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1 Introduction

Originally, Aubert & Atangana (1996)
developed the Self-Potential-Surface (SPS)
technique for hydrogeological exploration of
volcanic areas. Provided that two conditions
are satisfied, they experimentally found a
linear relation between the range of negative Survey
Self-Potential (SP) anomalies and the 47
thickness of the unsaturated zone. The first
condition is a strong contrast between the
resistivity of the unsaturated zone and the
resistivity of the substratum and the water-
saturated zone. The second condition is the
homogeneity of the unsaturated zone. The
qualitative  interpretation of SP  maps 46°
indicates that the lines of maximum negative
values correspond to the drainage axes and

France

the lines of minimum negative values to the 5 7 i 9 10°
boundaries between two watersheds (Jackson Flgure 1: Map of Switzerland with survey area
& Kauahikaua (1987)). location

We expected similar conditions to be valid in

carbonate aquifers. Especially in a karstic cave, the resistivity contrast created by the air-layer must be
significant, so that the SPS technique can be used to detect these structures.

Motivated by this hypothesis, an experiment was conducted in co-work with the Centre of
Hydrogeology Neuchatel (CHYN).

NW SE 2 Survey area

The field experiment has
been carried out over the
cave of Vers-Chez-Le-
Brandt (Bosch & Gurk,
2000) near to France in
the folded limestone of
the Swiss Jura Mountains,
canton Neuchatel (Fig. 1).
In this area Mesozoic
limestone and marl crop

5m

out, covered by thin
260 m ' Quarternary deposits. The

Figure 2: Schematic geological cut of the Chez le Brandt Cave cave is developed in

area; 1&3=karstified Sequanian/ Argovian Limestone; 2=Marl Fiirectior} of about N140°
(after Miiller, 1981) in karstified limestone of

the upper Sequanian/
Argovian (Fig.2) with a length of about 260m. A marl layer of this sequence allowed the development
of a small subterranean river. Tectonic features like faults are visible inside the cave (Miiller, 1981).
These strike directions coincide with the local stress parameters that controlled fracturing and
karstification in the Swiss Folded Jura (main shearing = N0°,6; = N130°-N150°, 6, = N40°- N50°).
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3 SPS method

Figure 3a represents the SPS model for a subhorizontal layered structure in karst. According to Aubert
et al. (1990) and Aubert & Atangana (1996), three specific conditions shall be satisfied in this model:

1) A high ratio between the resistivity of the unsaturated zone (A) and the resistivity of the
impermeable zone (B)

2) Zone (A) is composed out of porous and homogenous medium

3) The resistivity distribution of zone (A) is homogenous

The interface (C) is the contact between zone (A) and zone (B). Under the above mentioned conditions,
Aubert et al. (1990) and Aubert & Atangana (1996) give the following experimental linear relation:

Vi)

d — Wy +d° 1
(XJ) K ( )
d(y,,) is the thickness of the unsaturated zone (A) and V{, ,,is the range of SP anomaly measured at

the surface.
K is a coefficient in Volt/Meter, E° is the known thickness of zone (A) below the SP reference point
R, where V() =0 Volt by convention.

The interface (C) would then be an equipotential surface, called the Self-Potential-Surface (SPS).

K is a function of various parameters including the average resistivity of zone (A) and the resistivity of
zone (B). When the SPS is sub-horizontal, K defines the topographic effect in SP and we can derive
K by:

dv
K=—, 2
T 2
i.e. by the vertical SP gradient from the reference point R down to the surface of zone (B):
Dir)
K= , 3
7 A3)

K can be determined from borehole information or laboratory measurements of rock samples of zone
(A).

If the field topography 4, ,) and the SP mapping V{, ,) are known, we can then calculate the
topography of the SPS:

"

_ Jo__ x,y) 4
y—d a “4)

Hy ) =Ny

The SPS topography will give the topography of the impermeable zone (B).

