) A task force is formed within the Tarim Oilfield com-
pany (oil company), including the management
team members, technical experts, and project lead-
ers. This committee is responsible for coordination
and integration of all tasks at different blocks.

2) For each task, one or two best service companies
are selected from the industry based
on their technical expertise, organi-
zation stability, and service quality
from an open bidding process.

3) Quality control is performed by the
service companies themselves first
for each task and then checked and
passed by the oil company and other
service companies who are respon-
sible for the next task (Figure 4).

4) Each service company is encour-
aged to set up a local office inside
the oil company, and key technical
personnel should regularly work on
site to ensure the consistency and
quality of services.

5) Oil company and service companies
work together from the beginning of
the project, and each service com-
pany is assigned a delegated contact
person from the oil company.

6) Oil company and service companies
share some resources, including
hardware and software.

7) Oil and service companies meet
regularly to review the project status
and the path forward.

We have applied this approach con-
sistently to the Kelasu-foothills-imaging
megaproject.

Foothills seismic acquisition and imag-
ing in most parts of the world (North and
South America in particular) have not ad-
vanced in the past decade to the degree
that marine and arid land (e.g., Arabian
Peninsula and North Africa) have. This
is because the economics of gas-rich
foothills prospects usually are not good.
However, external dependence on oil
and natural gas in China is increasing.
From an environmental protection point
of view, natural gas increasingly is being
used to replace coal, and the trend will
continue. In addition, the price of natural
gas relative to that of oil in China is
higher than that in North America and
most other regions in the world. The Ke-
lasu thrust belt is the most important oil

and gas exploration and production area in the Kuqa De-
pression of Tarim oilfield, northwestern China. It has fa-
vorable petroleum geologic conditions with good source
rocks, reservoirs, and cap rocks. In total, 25 local struc-
tures with gas discovery have been confirmed in Kelasu,
containing >100 TCF of gas, more than 50% of the total
reserves of the Tarim oilfield.

One of the challenges of seismic exploration in the
Kelasu thrust belt is the complexity of near-surface con-
ditions (Figure 3). The terrain is undulating with strong
lateral velocity variations. On the surface, there are not

Figure 3. Complex near-surface conditions in Kelasu thrust belt in the Kuqa De-
pression. (a) Elevation changes from 1142–2192 m in KeShen to 1500–3200 m in
AwaTe. It is characterized by rough topography and strongly variant near-surface
velocities. (b) Field seismic crew operations and equipment transportation are dif-
ficult in mountains. Gobi with gravels and farmland with permit issues in (b) also
are challenging for seismic acquisition in foothills. Yellow arrows in (b) show geo-
physicists and equipment in field operation. The first major discovery was in Kela
structure (Kela 3D), leading to the forming of the Tarim oilfield.

Figure 4. A matrix of blocks and tasks. Number of blocks (Block-I, Block-II,
: : : , Block-N) in horizontal direction represent geophysical operations in space
and time. Number of tasks (Task-I, Task-II, : : : , Task-M) in vertical direction il-
lustrate geophysical milestones. Each step needs to pass through quality-control
checkpoint and then goes to the next step. Normally, the tasks in each block are
carried out by a single vendor. However, due to the specialty of E&P in foothills,
we implemented an innovative idea to select one or two of the best vendors to
perform a specific task at different blocks with the best quality and unified re-
quirements.
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only steep hills exposed by high-velocity
bedrocks but it is also interleaved with
low-velocity gravels and unconsolidated
conglomerate rocks formed by alluvial
fans (Wang et al., 2013). Beneath the sur-
face, conglomerate rocks in the foreland
basin have been episodically deposited
and consolidated due to compaction. The
thickness of the high-velocity conglomer-
ate rocks varies, typically from tens of
meters in KeShen to hundreds of meters
in DaBei and several kilometers in BoZi
(Figure 3). The high-velocity conglomer-
ate rocks near the surface often cause
a velocity reversal, which is problematic
for imaging deeper reservoirs (Fig-
ures 5b, 6, and 7).

