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High-resolution 3D reflection seismics on a tidal 
flat: acquisition, processing and interpretation
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T h e  academ ic teacher of exploration geophysics is faced 
w ith  th e  quandary  of how to provide hands-on experi­
ence  o f  reflection seismic acquisition, by far the most 
im p o rtan t exploration m ethod o f our tim e. Gravity, 
m agnetics and geoelectrics are well within the  reach of 
even  a sm all university departm ent, and  refraction 
seism ics is probably done m ore often for research than 
fo r com m ercial purposes. Reflection seismics, however, 
req u ires  expensive equipm ent and large crews. Even 
w h ere  reflection surveys are carried ou t in an academic 
co n tex t, the acquisition— and often the processing— is 
d o n e  by professionals; the consequences o f even inno­
cen t m istakes are too dire to let the student learn by trial 
and  e rro r. This is true  for any reflection seismic project, 
bu t a fortiori for three-dim ensional (3D) surveys.

A s fa r as two-dim ensional (2D) seismics is concerned, 
th e  d idactical problem  was solved at U trech t University 
by w orking on tidal flats (D oornenbal & H elbig 1983). 
T h e  ease w ith which high frequencies can be generated 
allow s the survey param eters to be scaled down by at 
least a  factor o f 10. The resolution of the  data thus 
acqu ired  is nearly  unparalleled on land and the small 
scale reduces the  logistic param eters (sizes, weights, 
d istances and cost) and  the difficulties of supervision to a 
m agn itude  th a t can be handled easily. F o r nearly a 
d ecad e  all students of geophysics have acquired, pro­
cessed  and  in te rp re ted  a m eaningful am ount of reflec­
tion  seism ic data . Fortuitously the  results of this exercise 
p rov ide  significant data for a continuing sedim entology 
research  project.

In  recent years the im portance of 3D seismics has 
stead ily  increased, so that the question arose as to how 
th e  specific features of the technique could best be intro­
duced  to the  students. M oreover, the correct inter­
p re ta tio n  of the small-scale sedim entary features
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observed  in 2D  surveys on tidal flats often requires inter­
secting lines. T he sam e flooding of the flats that helps us 
gen era te  and transm it high frequencies m akes the main­
tenance  o f positional m arkers difficult. Particularly after 
a sto rm  it is alm ost impossible to relocate a line to an 
accuracy of 1 m. T herefore, data  referring to one 
struc tu re  have to  be acquired in a single field period.

T he survey described here was designed to test the 
possibility of expanding the m andatory field work to 
cover 3D seismics. It provided a starting point for the 
developm ent o f the necessary software and display tech­
nology. J. C orsm it and W .H . V ersteeg (then students at 
U trech t) w ere asked to develop the field technique, 
acquire  a data  set for test purposes, w rite the necessary 
expansions to  the  existing 2D  processing package 
(D oo rn en b al & H elbig 1983) and carry ou t the prelim ­
inary  in te rp re ta tion . J. B rouw er and K. Helbig were 
involved in planning and supervision and  are responsible 
for som e of the display technology.

T h e  acquisition phase lasted two weeks. T hree people 
w ere  continuously  involved, bu t a routine survey of this 
m agnitude could, in principle, be carried out by two 
peop le  (a to ta l o f about 120 m an-hours). T he data were 
originally processed on an H P -1000 m inicom puter. Pro­
cessing was tim e consuming since it was com bined with 
program m e developm ent. To reprocess the data on our 
cu rren t G ould  PN 6000 super-m inicom puter takes about 
8 h connect tim e (with known param eters). Interactive 
processing o f a com parable new data  set would require 
ab o u t 32 h. Several of the illustrations were prepared on 
the  G ould  PN 6000.

