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Abstract. Fresh water is becoming increasingly scarce in Taiz city,
Yemen, partly due to a growing population and in part due to
pollution of near surface aquifers by municipal and industrial wastes.
Electrical depth sounding has been found to be powerful tool to
delineate subsurface contaminated zones. The measured apparent
resistivity and 1D inversion models have been used to construct
apparent maps and 2D geoelectrical cross-sections displaying the
variation of resistivity of the subsurface layers.

In the present study, a vertical electrical sounding (VES) was
conducted using the shlumberger array at 38 sites distributed over six
profiles along the most important wadis in the Uplands Wadi Rasyan,
Taiz, Yemen. The objectives of this study were: (1) to locate the
distribution of contamination zones, and (2) to investigate the
subsurface geology and the geologic structures that may affect the
spreads of contamination zones.

It was revealed that the area is highly affected by the
contamination from the sewage and industrial effluents which were
observed as: Four shallow contamination zones concentrated around
the contaminant sources in Wadi Al Hawban, Al Hawgala, Hidran,
and along the main stream of Wadi Rasyan. They have various
horizontal and vertical extensions, some reached to 15 Km long, 2 Km
width and extend to about 30 m depth in the shallow alluvial aquifer
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to greater than 150 m depth. The shape, size, and trends of these zones
are restricted by faults, fractures and geologic contacts.

Introduction

Uplands Wadi Rasyan is the mountainous part of Wadi Rasyan that
drains the southwestern Yemen Mountains into Tihama coastal plain.
The area extends between the latitudes 13° 23' and 13° 53' North, and the
longitudes 43° 37" and 44° 10' East (Fig.1). It covers about 1806 km” with
a total population of about 1,200,000, including Taiz city with a total
population of about 600,000.
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Fig. 1. Location map of the study area.

In the study area, the groundwater has deteriorated significantly
with time due to continuous discharging of waste water and other
pollutants from the city and industrial sites. The average total dissolved
solids (TDS) in Hawgala and Hawban wells have increased from about
1000 mg/l in 1964 to about 2,400 mg/l in 1974 (JMM, 1974), and
reached to about 3000 mg/l in 1996 (Welle, 1997). According to
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Abdulgader (2005), the average TDS in the same areas was about 4000
mg/l in 2002. The mentioned problems in addition to the lack of
comprehensive studies dealing with the contamination problems, have
urged us to perform the present investigation.

Measured resistivity values are controlled by material resistivity,
and the presence, quality, and quantity of ground water (Haeni and
others, 1993). The resistivity of a fracture zone is controlled by the
secondary porosity, and the presence of altered secondary minerals
and/or precipitate. The maximum penetration depth is directly
proportional to the electrode spacing and inversely proportional to the
subsurface conductivity (Edwards, 1977). This property together with
the low cost, make the direct current (DC) resistivity methods very
suitable for groundwater exploration. So, it have been widely used for
groundwater contamination detection (e.g. Cartwright and McComas,
1968; Warner, 1969; Stoller and Roux, 1973; Klefstad er al, 1975;
Barker, 1990; Carpenter ef al., 1990; Whiteley and Jewell, 1992; Meju,
1993; Powers, ef al., 1999; and Maxwell., 2000).

In the present study, direct current resistivity survey was carried
out by using the Vertical Electrical Sounding (VES) technique and
Schlumberger array to recognize the vertical and horizontal distribution
of the contamination zones and to identify the structural effect on the
shape and direction of contaminant spreads.

Geological Setting

The study area occupies the southwestern corner of Arabian shield.
As shown in Fig. 2, the geology of the area is very complex due mainly
to its location at the junction of the Red Sea and Gulf of Aden rift
systems. Paleozoic sedimentary rocks outcrop in relatively small areas in
the middle and northeast of the catchment. While, Tertiary volcanics are
the dominant rock unit, made of sequences of basic and acidic lavas,
fissure eruption and pyroclastics with sedimentary intercalations (Kruck,
et al.,1996), Miocene granite intruded in the south east of the area, loose
Quaternary sediments and recent alluvial deposits cover Al Janad plateau
and fill the wadis and plains. The structure of the area is very
complicated also due to large number of faults, dykes and volcanic
intrusions. The major faults are oriented N-S to NNW, NW and NE.
Most of them are high angle normal faults. The majority of feeding
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fissures and older plateau dikes are oriented parallel to the NW-SE
direction (Calpaidi, et al, 1987a; and La Davison, et al., 1994). The
tectonic movements and the Red Sea rifting in addition to the granitic
intrusions have created a series of horst and graben structures, the
staircase-like structures with the general subsidence towards the west are
predominant in the middle part. The main structural features in the study
area are; Taiz graben, Al Barh half graben and large plutonic bodies of
Jabal Sabir and Jabal Habashi granitic intrusions.

