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Abstract 

In this paper we use synthetic modelling to study the effect of a succession of basalt flows on the 
seismic wave and, in particular, attempt to find a link between the response in the frequency domain 
and the thickness and velocity distribution of the basalt sequence. Results indicate that, in general, 
low-frequency energy is the most efficient at penetrating the basalt, but that, in some cases, higher 
frequency energy can pass through. The exact nature of the response is dependent on the thickness and 
velocities of the layers; ray theory is used to explain this connection. Good agreement has been found 
when the peg-leg multiples reverberating mainly within any particular layer of the basalt sequence are 
assumed to be the most important. 

Introduction 

Seismic imaging beneath basalt has attracted considerable interest in the past ten years (e.g. 
Ziolkowski et al. 2003). Various borehole and outcrop studies show that the basalt is extremely 
heterogeneous with many flows and complex internal structure (Planke 1994). As a result, it is still not 
well understood what seismic data can really offer with regards to basalt properties and imaging 
applications.  Assuming a heterogeneous basalt with a succession of thin-layered basalt flows, we 
carry out a detailed numerical modelling study to understand the seismic response.  We attempt to 
examine, for the first time, if there is a link between the sub-basaltic response and the internal 
structure of the basalt. This may then lead to the development of an improved strategy for better 
characterization of the basalt and, hence, better seismic imaging. 

Model Building and Methodology 

0
2
4
6
8

10
12
14
16
18

0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40

Flow Thickness (m)

Fr
eq

ue
nc

y

Several models were used in this study, though all were based on the same basic geometry. The depth 
of the top of the basalt sequence (4500m), the depth of the sub-basalt interface (6000m) and the 
maximum receiver offset  (12km) were derived from data shot by Veritas DGC in the summer of 2001 
(Ziolkowski et al. 2003). The basalt sequence 
consists of a number of layers which follows the 
thickness distribution observed in the upper 
series volcanics on the Faeroe Islands (White et 
al. 2003); figure 1 shows this distribution.  

For each model, the precise flow sequence was 
randomly selected. Each flow was split into three 
zones (Planke 1994); an upper chilled margin of 
4m, a massive interior of varying thickness, and a 
lower margin of 1m. The margins were treated as 
low velocity zones and the interior as a high 
velocity zone. In cases where an interface is 
situated between two low velocity zones (e.g. 
between the lower margin of one flow and the upper margin of the flow below) the interface was 
removed to reduce computation time. 

Figure 1: Basalt flow thickness distribution of the 
upper series volcanics on the Faeroe Islands (after 

White et al. 2003) 
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P-wave velocities and densities were taken 
from Planke et al. (1999). S-wave velocities 
were calculated using a P-wave to S-wave 
ratio of 1.8 (Planke et al. 1999). A summary 
of the flow succession characteristics for each 
model is shown in the table opposite. 

Each model was run twice, once with a sub-
basalt interface and once without. This made 
it possible to subtract the reflections coming 
directly from the basalt, leaving only the 
response from the interface beneath the 
basalt.  The resulting synthetic shot gathers were analysed in the time and frequency domains. 

Results 

Model Number Thickness Dist. Velocity (High) Velocity (Low) 

1 Upper Series 5500m/s 3000m/s 

2 Upper Series 5500m/s 3000m/s 

3 Upper Series 5000-6000m/s 2500-3500m/s 

4 2 x Upper 
Series 

5000-6000m/s 2500-3500m/s 

2 seconds

Figure 2: 50Hz Ricker wavelet before and after transmi
near-offset reflection from sub-b
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minimum for the transmission energy occurs w

Figure 3: Amplitude spectra for

f
EAGE 66th Conference & Exhib
 
ssion through basalt layers in model 1.Top, direct wavelet; middle, 
asalt interface; bottom, far-offset reflection. 

nerated with a Ricker wavelet of 50Hz, are shown in 
ature of the response, which is a result of scattering 
et case, significant energy can be seen two seconds 
 longer coda in the far offset may be the contribution 
 the basalt; they could provide considerable energy.  