Location and target
T h e  survey was carried  out on the P laat van O ude Tonge 
(Fig. 1), an in tertida l shoal in the  E astern  Scheldt inlet, 
w h ere  2D  surveys have been carried ou t since 1981 by 
studen ts of the  University of U trech t as part o f their field 
w ork (see D oornenbal & H elbig 1983). W hile most of 
the  shallow  features in the early lines are subhorizontal, 
lines 8102 and  8103 show an interesting dune-like struc­
tu re  at traveltim es betw een 15 and 40 ms (Fig. 2). This 
struc tu re  was the  target of o u r survey. Since the two lines 
reco rded  in 1981 did no t in tersect— accessibility is
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Fig. 1. L o ca tio n s o f som e 2D  lines sho t in recen t years on th e  P laat van O ude T onge and boreho le  location 43 C4-5. T h e  m arkers a and b, 
in d ica ted  o n  line 8102 and  8103, correspond to  the m arkers on  th e  profiles in Fig. 2. Inset: topographical m ap show ing the location o f  the survey 
a re a  in th e  sou th -w estern  part o f T h e  N etherlands. T h e  le tte r  B indicates the village o f Bruinisse.

re stric ted  by the Grevelingen dam  and a hardened 
causew ay on the shoal itself— the detailed geom etry of 
th e  s tru c tu re  and consequently its classification and 
p ro b ab le  origin were still uncertain. In particular, it was 
n o t c lear w hether the  two antiform s represen ted  a single 
dune-like  structure  striking N W -S E  o r two separate 
fea tu res  striking N E -S W . T he la tter strike appears to 
be m ore  com m on in the area for the aeolian deposits of 
th e  T w en te  Form ation (van Staalduinen et al. 1979).

Equipment
T h e  equ ip m en t used in this survey was described by 
D o o rn en b a l & H elbig (1983). The source was a 30 kg 
s tee l ba ll, d ropped  from  a height of 3 m on to a steel plate 
o f  ab o u t 30 kg mass. U nder the survey conditions the 
signal observed  during the first 50 ms after the impact 
has a p eak  frequency o f about 250 Hz. Tw enty-four 100 
H z electrodynam ic geophones (GS 100/QSC 27) were 
laid  o u t sim ultaneously. A  simple roll-along switch 
a llow ed the selection o f 12 consecutive channels. The 
reco rd ing  un it was a 12-channel enhancem ent seismo­
g raph  (N im bus ES 1200) with 1024 w ords of 10 bits each 
p e r  channel, a cathode ray tube display, analogue output 
fo r h a rd  copy, and data  storage on m agnetic cartridge 
tapes. T h e  storage unit did not have read-after-w rite or 
field-playback facilities, so that data  quality and the field 
p erfo rm ance  had to be judged on the C R T  o r paper 
display. T he recording unit was triggered by a pulse from 
a p iezoelectric  switch built into the impact p late of the 
source.

Field layout
G eneral considerations
T h e  ideal 3D  survey should be designed so that:

-  the  data  points (i.e . the ‘norm al’ reflection points in a 
vertically inhom ogeneous m edium ) of different 
so u rce -rece iv e r pairs exactly coincide so that binning 
is unnecessary:

-  the  com m on data  points (CD Ps) lie on a regular— 
preferab ly  square— grid;

-  each C D P gather has the sam e num ber of traces;
-  each  C D P gather has a range of source-geophone 

distances that are distributed fairly regularly in the 
x 2- t 2 dom ain to allow reliable determ ination of the 
stacking velocity by least-squares regression;

-  the  sou rce-g eo p h o n e  azim uths are evenly distributed 
to  allow the determ ination  o f azim uth-corrected 
stacking velocities;

-  any chosen field technique can easily be adapted to 
d ifferen t targets.

C onsiderations fo r  3D  surveys on intertidal shoals
O n in tertidal shoals the low-water period lasts about 6 h.
T herefo re

-  th e  survey grid m ust be relocatable after high-water;
-  no equipm ent can be left in the survey area during 

high-w ater;
-  since it takes 1 to 2 h to move a com plete 24-channel 

layout with two persons, moving the geophone spread 
w ith in  a low-water period is inefficient and should be 
avoided.
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Fig. 2. H igh-reso lu tio n  stacked  tim e section , sho t in 1981. Survey p aram eters for these sections w ere: recording tim e 200 m s, sam pling ra te  0 .2  
m s, 12 reco rd ing  channels , o ff-end  sp read , geophone spacing 3 m , one geophone p e r  sta tion , near-trace  offset 15 m , six-fold C D P  coverage. T he 
lo ca tio n  o f  m ark ers a  a n d  b is given in Fig. 1.

Implementation
A square  grid o f data  points was generated  from building 
blocks based on a regularly spaced strip, 12 geophones 
long and  two geophones wide (Fig. 3). T he geophone 
spacing is used as the unit o f distance in the following 
discussion. T he spacing of data  points is, of course, half a 
d istance unit.

