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Introduction 

 

The method of hybrid seismic surveying is a combination of high resolution reflec tion 
seismic profiling with the technique of refrac tion seismic diving wave tomography, the two 
most common surface geophysical surveying disciplines in civil engineering.   

This method statement is intended for geologists, civil engineers and geotechnical 
engineers who are marginally familiar with surface seismic profiling procedures. The paper 
attempts to convey without going into too many theoretical details the physical principles 
underlying reflection and refraction seismic surveying techniques in order that a non-specialist 
obtains an intuitive understanding of the merits and limitations of this method. 

An impact, or controlled vibrations, generated at the earthÕs surface, produce a seismic 
source signal, which penetrates the sub-surface as a semi-spherical wave front. At the 
boundaries between layers, physically defined by different acoustic impedances (acoustic 
impedance = rock density !  x seismic propagation velocity vp), the seismic waves are 
reflected and refracted in analogy with the laws of physical optics. The reflected and refracted 
signals find their way back to the surface where they are recorded by acoustic sensors, so-
called geophones. The lay-out of the geophone receiver units for 2-dimensional surveys 
commonly is linear at equidistant positions. For larger 3-dimensional investigations areal, 
rasterized arrays are the rule. The latter being rather costly due to the considerable logistic 
efforts required for the data acquisition work in the field, are for this reason, reserved for 
financially potent companies and institutions.  

 

1 Refraction seismic surveying / refraction diving wave tomography 

 
Fig. 1.1  portrays the trajectory of the wave paths of the seismic source signal in the sub-
surface. Depending on the rayÕs angle of incidence with the interface, part of the acoustic 
energy  travels as a totally refracted wave along the interface boundary and continuously emits 
energy back to the surface.  

 

 

 

Fig. 1.1: The field set-up and the ray paths of a refraction survey 
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On a distance Ð time diagram, the seismic propagation velocities along the different refraction 
horizons 1 Ð 3 are determined (see Fig. 1.2  below): 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 1.2: The 2-dimensional distance Ð time diagram for deriving the propagation velocities of the 
 seismic signal along the different interfaces of acoustic impedance contrasts. 

 
The technique of refraction diving wave , or curved ray path tomography  is more approp-
riate for deriving the velocity gradient field under complex geological conditions. 

In areas with no sharp velocity contrasts in the subsurface, (i.e. at gradually weathered rock 
surfaces) or with highly complex sedimentary layer structures, the seismic imaging of velocity 
horizons with the use of the traditional refraction seismic surveying method is highly 
inaccurate. Contrary to the derived depth models based on traditional refraction seismic 
surveys, the results of refraction tomography profiling are no longer influenced by subjective 
decisions and are therefore more accurate. The seismic velocity field is a direct representation 
of the rock rigidity distribution in the subsurface. The velocity gradient field facilitates the 
identification of lithological layers and also the detection of decompaction zones.

The data inversion in a first step is done by the analytical derivation of an initial velocity 
gradient field using the Common MidPoint (CMP) technique in a 3-dimensional coordinate 
system (see Fig. 1.3), followed by iterative finite-element modelling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  1.3   3-dimensional Distance-Travel Time diagrams at the mid-points between source points and 
receiver stations are instrumental when using  the analytical CMP derivation of the initial 
velocity field. The horizontal axes are the along the CMP positions and the travel time 
respectively, the vertical axis denotes the offset distance between source and receiver 
positions. 
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Fig. 1.4:    Distribution of the p-wave velocities as derived by the diving wave tomography technique along 
a 300 m long seismic profile. Since the rock / soil rigidity is directly proportional to the p-wave 
propagation velocity, the base of the sedimentary overburden as well as decompaction zones in 
the bedrock are easily detected.  

 
 

The surface of a hard formation with a high seismic propagation velocity so to speak exerts 
an attractive force on the trajectories of raypaths, which as rule represent the fastest route 
between two points.  