180 |

| / Fault

L g@ Granite

| IR Medi-2ir Sandstone

| Tawilah Sandstone

WiV,
L | pouthd| Basement

1998 |
180 ~— Wadi
~~ Road
iy Taiz City
|.!°?5‘_ 5 10Km
P o8 o5 o won' we

40

Legend

/ Fault with downthrow|
1 Alluvial Deposits
1 Loose sediments

2| Pediment Deposits

Tertiary volcanic

rocks

Amran Limestone

Fig. 2. Geological map of the Uplands of Wadi Rasyan, Taiz, Yemen, adopted after Kruck

and Schiffer, 1991 and DEY, 1997.

Methodology

Field Survey and Data Acquisition

A total of 38 wertical electrical sounding sites were selected
because of possibility for groundwater contamination. The VES-sites
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were distributed along six profiles 4-4", B-B', C-C', D-D', E-E' and F-F'
(Fig.3). Some soundings were conducted at the site on or very close to
existing boreholes for correlation purpose. Four sounding data (VES-es
35, 36, 37 and 38) were taken from DEY (1997) and reinterpreted to fill
some gaps along profiles A-A', and B-B'.

ABEM Terrameter SAS 1000 was used for the data acquisitions.
The Schlumberger electrode configuration at the sounding sites was
spread parallel to the previously known fault zones, and the maximum
current electrode spacing ranged between 600 and 1400 m.
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Fig. 3. Map showing the locations of VES-Stations, geoelectrical profiles, calibration
wells, and locations of the contamination sources.

Geoelectrical Calibration Model

The specific resistivity Rb of layer containing water is expressed
as: Rb = F. Rw; where F is the formation factor, Rw is the resistivity of
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water. The formation factor F depends on the porosity, sorting, clay
content, and the degree of consolidation or cementation of the sediments.
Compact and unfractured dry rocks may be characterized by a resistivity
of up to 10,000 Ohm.m (Telford et al., 1976). The electrical resistivity
values of fractured/ alternated and unconsolidated rocks, depending on
fluid-saturation, decrease to very low values. The resistivity of
groundwater can vary over several orders of magnitude depending on its
salinity. Fresh waters tend to be resistive while saline brines are very
conductive (Telford et al., 1976). The resistivity of a layer saturated by
saline water and some dissolved solids is in the range of 8 to 50 Ohm.m
(De Breuk and De Moor, 1969, Goodell, 1986, Flanzenbaum, 1986, and
Zohdy et al., 1993).

Based on the previously mentioned features, a modified
geoelectrical model was developed (Table 1), and used as a guide for the
interpretation of resistivity data in the present study. Accordingly,
subsurface of the study area was subdivided into three primary geologic
units as the following:

a) The first, shallow with resistivity range from 5 Ohm.m to greater
than 400 Ohm.m and thickness between 10 to 50m, is correlated with the
top alluvial deposits.

b) The second is a geoelectric unit of resistivity ranges from 5 to 60
Ohm.m and reached in thickness to about 400 m, is interpreted as
fractured volcanic (fracture basalt, pyroclastics and tufficious breccias)
containing mineralized water.

c) The third geoelectric unit has electrical resistivity ranges
between 60 to greater than 200 Ohm.m; this layer is interpreted as hard
volcanic (basalt, rhyolite, and granite). In some areas, this layer is
represented as water bearing sandstone. While the deepest geoelectric
layer is represented as bed rocks, Hard basalt, Rhyolite dyke complex,
Limestone, or Precambrian basement) with resistivity (> 150 Ohm.m).

Each of the major units was divided into different zones according
to the percentage of clay, degree for fracturing, water saturation and its
salinity or degree of contamination.
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Table 1. Calibration model of resistivity for the various layers in the study area (modified
after DHV, 1986 and Abdulqader, 2005).

