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Summary 

Three-dimensional (3D) surveys are a major tool in seismic 

exploration. In the estimation of the near-surface velocity 

structure, 3D first-arrival traveltime tomography is 

frequently applied to produce the velocity model. However, 

tomographic imaging tends to blur the sharp features and 

results in a smoothed structure. In this study, we develop a 

3D refraction traveltime migration method to locate the 

refraction interface with a large velocity contrast. The 

method mainly includes the reconstruction of two 

oppositely propagating wavefront systems and the 

application of an imaging condition. Only the overburden 

velocity and refraction traveltimes are needed for imaging 

the refraction interface. We design two synthetic tests to 

verify this method in both a constant-velocity model and a 

model with a velocity gradient. The results show that the 

3D refraction traveltime migration method could help 

delineate a high-resolution refraction interface. 

Introduction 

Imaging the near-surface structure by applying seismic 

refraction methods has long been a standard approach. 

Producing a reliable image with high resolution utilizing 

traveltimes is important for further subsurface velocity 

model building and making statics calculation. 

Conventional traveltime methods, such as the delay-time 

method (Wyrobek, 1939), the plus-minus method 

(Hagedoorn, 1959), and the generalized reciprocal method 

(Palmer, 1980) offer effective solutions. Zhang and Toksöz 

(1997) propose a 2D refraction traveltime migration 

method. With overburden velocities and refraction 

traveltimes, this method could produce a high-resolution 

image of the refractor, even with complex near-surface 

velocity structures (Wang and Zhang, 2017).  

In this study, we develop a 3D refraction traveltime 

migration method for near-surface imaging. First, we 

reconstruct two oppositely propagating wavefront systems 

based on 3D eikonal wavefront ray tracing method (Vidale, 

1990). Then we apply the imaging condition (Hagedoorn, 

1959) on the summation of these two wavefront systems. 

All points satisfying this imaging condition and the 

shallowest-depth requirement are output as imaged points. 

The final 3D refraction interface is acquired by 

interpolating all of the imaged points. In the following 

sections, we shall first introduce the fundamentals of the 

3D refraction traveltime migration. We also design two 

synthetic tests to analyze the performance of this method 

under various situations.  

Wavefront Reconstruction 

 

Figure 1: Shot and receiver geometry in 2D survey. The red stars 

represent the shots. The blue triangles represent the receivers. 

Figure 1 briefly describes the wavefront reconstruction 

procedure for a 2D survey (Zhang and Toksöz, 1997; Wang 

and Zhang, 2017). The downward continuation of each 

wavefront system is completed by activating a line source 

using receivers between shots. The initiation time of each 

receiver 𝑇𝑠𝑖
(𝑥) for shot 𝑖 is defined as: 

                 𝑇𝑠𝑖
(𝑥) = 𝑇𝑟 − 𝑇𝑖(𝑥),            (1) 

where 𝑇𝑟 is the reciprocal time between two shots and 

𝑇𝑖(𝑥)  is the recorded first-arrival traveltimes between 

receiver and shot 𝑖. This 2D approach assumes that all the 

refractions originate from the same refractor.  

 

Figure 2: Shot and receiver geometry in 3D survey. The red stars 

represent the shots. The blue triangles represent the receivers. 

In a 3D survey, the wavefront reconstruction is also applied 

between two shots and the selection of this shot pair should 

follow some requirements. The 3D geometry is shown in 

Figure 2. First, each shot in the shot pair should be within 

the survey area of another. This requirement ensures that 
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receivers located between the shot pair could record 

seismic signals from each shot. Second, first-arrival 

traveltimes between two shots should be refractions. This 

distance can be roughly estimated by analyzing slopes of 

traveltime curves in shot-receiver-offset domain. The 

influence of the selection of other modes of wave 

propagation has been analyzed in detail in the 2D paper 

(Wang and Zhang, 2017), which will not be discussed here. 

Following these two requirements, we can select shot pairs 

both along the shot line by sorting the data into common-

shot domain and along the receiver line by sorting the data 

into common-receiver domain. 

For ease of understanding, we will first explain how to 

reconstruct one 3D wavefront system. In 2D situation, we 

can simply assume that the ray between two shots 

propagates in a vertical 2D plane. However, in the real 3D 

structure, the seismic ray may propagate in the media 

between two shots with deviation due to 3D structures. 