The raypath density per unit square (see Fig. 1.5) is a valuable tool for assessing the 
intensity of the velocity contrast at the surface of a hard formation. It gives an idea of how 
intensely raypaths of acoustic waves are ãbundledÒ by hard bedrock surfaces.  
 
 
 

 

 

 

 

 

Fig. 1.5: Field of the raypath density (number of raypaths per m2). High values mark a signifcant 
contrast in propagation velocities along the surface of the bedrock underlying deconsolidated 
sedimentary layers. This wavepath density field has been derived from the same data set as 
the velocity gradient field in Fig. 1.4 . The raypath density field is a useful tool during the 
seismic interpretation for the identification of the bedrock surface. 

 
 

In areas with an even distribution of the raypath densities, it is to be assumed that the 
gradual velocity increase is due to the increase of rock rigidity as a function of depth. 

 
From the raypath density plot, velocity inversions, i.e. the presence of so-called hidden 

layers, may be predicted in situations in which high raypath densities point to a formation with 
solid compact rock material overlying a layer with lower velocities and raypath densitiy values 
close to zero.  
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In analogy with the laws in optics that govern the refraction of rays of light at the 

boundaries between two layers with differing propagation velocities of light (SnellÕs Law s. 
Fig. 1.6), seismic rays with an angle of incidence greater than the critical angle from the 
vertical cannot penetrate the layer below, resulting in the total refraction of the ray at the layer 
boundary. The totally refracted seismic wave then travels along the surface of the hard layer 
and continuously emits part of its signal back to the earthÕs surface. 

 
SnellÕs law of refraction for seismic waves at a la yer interface: 
 
  

 
 
 

 
 
 
 

 
 
 
 

 

Fig. 1.6:    Refraction of seismic raypath at the interface between a soft layer above a hard layer below. 

The raypath with the angle of incidence i1 at the interface is deflected from  the vertical at a 

larger angle i2 from the vertical when it enters the hard layer below with the higher velocity v2. 

As the angle of incidence i1 approaches the critical angle ic the angle of emergence i2  

becomes 90¡ with the result that the seismic wave is totally refracted and cannot penetrate the 

layer below.  
 

2 Reflection seismic surveying 
 

The underlying principle in reflection seismic profiling is identical with the one with the echo 
sounder on a ship: A source signal generated at the surface penetrates the ground in a vertical 
or near vertical direction. At layer boundaries, i.e. at interfaces of velocity contrasts, the signal 
is reflected back to the surface Ð as is the case with the signal of the echo sounding device at 
the sea bottom. Unlike the echo sounding technique, where the transmitter and the receiver 
are assembled into one unit at the shipÕs bottom, in seismic reflection surveys there is an 
arrangement of a large number of receivers (geophones) which record the signal emitted from 
a single source position (see Fig. 2.1).  

The reflection seismic data acquisition procedure is the classical roll-along technique: The 
recording arrangement consists of a number of geophone stations laid out at a regular, 
equidistant spacings with the source point usually in the middle of the spread. As with 
refraction seismic tomography, the seismic source may be of an impact type (hammer, weight 
dropper) or explosives fired in shallow boreholes. As the source moves up in the working 
direction of the seismic profile, a number of geophone stations, corresponding to the move-up 
distance of the source, at the rear end of the spread are disconnected and new stations are 
activated at the front end. The roll-along technique of recording seismic data may be likened to 
the locomotion of a caterpillar. 
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In this manner, reflection points on layer boundaries at various depths in the subsurface are 
sampled by a multitude of transmitter-receiver configurations resulting in a so-called multiple 
coverage  of seismograms at each reflection point position.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. 2.1:     Schematic presentation of  the seismic reflection geometry of ray paths 

 

The data redundancy resulting from multiple coverage seismogram data is instrumental in 
assembling them into a reflection seismic section which images the subsurface structures as 
depicted in Fig. 2.2 . 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.2:  Reflection seismic depth section as processed from the same data set as the velocty field in 
Fig. 1.4 
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3 Hybrid seismic sections 

Reflection seismic profiling as well as refraction diving wave tomography, when applied as the 
sole prospection methods, have their undisputed merits in their performance, but unfortunately 
also some shortcomings, depending on the objectives of each individual survey, as outlined in 
the table below. 