T w enty-four source locations w ith an interval spacing 
o f tw o distance units w ere com bined with these 24 geo­

ph o n e  positions. T he resulting 576 source-receiver 
po in ts  are  located  in two strips o f 13x3 distance units. 
F orty -e igh t da ta  points at the narrow  ends of the strips 
a re  singly covered; the 264 points in the central parts of 
th e  strips have two-fold coverage. Each source location 
was used  twice w ith each geophone spread, once with 
geophones 1 to  12 and once with geophones 13 to 24. 
W ith  a 24-channel acquisition unit these observations 
could  have been obtained as a single record (Fig. 4).
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Fig. 3. B asic field geom etry . T h e  geophone sta tions are located  on two parallel lines (the receiver lines). T h e  shot locations a re  placed on four 
tra v e rse s  perpen d icu la r to th e  receiver lines. E ach  sho t location is used twice, once for each geophone spread .
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Fig. 4 .T h e  so u rc e - re c e iv e r  configuration gen era tes tw o areas o f  2 6 x 6  grid points. In each area  we find a square grid o f 2 2 x 6  tw o-fold  covered 
C D P s . T h e  grid  p o in ts  a t the boundaries o f each  a rea  have single-fold coverage.
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O nce the  576 traces were recorded, the entire layout 
w as sh ifted  by 3 distance units in the direction a t right 
angles to  the  o rien tation  of the geophone spreads to 
ex p an d  the  area covered by the square grid of data 
po in ts. A fte r the recording of th ree layouts, a con­
tiguous doubly-covered area m easures 22 data points in 
th e  d irec tion  o f the geophone spread and 36 data  points 
in  the  d irection  of the shot traverse, and is lined on either 
side by tw o lines of 36 singly-covered data  points.

A  fu rth e r  shift o f the  entire layout in the shot traverse 
d irec tion  results in a central four-fold grid. This four­
fo ld  grid  consists o f un it areas of 2 2 x 6  data  points. The 
co rrespond ing  unit data  volumes are the basic units for 
d a ta  processing. The azim uths within the four-fold area 
a re  reasonably  distributed.

T h e  grid  o f data  points belonging to one strip consists 
a t  b o th  ends o f th ree  unit areas of double coverage. If 
full coverage o f the entire grid is w anted, the survey 
shou ld  s ta rt and  end  with shooting the first and last three 
g eo p h o n e  spreads from  one side.

Shifts in the  geophone spread direction by 12 distance 
un its resu lts  in an hom ogeneous four-fold coverage since 
th e  tw o-fold  lines at both  sides of the strip overlap 
precisely.

Field parameters and data acquisition
In  the  sum m er of 1983 a unit data volum e was acquired 
fo r te s t purposes. This prelim inary survey set ou t to test 
field perfo rm ance and timing, to establish standard 
p a ram e te rs  (vertical stack, sampling ra te  and recording 
tim e , and  am plification factor), to verify that for the 
chosen  distance un it the reflections from  the target 
d ep th  occurred  in the  ‘w indow ’ betw een first arrivals and 
th e  surface waves, and to obtain test data for the soft­
w are  th a t had  been developed.

T h e  following param eters were chosen: distance unit 
2 m (i.e . geophone spacing 2 m , data point spacing 1 m, 
source p o in t spacing 4 m , offsets betw een 13 and 34 m), 
th ree -fo ld  vertical stack, sampling rate  0.2 ms, recording 
tim e 204.8 ms, a fixed amplifier gain setting o f 40 dB 
(fac to r 100) th roughou t. N o acquisition filter (o ther than 
th a t  p rov ided  by the 100 Hz geophones) was used.

T h e  survey took  place in the late autum n of 1983 
du ring  n ine  low-tide periods spread over two weeks. 
W ith  a to ta l o f 288 source points, 792 traces were 
reco rd ed  corresponding to  2 2 x36  uniformly four-fold 
d a ta  po in ts , arranged  in a strip oriented  at right angles to 
th e  supposed  strike o f the target structure. Positioning 
accuracy  was m ain tained  by using a theodolite and a 
m easuring  chain, and  the field operations were 
do cu m en ted  carefully.