Therefore, the assumption of taking receivers along the line 

between two shots as a new line source for backward 

propagation as in the 2D case cannot be satisfied. In the 3D 

situation, as shown in Figure 2, receivers roughly between 

two shots are selected and activated as a new “plane 

source”. The plane source is activated sequentially with an 

initiation equation 𝑇𝑠𝑖
(𝑥, 𝑦)  derived from the recorded 

first-arrival traveltimes 𝑇𝑖(𝑥, 𝑦) for shot 𝑖: 

              𝑇𝑠𝑖
(𝑥, 𝑦) = 𝑇𝑟 − 𝑇𝑖(𝑥, 𝑦),           (2) 

where 𝑇𝑟 is still the reciprocal time between the shot pair. 

Based on the 3D eikonal wavefront ray tracing method 

(Vidale, 1990), this plane source will generate a set of 

wavefronts radiating downward into the overburden 

velocity field. The same procedure is repeated for another 

shot of the same pair. Thus, for each pair of shots, we 

acquire two oppositely propagating wavefront systems.  

Imaging Condition 

 

With the reconstructed wavefront systems in the subsurface, 

the imaging condition can be further applied. Hagedoorn 

(1959) elucidates an imaging condition to locate the 

refracting horizon in 2D. For each subsurface point, when 

the summation of the forward propagating wavefront 

system with traveltime 𝑡𝑓  and the reverse propagating 

wavefront system with traveltime 𝑡𝑟  equal to the 

reciprocal time 𝑇𝑟 , the point should be located on the 

refraction interface. In the 3D situation, we employ the 

same imaging condition, as shown in equation 3: 

             𝑡𝑓(𝑥, y, 𝑧) + 𝑡𝑟(𝑥, y, 𝑧) = 𝑇𝑟,         (3) 

 

Figure 3: Raypath between shot and receiver for receiver in the 

shortest raypath (top) and receiver not in the shortest raypath 

(bottom). The red stars represent the shot. The blue triangles 

represent the receiver. 

Different from the 2D case, among all the points satisfying 

the imaging condition, only one “migration line” reflects 

the true structure. This “migration line” is part of the 

raypath propagating along the high velocity subsurface 

between two shots, which could then delineate the structure. 

Based on the Hagedoorn imaging condition, only receivers 

that record the refractions originate from the same refractor 

as between the shot pair could produce accurate refraction 

images. In the 2D case, we can simply select receivers 

between two shots. In the 3D case, however, we cannot 

directly locate these receivers. As shown in Figure 3, for 

receivers outside these “correctly imaged” positions, larger 

recorded first-arrival traveltimes will be used to calculate 

the initiation time. And according to equation 2, this will 

result in a smaller initiation time when reconstructing the 

wavefield. As a result, a deeper migration interface will be 

imaged under the same imaging condition. Therefore, for 

all imaged points between a pair of shots, we only choose 

the points with the shallowest depth along the direction of 

shot line. These points formulate the final “migration line”. 

In Figure 4, we further show this process in detail based on 

the model in the first synthetic test (Figure 6), which 

includes a simple two-layer structure with constant velocity 

in each layer. We select two shots as an example. The shots 

are located at (x=2000, y=1080) and (x=2000, y=2880), 

respectively. We zoom in a limited imaging area for clarity. 

In Figure 4, the red stars represent the true refractor along 

the shot line and the black dots represent the imaged points. 

The imaged points right under the shot line fit the true 

refractor quite well, while points with larger perpendicular 

offset from the shot line show deeper depth. However, 

according to the figure in the lower left corner, the points 

around the shot position (x =2000) show the same depth. 

This is caused by the grid size of this model. Points with a 

difference of less than a grid size (10 m in this model) will 

show the same depth. 
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Figure 4: Imaged points after 3D refraction traveltime migration 

(black dots) and true refractor positions (red stars).  

To avoid the influence of direct waves and far-offset data, 

we design a calculation area for this “migration line” 

selection process: 

        𝑎𝑟𝑒𝑎 = (𝑑𝑠ℎ𝑜𝑡 − 𝑑𝑏𝑙𝑖𝑛𝑑) × 𝑑𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙,       (4) 

where 𝑑𝑠ℎ𝑜𝑡 is the distance between two shots, and 𝑑𝑏𝑙𝑖𝑛𝑑  

is the maximum distance where only direct waves can be 

recorded. 𝑑𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙  is a manually selected parameter, 

which is larger than at least twice the shot interval. When 

there exists large fluctuation layers or anomalies, a larger 

𝑑𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 is needed. As shown in Figure 5, the yellow box 

represents the calculating area. Within this area, we first 

compare the depth of each image point with the same X 

coordinate and select the smallest one. Then, for each X 

coordinate within the yellow box, the points with smallest 

depth value form the “migration line” for this pair of shots. 

 

Figure 5: Shot and receiver geometry. The red stars represent the 

shot distribution. The blue triangles represent the total receiver 

stations. 

