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Error in depth determination from resistivity 
soundings due to non-identification of 

suppressed layers
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Abstract—The magnitude of errors in the determination of depth to bedrock from 
Wenner and Schlumberger res is tiv ity  sounding curves, caused by the non­
identification of a suppressed layer, has been investigated. The principal objective is 
to evaluate how the layer thicknesses and resistivities affect the accuracy of depth 
estimates. In the computations, the intermediate layer in a 3-layer model, in which 
the resistivity increases with depth, is removed and the 2-layer sounding curve that 
is electrically equivalent to the 3-layer curve is generated. The results indicate that 
there is a possibility for large depth underestimations when the resistivity contrast 
between layers 1 and 2 is very large. This is manifested in a steeply rising terminal 
branch on the sounding curve. There is a slight decrease in the depth underestimation 
as the resistivity contrast between layers 2 and 3 increases. Conversely, if the 
intermediate layer is fairly thick and the resistivity contrasts are not too large, the 
best-fit 2-layer curve shows large deviations from the 3-layer curve, in such cases, 
the intermediate layer can be identified, resulting in reliable depth estimates. A field 
example from Nigeria is presented in which the sounding data has been interpreted 
so as to account for a prebasement layer of intermediate resistivity, indicative of a 
fractured granite. ® 1997 Elsevier Science Limited.

Resume —On a etudie la magnitude des erreurs dans la determination de la profondeur 
du socle a partir des courbes de sondages de resistivity de Wenner et Schlumberger, 
causae par la non-identification d'un niveau disparu. Le principal objectif est d'dvaluer 
comment I'epaisseur et la resistivite des niveaux affectent la precision des estimations 
de profondeurs. Dans les calculs, le niveau intermediate d'un modeie a trois couches, 
ou la resistivity augmente avec la profondeur, est enleve et la courbe de sondage e 
deux couches dquivalente eiectriquement de la courbe a trois couches est calculde. 
Les rdsultats indiquent qu'il est possible de sous-estimer grandement les profondeurs 
quand le contraste de resistivite entre les niveaux 1 et 2 est tr6s grand. Ceci se 
manifeste dans une branche terminale trds redressde de la courbe de sondage. La 
sous-estimation diminue quand le contraste de resistivity entre les niveaux 2 et 3 
augmente. Inversement, si le niveau intermediate est assez epais et le contraste de 
resistivity pas trop fort, la meilleure courbe e deux couches montre de grandes 
variations par rapport a la courbe a trois couches. Dans de tels cas, le niveau 
intermediate peut etre identifie et I'estimation des profondeurs est correcte. On 
presente un exemple de terrain au Nigeria ou les donnees de sondage ont ete 
interpretees pour tenir compte d'un niveau de resistivity intermediate au-dessus du 
socle, indiquant un zone de fracturation du granite. ® 1997 Elsevier Science Limited.
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W enner electrode spacing (metres)

Figure 1. Example show ing  the s im ila rity  betw een a 3-layer m odel (Curve 11 and a 2-layer m ode /  (Curve 2).

INTRODUCTION
V e rtica l e le c tr ic a l sound ing  (VES) curves 
(Wenner and Schlumberger) fo r a 3-layer model, 
in which the resistiv ity increases w ith  depth, 
are o fte n  ve ry  d i f f ic u l t  to  in te rp re t  
unambiguously because they resemble those for 
tw o  layers. In particular, if the intermediate layer 
in the 3-layer model is removed, the curve retains 
practically the same shape, save for a slight 
horizontal shift. An example is presented in Fig. 
1 for a 3-layer case in which the resistivities are 
400, 1000 and 10,000 ohm-m, respectively. The 
thickness of the firs t layer is 40 m and that of 
the  second 30 m. The W enner theo re tica l 
sounding curve computed for this model (curve 
1) has the same shape as that for a 2-layer model 
in which a 40 m th ick layer, having a resistivity 
of 400 ohm-m, overlies a substratum w ith  a 
res is tiv ity  of 10 ,000  ohm-m (curve 2). It is 
obvious that the apparent resistivities for curve 
1, just like those for curve 2, can be inverted to 
give a 2-layer model.