Figure 6a shows that the near-surface
high-velocity conglomerate rocks can
cause mispositioning of deep targets in
the KeShen 12 structure (KS12) of the
northeast Kelasu thrust belt (Tian et al.,
2018). Well KS12 previously was drilled
based on the structural high of legacy
PSDM images. Unfortunately, no gas
was found, only water. After reprocess-
ing with (1) high-resolution near-surface
velocity estimation using turning-ray
tomography and tomostatics (Zhu et al.,
1992), (2) followed by a joint or inte-
grated refraction and reflection tomogra-
phy approach (Zhu et al., 2001, 2003;
Zhou et al., 2011; Song et al., 2014; Tian
et al., 2018), and (3) through tilted-trans-
verse-anisotropic (TTI) PSDM from the
topography, we found that the KS12 well
(the yellow line in Figure 6a) was not
drilled in the right spot; that is, it was ap-

Figure 5. (a) Nine unified requirements for task 1: near-surface velocity model estimation and statics. (b) Definition of smoothed-
constant-refractor boundary; refractor velocity is equal to V1. The weathering velocity is Vw. There is a reflector between V1 and
V2. (Modified from Taner et al., 2007.)

Figure 6. (a) Impact of shallow velocities (top) to imaging of deep targets (bot-
tom). The common imaging gather (CIG) is shown on the right. The near-surface
velocity model (top left) estimated from turning-ray tomography shows a high-
velocity anomaly (arrow) in the foreland basin associatedwith conglomerate rocks.
After TTI PSDM using the near-surface velocity model followed by joint tomogra-
phy, KS12 well previously drilled was shown to be not on the structural high, ap-
proximately 800 m away from the crest. (b) Prediction for well KS14 before
entering the target zone. After reprocessing using the near-surface velocity model
estimated from turning-ray tomography followed by a joint tomography and TTI
PSDM, well KS14 was not drilled on the structural high (Figure 6b, left), approx-
imately 262 m northeast from the crest (Figure 6b, right). However, it was still
within the closure. This was confirmed by the drilling program and well testing.
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proximately 800 m away from the crest (the blue line in
Figure 6a) of the reprocessed PSDM images.

While the reprocessing for KS12was continuing, a new
well was concurrently being drilled on the KeShen 14
structure (KS14) near KS12, without knowledge of the re-
processing team. There is approximately
1645 m of distance between KS12 and
KS14. The oil company did not advise
the reprocessing team of the KS14 drilling
program because it wanted to check the
reprocessing results without any biased
information. When the reprocessing was
completed, the drill bit was only 200 m
away from KS14 target in the vertical di-
rection. Based on the reprocessed PSDM
images, KS14 also was mispositioned,
approximately 262 m northeast from
the crest (Figure 6b). Although the
distance is significant, it is still within
the closure. This was confirmed later
by the KS14 drilling results.

Figure 6 illustrates that near-surface
velocities play an important role in im-
aging deeper targets. This is further
demonstrated in Figure 7 near KS12 and
KS14, where the deep targets below
8000 m are much improved after reproc-
essing with the near-surface velocities
estimated from tomography. The base-
ment below 10,000 m (marked by the ar-
rows in Figure 7) shows a simpler and
better focused structure. This is consis-
tent with geologic interpretation.

Given the background and motivation
above, Tarim Oilfield Company formed a
task force in early 2019 to conduct a
mega-seismic-imaging project in the Ke-
lasu thrust belt, using 16 3D surveys more
than 9000 km2, including Kela, KeShen,
DaBei, BoZi, and AwaTe (Figure 3). This
task force was assigned to conduct imag-
ing for three blocks (Kela and KeShen;
KeShen and DaBei; and BoZi and AwaTe)
for four tasks (Figure 4): (1) near-surface
velocity estimation using turning-ray or
diving-wave tomography (DWT) for static
corrections and velocity-model building,
using the first arrivals picked at all offsets
if possible, (2) signal processing and
stacking, (3) PSTM, and (4) PSDM. To
our knowledge, this is the largest and
most efficient seismic imaging project to
date on foothills areas in the world with
significant streamlining and integration
processes. The procedures and results
presented in this paper could be useful
for other foothills areas that require
higher surface effort, such as those in
North Africa and the Arabian Peninsula.