Processing
T h e  processing sequence consisted of

-  read ing  field cartridges into a database on standard
tap e ;

Fig. 5. A  C om m on S ho tpo in t G a th e r  fo r bo th  12-channel geophone 
sp re a d s  in th e  sam e strip . T h e  trace  sequence  versus distance is 
o p p o s ite  in th e  tw o spreads. B etw een 65 and  105 m s a relatively slow 
e v e n t o f  high frequency  can be d istinguished. T his is th e  sound wave 
th ro u g h  th e  air. T h e  low -frequency noise is th e  g roundroll.
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-  sorting  into com m on shotpoint (CSP) gathers (Fig. 5) 
and generating headers containing inform ation on 
field param eters and geom etry;

-  m uting and trace editing;
-  suppression of surface waves and high-frequency 

noise by frequency filtering;
-  deconvolution;
-  construction  of C D P gathers (Fig. 6) ;
-  de term ination  of the stacking velocity function by 

optim ization of ‘constant velocity stacks’. Early in the 
processing the dependence of the stacking velocity on 
the  ap p aren t dip (i.e . on azim uth) was investigated by 
using ‘com m on azim uth gathers’ (Fig. 7). N o signifi­
cant azim uth effect was detected , m ost likely because 
the accuracy of velocity determ ination  at four-fold 
coverage was only 10%. T herefore  the azimuth 
dependence was no t taken further into account.

Display
3D  surveys are a particular challenge to the display 
technology: the in terp re ter has to see the data from 
d ifferen t aspects to understand  the geom etrical relations 
betw een  different events. The original software package 
con ta ined  three plotting m odes for the display of the x, 
y , i-data  volume:
-  vertical tim e sections through the data  volume with 

a rb itra ry  location and azim uth (Fig. 8);
-  horizon ta l sections through the data  volume at arbi­

tra ry  tim es (time slices) are contours o f equal ampli­
tu d e  (Fig. 9);

-  tim e m aps o f arb itrary  reflection events as iso-time 
con tours ( ‘horizon slices’) based on autom atic picking 
rou tines (see Fig. 10).

A fte r the com pletion of the investigation, an add­
itional set of 3D display utilities was w ritten for use on a 
co lour term inal. T hese utilities perm itted  a  fast and 
flexible in terp re ta tion  of the dataset as described above. 
T h e  following display m odes becam e available:

-  The stereom etric  com bination o f two arbitrary  per­
pendicu lar vertical tim e sections and  a tim e slice of 
horizon slice (Figs 11 and 12). In these figures am pli­
tudes are colour coded according to  the displayed 
co lour wedge.

-  T he stereom etric com bination o f the four limiting 
tim e sections and arbitrary  tim e slices o r ‘horizon 
slices’ (Figs 13 and 14).

-  T h e  stereom etric  display of a stack o f tim e slices or a 
stack o f ‘horizon slices’ (Figs 15 and 16).

T h e re  are m any display m ethods. The strength of 3D 
seism ic display m ethods is not found in any single 
m eth o d  bu t in the  possibility of looking at the dataset in 
a n u m b er of ways.

C om m on Azimuth-gathers

Fig. 7 . S et o f  com m on azim uth  gathers. D esign criteria  within such 
g a th e rs  are: p re fe rab ly  a regu larly  spaced and  large range of offsets, 
va ria tio n  in azim uth  less th an  5° and th e  se lected  traces as close to the 
ce n tra l C D P  as possible.

E ach  d isp layed  ga th er in th is figure has th e  sam e cen tral CD P. T he 
az im u th s  o f  th e  displayed g a th ers  vary o ver nearly  40°.
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Fig. 9. T im e  slices (‘h o rizo n ta l’ cu ts th rough  the 3D  d a ta  volum e). F o r each slice the am plitudes are scaled betw een  -1 0 0  and 100. T h e  following 
re la tiv e  a m p litu d es are  p lo tted  according to  th e  shading on th e  linear scale bar.
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F ig . 10. A  tim e m ap  o f  th e  dune. In this figure th e  tim e o f  th e  negative 
re fle c to r  is p lo tte d  in m illiseconds from  1 8 -2 0  ms according to  the 
sh a d in g  o n  th e  lin ear scale bar.