It is generally assumed that suppression occurs 
when a th in  layer is present or when the 
resistivity of a layer has a value between that of 
the surrounding layers (Simms and Morgan, 
1992). This problem of "suppression" may cause

either the non-detection or partial detection of 
the intermediate layer in a 3-layer model, w ith  
grave implications on the inversion of field data 
on account of contributing to the non-uniqueness 
of the interpretation. In practical terms, it could, 
as in the example of Fig. 1, lead to the erroneous 
determ ination of the depth to the fresh bedrock 
(Carruthers and Smith, 1992). The phenomenon 
is of special significance in the use of resistiv ity 
soundings for selecting sites for the drilling of 
water-supply boreholes in areas underlain by 
crystalline basement rocks. In such terrains there 
is often a d ifficu lty  in identifying the fractured/ 
w ea thered  bedrock (or saprock) from  the 
sounding in terpretation (Hazell et a/., 1992) 
because its resistiv ity is intermediate between 
those of the adjacent beds, namely the regolith 
(i.e. residual overburden) on top and the fresh 
bedrock below. The non-identification of the 
sa p ro ck  on a VES cu rve  m ay be p a r t ly  
responsible for differences between the depth 
to bedrock predicted by sounding interpretation 
and th a t c o n firm e d  by b o re h o le  d r il l in g  
(Olorunfemi and O lorunniwo, 1985).

It is to be expected tha t the detectab ility  of a 
buried bed is d irectly proportional to  its relative 
th ickness , th is  being the ra tio  o f the bed
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Generate a new curve (2)

Calculate S rms between curves (1) and (2)

------------------------------- sz-------------------------------  YES
9 Check if new S rmg < previous one_____ |-------------

r °
A ccept equ iva lent model and repeat the 
p rocedure fo r a d iffe ren t 3-layer m odel

Figure 2. F low  cha rt fo r the com puta tion  o f  a 2 -laye r VES 
curve tha t is equiva lent to  a 3-layer model.

thickness to its depth of burial (Flathe, 1963). 
In this respect, it has been suggested (Verma et 
al., 1980) that fo r a buried bed to be identifiable 
from sounding data its relative thickness should 
be more than 1. N onethe less, the  role of 
resistivity contrasts in the identification, or non­
identification, of the suppressed layer and their 
effects on the accuracy of depth estimations 
has not received much attention. An appreciation 
of the lim itation posed by the non-identification 
of the supposed ly suppressed layer in the 
inversion of resistiv ity sounding data, coupled 
w ith  the recognition of the lim ited attention 
hitherto given to  it in the literature, have led to 
the present work. The specific objective is to 
examine how the model parameters (thickness 
and resistivity) o f the suppressed layer a ffect 
depth estimates from sounding interpretations.

The procedure adopted entailed calculation of 
a 2-layer sounding curve which fits  the curve 
generated for the 3-layer model, to w ith in 1 or 
2 percent; in other words, the latter can be 
in te rp re ted  as the fo rm er due to  the non­

recognition of the e ffec t o f the intermediate 
layer. As pointed out by Zohdy (1989), any such 
tw o  models are equivalent and it is not possible 
to know w ith certainty which of them represents 
the actual subsurface layering. The results 
indicate large errors in depth estimates when 
the resistiv ity contrast between layers 1 and 2 
is ve ry  la rge , even fo r a re la t iv e ly  th ic k  
intermediate layer.

COMPUTATION OF EQUIVALENT MODELS
In th is study, the e ffect of the non-detection of 
the  In te rm e d ia te  laye r in a 3 -la ye r curve  
interpretation has been studied in terms of the 
difference in the estimated depth to  bedrock in 
a 3-layer model compared to  tha t computed for 
an equivalent 2-layer model. The steps involved 
in the curve fitting  are outlined in the flow  chart 
of Fig. 2.

