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Abstract

The aim of the application of VLF surveys in hydrogeology is the contribution to the
decision making as concern the construction of a well. Geophysical survey by the
application of VLF method must respond to the questions (a) if the construction of a
well should be proposed or not, and if the answer is yes then (b) where exactly must
be located. These answers are very crucial ones, since VLF methods is applied
mainly in areas where bedrock is close to the surface and no chance has a well if it
will not drill an agquiferous fault.

Problems arise by the fact thal the target lo be detected is a conductive body which
is interpreted as a fault filled with water. The major question that is posed fo the
surveyor is if the conductivity of the faull is caused by fresh water or by clay materi-
als or saline water.

Forward models of differeni resistivity contrast between host rock and conductive
body have been computed and examined.

Results show that interpretation of the imaginary part is very important lo the
evaluation of the data. Since the conductor —in the meaning of water presence only-
must be a mediumn one, a high value of the real part should be expected in parallel
with a close to 0 value of the imaginary component which also must show one peak
to the Fraser filtered data.

Key words: VLF, hydrogeology.

MepiAnyn

H guuforn e yewpvoming épeovag ue t uédodo VLF oy vépoyewldoyikiy épcova
GPOPE KUPIWS aTOV evIomaud pnlryeviy (wvay pe avénuévi mBovotnto vépopopiag
Kol oty VAGIEIL THuEiOD KATOOKEVHG EPEUVNTIKNG UOPOYETPNONG. ZOVERWC 1 Jet-
PUGIKI) EPEVVA TPEMEL VA& ATAVIG OTIC EPWTHTEIS (@) av Ba kataokcvactel udpoyco -
PNON K Oyt Kai () av vai, Tov TPErei VA KATOOKEVOOTEL yia Vo Exel To, emBuunté a-
TOTEMCUATA, LTHYV TEHITTRTH QUTI 1] VEWQUTIKY EPSUVE AROKTA 101cdTepn PapidTnTa
0Oy KQAEITOL va KoTalNéel 08 TUUTEPGTUATG KOL TPOTACELS Paciouéva oe 1Eeyio
Babud ora yewpooika dedouéva.

Znpavuxa mpofAripata mov ouvavTOVIar oty EQapuroyr NG uelidou apopody 1o ye-
YOVOS GTL 01 TEAIKES mpoTdaels facilovial aTov EVIOTIOUG EVOS QyMyHIOL YhPov O O-
roliog Oewpeitor ot avrioroyel oe vopoPodpo pryua. To Kiplo epdTiua oo onvio Ko-
AEITOU VO, ATAVIHGEL O EPEVVATHC EIVAL AV ) QYWYILOTHTIG TOU PHYNATOS 0pEiletal ge
VEPO KaAg emBuuntiG TOLOTHTAS 1 T8 APYIALKE TATPQON 1 VPEALVPOU VEPOU OV KO-
Grotovv v pnéiyevi {dvy erions aytryiun.
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2y mapodaa epyacio vrotoyiovial kat peAetavrar cuvletika ogdouéva amo pnlrye-
veic doupés pe dropopeticy avtibeon petalh e e101KNS NASKIPIKAG aVTIoTGoNS 1OV
AYDOYILOD COUOTOS KAl TOV TEPIPAIAOVTOS ydpov.

To aroteléouata deixvovv 0Tl 1 EPUNVELR THE QAVIAGTIKAS GOVIOTWOAS €ival TOAD
THUAVTIKY Y10, THY Tedixy altoddynon twv dedouévwv. Adedouévov otr n pnéryevie (-
vy OTav TEPIEYET VEPO KGANG TOIOTHTAS XGPAKTHPICETON 0QV HETPIOS GYWYOS, 1 al10Ad-
YHOH THS TPAYUOTIKAC TOVIOTWTOC oD Ogiyver Ty dmapln tov aywyod Bo mpérer vo.
TUVOOEDETOL QTG THY UEAETI] THS CUUTEPIPOPLS THE PaVTAOTIKHG ovvieTwoag. H telsv-
Taio kpivetar Getixs yia v avdrtoliy v8poPopias 6Tav § SIAKDUGVOH TWY TILHY HETE
THY EQOPUOYH TOL @ilTpon Fraser oTo KEVIPO TOU OTOYOV EKPPALETAL TAV LOVOTOAIKY
dlaxvuavon pikpod TAdrovs (koved oy Tipn 0).