For each pair of shots, a migration line is acquired by 

applying the 3D refraction traveltime migration method. 

Along the shot line, we could select these kinds of shot 

pairs for a certain distance. To increase the coverage of 

imaging points, we can also sort the seismic data into 

common-receiver array and select shot pairs with certain 

distances in the receiver line direction. With the migration 

results in 3D space using all pairs of shots, we further 

average the overlapped parts of the imaging positions. Due 

to the sparse arrangement of shots and receivers, the final 

3D refraction interface is acquired by interpolating all of 

the imaged points. 

Synthetic Test 1 

We apply the 3D refraction traveltime migration to two 

synthetic models to verify its reliability. As shown in 

Figure 6, the first 3D model consists of a two-layer 

constant velocity structure with sharp boundary. There 

exists an elevated subsurface structure with a 2000 m/s 

overburden velocity and 3000 m/s velocity beneath the 

refractor. The velocity model consist of 400(X) × 400(Y) × 

400(Z) cells, with the same grid size 10 m in each direction. 

The orthogonal acquisition geometry includes 528 shots 

with a shot line interval of 120 m and shot spacing of 120 

m. The receiver line interval is 40 m and receiver spacing is 

40 m. The distribution of shots and receivers is shown in 
Figure 7. 

 

Figure 6: The true model of synthetic test. Cross-sectional (x = 

2000 m and y = 1500 m) and plan views (z = 80 m) of 3D true 

model. 

 

Figure 7: Shot and receiver geometry for the synthetic model. The 

red stars represent the shot distribution. The blue points represent 

the total receiver stations. 

As the theory described previously, we first select two 

shots for one calculation process. For each shot, we acquire 

the first arrival traveltimes in the receiver array and 

calculate the reciprocal time Tr through interpolation if 

needed. In this simple two-layer model, the overburden 

velocity used for migration is acquired by analyzing the 

slope of the direct wave traveltime curves. In real cases, the 

overburden velocity can be estimated by the use of the first-
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arrival traveltime tomography method, which will be 

discussed in the next synthetic test. With overburden 

velocity and refraction traveltimes, we apply the 3D 

refraction traveltime migration method to image the 

refractor. For each pair of shots, we only choose one 

“migration image” based on the shortest raypath principle. 

Then we calculate each pair of shots along the shot and 

receiver line. Due to the coverage limitation of the 

geometry, 3D linear interpolation is applied on the 

migration results. The whole 3D imaged refraction 

interface is displayed in Figure 8. The black dots represent 

the direct imaged results and the 3D curved surface is the 

linear interpolation results with the color represents depth 

in Z direction. For a clearer comparison, we also select two 

2D profiles in both the X and Y directions. The results 

show that the migration interface fits the real structure quite 

well.  

 

Figure 8: Migrated results of 3D refraction traveltime migration. 

Cross-sectional (x = 2000 m and y = 1500 m). 

Synthetic Test 2 

We subsequently apply the 3D refraction traveltime 

migration method to a model with a velocity gradient. The 

3D model consists of a two-layer structure with velocity 

gradient in the overburden velocity (Figure 9). The top 

velocity of each layer is 1000 m/s and 3000 m/s, separately. 

The velocity gradient of the first layer is 1 m/s. This model 

consist of 400(X) × 400(Y) × 400(Z) cells, with the same 

grid size 10 m in each direction. We employ the same 

geometry shown in Figure 7.  

In this model, the overburden velocity used for migration is 

calculated by applying first-arrival traveltime tomography 

with near-offset data. The migration results are displayed in 

Figure 10. The 3D curved surface is the 3D linear 

interpolation results and the black dots represent the direct 

refraction images. We also select two 2D profiles in both X 

and Y directions to compare the migration results (red) and 

true interface (black). The results show that in the model 

with the velocity gradient, small errors exist in the top of 

the elevated subsurface structure. Overall, the migration 

interface fits the true structure well.  

 

Figure 9: The true model of synthetic test. Cross-sectional (x = 

2000 m and y = 1500 m) and plan views (z = 80 m) of 3D true 
model. 

 

Figure 10: Migrated results of 3D refraction traveltime migration. 

Cross-sectional (x = 2000 m and y = 1500 m). 

Conclusions 

We develop a 3D refraction traveltime migration method 

for near surface imaging. The migration results show high 

resolution in both a constant velocity model and a model 

with a velocity gradient. This method provides a new way 

to image the interface between two layers with a large 

velocity contrast in 3D subsurface. This method could be 

further combined with 3D first-arrival traveltime 

tomography to produce a more accurate velocity model 

with sharp boundaries. 
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