In the next sections, we will focus on results and il-
lustrations from task-1 of the project: near-surface
velocity model building and statics. The results from
other tasks will be presented and discussed in separate
papers.

Figure 7. (a) A comparison between legacy and reprocessed PSDM for a rep-
resentative inline near KS12 and KS14. (b) A comparison between legacy and
reprocessed PSDM for a representative crossline near KS12 and KS14.

Figure 8. First-arrival picking guidelines. For dynamite data, zero crossings are
to be picked assuming that the data are minimum phase; for vibroseis data, peaks
are to be picked assuming that the data are zero phase. When the S/N of the first
arrivals is low in complex areas, picking zero crossings is not easy. In this sce-
nario, peaks usually are picked first and then shifted back to zero crossings, us-
ing a spatially variant statistical approach.
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First-arrival picking
The bottleneck of static corrections and near-surface

velocity estimations is picking the first arrivals. In this
project, we have developed four methodologies to im-
prove the accuracy and efficiency of the first-arrival
picking:

1) Picking zero crossings instead of peaks (Figure 8). In
theory, it is more accurate to pick zero crossings for
the first arrivals of dynamite data, assuming that the

data are ofminimum phase (Cox, 1999). For vibroseis
data with a zero phase, we pick the peaks. In prac-
tice, however, very often the automatically picked
zero crossings cannot follow the up and down shape
of the first arrivals, especially in areas where the sig-
nal-to-noise ratio (S/N) is lower. In this scenario, we
recommend to first pick the peaks of the first arrivals
and then tomove them to the zero crossings. Because
of the frequency variations at near and far offsets and
the lithology and attenuation differences near the sur-

face, a statistical approach should be
used to estimate time-shift values
from peaks to zero crossings at differ-
ent offsets.

2) Picking first-arrivals using an artifi-
cial-intelligence (AI) method (Fig-
ure 9). This is important for picking
the challenged first arrivals such as
“shingles” caused by a thin high-
velocity layer (Zhu, 2002). First, we
select shots, typically every 10–20
shots depending on the complexity
of the data in a study area, and then,
we divide a shot record, which usu-
ally contains 8–54 cables in the
Kelasu surveys, into 4–8 azimuthal
sectors as a function of the absolute
offset; second, we pick the first-
arrival trend or the center line of
the first-arrival window (the green
line in Figure 9) along each azimuth;
third, we project the picked center
lines of windows back to the original
short records for quality control; and
finally, we automatically pick the first
arrivals along the picked windows us-
ing a self-learning approach. Unde-
fined windows between the picked
shots will be interpolated.

3) Application of spatially variant linear-
moveout (LMO) correction and initial
statics (Figure 10). The initial statics
usually are a combination of elevation
statics, statics estimated from shal-
low-hole refraction surveys, and ini-
tial tomostatics estimated in the
field, and they are saved in the field
seismic survey files as SPS files.
LMO frequently is appliedwhenmodi-
fying the picked first arrivals. In the
Kelasu foothills, because of the
rugged topography and strongly vari-
ant near-surface velocities, the first
arrivals after LMO appear to have
step functions and are difficult to
modify (Figure 10). After the applica-
tion of initial static corrections to the
LMO data, the picked first arrivals are
more continuous and are easier to

Figure 9. A workflow of AI FB picking. (a) A shot record is read in, which usu-
ally contains 8–54 cables in the study area. For clarity, only one of the cables is
shown in (a); (b) data are sorted into 4–8 different azimuths, and the FB trends or
the center lines of the FB windows (green) are picked along the azimuths (using
all cables from the same shot record) with the absolute offset increasing in each
azimuth, For clarity, only four azimuths are shown in (b); (c) the picked FB
trends (green) are displayed back to the original shot record for quality control;
and (d) FBs (red) are automatically picked, guided by the windows, using a self-
learning approach. Usually, every 20 to 50 shots are selected for autopicking,
depending upon the complexity of the near-surface conditions. After autopick-
ing, manual editing is needed, especially in foothills areas.

Figure 10. Application of spatially variant LMO correction and partial statics
before picking and modifying the FBs. (a) An original shot record with a window
for the first arrivals, (b) a fixed LMO correction was applied to (a), (c) initial
statics were applied to (a), and (d) spatially variant LMO was applied to (c).
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modify. The LMO and initial static corrections are re-
moved before output of the first arrivals.