A cave will significantly change the potential distribution in the structure and therefore the SP mapping
at surface. In our working model for the field experiment (Fig. 3b), a possible equipotential surface is
thought to align with the bottom of the cave. Another possible equipotential surface can be considered
to follow the roof of the cave.
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a) Figure 3a: SPS model for a sub-
30 25 20 15 10 § 0y m horizontal layered structure in karst

3 Figure 3b: SPS model for a sub-

SP survey horizontal layered structure in karst with

v
ol 4+ a cave

N O A A |

SP (mV) . .
10 AR 4 Field experiment
-z=h R (Reference SP) - The experiment was carried out over a
P T \;\; lllllw:slpsl I shallow part (depth between 5 to 12 m)
e o e [ T T o T T surface () of the cave (Fig. 5).
1 I

—Tosor Besides the careful sampling of the SP

anomalies, the accurate estimate of K is
crucial for the method. One of the main
problems in a cave is to determine
E°and the plumb line between the SP
reference point R to the wvertical

et T Y 50 Positioning of the reference Electrode

impermeable zone (B)= ¥
,,,,,,,,,,, (Marl) 1140

b) 30 25 20 15 10 5 O m electrode inside the cave. d°must be

. . . . L ' . taken from maps and crosscuts.
v SP survey To delineate the projection of the
0 position of the vertical electrode (placed
\/\/,/—/\/_/— inside the cave) to the surface we now

10 SP V) topography use a triangulation method:
) R (Refersnce SP) / z (m) At the chosen position of the vertical
T 'zl‘h e T 7 [1160 electrode in the cave we set up a
unsaturated zone (A)| 1] d°| LI surface (C)- portable VLF transmitter of 13.5 kHz
(karstified Limestone [J T 1 (Fig. 6) and triangulating its projection
' framm L to the surface with the RMT
1150

(RadiofrequencyMagnetoTelluric)
equipment (Fig. 7) developed at CHYN.
This method will give the position R for
1140 the reference electrode of the SP
mapping at the surface (Fig. 3a and 3b).

Vertical SP gradient (K)

Estimates of K were obtained by placing an electrode in the bottom of the
cave (zone (B)) beneath reference point R and sampling the vertical SP
gradient between this electrode and the reference electrode at the surface.

K was found in this experiment to be —10.3 mV/15m.

Topography and SP mapping at the surface

We sampled topographic and SP data at the surface in a 10m x 20m area (x ->
East, y-> South). SP data were collected every meter using saturated Cu-
CuSO, electrodes arranged on a spade stick (Fig. 4). All SP values are
sampled in addiction to the surface reference electrode at position R.

G R | ¥
Figure 4: Self-Potential
equipment "Type Miinster"

285



19. Kolloquium Elektromagnetische Tiefenforschung, Burg Ludwigstein, 1.10.-5.10.2001, Hrsg.: A. H6rdt und J. B. Stoll

Grotte Vers-chez-le-Brandt

Les Verriéres / Location of SPS
Canton de Neuchatel field experiment
526.425/199.00

altitude: 1160m

plan view

Location of SPS field experiment

Figure 6 (left): Portable VLF transmitter (grey box) of 13.5 kHz on the bottom of the cave, the vertical
electrode will be placed in the centre of the rectangular coil

Figure 7 (right): CHYN’s RMT receiver and horizontal coil above the cave to triangulate the
projection of the transmitter position to the surface. This will give the SP reference point R .

5 Results

The findings of the experiment are presented in Figure 8. First of all we find that the SP-mapping is de-
coupled from the surface topography, indicating that the SP is created by internal features of the
subsoil. The SP data varies between values of -8 to +4 mV, which is found to be a typical range for SP
data on karst areas in the Jura mountain (Bosch & Gurk, 2000). The SP mapping itself allows drawing
conclusion about the position of the cave: Maximum negative SP values at y = 20-28m are indicating
the main cave and main drainage axis to be East — Southeast with a branch (minimum negative values)
that leads towards the North.

However, the valence of the SP data with the topographic information and the vertical SP gradient (XK)
gives a detailed view insight the cave’s topography. The estimate of d° and K was sufficient to give a
comparable topography of the bottom of the cave (Fig. 9).
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Figure 8: Topography, SP-mapping and the resulting SPS over the cave Vers-Chez-Le-Brandt.
For spatial position of the survey see Fig. 5 (x-> East, y -> South).
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Figure 9: Comparison of SPS slices of Fig 8 (x=
1,2, ...,10, blue, respectively thin lines) and its
visual average (red, respectively thick line) with the
crosscut based on speological data of the cave taken
from Fig. 5.