Rock Type Fluid content Resistivity Resistivity zone
range
(Ohm m)
Top soil Dry 30-60 Intermediate
Top Soil Wet 15-24 Low
Tg Sand &Gravel Dry 36->400 High
= Clay sand Dry 11- 40 Low
< Silt-Sand & gravels Fresh water 20- 65 Intermediate
Silt-Sand & gravels Contaminated <10 Very low
water
Tuff and acidic volcanic Brackish water 25-70 Intermediate
L Q9
% g Fracture basalt Brackish water 10-45 Low
E S Fracture basalt & Contaminated 2-20 Very low
breccias water
Hard basalt & acidic Dry >160 High
volcanic
2 Weathered sandstone Dry > 80 High
§ Saturated sandstone Fresh water 60-100 High
< Compacted sandstone Fresh water 80-110 High
/M | I — >130 Very high
Basement & Dyke =~ -----ee-- >400 Very high
complex

Data Processing and Interpretation

The measured data from the resistivity survey are the apparent
resistivities in a cross-section of the earth; they were processed through
the following steps:

1. The field measurements were processed and interpreted using
two software programs, RESIX-P (Interpex, 1993) and IPI2win
(Geoscan-M, 2001). The results of these interpretations classified the
investigated subsurface sequence into four to six successive geoelectric
layers of different resistivity ranges, thickness, and depth. An example of
the outputs from the inversion process by using RESIX-P and IPI2win
programs is shown in Fig. 4. The inversion models (true resistivities p
and thicknesses T) at each sounding station are listed on Table 2.

2. The accuracy of the results was confirmed through correlations
with the geological and other geophysical data available at each location.
The geological data obtained from the observation wells NEB1, NEB4,
and EX-5 are used for comparison with the layered earth geoelectric
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models (Fig. 5). The hydrochemical data (e.g. Welle, 1997; and
Abdulgader, 2005) were used also to confirm the resistivity data. Of

which, 12 water samples collected from the highly contaminated areas
were listed in Tables 3 & 4.

a) RESIXP interpretation process (VES-20)
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Fig. 5. An example of interpretative resistivity models correlated with lithological cross
sections and resistivity logs of the nearby wells.

3. The field measuring data including VES-locations, electrodes
distances AB/2, and the apparent resistivity values pa, were drawn as
four apparent resistivity maps to give spatial variation of apparent
resistivity at penetration depths AB/2 = 10, 100, 200, and 400 m (Fig. 6a
to 6d).

4. The best fit final models, one dimensional 1D, obtained from the
inversion techniques is horizontally interpolated, taking into account the
elevations of the sounding sites, to create six, two dimensional 2D,
resistivity cross sections (Fig.7a-f). Along each of resistivity cross-
section, the distinctive variations between the resistivity zones were
marked as dashed lines.

5. Combining the resistivity cross-sections with the geological
information and the geoelectrical calibration model (Table 1), six
geoelectrical cross sections were constructed (Fig.8a-f).
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Table 2. Interpretation results of the VES measurements by using IPI2win program.

Resistivity (Ohm.m) Thicknesses(m)
2w
= om o
g >Z
s P P2 P3 P4 Ps Ps p7 Tl T2 T3 T4 TS T6
16 11 21 62 524 11 63.4 136 13.1 7.4 35 125
36 09 423 864 119 913 042 134 191 310
35 366 104 70.1 5.01 23.1 20 1.59 151 896 474 103
.23 136 292 224 195 87.5  3.71 198 234 9.17 134 605
1: 25 23 12,6 42 254 429 >900 05 204 149 474 9938
26 323 273 104 32 12 442 1.71 235 6.09 200 191
27 413 3.03 9.01 23.1 31.6 1.63 129 268 136
29 198 4.14 635 3.05 88.4 1.8 0.75 435 733 251 50.7
30 453 794 679 764 5713 147 47 052 7.67 5.13 13.8 28.8 405
17 59 135 121 9.88 89 102 095 143 547 8.6 223

22 10 5.6 30.7 3.8 569 6.6 88 1 27 54 23 26 78
37 34 58 54 46 90 76 38 2 1.7 32 72 202 503