4) Application of a shaping filter to vibroseis data (Fig-
ure 11). Vibroseis data very often have long-lasting
side lobes in waveforms, which make the first-arrival
picking difficult. Conventional band-pass filtering can-
not effectively reduce the side lobes for picking the
first breaks. However, shaping filtering uses a broad-
band wavelet (Yu, 1996). The S/N of the waveforms
after shaping filtering has been significantly improved
(Figure 11), making it easier for picking the first
arrivals.

Based on the survey geometry and the picked first
arrivals from the 16 3D surveys from the Kelasu thrust
belt, we get the (1) receiver density, (2) first-arrival pick-
ing percentage, and (3) time-absolute offset of the first
arrivals (Figure 12) for quality control. The picked first
arrivals are the input data for the turning-ray tomography
to estimate the near-surface velocities.

Near-surface velocity estimation
Near-surface velocity models are estimated by the

turning-ray or DWT (Zhu et al., 1992; Bell et al., 1994;
Stefani, 1995; Zhang et al., 2006), using the picked first
arrivals as discussed in the previous section. A reliable
depth of the estimated velocity model from topography
is approximately 1/8 to 1/4 of the maximum offset (Fig-
ure 13), depending on the materials deposited near the
surface. In the KeShen structure (Figure 3, second from
right as labeled), the reliable depth is approximately 1/6
of the maximum offset (8000 m) in areas where no thick
(>200 m) high-velocity conglomerate rocks are present
near the surface; it is 1/10 or less in DaBei and BoZi
structures (Figure 3, left) where thick conglomerate

rocks (>400 m) are abundant. Conglomerate rocks are
formed from alluvial fans, and they are episodically de-
posited from the surface (Wang et al., 2013). The veloc-
ity in conglomerate rocks depends on the degree of
consolidation and grain size. Very often, there is a veloc-
ity reversal within a conglomerate-rock column. It is
found that the grain size is larger in the shallower sec-
tion than the deeper section, and it is thickening from
east to west (Wang et al., 2013), almost proportional to
the height of the mountains (Figure 3).

In turning-ray tomography, the medium to be imaged
is generalized into a (gridded) continuous medium,
such that the first arrivals recorded at the surface need
not be associated with refractors having strong velocity
contrasts (Figure 13). Tomographic inversion involves
solving a system of linear equations t ¼ DST, where
t is a column vector of length m containing observed
traveltimes for m rays; D is an m � n matrix of ray
segments; and S is a column vector of length n, contain-
ing unknown slownesses. The objective function
dt ¼ jTcal − Tobsj is to minimize the difference (dt) be-
tween the observed or picked first arrivals (Tobs) and
the calculated or molded first arrivals (Tcal) (Figure 14).
Turning-ray tomography is a nonlinear inversion problem.
An initial velocity model is required to define raypaths for
velocity perturbation, and velocity changes define new
raypaths. Convergence requires velocity changes and ray-
path updates to be stationary (Figure 14). In general, non-
linear inversion is independent of starting models that are
close enough to the actual velocity model.

As shown in Figure 9, the quality of the first arrivals is
usually better at near offsets and worse at far offsets.
This is because of the longer travel distances with more
noise contamination and waveform changes at far off-

Figure 11. Application of the shaping filter (Yu, 1996) before
picking the first arrivals of vibroseis data. (a) Original FBs of
vibroseis data, which have long-lasting side lobes of wave-
forms; (b) band-pass filtering is applied to (a) and (c) shaping
filtering is applied to (a). The S/N of the first arrivals after shap-
ing filtering has been greatly improved.

Figure 12. Quality control of FB picking. (a) The number of
traces of 16 3D surveys from the Kelasu task force, where the
red and yellow colors represent high numbers and the blue
and purple are low numbers, (b) the FB-picking rate, where
the red and yellow are high and the green and blue are low,
and (c) FB-times versus the absolute offset. The total area of
the 3D surveys is approximately 9000 km2.
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sets. Therefore, we applied a weighted
tomography (Figure 15), giving higher
weights to the near offsets to recognize
the contributions of the near-offset first
arrivals to tomography. This has im-
proved the accuracy of velocity model
in the shallow section and sped up con-
vergence in the inversion. Some artifacts,
such as abnormal boundaries and low-
velocity clusters found from the equally
weighted tomography, have been re-
moved from the variable-weighted
tomography.