6 Discussion
By definition, the SPS technique does not account
for any inhomogeneities, such as a cave.
Theoretically, the method should have failed.
T T 1 However, to explain our experimental observation
28 m 18 m 8m S . .
at surface we divide the problem into an active and

distance y inm

static part. The active part comprises the
mechanism that creates a charge accumulation along
the SPS, whereas the passive part explains how this
charge distribution is mirrored to the surface. The
latter question can be qualitatively explained in
terms of a capacitor with various dielectric media:

Static model for a subhorizontal layered structure
without a cave

We state that the K factor, as defined in the original
idea by Aubert et al. (1990) and Aubert & Atangana
(1996) for a subhorizontal layered structure of
homogenious media, is similar to the electric field
strength in a capacitor (Fig. 10 a)):

T
28 m 18 m 8m

distance y inm E.=K (5)
r=K.
a) b) Ep electrical field strength
A A
FE=-= =351 |  [E=f-7-%--=:= A arca
F 1T 1 11 1 F f % 0 charge
E, /@'V d E, ,@'V D d?splacement of charge
| | d distance
S Mi £ electrical permittivity of vacuum
1 g As
(5107 2=)
36r Vm
2 ’_A|: £ relative electrical permittivity
T F 7 Elimesione= 8 =12, €,urer = 80, €5, =1)
d1 =1 E, vV potential
A A e /®' v (Values taken from Landolt & Bornstein
" et Tt 1952
dz[ REEE [ £ (1952))
+ + +  +
[E—

Figure 10: a) Capacitor without and b) capacitor with a dielectric media. c) Capacitor with a series of
dielectric media.
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For a given charge distribution

0
==D=¢ye . E~, 6
A 0cr=F ()

the electric field strength is defined as:

Ep =t ™

From this equation we obtain the potential:
Viey) =EF -d(y), respectively V(, ) =K-d(, ). ®)
Similar to a capacitor, the charge on its boundaries is depending on the polarisation effect in a given

dielectric medium between these boundaries. In a carbonate aquifer, the electrical permittivity of
limestone enhances the charge by a factor 8 — 12:

Y

==D=¢g,& K 9
A 0 lim estone ( )
, D .
With K =————— we get a measure for the thickness of the structure:
80 glim estone
Vi)
d(st) = Dy €0 E\imestone - (10)

And the potential is given by:
e
Viey =———D. 11

€0€limestone
Static model for a subhorizontal layered structure with a cave and water
This model is characterised by a series of capacitors with different dielectric media:
D, =¢y&1Ep |, Dy =€¢€3EL,, ..., D; =€yEHEp,; (12)
Since the charge distribution at the boundaries are equal:
D, =D,=.D;=D. (13)

The resulting potential of a multiple layered structure is:

d, d d. d;
View =£[—1+—2+...+—’]=22—’. (14)
’ & l& & &) & &

To estimate the effect of these structures on our field experiment, we calculate the resulting potential
for three specific models (Figure 11):

Model A: limestone

, D (d,
V =1, E :8’ 15
(x,») £ [81 j 1 (15)
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Model B: limestone and air

, D(d, d
V(xy) :_[_14__2}’ 81 :S’dl :Smagzzls (16)
& & &
Model C: limestone, air and water
, D(d, d, d
Vi =—[—1+—2+—3J €, =8,d, =5m, &, =1,d, =10m, &, =80. (17)
& \E & &
For the calculation we used the experimental estimate of the electric displacement D = K€ &}y estone -

100 —
7 Model A)
—————____  limestone (¢=8)
10 — = __\ -
i | ~ .
£ — N
=B AN
g '] | )
S ] ' Model B)
L2 N |
= i | .
= y
& 01
=y E | l
— 7 Model C) :
| i
0.01 —|
0.001 N L L L L
-100 -80 -80 -70 -60 -50 -40 =30 =20 -10 0

esulting Potential V in mV
Figure 11: The resulting potential V for three specific layered capacitor models.

Model A is a one-layer structure consisting solely of limestone with increasing thickness. Figure 11
shows that this limestone layer will have a measurable effect on the potential distribution at surface
with a beginning thickness of some meters.

In Model B, we kept the thickness of the limestone roof constant (Sm) and inserted a cavity (air) of
varying thickness. This will enhance the measurable effect on the potential distribution at surface.

The strongest effect on the potential distribution is shown in Model C. Here, we studied the wetting
effect of a (thin) water layer at the bottom or at the roof of a given cave (roof out of limestone Sm
thick, cavity (air) 10m thick). As Figure 11 shows, a thin water layer affects the measurable potential
distribution at surface enormously.

From these simple models we can conclude, that an air layer and the wetting effect of water will locally
affect the SP values at the surface. Hence, the cave is detectable with the SP technique.