7. A 3-layer model, in which the resistivity 
increases w ith  depth (Fig. 3a) is selected. The 
depth to  bedrock in th is model, which is equal 
to the combined thickness of layers 1 and 2, is 
denoted H.

2. The theore tica l sounding curve fo r th is 
model is com puted by convo lu tion  (Ghosh, 
1971), using the com puter programs by Xu and 
Barker (1994) for a Wenner array and Koefoed 
(1979; pp98-99) fo r a Schlumberger array. This 
is curve (1).

3. The intermediate layer is removed from the 
3-layer model. As shown in Fig. 3b, w hat is le ft 
is a 2-layer model in which the depth to bedrock, 
represented as H ', is the thickness of the firs t 
layer in the initial 3-layer case.

4. The theoretica l sounding curve fo r th is 
model is also calculated. This is curve (2).

5. Curves (1) and (2) are compared by taking 
th e  ro o t-m e a n -s q u a re  (rm s) p e rc e n ta g e  
difference (Srms) between the tw o  curves using 
the equation:

S - - [ i / w . £ ( 4 , - 4 , ) ' ) " . i o o * ,  i n
/=)

where P = apparent resistivity at the jth spacing 
for curve (1); P2j =  apparent resistiv ity at the jth 
spacing  fo r cu rve  (2); and N = num ber o f 
e lectrode spacings at w h ich  the re s is tiv ity  
sounding curve is sampled.

The calculated value of S would depend 
on both the shape and the phase re lationship 
between the tw o  curves being compared. If 
the tw o  curves have substan tia lly  d iffe ren t
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Figure 3. Comparison between a 3-layer modei and the equivalent 2 -layer model. See tex t fo r explanation.

shapes, th is  w ill be ind icated by a high value 
of S . S im ilarly, the  tw o  curves could have 
the same shape but be o ffse t horizonta lly  on 
the spacing scale, i.e. they  are out o f phase, 
in w hich case the S w ill also take a high 
value. On the o ther hand, if the tw o  curves 
have the same shape and are in phase, S 
w ill be close to  zero, and the tw o  curves being 
compared can be regarded as equivalent to  
each other.

The subsequ en t s tages in the  ana lys is , 
therefore, consist of an attem pt to minimise the 
Srms percentage between the 3- and 2-layer 
models by bringing curves 1 and 2 into phase. 
The expected end product is a 2-layer VES curve 
which is electrically equivalent to  the starting 
3-layer curve; the S should be iess than 2%

rms

for synthethic data.
6. In order to bring the tw o  curves into phase 

before  ca lc u la tin g  the  rms e rro r, a sm all 
horizontal shift is applied to the 2-layer model 
w ith respect to the 3-layer model. This could 
take the form of a small increment in the depth 
to  in te rfa ce  in the  2 -laye r m odel. S im ila r 
approaches have also been described by Zohdy 
(1989) and Barker (1992).

7. The theoretical sounding (curve 2) for this 
model is generated.

8. The S difference between curves (1) and
rms

(2) is calculated using equation (1).
9. The new S difference is compared w ith  

the previous one. If the new value is less than 
the  old one, s teps  6 to  8 are repea ted . 
Otherwise, the preceding model, fo r which the

rms is the minimum, is the equivalent model 
where there is a perfect or near-perfect match 
between curves (1) and (2). The depth to  the 
in terface in the equiva lent 2-layer model is 
represented as Heq (Fig. 3c).

The error in depth estimation E is expressed as:

E = (H - H J /H .1 0 0 % . (2)

The firs t layer is normally well resolved on the 
sounding curve and its thickness is the minimum 
depth to the interface in any 2-layer model that 
is equivalent to the 3-layer model. The largest 
depth underestimation is expected when Heq = h l 
for which;

E = Emax = (H-h,)/H . 100% = (h2/H ). 100% . (3)

On the other hand, the minimum value is E = 0% , 
which is recorded when H = H , under which

eq

situation the entire thickness of the intermediate 
layer is resolved.