 

Comparative performance summary of refraction tomog raphy surveying and high 
resolution reflection seismic profiling 

  Reflection Refraction  
  seismic  diving wave 
  profiling  tomography 
 
High resolution at shallow depths (< 10 m) LIMITED GOOD 
High resolution at greater depths (> 20 m) GOOD LIMITED 
Depth of investigation HIGH LIMITED 
Rock / soil quality indicator & rippability POOR GOOD 
Detection of velocity inversions POOR GOOD 
Fault zone indicator GOOD LIMITED 
 

 
As an obious conclusion from the above comparison of the capabilities of the two methods, 

it is desirable to combine their data acquisition and interpretation procedures. 
  
Thanks to the recent technical advances implemented in modern seismic recording 

instrumentation, the data acquisition for both methods can now be combined into one single 
operation, which results in a substantial reduction of the costs for field work. This allows 
tapping the full potential of the information contained in the data by an appropriate joint data 
processing procedure.  

 
Although the results of the reflection seismic data processing and the refraction tomo-

graphy evaluation are based on the same data set, they are completely independent from 
each other, which enhances the reliabililty of a joint interpretation. The latter is further assisted 
by a suitable presentation of two results whereby the drawbacks of one method are 
compensated by benefits of the other.  

An effective direct and comparative correlation is obtained by transparently super-imposing 
the seismic velocity gradient field derived from refraction tomography onto the reflection 
seismic depth section (see Fig. 3.1).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3.1:   Hybrid seismic section as a combination of the velocity field in Fig. 1.4  and the reflection  
seismic section in Fig. 2.2  
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Fig. 3.2:  Hybrid section of Fig. 3.1 with a possible geological interpretation.  

 
 
4 Areal site characterization by 3-D visualisation of  the results of several 

intersecting profiles  

The data processing results as shown on the preceding pages are taken from a seismic profile 
recorded as part of a program of five profiles for the prospection of gravel in the Swiss 
Prealps. The finalized hybrid seismic sections of the five profiles can be displayed in a three-
dimensional presentation from a random choice of viewing angles.  In fact, the group of five 
profiles can be viewed in a PDF-file with the help of the program Adobe Reader, version 9. 
This 3-D presentation program provides sophisticated animated visualisation techniques, 
which can be mastered in a few minutes. The program can be down-loaded free of charge.  

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.1: 3-D presentation of a grid of five seismic profiles, viewing direction ESE
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Fig. 4.2: 3-D presentation of the grid of five seismic profiles, viewing direction W 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 4.3: Viewing direction SSW 



 
Method statement of hybrid seismic surveying                              

January 2010 page 10 / 12 

 

 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 4.4: Viewing direction NE 
 
 
  

5 The key acquisition parameters for optimizing the  imaging resolution and the 
depth of investigation 

 

The resolving power of hybrid seismic sections is directly proportional to the spatial data 
density defined by the spacing between the receiver stations, and to a lesser extent, by the 
distance between the source points. The attainable depth of investigation is governed by the 
length of the active geophone spread.  

 

The smaller the spacing between the receiver stations the higher is the imaging resolution, 
and the longer the length of the active spread the greater is the attainable depth of 
investigation. 

Therefore, it is mandatory that the data acquisition is carried out with the maximum number 
of available data channels in order to be able to work with a sufficiently long active spread for 
the depth range to be investigated. 

 

The following rules of thumb apply for high resolut ion hybrid seismic surveying: 

1) The receiver station spacing should not exceed 1/60 to 1/20 of the desired depth of 
investigation (depending on the local conditions, i.e. attainable data quality). 

2) The source point distance is to be chosen not larger than 2 Ð 4 times the receiver 
station spacing (depending on the local conditions, i.e. attainable data quality). 