Results
In  Fig. 8 the  top  o f the dune is represen ted  as a strong 
re flec to r with negative reflection am plitude. This appar­
e n t negative am plitude is caused by the negative polarity 
o f  the  source w avelet. Fig. 14 shows the shape of the 
d u n e  in 3D . A  shift in arrival tim e is introduced by 
picking the negative peaks as representing  the top of the 
d u n e  instead  o f the onset of the reflected wavelet.

I t  can  also be seen that the am plitude decreases at the 
flanks o f the  dune. This is illustrated by the change in 
co lo u r along the  flanks of the dune (Fig. 14). The change 
in am plitude is partly  caused by geom etrical spreading 
and  a change in dip. N evertheless, the rem aining ampli­
tu d e  decrease  m ust be due to changes in the contrast in 
seism ic im pedance, probably caused by changes in grain 
size, sorting  and degree of w ater saturation.

T h e  tim e slices in Fig. 9 clearly show the orientation of 
th e  dune. Its m ain axis strikes N35°W . This is perpen­
d icu la r to  the  strip  direction o f the acquisition geom etry.

Geological interpretation
G eological inform ation about the survey area came 
from  a schem atic stratigraphie colum n th a t was com­
piled  during an extensive study of the regional geology 
o f  th e  Province o f Z eeland  (van Staalduinen et al. 1979). 
D eta iled  inform ation was obtained from  a shallow bore­
ho le  n ear seism ic line 8103 (for location, see Fig. 1). The 
geological form ations that can be expected in the seismic 
d a ta  are described in Fig. 17).

T he tim e section o f Fig. 8 served to  fit the seismic data 
to  the  geology. C lear events can be recognized in the first 
150 ms. A t 65 ms an abrupt change in reflection strength 
and  reflector configuration can be seen. Just before 65 
m s we see paralle l, d iscontinuous reflections with 
m odera te  am plitudes. In addition, some bifurcating and 
undulating  reflections are found. A fter 65 ms the reflec­
tions becom e w eaker. T he 65 ms boundary can be inter­
p re ted  as the  top  o f the M aassluis Form ation. The 
streng th  o f the reflection can be explained by a depo- 
sitional h iatus after the deposition o f the Maassluis 
F orm ation .

B etw een 38 and  65 ms m any parallel reflections of 
variab le continuity  and am plitude are found. These 
reflections have been  identified with the Tegelen and 
E em  Form ations (Fig. 17). A  distinction betw een these 
tw o Form ations was no t possible from  the seismic 
record .

T h e  base o f the  Tw ente Form ation is found at 38 ms. 
T he to p  o f this Form ation is a buried-dom e uncon­
form ity  capped by the  W estland Form ation. We inter­
p re t this unconform ity as representing  the top  of a dune. 
T h e  reflections in the  Tw ente Form ation are curved and 
o f high am plitude, while those of the W estland For­
m ation  are m ainly horizontal and weak. T he deepest 
reflectors o f the W estland Form ation show clear onlap 
featu res.

Conclusions
T hese  acquisition and  processing techniques resulted in 
da ta  th a t allow ed detailed in terpretation . The high 
reso lu tion  reveals som e in ternal structures in the dune. 
T h e  3D figures show some relief in the flanks of the 
dune. T hese structures may have been caused by erosion 
from  surface w ater run-off.

T h e  flank o f the  dune strikes N35°W. This is in con­
trad iction  with the general N E -S W  trend of the ridges 
o f  the  W estland Form ation. Subsequent surveys have 
show n th a t the N35°W  trend  of the dune is consistent 
over a larger area and is not due to  the  small scale of this 
survey.

T hough the datase t is small by any standard , the pro­
jec t has dem onstrated  that 3D acquisition and process­
ing lies w ithin the  reach o f a departm ent with limited 
resources. H ow ever, even a t this small scale the acquisi­
tion  is to o  tim e consum ing to  m ake it part o f the cur­
riculum , since m andatory assignm ents m ust correspond 
to  a reasonably steep  part o f the ‘learning curve’. On the
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Fig. 11.S te reo m etric  com bination  o f  tw o arb itra ry  perpendicular 
vertica l tim e sections and  a tim e slice. A m plitudes are  scaled betw een 
— 100 and  100. In  these  figures am plitudes are co lour coded according 
to  th e  d isp layed co lou r wedge.