Several 3-layer models fo r a va rie ty  of layer 
thicknesses and res istiv ity contrasts have been 
considered. Theoretical sounding curves were 
com puted fo r the W enner array, using values
o f a =  1.0, 1.5, 2 .10 , 3 .0 , 4 .0 ......  512 m, to
give 19 data points on each sounding curve 
( i.e .  N = 19 in e q u a t io n  [1 ] ) .  In th e  
S c h lu m b e rg e r  a r ra y ,  N = 2 3 , w ith  th e  
th e o re tic a l sound ing  data  genera ted  at 8 
points per decade, fo r the values AB/2 = 1.0, 
1 .33, 1 .7 8 ,..., 562 .34 . The results obtained 
are presented in the fo llow ing  section.
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Figure 4. Variation o f  error in depth estim ates w ith  the res is tiv ity  con tras t betw een layers 1 
and 2 (Schlumberger array!. p2 = 750, p3~  10 ,000  ohm -m ; h , = 3 0  m, h2 =  3 0  m.

RESULTS
Equivalence between 3- and 2-layer curves
It was possible to generate a 2-layer curve that 
fits  the starting 3-layer curve along the lines 
described above in many cases. In the example 
shown in Fig. 1, a 2-layer Wenner curve that 
fits  the 3-layer curve (1) to w ith in  1% was 
calculated in which the depth to the bedrock 
interface is 51.6 m; th is represents an error E of 
26% in the depth estimation. Identical results 
were also obtained for the Schlumberger array.

When layers 1 and 2 have identical resistivities, 
a 3 - la y e r  m ode l re d u ce s  to  th a t  fo r  a 
homogeneous overburden on top of the bedrock. 
In this case the determ ination of the depth to 
bedrock would be precise, being equal to the 
combined thickness of layers 1 and 2.

The error in depth determination resulting from 
a partial detection of the inWrmQdialG iQyef i$
relatively small for a small contrast in resistivity

between the first and second layers, ( f l j

resistivity contrast increases, the possibility for 
the non-identification of the intermediate layer 
also increases and the depth to bedrock in the 
equ iva lent 2-layer model w ill approach the 
thickness of layer 1 in the 3-layer model. A very

high resistivity contrast betw een these tw o

layers implies tha t the second layer already 
behaves like a resistive basement compared to 
the more conducting overburden, in spite of the 
p resence  o f a s u b s tra tu m  w ith  a h igher 
resistiv ity. Under th is condition only the depth 
to the top of the intermediate layer (i.e. the 
thickness of layer 1) can be ascertained fairly 
accu ra te ly . This is in agreem ent w ith  the 
proposition tha t once the resistiv ity contrast in 
a 2 -laye r m odel fo r  e ith e r the  W enner or 
Schlumberger array exceeds 10 the sounding 
curve stays practically the same (van Nostrand 
and Cook, 1966, p90).

The increase in the error in depth estimation 
as the resistiv ity contrast between layers 1 and 
2 increase is shown in Fig. 4 for Schlumberger 
3-layer sounding curves, in which the resistivity

of the intermediate layer is 7 5 0  ohm-m and that 
Ol ttlO MfOCk !£ 3000 ohm-m. The thickness

of layer 1 i5 30 n  and that o! layer 2 also 30 m.
1M  is 8 non-lm incresfis in E as tL.