thers were generated using an impulse wavelet with a 
event from beneath the basalt was windowed with a 

ansformed into the frequency domain. For the near-
 at around 50Hz; there is also a fairly large amplitude 
s may be explained if we consider the transmission 
own (e.g. Ziolkowski and Fokkema 1986) that a 
hen 

 near and far-offset wavelets from model 1 

,4/ dV=  

ition � Paris, France, 7 - 10 June 2004 



3 

where f is the frequency, V is the velocity of the layer and d is the thickness of the layer.  A maximum 
occurs when the frequency is exactly twice this value. 

 

 

 

 

 

Figure 4: Expected energy-minimum frequencies for each layer in model 1. 

Figure 4 shows characteristic energy-minimum frequencies for each layer in the succession; these are 
the minima that we would expect if there were no interaction between individual flows. The most 
striking feature is the alignment of layers with a characteristic frequency of 150Hz.  These are the low 
velocity margins, most of which have exactly the same thickness and velocity.  This being the case, we 
might expect there to be a minimum almost exactly where there is a maximum. However, there is a 
second grouping of frequencies around the 70Hz range, which would give energy maximum at 140Hz.  
These layers may provide a �window� through which some high frequency energy can pass. 

The same model was run with a different random seed, which determines the precise order and 
thickness of the basalt layers.  The overall statistics of the model were kept the same. 
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Figure 5: Near-offset frequency response and expected energy-minimum frequencies for model 2 

Figure 5 shows the frequency response at near offset.  Though the exact nature of the response is not 
the same as before, the general characteristics are the same with a sudden drop in energy at around 
60Hz.  The most noticeable difference is the absence of any spike at 140Hz.  If we look at the graph of 
characteristic minimum frequencies (figure 5) we can still see some layers corresponding to a 
minimum of 70Hz (and therefore a maximum of 140Hz), though they are spread over a larger 

Figure 6: Frequency spectrum for near-offs

frequency range, which may explain the lack of a spike. 

et sub-basalt wavelet in model 4 

 

EAGE 66th Conference & Exhibition � Paris, France, 7 - 10 June 2004 



4 

Because of the possibility of regularity in the velocities affecting the results of the study, model 3 
includes velocities which vary randomly between upper and lower limits (table 1).  The results are 

 the layer thicknesses doubled. On one 
hand, we see the near-offset frequency domain response shifted to even lower frequencies (figure 6). 

z.  
 

Fi  model 4 

Conclusions 

s of thin basalt layers have been carried out.  It has been found that, in 
general, low frequencies penetrate the basalt succession more efficiently than high frequencies.  

se 

 

es to thank Peter Hanssen, Derek Ritchie and David McInnroy for useful 
discussions. This work was supported by the Edinburgh Anisotropy Project (EAP) of the British 

7, Seismic response of tertiary basalt flows in the Northeast Atlantic � a modelling study: EAGE 
 Technical Exhibition, Geneva, Switzerland, Extended Abstracts, page B017 

 
an, R. A., Allan, J. F., and Brooks, 

aeroe-Shetland basin: Geophysical Prospecting 51,  215-231 

E., 2003, 

very similar to those from model 2 and are not shown here. 

Model 4 uses identical model parameters to model 3 with all

On the other hand, there is a large amount of energy being transmitted at frequencies of around 170H
If we look at the characteristic frequencies for this model (figure 7) we see a significant cluster around
the 70-80Hz region, corresponding to a characteristic maximum at a frequency of 140-160Hz.  The 
bulk of the transmitted energy does not quite fall into this range, though it is not far away.   
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Synthetic modelling studie

However, in situations where many layers exist with similar thicknesses and velocities there may be 
high frequency �windows� which allow the seismic energy through. The frequencies at which the
windows occur may be determined by assuming the multiples which remain within one flow zone to 
be the most important. Simple ray theory of a single thin layer leads to results which agree well with
the models considered in this study. 
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