m
M 24 >90 28.7 86 20.6 24 346 0.14 32 1.8 345 565
38 133 42 153 28 0.8 53 285
31 113 22 326 34 90 0.5 85 154 114
28 63 177 38 143 344 83 31 23 2.2 17 244 50 69
29 198 4.14 635 3.05 88.4 1.8 0.75 435 733 251 50.7
o 38 133 42 153 28 0.8 53 285
O 32 42 22 6.85 36 15.8 1.8 34 21 43
33 33 23 82 11.5 115 3.1 289 22 334
34 255 63 16.8 7.7 70 556 83 0.5 06 6.6 7.5 58 148
21 32 757 585 102 12.2 37 16l 1.2 1.7 38 177 32 343
20 12 171 44 33 53 27 255 1.5 1.5 3.1 535 119 183
_ 36 09 423 864 119 913 042 134 191 310
g 16 109 208 7.85 524 11.1 644 1.36 115 932 337 127
17 59 135 121 9.88 89 102 095 143 547 8.6 223
18 47 13 59 97.6 188 .13 0.69 244 213
19 540 19 265 32.6 90 104 03 071 1.13 2 208
1 114 64 975 296 19 240 055 05 275 3 17
3 115 52 423 4 357 48 35 2 84 78 37
m 9 8.7 16 23 66 7 36 128
B 14 52 168 42 1113 495 207 507 146 106 9.87 49 39 102
15 29 776 166 556 234 153 e6l7
16 11 21 6.2 524 11 63.4 136 131 74 35 125
1 114 64 975 296 204 246 055 05 275 3 17
2 31.7 786 212 129 1.64 495 41
4 336 114 17 48 12 104 1.5 8.5 88 59 182
w5 1L7 37 137 5 84.6 2.5 2.1 855 934
=7 75 174 633 18 55.6 415 024 55 5.3 76 513
8 311 11 95 147 33 223 025 3.64 16 335 80.5

43.6 985 22 71 36 316 60 09 0.96 2 25.6 379
149 248 283 26l 13.7 61 167 058 04 164 45 179 288

[
W N
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Table 2. Continued

© 1™ aquifer 2" aquifer 3" aquifer

£ VES ( Alluvial) (Volcanic) (Sandstone) Bed rocks

a No. p T P T p T p depth
16 6-21 22 11-53 160 >64 182
36 1-5 13.8 11-87 329 >900 343
35 3-11 16.7 5-70 159

.23 2-136 269 3-88 Und.

< 25 423 358 426 147 >900 183

< 26 10273 102 12-32 326 >90 336
27 341 297 23-32 136
29 4-64 375 2-88 Und.
30 7-68  27.1 13-57 Und. -
17 9121 1645 89-102 223
22 3-30 32 6-60 104 38 Und.

m 37 4-54 14 7-90 Und.

@ 24 8>90 40 24-35 Und.
38 4-15 346 28 Und.
31 2-11 9 4-326 129 >900 138
28 38177 217 14-83 Und.
29 463 375 2-88 Und.

L 38 4-15 346 28 Und.

O 32 6-42  56.8 >15 Und.
33 2333 32 12-82 356 115 Und.
34 6-25 152 55-70 206  >83 231
21 5102 56 37 343 161 90.4
20 3-146 6.7

.36 1-4 13.8 12-329 329 >900 343

g 16 8-21 21 14-40 187 >64 184
17 9121 1645 89-102 223
18 1359 262 98 213 188 239
19  19-265 4 90-104 208 168 212
1 9-64 24 246 24
3 4-41 55 48-357  Und.

o9 8-16 57 31.5 Und.

Mmoo 14 4-16 22 1113 44 97 71
15 2977 176 16-55 Und.
16 6-21 22 11-53 160 >64 182
1 9-64 24 246 24
2 33.6 1.6 21-78 90 129 92
4 1133 94 >28 Und.

© 5 5-13 90 >84 93 84.6 Und.

E 7-63 70
8 11311 197  32-147 114 223 134
12 2271 8 36316 63.5 60.5 Und.
13 14-248  2.66 13-261 22 61 288 167 313
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Table 3. Chemical analysis data for the collected water samples from highly contamination
areas (Abdulqader, 2005).

Cations
No. Source FI\F/IZ/SI pH Na K Ca Mg

epm  ppm epm ppm epm ppm epm ppm
1 pond 3583 9.2 55112 1267 044 12 2.6 52 132 160
2 stream 3848 811 393 903 0.85 33 4.6 92 7 85
3 lagoon 4628 7.12 329 756 1.08 42 6.4 128 304 370
4 lagoon 2542 83 21.3 490 0.84 33 4 80 134 163
5 dam 1905 795 1434 329 046 18 2.2 44 7 85
6 channel 2295 79 1739 400 046 18 12 241 58 71
7 borehole 3466 6.5 21 482 036 14 74 148 244 297
8 Dug well 3263 7 16.51 380 038 15 15 301 182 221
9 borehole 2483 7.88 21.78 501 0.31 12 3 60 5.8 71
10 pond 1638 6.8 11.2 257 046 18 52 104 84 102
11 Dugwell 1989 7 1226 282 0.1 4 3.6 72 144 175
12 Dugwell 1183 6.5 12.18 280 0.05 2 0.6 12 6 73

Table 3. Continued.