Compared to the model by Aubert et al. (1990) and Aubert & Atangana (1996) our capacitor model is
independent from the resistivities of Zone (A) and (B). In analogy to the geo-battery model for large SP
anomalies created by geochemical processes (Bigalke & Grabner, 1997) we term our static model a
geo-capacitor model.
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Active model

Superimposed on the static charge distribution we assume an active charge separation that is controlled
by the (micro) climatic conditions in the cave. For shallow cavities, heat and water transport by
oscillatory convection plays an important role (Morat et al., 1999). Periodical variations of the
temperature, relatively humidity, air pressure and the Self-Potential (at the roof of the cave !) are
interpreted as manifestations of oscillatory convection motions of the air inside the cave, driven by the
geothermal gradient and transporting water as well as heat from the bottom to the roof.

Morat (1999) state that convection is a much more efficient mechanism of heat transport than
conduction through the air of the cavity. The air will convect and transport heat, but, at the same time,
it will entrain upward the water vapour released at the floor of the cave by evaporation. The vapour will
condense on the roof and the upper part of the pillars. In general, the condensed water enters the rock
by capillarity, and the relative humidity of the air remains constant in the cave. This aspect together
with the streaming potential in the porous media of zone (A) (Revil et al., 1999a, Revil et al., 1999b)
plays an important role in our observations.

7 Conclusion

We showed that a shallow cave in karst is detectable with the SP technique. Nevertheless, we expect
that the effect of a potential distribution in a deeper structure will be soon attenuated towards the
surface and the method will fail. It remains unknown whether the SPS follows the bottom or the roof of
the cave. However, from the findings in the field experiment (Fig. 8 and Fig. 9) we can conclude that
the SPS technique gives the relief of the bottom of the cave. To answer this question, it is planned to
study the potential distribution along a crosscut inside the cave.

* New mailing address: Institut fiir experimentelle Biomechanik, WWU Miinster, Germany,

8 References
Aubert, M., I. N. Dana, M. Livet (1990): Vérification des limites de nappes aquiféres en terrain
volcanique par la méthode de polarisation spontanée, C.R.Ac.Sc. Paris, 311, 999-1004.

Aubert, M. & Q. Atangana (1996): Self-Potential Method in Hydrogeological Exploration of Volcanic
Areas, Ground Water, 34, 1010-1016.

Bigalke, J. & E.W. Grabner (1997): The Geobattery Model: A contribution to large scale
Electrochemistry, Electrochimic Acta, 42, 23-24.

Bosch, F. & M. Gurk (2000): Comaprison of RF-EM, RMT and SP measurements on a karstic terrain
in the Jura mountains (Switzerland), in A. Hoerdt & J. Stoll (eds.): Kolloquium Elektromagnetische
Tiefenforschung in Altenberge/Bergisches Land vom 20.-24. April 2000, 18, 51-59.

Jackson, D. B. & J: Kauahikaua (1987): Regional SP anomalies on Kilauea Volc. in Hawaii, U.S. Geol.
Surv. Prof. Paper. , 40, 947-959.

Landolt, Bornstein (1952): Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik
und Technik, Springer Verlag, Heidelberg, pp. 795.

Morat, P., J.-L. LeMouel, J.-P. Poirier, V. Kossobokov (1999): Heat and water transport by oscillatory
convection in an underground cavity, C.R. Acad. Sci. Paris, Sciences de la terre et des planétes, 328, 1-
8.

Miiller, I. (1981): La Grotte de “Chez-le-Brandt” (Jura Neuchatelois, Coord. 526 425/ 199 000). Essai
de synthése des données géologiques et hydrogéologiques. Cavernes (Neuchatel), 25 (1), 8-14.

Revil, A., P.A. Pezard, et al. (1999a): Streaming potential in porous media, 1: Theory of the zeta
potential, Journal of Geophysical Research, 104, 20021-20031.

Revil, A., H. Schwaeger, et al. (1999b): Streaming potential in porous media, 1: Theory and application
to geothermal systems, Journal of Geophysical Research, 104, 20033-20048.

201


mailto:marcus.gurk@uni-muenster.de
mailto:marcus.gurk@uni-muenster.de

	1 Introduction
	3 SPS method
	Topography and SP mapping at the surface
	5 Results



	Figure 8: Topography, SP-mapping and the resulting SPS over the cave Vers-Chez-Le-Brandt.
	
	
	
	7 Conclusion





	page01: 283
	page11: 284
	page21: 285
	page31: 286
	page41: 287
	page51: 288
	page61: 289
	page71: 290
	page81: 291