Figure 16 shows the convergence
curves of the nonlinear weighted tomo-
graphic inversion for the entire Kelasu
3-blocks of first-arrival traveltimes con-
taining 16 3D surveys, using full offsets
from 0 to 9000 m. The time residual de-
creased from 180 ms in the beginning
to 22 ms at the end, which indicates that

the inversion is convergent. The grid size used in inver-
sion is 15 × 15 × 10 m3 in the inline, crossline, and depth
directions. Consequently, the total model size for inver-
sion for the entire Kelasu surveys is 14;047 × 5001 × 501
in the inline, crossline, and depth directions, respectively.
To carry out the inversion for such a large model size, we
implemented parallel computing using OpenMP within a
node and message passing interface (MPI) between no-
des. In total, 10 nodes were used, and each node con-
tained 768 GB memory. A regularization filter or
smoothing operator was applied during the inversion
to remove numerical artifacts caused by null spaces.

After near-offset first arrivals are inverted to produce
a near-surface velocity model, static corrections are
performed by downward and upward (vertical) continu-
ation, downward using the model velocities and upward
using a constant-replacement velocity for all surveys. In
the mega-survey, the near-surfacemodel depth varies be-
cause the different subsurveys have low-velocity layers

Figure 13. Concept of turning-ray tomographic inversion and tomostatics
(modified from Zhu et al., 1992). Once a near-surface velocity model is estimated
by turning-ray tomography, static corrections are performed by downward and
upward (vertical) continuation, downward using the model velocities and up-
ward using a constant-replacement velocity. The downward continuation datum
usually is defined as a flat subsurface, a surface subparallel to the topography or
the base of the low-velocity layer. The final datum usually is flat and consistent
with that defined in time processing.

Figure 14. A workflow showing nonlinear turning-ray tomo-
graphic inversion (modified from Zhu et al., 1992).

Figure 15. Iterative weighted near-surface
tomography. First, full-offset first arrivals are
used to produce an initial model; second, the
initial model is used for the next inversion, us-
ing offsets from zero to a middle range; finally,
near-offset first arrivals are used to produce a
final velocity model. This is equivalent to a
weighted tomography in which the near-offset
FBs have been used three times whereas the
far-offset FBs have been used only once.
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of different depths (Figure 17). A constant final datum is
fixed for all surveys.

The near-surface velocity model is used in a joint or
integrated tomography for the subsequent velocity
model building for PSDM. In the joint tomography, the
near-surface velocity model is merged with a legacy
velocity model, such as a velocity model previously used
in the legacy PSDM. At the suture zone of the merge, ta-
pering is applied to avoid abrupt velocity changes. Be-
cause the near-surface velocity-depth model derived
from turning-ray tomography is more accurate and has
higher resolution than that from reflection tomography
beneath the surface, we keep this model unchanged
during the early stages of iterations in the integrated

tomography. To account for the errors associated with
the picked first arrivals for turning-ray tomography
and combine both models seamlessly, we allow reflec-
tion tomography to update shallow and deep velocities
simultaneously in the later stage of iterations (Tian et al.,
2018). Reflection tomography is a global inversion.
At early stages of model building, errors in estimation
of models are larger in deeper areas than in shallower
areas. The errors in deeper areas affect shallower areas.
To avoid error transfer to the near-surface model derived
by the turning-ray tomography, the near-surface model is
masked in the first several iterations. After a few itera-
tions of reflection tomography, the errors are reduced.
Then, reflection tomography updates the velocity and
anisotropic parameters in shallower and deeper areas.

Results
Final tomographic velocity inversion results and

their applications to statics and PSDM are illustrated
in Figures 17–28.