Aé&erc khetdia: VLF, vmdyeio vepo.

1. Introduction

VLF (Very Low Frequency) is a widely used method to the detection of aquiferous faulting
systems. The advantages of the specific electromagnetic method are that (a) it is very quick in
fieldwork, (b) light equipment is used and (c) the data collected are quit easy to be interpreted in a
qualitative manner. It is a favourable tool for many professional geologists-geophysicists as well
of many researchers who apply VLF methods in addition with other geophysical methods in order
to study hydrogeological problems as well as geotechnical ones (Benson 1997, Sampaio and Dias
2001, Hautot ef a/. 2002, Sharma and Baranwal 2003, Drahor and Berge 2006, Monteiro Santos et
al. 2006 a, b, Zlotnicki et al. 2006).

The method is effective in areas where bedrock having high resistivity values is close to the
surface with no or of low thickness overburden, conditions which permit the maximum of the
penetration depth. Real and Imaginary parts of the horizontal magnetic component which is
perpendicular to the EM field propagation are recorded aud interpreted in order to detect vertical
or inclined conductive bodies (in comparison to the rock host resistivity). These bodies are thought
to reflect the existence of faults which are conductive cause of the presence of water or clay
mainly that are filling the porous in the cracks.

In result, VLF method is very effective to produce accurate information about the location, the
inclination of probable aquiferous faults and finally to make decision about the exact point where a
well must be constructed.

Problems arise by the fact that conductive fault could be filled or by water or by clay materials. In
the second case the conductive body will be drilled but uo water at all will be found. That
difficulty poses ambiguities about the effectiveness of the methods to the major target which is the
decision making about constructing a well or not.

In the present paper the response of VLF data to various models concerning the resistivity of the
host rock and resistivity and depth of the conductive body is studied.

Different models are constructed by the mean of the water quality and the presence of clay, and the
response of the VLF measurements is estimated, in order to contribute to the qualitative
interpretation by the mean of the decision making.

Finally two examples of field data are presented, a successful case and a failed one.

2. VLF method

The Very Low Frequency (VLF) electromagnetic method takes advantage of electromagnetic ra-
diation generated in the low frequency band of 15-25 kHz by military radio transmitters used in
long-range communications and navigational systems (e.g. Parasnis 1995). Many stations around
the globe transmit within this frequency range. At distances greater than 100 km from the source
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the electromagnetic field is planar with the magnetic component horizontal. The electric compo-
nent is'in a vertical plane perpendicular to the magnetic component in the direction of propagation.

In the absence of subsurface electric conductors the transmitted signal is horizontal and linearly
polarized. When a conductor (like a fracture zone) is crossed by the electromagnetic field an in-
duced current flows through it and produces a secondary magnetic field out-of-phase with the pri-
mary magnetic field oriented in any direction (McNeill and Labson 1990). The vector sum of the
two magnetic fields traces out an ellipse with time, the tilt of which is measured in the VLF tilt
angle mode (Fig. 1). This tilt 1s approximately equal to the in-phase part of the vertical component
of the magnetic field ellipse (Parasnis 1995).

Therefore the VLF electromagnetic method is useful for detecting long, straight electrical conduc-
tors, such as faults or fractured systems, filled with water or clay.
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Figure 1 - Scheme showing the ellipticity produced by the secondary electromagnetic field
(reproduced by Saydam 1986). Transmitter is located along the Y direction

Thus, measuring along a profile which crosses a deep inclined fault, real (in phase) and imaginary
(out of phase) components draw bipolar anomalies which reflect the existence of the conductor
(Fig. 2).
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Figure 2 - Typical example of a VLF profile measured over a conductive zone

In the figure above one can see the bipolar anomaly of the Real component over the faulting zone
which is thought to be an aquiferous system.
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In the first place, qualitative interpretation is achieved by observing crosses of the real and imagi-
nary component which point the projection of the conductor to the surface. Conductor depth is
estimated by the division by two of the horizontal distance between the maximum and the mini-
mum value of the real part. That is, in the case presented above approximately 15 meters.

Interpretation procedures have been proposed in order to make the evaluation of the data more
accurate and effective. The major ones are the filters that may be applied to the data sets proposed
by Fraser (1969) and Karous and Hjelt (1983).

Fraser filter is described by the equation below:
f2,3 - (M3 +M4)_(M| +M2)

The value is plotted between M2 and M3 points. The effectiveness of the filter proposed by Fraser
is that it converts bipolar auomalies to monopolar curves having the positive peak over the
conductor. Thus, filtered data provide a data presentation which simplifies interpretation.