resistiv ity contrast increases, approaching its 
maximum value of 50%  asym ptotica lly  at a 
resistiv ity ratio of about 20. This pattern was 
also observed when other 3-layer models were

considered, in which the resistivity of the 
bedrock is 1000 ohm-m,
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low  la titude regions com prises, from  top to 
bottom , the soil layer, the saprolite (product of 
the in situ  chemical weathering of the bedrock), 
the saprock (fractured bedrock) and the fresh 
bedrock (Fig. 10). It is w orth  noting tha t the 
resistivity of the saprolite can be o f the order of 
10 ohm-m, especially when the regolith is rich 
in clay. The theoretical examples considered 
earlier have amply demonstrated tha t if such a 
low  resistiv ity layer is underlain by a horizon 
whose resistiv ity is at least 10 times more, then 
the unit below tha t layer may not be discernible 
on the sounding curve. Hence, the interpretation 
of a VES curve is often simply in terms of a 3- 
layer model, indicative of the soil cover, saprolite 
and fresh rock, respective ly, resulting in an 
underestim a tion  o f the  depth  to  the fresh 
bedrock interface, if the saprock is present. Since 
noise is invariably present in field measurements, 
the S between field and calculated data has

rms

to  be larger than fo r syn th e th ic  data. The 
minimum Srms for good quality field data should 
be of the order of 5%.

The fie ld example shown in Fig. 11a was 
measured at Ogboro, southwestern Nigeria, as 
part of a borehole siting investigation, involving 
a total of 20 Schlumberger soundings. There 
are granite outcrops, giving rise to  an inselberg 
landscape in parts of the village. In several places 
the bedrock is also masked by weathered regolith 
material. There are several shallow wells, less 
than 10 m deep, which term inate on reaching 
the weathered bedrock. The measured apparent 
resistivities were firs t inverted as a 3-layer model 
in which the depth to  bedrock is 10.6 m. The 
Srms between the theoretica l sounding curve 
calculated from this model and the field data is 
10%. There is a fa irly large underestimation of 
apparent res is tiv ities  fo r e lectrode spacings 
b e tw e e n  6 m and 4 0  m and a s lig h t 
overestimation for spacings exceeding 50 m. It 
was consequently decided to  introduce a new 
layer d irectly on top of the bedrock. In th is 
manner, it became possible to  model the field 
data more accurately w ith  the Srms reduced to 
5% . In the fina l model (Fig. 11b) there is a 
24 .6  m th ic k  prebasem ent horizon w ith  a 
res is tiv ity  of 650  ohm -m . This m ost probably 
represents a fractu red  bedrock sequence. It

m a y be p o in te d  o u t t h a t  th e  4 - la y e r
in terpre ta tion  is in good agreement lA/itll t l l9t
fo r a n o th e r s o u n d in g  c o n d u c t e d  1 0 0  m w e s t
oftkis location. Itaw  borehole i l l  in
the village has ind icated the presence o f a 
w ea thered /fractu red  gran ite , underlying the 
sandy regolith.

DISCUSSION AND CONCLUSION
The sounding curves presented in this paper have 
shown that when a 3-layer case in which the 
resistivity increases with depth, is inadvertently 
interpreted as a 2-layer model, on account of the 
suppression of the intermediate layer, the depth to 
bedrock is underestimated. This is often the case 
when there is a very large resistivity contrast between 
layers 1 and 2 and/or the thickness of the intermediate 
layer is not much larger than its depth of burial. Quite 
often, the interpreted depth to bedrock in the 
equivalent 2-layer model lies somewhere between 
the thickness of layer 1 and the combined thickness 
of layers 1 and 2 in the 3-layer model. There is, 
therefore, a partial suppression of the intermediate 
layer. There is invariably a limit of suppression, 
depending on the resistivity contrasts and thickness 
of the intermediate layer, beyond which the layer is 
clearly identified on the sounding curve; if the 
curve is interpreted w ithout accounting for the 
intermediate layer there would be a large rms error. 
Th is is a gu ide in the  re c o g n itio n  o f the  
intermediate layer as seen in the field example 
presented.

In the interpretation of field data, the geophysicist 
needs to be aware of the presence of suppressed 
layers as a source of error in depth estimates, 
especially when the terminal segment of the sounding 
curve rises very steeply. The identification of probable 
fissured and fractured zones for hydrogeological 
applications in crystalline basement areas can, 
however, benefit from supplementary information 
provided by other geophysical techniques, notably 
seismic refraction, electromagnetic profiling and 
electrical well logging.
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