3) The length of the active spread should be at least three times the desired depth of 
investigation. 
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6 Recommended field parameters for various investig ation depths 

 

6.1 Hybrid seismic data acquisition for investigation d epths until 500 m  
(the specified parameters typed in bold letters are crucial for the imaging resolution)  
 

 Geophone station spacing 2 m  
 Source point distance 4 - 8 m  

Number of active channels  minimum 240  
 Recording instrumentation 24 bit Sigma-Delta A/D conversion  
 Number of geophones / station 1  
 Natural frequency of geophones 8 - 20 Hz 
 Source type Explosives, weight dropper, hammer, depending on terrain 
  conditions, such as quality of ground coupling and ambient 
  noise level (under favourable conditions the energy of a 8 kg 
  hammer is sufficient for penetration depths of up to 250 m) 
 Sampling rate 0.5 msec 
 Recording time 500 msec  
 High-cut filter (low-pass) anti-alias 
 Low-cut filter (high-pass) 4 Hz 
 
 
 
6.2 Hybrid seismic data acquisition with the emphasis f or depths of less than 50 m  

(the specified parameters typed in bold letters are crucial for the imaging resolution)  
 

 Geophone station spacing 1 m  
 Source point distance 2 - 4 m  

Number of active channels  minimum 96  
 Recording instrumentation 24 bit Sigma-Delta A/D conversion  
 Number of geophones / station 1  
 Natural frequency of geophones 8 - 20 Hz 
 Source type hammer 6 Ð 8 kg 
 Sampling rate 0.25 msec 
 Recording time 250 msec  
 High-cut filter (low-pass) anti-alias 
 Low-cut filter (high-pass) 4 Hz 
 
  
 
6.3 Hybrid seismic data acquisition with the emphasis f or depths of less than 20 m  

(the specified parameters typed in bold letters are crucial for the imaging resolution)  
 

 Geophone station spacing 0.5 m  
 Source point distance 1.0 Ð 2.0 m  

Number of active channels  minimum 96  
 Recording instrumentation 24 bit Sigma-Delta A/D conversion  
 Number of geophones / station 1  
 Natural frequency of geophones 10 - 40 Hz 
 Source type hammer 6 Ð 8 kg 
 Sampling rate 0.25 msec 
 Recording time 250 msec  
 High-cut filter (low-pass) anti-alias 
 Low-cut filter (high-pass) 4 Hz 
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7 The salient features of hybrid seismic surveying 

The advantages of the hybrid seismic surveying technique are two-fold: 
¥ The field data acquisition procedure for both the reflection and refraction seismic data are 

recorded in one single and joint field operation , which results in a drastic cost reduction 
as compared to the expenditures for two separate field operations. 

¥ Since the processing results of the reflection and refraction evaluations are completely 
independent of each other, an enhanced interpretation reliability  is achieved. 

 

 
8 Further reading / web site links 

 
For a detailed description of the reflection seismic and the refraction diving wave (or curved ray) 
tomography methods we refer to numerous internet publications: 

 
For diving wave tomography 
¥ www.cseg.ca/luncheons/200102   
¥ billharlan.com/pub/tomo/divingtomo.ps.gz 
¥ billharlan.com/pub/tomo/index.html 
¥ utam.gg.utah.edu/UTAMtheses/ JianmingSheng/html/node13.html 
¥ adsabs.harvard.edu/abs/2005agusmns 
¥ www.cseg.ca/recorder/pdf/2001/02Feb/01_Feb2001.pdf 
¥ www.pgs.com/upload/31059/data.pdf  

 
For reflection seismic surveying 
¥ www.enviroscan.com/html/seismic_refraction_versus_refl.html
¥ en.wikipedia.org/wiki/Reflection_seismology 
¥ www.geophysics.co.uk/mets3.html 
¥ litho.ucalgary.ca/atlas/seismic.htm 
¥ e-collection.ethbib.ethz.ch/show?type=lehr&nr=71 (very good introduction) 
¥ www.usgs.gov/science/science.php?term=1045 
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