COP N UM BER

Fig. 12. S te reo m etric  com bination  o f  two a rb itrary  perpendicular 
vertica l tim e sections and  a 'ho rizon  slice’.

COP N UM BER

Fig. 13. S te reo m etric  com bination  o f  th e  four lim iting tim e sections 
a n d  a rb itra ry  tim e slice.
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Fig. 14. S te reo m etric  com bination  o f the four lim iting tim e sections 
a n d  a rb itra ry  ‘horizon slice’. A m plitudes a re  scaled betw een - 1 0 0  and 
100. In  th ese  figures am plitudes are  co lour coded  according to the 
d isp lay ed  co lo u r w edge.

Fig. 15. S te reo m etric  display o f  a stack o f  tim e slices.

g  J

Fig. 16. S te reo m etric  display o f a stack o f  ‘horizon slices’
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Sequence o f fine to coarse sands w ith intercalations o f  c lay and peat 
layers. These sediments w ere deposited in tidal channels and on tidal 
flats during various transgressive phases.

Aeolian deposits, know n as coversands. Through horizontal lam ina­
tion, these medium-fine sands are assum ed to have been transported 
by storms forming a  system o f  SW -N E trending ridges. Thin loam 
layers m ay be intercalated in w ell-sorted m aterial.

Shallow marine, beach, estuarine and fluvial deposits related  to the 
rivers Rhine, M euse and Scheldt. Composition: m edium -coarse to 
very coarse sands w ith intercalations o f  clay o r gravel. These sedi­
m ents m ay be over- or underlain by  peat.

Fluvial equivalence o f  M aassluis Form ation. M edium -fine to coarse 
sands with gravel and clay intercalations as lenses or layers. They 
were deposited as channel fill in a  broad fluvial channel w ith E-W  
trend. Dehydration resulted in strong compaction.

M arine nearshore deposits, coarse and fine sands containing shell 
fragments with som e intercalated sandy clay beds o r  clay lenses. 
D uring the regression following their deposition dehydration resulted 
in enhanced compaction.

F ig . 17. S tra tig rap h ie  colum n o f  Q u ate rn ary  fo rm ations and facies, including inform ation from  boreho le  43 C4-5 (van S taalduinen et al. 1979).

o th e r  hand , the  tedium  o f the  full w eek o f routine data 
acquisition  is likely to be accepted by students who have 
a stake  in the results. W ithout a break through  in auto­
m atio n  the  acquisition o f 3D data  will rem ain a thesis 
assignm ent.

E ven  th en  the  question rem ains w hether o ther uni­
versity  departm en ts could follow o u r lead. T he para­
m o u n t requ irem en t is a suitable survey a rea  com parable 
to  the  tida l flats. T h ere  should be no w eathered layer, 
th e  g round  should provide sufficient resistance to 
su rface  im pacts o r small explosions so th a t high- 
frequency  signals can be generated  by simple means, 
an d  the  area  should be easily accessible in the technical 
an d  the  legal sense. U nder favourable conditions of 
sed im en ta tion  beaches (below the high-w ater line) 
shou ld  have such properties. H ow ever, the  area should 
also  be in teresting  scientifically so th a t the seismic

survey does no t degenerate  into a laboratory  experim ent 
th a t, by accident, is carried  ou t in the field.

If a suitable survey area  exists, only m inor difficulties 
rem ain . A ny  enhancem ent seism ograph with a t least 12 
channels and  perm anen t digital storage will do. 
T o g e th e r w ith cables, geophones, a self-built source and 
som e m eans of transportation  the equipm ent currently 
com es to  no t m ore th an  US$60000. The software we 
have used  has evolved slowly, so th a t the effort is not 
easily estim ated. If it had  to  be done again we would 
b u dget 18 m an-m onths, 12 for the basic (2D) package 
tw o to  th ree  m onths fo r the  3D extensions, and a similar 
tim e to  develop the display package. M ost of our pro­
gram s are  w ritten  in F o r t r a n  (a few exceptions are 
sub rou tines .written in C) and the w hole package runs 
u n d e r U n i x ®1 on a  34-bit com puter. G raphical output is 
possible on  a large V ersatec  p lo tter, a pen plotter, a laser
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p rin te r , and  fo r interactive work on colour term inals or 
on th e  sem i-graphical Q um e Q V T -211G X .
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