Figure 17 shows the near-surface velocity volume of
the Kelasu structure. Rough topography and strong lat-
eral velocity variations are evident. Representative wells
displayed in Figure 17 are used for calibration between
vertical seismic profile (VSP) compressional wave (P-
wave) velocities and tomographic velocities (TomoVel).
The maximum reliable depth of the estimated near-sur-
face velocities is indicated by the bottom of the ray den-
sity (the black line) based on the final step of nonlinear
inversion, and each nonlinear inversion is performed by
ray tracing using the updated velocity model (Figure 14).

Figure 18 illustrates tomographic velocity-depth slices
120 and 500 m below and parallel to the topography, re-
spectively. The shapes of high-velocity geobodies on To-
moVel, representing conglomerate rocks, are consistent

Figure 16. Convergence curves of nonlinear tomographic in-
version for the entire Kelasu 3D surveys. Parallel computing
was performed using OpenMP and MPI. Each nonlinear inver-
sion represents a ray tracing based on the updated velocity
model.

Figure 17. Volumetric display of the Kelasu near-surface
velocity model estimated from turning-ray tomography. The
maximum offset used is 9000 m. Based on the ray density,
the maximum reliable depth varies from a few hundred meters
in areas with conglomerate rocks to 2000 m in areas without
conglomerate rocks. More than 100 VSP data are available (as
shown in the vertical bars) for calibration. Although the actual
size of 3D surveys is approximately 9000 km2, the total size for
tomographic inversion is close to 15;000 km2.

Figure 18. Velocity-depth slices 120 and 500 m below and
parallel to the topography. The patterns of high-velocity con-
glomerate rocks with circles estimated from near-surface
tomography are consistent with the satellite landscape. Note
that the root of the alluvial fans, as circled containing the
larger grain size of conglomerate rocks, is associated with
higher velocities.
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with the primary surface geology structure from satellite
landscape, the alluvial fans. The velocities near the root
of the fans are higher because the grain size of the con-
glomerate rocks at the root usually is larger.

In tomographic inversion, we did not use shallow-
hole micrologging data as a constraint, as they fre-
quently cause “bull’s-eyes” anomalies. The shallow-hole
micrologging surveys provide a velocity depth of only a
few meters to a few hundreds of meters, and the veloc-
ities converted from the micrologging usually are differ-
ent from the surrounding TomoVel. Instead, we applied
calibration after the inversion, using a single function
from more than 60 VSP data in the study area. Those
VSP data were reprocessed and evaluated with good
quality, especially in the shallow section. It is a depth-
variant calibration. Figure 19 shows a comparison be-
tween KS3 VSP and TomoVel after calibration. The
agreement between the two is excellent.

Conventional turning-ray tomography or DWT using
near-offset first arrivals can estimate only a very shal-
low velocity model for static corrections (Figure 15).
We used a robust turning-ray tomography (Zhu et al.,
1992, 2008), which can estimate a much deeper near-
surface velocity model using full-offset first arrivals
for PSDM from topography (Figure 20).

More than 60 VSP data were evaluated in areas with
and without high-velocity conglomerate rocks. Repre-
sentative interval and average velocity comparisons
are shown in Figure 21a and 21b. The goodness of fit
is approximately 67% and 90% for areas with and with-
out conglomerate rocks, respectively. The reason for
the lower goodness of fit in areas with conglomerate
rocks is that a velocity reversal occurs in the middle of
the conglomerate-rock column as shown in Figure 21a
(right) by the arrow. Starting from the velocity-reversal
point, rays travel downward (Figure 22). Only when hit-
ting a higher velocity layer in a deeper section due to
compaction of rocks will the rays turn back to the
surface at a longer offset (Grant and West, 1965). This

produces a shadow zone (Figure 22) or “hidden layer”
where refraction inversion is unreliable. For this rea-
son, estimating velocities below the high-velocity con-
glomerate rocks is not easy by turning-ray tomography
using the first-arrival traveltimes as input data. Full-
waveform inversion may have a better chance to get
a slightly deeper velocity profile with a finite-frequency
band, but it is still limited by the recording aperture.
Instead, we highly recommend that a joint tomography,

Figure 19. VSP and TomoVel calibration at
well KS3. The depth slice is at 1450 m below
the highest elevation. The VSP and TomoVel
are displayed from the surface.