Anions
No.  Location E N CL HCO3 SO4
epm ppm ¢pm ppm ¢epm ppm
Ghee 13 36
Factory 43 55 39.65 51.46 33.2 1177 314 1916 546 262
2 Rasyan 43 55 06.34 ég ZZ 32.8 1163 122 74 17.69 850
3 Burayhil 44 00 28.48 }; zg 53.88 1910 7.2 439 9.02 433
4 Burayhi2 43 59 49.01 :lj 2? 18.8 666 2.66 162 16.81 807
5 Amera 4359 05.89 ig g; 12 425 425 259 729 350
6 Ussayfra 44 00 04.79 Alé ;g 15.4 546 7.84 456 11.85 569
7 Hawgala8 43 59 48.17 3 zg 32.24 1143  5.68 347 12.76 613
8 Hawgala 4359 49.67 ;g 4312 26.66 945 2.02 123 18.19 874
9 Hawban 44 04 26.98 g ;g 17.36 615 4.1 250 8.16 392
Asfang 1335
10 Factory 44 03 26.90 3232 11.16 396 338 206 986 474
11 AlJanad 44 06 45.20 Alé zg 17.98 637 432 264 1446 695
12 Burayhi 44 00 39.16 1337 7.44 264 634 387 3.67 176

47.21
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Results and Discussion

The resistivity and thickness of the strata are directly related to type
of lithology, structures and water content in the voids. Therefore,
integration of the data can give valuable information on groundwater
salinity or contamination. The following is a brief discussion of the
attainable results.

Apparent Resistivity Maps

The preliminary interpretation of apparent resistivity maps (Fig.6a-
d) shows that the apparent resistivity follows the topography and
structural features. The resistivity patterns are almost parallel to the
mountainous ranges with decreasing values towards the contaminated
areas. The careful study of all prepared apparent resistivity maps shows
the following remarks.

a) The maps in Fig.6a (for AB/2 = 10 m) indicates three low
resistivity zones. The first zone is found in eastern part, extending from
Al Hawban to Al Janad. The second zone is observed in Hidran area. The
third is found in the downstream of Wadi Rasyan. These low resistivity
zones (< 20 Ohm.m) are believed to be associated with shallow alluvial
deposits containing salty water, or may be due to the wet fine top soil.

b) Figures (6b, ¢ and d) represent the resistivity maps
corresponding to higher exploration depths (AB/2 = 100 to AB/2 = 400
m). This map shows that the low resistivity zones became smaller, in
Hawban, Hawgala, and Hidran areas, are still observed at greater
exploration depth ( to AB/2 = 400 m). While, in Al Janad and
downstream of Wadi Rasyan, the low resistivity zones are not observed.

¢) Linear trends of resistivity contours separating the different
resistivity zones may indicate structural barriers such as faults, dykes and
igneous intrusions. The trends of the low resistivity zones are observed
along the N-S in Hawban area, and along the SW-NE in Hawgala -
Hidran area that coincide with major fault planes.

d) From the quality classification of the groundwater we can
conclude the following; 1) The salty and brackish water is concentrated
in Hawban, and Hidran areas. In these areas the salty or contaminated
zones may extend to greater than 150 m depth. 2) Mineralized
groundwater appears to extend widely surrounding the central part of the



144 Hamza A. Ibrahim et al.

study area, and 3) Fresh groundwater is more localized in the upstream of
the wadis in Hayma, Dabab, and Wadi Rahaba.

4 b) AB/2=100 m
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Fig. 6. Apparent resistivity maps of Uplands of Wadi Rasyan at different electrode
distances; a) AB/2 =10 m, b) AB/2 =100 m, ¢c) AB/2 =200 m; and d) AB/2 =400 m.

True Resistivity Cross-Sections

The distinctive variations in both lateral and vertical resistivities,
were illustrated in form of true resistivity cross-sections shown in Fig. 7a
to f. Above the ground surface line, the locations of sounding sites are
shown, including the execution order numbers along the profiles. From
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the interpretation of the resistivity cross-sections, it can be seen that there
are many low resistivity regions (red color) in the sections where
subsurface zones are far from a horizontal continuation. Along each
profile, the different resistivity zones were marked with dashed lines.