Karous and Hjelt developed a statistical linear filter, based on Fraser. This filter provides an
apparent depth profile from the current density (Ho) which is derived from the magnitude of the
vertical component of the magnetic field a a specific location (Hutchinson and Barta 2002). The
depth profile can be calculated from

27(=0.102H_, + 0.059H_, —0.561H_, +0.561H, — 0.059H, +0.102H,)

z

]a(o) =

Where the equivalent current density 1, at a specified horizontal position and depth z is based on a
symmetrical filter of the measured current (from the measured magnetic component of the
anomalous field).

Karous-Hjelt filter permits the draw of cross sections which show the response of the conductor in
depth.
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Figure 3 - At npper figure raw data are presented while in the middle one Fraser filter is ap-
plied and at the bottom cross section where Karous-Hjelt filter is applied (data processed
with SECTOR program)

In the figure above one can see that crosses between real and imaginary component have been
transformed to positive peaks over the conductor.
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Nissen (1986} offered for free his software where someone can calcnlate the VLF response of
condnctor taking account their geometry and resistivity in a resistive host rock medium. That is
very efficient since the resistivity of the host rock 1s taking into account and allows to someone to
approach a quantitative geoelectrical model of the cross section along the measured profile.

Other efforts have been done in order to get more accurate information about the conductivity of
the detected body which can be used for the determination of its nature (Saydam 1981, Kaikkonen
and Sharma 1998, Gharibi and Pedersen 1999).

In the practical way of interpreting VLF data Saydam (1981) suggests that the amplitude and the
shape of tilt angle and ellipticity anomalies obtained over sheet-like conductors at VLF are mainly
affected by (a) the conductivity-thickness product of the conductor, (b} the resistivity of
surrounding medium, depth to top of conductor, and overlying conductive overburden. Frequency
within the range of 15-30 kHz does not have a significant effect on the VLF response of a
conductor.

Also, the topography effect on the magnetic field has to be considered along VLF profiles. When
the VLF wave reaches an inclined surface the magnetic field component perpendicular to the
surface induces currents into the ground. These currents create a secondary magnetic field out of
phase with the incident one. The sum of the magnetic fields becomes elliptically polarized and a
tilt anomaly is produced even the Earth is assumed to be homogeneous (Parasnis 1995).

[f the depth penetration in the ground of the VLF wave is small (some tens of metres), the effect of
the topography generates an inclined anomaly, positive going up the slope and negative going
down with a crossover at the crest or the bottom of the anomaly. The effect of topography must be
assessed before a true VLF tilt-angle anomaly can be ascribed to a deep geological conductor. This
topographic effect can be removed from data using the method proposed by Nissen.

3. Resistivity of sheet-like conductors.

In order to proceed to the calculation of forward models, probable geoelectrical 2D models must
be assumed in order to get near to realistic geological models that could be surveyed.

The characteristics of these

models must contain information Table 1 - Numeric values for various types of water
about the resistivity of the host

rock, the depth and the width of Type of water Cf (uS/om) | Rf(Ohm.m)
the conductor and finally its Very fresh 50 200.0
TeStsORIL. Potable 400 25.0
Speaking abopt application . of Fresh 500 20.0
VLF method in hydrogeological

purposes we must consider of the Salted 1000 10.0
expected resistivity of a faulting Accepted for irrigation 2000 5.0
zone in case that the filling [Tp oo for irigation 3000 33
material of the secondary porosity

is water or clay. In case of the Very salted (Sea water) 30000 0.3

water we must also assume
different water conductivities in order to approach the desired conductivity of fresh water or at
least the accepted one for several uses. That must be taken into acconnt in order to avoid the case
that saline water could fill the fault.

Considering that water conductivity is an accepted criterion for the characterization ol the water
quality as concern its conciseness in salts, the table 1 gives several characteristic values. [n the
right column of the table the resistivity of the water is presented.
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Since we assumed the resistivity of the water, we can estimate the expected resistivity value for the
fanlt that host the water which is the conductor detected. That can be achieved by the use of
Archie’s law (Archie 1942) since theoretically no clay is expected to be in the fracture system.

—m

Prock = Priup 4@

Where prock 18 the effective resistivity, prerp equals the electrical properties of the fluid in the
pores, ¢ is the porosity and A, m are constants that depend on the geometry of the pores.