Figure 20. A comparison between the conventional turning-
ray tomography (DWT) using offsets up to 3500 m and the ro-
bust turning-ray tomography using offsets up to 9000 m. The
maximum reliable depth of TomoVel in areas without con-
glomerate rocks is approximately 400 and 1500 m with con-
ventional tomography and robust tomography, respectively.
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using refraction and reflection data (Figure 23), be
used to get a whole velocity model for PSDM from topog-
raphy in foothills exploration areas (Tian et al., 2018).

Representative static corrections and PSDM using
velocities estimated from turning-ray tomography are
shown in Figures 24–26. In statics estimation, the first
arrivals up to 3500 m offset were used for tomography
because statics calculation requires velocities only at a

Figure 22. The formation of a shadow zone by a region of
decreasing velocities. (After Grant and West, 1965.)

Figure 23. An early concept of joint refraction and reflection
tomography (modified from Zhu et al., 2001, 2003). Reflection
tomography usually is good at estimating velocities in the
deep section but not in the shallow section due to the limited
offsets of the events. In contrast, turning-ray or refraction
tomography usually is good at estimating velocities in the shal-
low section but not in the deep section due to the limited off-
set of the input first arrivals. Combining the two can produce a
velocity model good at shallow and deep sections.

Figure 24. (a) Two representative raw shot records with
LMO. (b) Two representative shot records after tomostatics
with LMO.

Figure 21. (a) Representative interval VSP velocity and TomoVel in areas without conglomerate rocks (left) and with conglom-
erate rocks (right). Based on more than 60 VSP data, the goodness of fit is approximately 67% in areas with conglomerate rocks and
90% without conglomerate rocks. (b) The representative average VSP velocity and TomoVel in areas without conglomerate rocks
(left) and with conglomerate rocks (right).
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shallow depth, usually less than 300 m. The improve-
ment in the first and later arrivals after tomostatics is
evident (Figure 24).

In PSDM, full-offset (0–9000 m) first arrivals were
used for tomography, aiming at a deeper penetration
of the rays. The shallow-velocity model estimated from
turning-ray tomography was first merged with a legacy
deep-velocity model, usually from a previous study, fol-
lowed by tapering the suture zone to avoid abrupt
changes when updated by a joint refraction and reflec-
tion tomography. The preliminary PSDM results already
have shown improvement in the shallow section with
the help of near-surface velocities estimated from turn-
ing-ray tomography in the Kelasu foothills (Figure 25).
Results from updating the deeper velocity model will be
shown in a future paper.

Figure 26 shows a comparison between PSDM stacks
previously imaged from16 individual surveys (Figure 26a)
and recently imaged based on the combined surveys from
the task force (Figure 26b) for an arbitrary northeast–
southwest line in the Kelasu foothills. Differences and im-
aging boundaries between the surveys in Figure 26a have
been minimized in Figure 26b, leading to better interpre-
tation and reservoir characterization.

Although VSPs frequently are used for calibration
with velocities estimated from tomography, the differ-
ence between VSP velocities and TomoVel usually
are large. This is because (1) VSP raypaths are almost
vertical whereas turning-ray tomography raypaths con-
tain a substantial horizontal component and (2) VSP
velocity measurement is dependent upon a dipping
layer along a specific azimuth (e.g., northeast–south-
west in Figure 27), whereas TomoVel is a summation
of estimates from all azimuths. Therefore, VSPs should
be used with caution in calibration. Very often, Tomo-
Vel using the first arrivals selected from the same azi-
muth sector as that of VSP measurement match the VSP
velocities the best (Figure 27e). Given a measured trav-
eltime T , the interpreted VSP velocity (V1) usually is
larger than the interval velocity (V2) when the layers
are dipping along a specific azimuth because the dis-
tance DH along raypaths is larger than the bed thick-
ness DZ (Figure 27c).

Another interesting observation is that the ray-den-
sity plot from the turning-ray tomography (TomoRay)
can be used to assist characterization of the top and
base of conglomerate rocks, and possibly the veloc-
ity-reversal point (Figure 28). This is because rays will
be turned or bent at a sharp velocity boundary (Fig-
ure 22), forming abnormal ray density at the interfaces.
Velocity interfaces showed in VSP (Figure 28) are con-
sistent with the tomographic ray density spikes at a spe-
cific location, indicating that the TomoRay is sensitive
to the velocity gradient and is useful information for
identifying the top and base of the conglomerate rock
columns. We expect that an integrated study, using
TomoVel, the TomoRay, satellite landscape, and near-
surface geology as well as electromagnetic measure-
ments, will help us better understand the conglomer-
ate-rock distributions for seismic imaging and drilling
engineering.

Figure 26. A comparison of PSDM stacks from individual
surveys and combined surveys for an arbitrary northeast–
southwest line. (a) PSDM imaging from 16 individual surveys
and (b) PSDM imaging from the combined surveys as a result
of the task force. The processing differences and imaging
boundaries (as shown with the blue blocks) between the sur-
veys in (a) have been reduced in (b), leading to better inter-
pretation and reservoir characterization.

Figure 25. (a) Velocity model building for PSDM. The shallow-
velocity model estimated from turning-ray tomography was
merged with a legacy velocity model, followed by smoothing
the suture zone and updated by a joint refraction and reflection
tomography (Tian et al., 2018). (b) PSDM results using the leg-
acy velocity model (top) and the joint-tomo model (bottom).
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Conclusion
We have presented an innovative approach to solv-

ing a matrix of blocks and tasks in foothills imaging.
Successful applications of this approach to Kelasu

foothills have demonstrated that it is a current best
practice for a long-run foothills program in a study area.
The principal conclusions are:

1) The present megaproject is a merge of several 3D
surveys in foothills areas, with the merge performed

Figure 28. Illustration of integrated studies
using VSP, TomoVel, and TomoRay for char-
acterizing conglomerate rocks.

Figure 27. Integrated VSP and azimuthal
near-surface velocity analysis. (a) Near-sur-
face TomoVel estimated along the north-
east–southwest sector of the first arrivals,
(b) VSP corridor stack, the VSP raypaths in
yellow (almost vertical) and dipping layers
in the dashed red lines, (c) a diagram showing
that the VSP velocity (V1) is larger than the
interval velocity (V2) when the layers are
the dipping along a specific (northeast–south-
west) azimuth, (d) the VSP velocity (V1)
agrees with TomoVel best when TomoVel
was estimated along the northeast–southwest
direction, matching the structural orientation,
and (e) comparisons between VSP velocities
and TomoVel estimated from the first arrivals
selected from various azimuthal sectors.
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in a coordinated, systematic fashion in contrast to
most land megaprojects. Creative project manage-
ment is one of the keys to success for the proposed
novel strategy. Under the good coordination pro-
vided by the oil company, a matrix of blocks and
tasks was solved effectively. This success is appli-
cable to most other parts of the world, such as North
and South America, the Arabian Peninsula, and North
Africa, where near-surface and subsurface conditions
are complicated.

2) Quality control is another key to success for near-
surface velocity estimation and static corrections.
Although zero crossing is recommended for picking
the first arrivals of dynamite data, it is not adequate
when the near-surface lateral-velocity variation is
strong and the S/N of the first arrivals is low. Very
often, the automatically picked zero crossings can-
not follow the up and down shape of the first arriv-
als. In this scenario, we recommend to first pick the
peaks of the first arrivals and then to move them to
the zero crossings. Because of the frequency varia-
tions at near and far offsets and the lithology and
attenuation differences near the surface, a statistical
approach should be used to estimate time-shift val-
ues from peaks to zero crossings at different offsets.
Usually, several statistics models are necessary for
different blocks in a megasurvey.

3) The near-surface velocity model has a large effect on
imaging deep targets. This was confirmed by this meg-
asurvey project, and it is consistent with previous
results (Tian et al., 2018). Weighted tomographic in-
version, with more weights at near offsets and fewer
weights at far offsets, has produced an accurate near-
surface velocity model. Consequently, it results in bet-
ter imaging after joint tomography and PSDM.

4) Picking the first arrivals is the bottleneck for near-sur-
face velocity estimations and static correction. The AI
first-break (FB) picking presented in this paper is
significant, and it greatly improves the efficiency.
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