For many rocks, A=about 1 and m= about 2. The table below shows more discriminating values
for A and m for different types of rocks.

Table 2 - Archie parameters for different types of rocks (Keller 1996)

Rock Type 0 A m

1. Weakly cemented 0.25-0.45 0.88 1.37
2. Moderately well cemented 0.22-0.35 0.62 .72
3. Well cemented 0.05-0.25 0.62 1.95
4. Dense, igneous, metamorphic <0.05 1.4 1.6
5. High porosity volcanic 0.2-0.8 3.5 1.4

Calculation of the expected conductor resistivity in a range of water conductivity and porosity is
presented to the following table.

Table 3 - Classification of rocks resistivity with rock types and porosity (p corresponds to the
resistivity of the fault zone and ¢ to the conductivity of the water). Porosity, water conductiv-
ity values and rock types that we are interested in are in bold

P o Rock p G Rock
(Ohm-m) | (uS/cm) (0] Type (Ohm-m) (uS/cm) ¢ Type
30000 | 0.25 1 500 0.25 1
30000 | 0.45 1 400 0.45 1
101-125

0-10 30000 | 0.22 2 3000 02 >
30000 | 035 2 400 0.8 5
30000 | 0.25 3 126-150 400 0.25 1
30000 0.8 5 500 0.22 2
3000 0.25 1 151-200 500 0.25 3
3000 0.45 1 2000 0.2 5
3000 0.35 2 400 0.22 2

11-20 201-300
2000 0.35 2 400 0.25 3
30000 0.2 5 301-500 1000 0.2 5
3000 0.8 3 3000 0.05 3
2000 0.25 1 501-750 3000 0.05 4
2000 0.45 1 500 0.2 5

21-30
3000 0.22 2 751-1000 50 0.45 1
2000 0.8 5 50 0.35 2
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ovies 1000 | 0.35 2 2000 | 0.05 4
3000 | 025 3 400 | 02 5

1000 | 0.45 1 50 0.8 5

s 2000 | 0.22 2 0011500 50 0.25 1
2000 | 0.25 3 2000 | 0.05 3

1000 | 0.8 5 50 | 022 2

S160 1000 | 0.25 1 1501-2000 50 | 025 3
30000 | 0.05 4 1000 | 0.05 4

180 500 | 035 2 2001-3000 | 1000 | 0.05 3
30000 | 0.05 3 3001-4000 | 500 | 0.05 4

81-90 1000 | 0.22 2 500 | 0.05 3
500 | 0.45 1 40013000 =0 T os 4

01100 400 | 035 2 5001-6000 | 400 | 0.05 3
1000 | 0.25 3 6001-7000 50 0.2 5

500 | 0.8 5 >10000 50 | 0.05 3

50 | 0.05 4

As we can see to the table above the range of the resistivity values that correspond with ‘good’
aquifers by the meaning of the quality of the water is very large. It varies from 30 to 6000
depending on the rock type and the porosity.

If we apply the porosity of at least 0.2 like a second criterion considering the amount of the water
that we are interested in then the range becomes:

Table 3 - Classification of rocks resistivity with rock types and porosity after criteria appli-

cation
Rock Type ¢ p (Ohm-m) o (uS/cm)
1. Weakly cemented 0.25-0.45 51-125 400-1000
2. Moderately well cemented 0.22-0.35 30-300 400-1000
3. Well cemented 0.25 91-300 400-1000
5. High porosity volcanic 0.2-0.8 41-1000 400-1000

The table above shows the expected resistivity for different geological formations where VLF
investigation is taking place.
4. VLF forward modelling

Following classification described above forward modelling has been done using Nissen’s
software with following parameters.

Resistivity of host rock: 5000 Ohm-m Resistivity of conductor: 2 to 1000 Ohm-m
Depth: 20 to 40 meters Width: 5 to 10 meters.

The synthetic curves (raw and filtered) are presented in Fig. 4.
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Figure 4 - Raw (on the left) and filtered (Fraser) data (on the right). Real part corresponds to
dense line while Imaginary part corresponds to the dashed one. Vertical axis is in % of the
tilt angle (Real component) and ellipticity (Imaginary component)

Increasing conductor’s resistivity the amplitude of the anomaly becomes weaker (Fig. 4). In real
data resistivity higher than 250 Ohm-m can not be recognised easily. That is not considered to be a
serious problem because in a few cases only high resistivity values are expected. Main problem
refers to low resistivity values where saline water or clay (of approximately 10 Ohm-m resistivity)
are expected to be a problem. That we see in curves corresponding to resistivity valnes less than 50
Ohm-m 1s that imaginary part starts to behave differently. In raw data they start to draw away from
the value of 0 that is the desirable having a variation with large amplitude. In filtered data even
they approach the value of 0, anomalies of high frequency appear symmetrically to the position of
the target since in higher resistivity values they show only a slight peak in the specific point. Value
of filtered real part in the desired range varies from 10 1o 20 %.

When targets have resistivity more than 83 Ohm-m they are very difficult to be recognised in field
data since the amplitnde 1s less than 5 % (Fig. 5). Another notice that can be made is that Imagi-
nary part draws away from 0 value earlier than the first case, in the resistivity of 56 Ohm-m in raw
data and becomes negafive in low resistivities in hltered data.

In the case the value of the filtered real parr in the desired resistivity range varies from 5 to 8 %.

Considering that the host rock resistivity is 5000 Ohm-m that range corresponds to resistivity con-
trast as concern Lhe fault zone resistivity at the range of 1/125 to 1/30.

The example in Fig. 6 deseribes a thinner target than the expected of 10m in most cases of faults,

We see that in raw data anomalies it 1s difficult to be discriminated in resistivity values higher than
100 Ohm-m. It is very interesting that imaginary component changes behaviour dramatically. It is
always close to 0 and in addition in filtered data it is always producing a positive peak. That makes
difficult to the investigator to diagnose a very conductive body and make the right decision as con-
cern the construction of a well or not.

In the case value of the filtered real part in the desired resistivity range varies from 2 to 6 %.
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Figure 6 - Raw and filtered data. Target has changed width toe 5 m
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4.1. Examples from field data

Two-examples of field data are represented. The first one is Lefkochori case (Northern Greece)
where the well constructed after the VLF survey suggestion pumped 60 m’/h of water and so, it
can be considered like a successful one. Geological formation that has been drilled is amphivolites.
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Figure 7 - Raw data (on the top), Fraser filtered data (in the middle) and Karous-Hjelt fil-
tered data (at the bottom)

The expected depth of the fault was approximately 45 meters. We can see that real value is very
high (close to 30 in filtered data) and imaginary part is slightly rising up having values close to 0.

Second case refers to an area investigated in Mavrorachi (Northern Greece). The formation drilled
in the present case is granite.
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Figure 8 - Raw data (on the top), Fraser filtered data (in the middle) and Karous-Hjelt fil-
tered data (at the bottom)

WYnoeiakA BiBAI0BAKN Ogd@paocTog - TuAua MewAoyiag. A.lM.O.

- 602 -



In that case we see that even real part is less than in Lefkochori area, imaginary part is forming a
positive peak in the centre of the anomaly. That could be an indication of the low resistivity of the
conductor as it is proved by the drilling. In the case, no water has been found from the well and it
is considered to be a failure. The conductive body that has been detected by the VLF survey refers
to talus granite where water exists but the hydraulic properties do not allow the pump of the
desired quantity of water. Since the surveyor has to make a decision based on the conductivity of
the fault zone, it is very difficult in a case like the present one to discriminate the exploitable
underground water from capillary water.

5. Conclusions

In the present paper several synthetic cases of different resistivity contrasts between host rock and
conductor are examined. The criteria of the examination have been adjusted to hydrogeological
survey (porosity, fluid conductivity, type of geological formation).

Examination of forward models show that the criteria that someone must take into account in order
to make the right decision —that means drill or not in the first place- are very flexible. In several
cases, especially if the conductor is too thin (less than 5 meters) it is very difficult.

1t is proposed for a VLF method user to follow several steps for the interpretation of the data and
the decision making.

First, estimate the approximate depth of the conductor. That in general is achieved by dividing the
distance between maximum and minimum value of the raw real component that is characterized
like the detected anomaly.

Then, someone can calculate the desired resistivity values of the conductor in correspondence with
the type of the host rock (the bedrock of the area, Table 3).

Then the pattern of the forwarded data can be calculated and be compared with the field data.
Since the presence of a conductor is revealed in the first place by the positive anomaly on the real
component, special attention must be given to the behaviour of the imaginary component. From
the pattern of the lateral one, the conclusion as concern the resistivity of the fault zone can be
extracted.

Thus, the decision making may be more accurate and avoid failures like the one presented in the
present paper.
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