The following is a brief discussion of true resistivity variations
along the different profiles:

Along profile A-A' (Fig.7a), the low resistivity zone (<15
Ohm.m) is found below most of extensions from Hawban (VES-30) to
Hidran (VES-36), it ranges in thickness between 10 and 50 m with the
maximum thickness (50 m) below the VES-25 (Hawgala). This zone can
be correlated with the surface alluvial deposits containing brackish water.
At greater depth, the low-resistivity zone is observed below the VES-29
in (Hawban) and VES-23 (Wadi Al Malih) with the maximum thickness
(329 m) below the VES-29 (Hawban). This zone may be considered as
fracture basalts containing high dissolved salts (contaminated zones).

Profile B-B' (Fig.7b) shows presence of near surface low resistivity
zone (< 10 Ohm.m) at the eastern side of the profile (Al Janad), this low
resistivity zone may be due to fine or loose sediments of al Janad plateau.
Another low resistivity zone is observed below the VES-22 (Akhdoor)
which is represented as graben like structure containing brackish water.
At greater depth, intermediate resistivity zone (10- 40) is observed to
extend between VES-38 (Wadi Mawsata) to VES-37 (Wadi Al Malih), it
ranges in thickness between 20 and 100 m. This zone can be correlated
with the fracture volcanic containing brackish water (contamination
zone).

Along profile C-C' (Fig.7c¢), there is a fairly low lateral variation in
resistivity at shallow depth and distinct electrical variations at depths.
The Low resistivity zone (< 10 Ohm.m) is found only below VES-29 in
Hawban area. The intermediate resistivity zone (10-40 Ohm.m) was
found between VES-33 and VES38 in Wadi Mawsata with maximum
thickness of about 200 m. Abrupt change in the resitivities at the two
ends of the profile may indicate the presence of graben structure in the
middle part bounded by two horst structures at the ends.

Profile D-D' (Fig.7d) gives clear indication about the variation in
topography of the area which increases in elevation from the middle to
the sides, it also indicates the graben like structure in middle part of the
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profile (Hidran area) where low resistivity zone (<15 Ohm.m) extends
from the surface to depth of about 300 m.

Profile E-E' (Fig.7¢) shows a fairly broad high resistivity zone (>50
Ohm.m). The low resistivity zone is observed at shallow depth in some
areas along the main stream of Wadi Rasyan similar to that below the
VES-16, 9 and 1, it is represented as seepage of brackish water from the
stream into the alluvial deposits with maximum thickness of about 57 m
at the VES-9.

In profile F-F' (Fig.7f), a deep low resistive zone (10-50 Ohm.m) is
observed only below VES-4 and 5 (Wadi Al Rub) and flanked by two
high resistive zones. As the profile is located away of pollution, the low
resistivity zone may be considered as graben like structure filled with
fine to clay sediments containing fresh water.

Geological Interpretation of the Resistivity Data

The interpreted results of resistivity data are accompanied with the
well lithology and hydraulic characteristics to construct six geoelectrical
cross-sections (Fig.8a-f).

Along each of geoelectric cross-section the depths to the main
lithological units were identified, the possible structural boundaries such
as faults, rock intrusions and basin topography were inferred also. The
resistivity characteristics along the different profiles are quite similar, so
they are discussed together. Four principal geoelecric layers can be
distinguished and depicted from the ground surface down to the
maximum depth of investigation as in the following:

1. The first geoelectric layer (top-most layer) is interpreted as
alluvial deposits that cover most of wadi valleys. This layer has a wide
range of resistivity (5 - 400 Ohm.m) and thickness (5 - 60 m) depending
on the topography. In this layer, the very low resistivity zone (< 10
Ohm.m) is detected below water table, at most of the VES-stations along
the profile A-A" (Fig.8a), VES-22 and 37 in profile B-B"(Fig.8b), VES-
29 and 38 in the profile C-C'(Fig.8c), and VES-16 and 36 in the profile
D-D’(Fig.8d). These zones were interpreted as contamination zones that
spread over the wadi valleys and extend downward through the faults and
features into the fracture volcanics.
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2. The second geoelectric layer extends from the lower boundary of
the near surface layer (alluvial deposits) in the valleys and plains, and
from the surface in the hills and mountains. This layer is believed to be
fracture volcanic rocks and can be divided into three zones.

a) The upper zone has resistivity greater than 50 Ohm.m is
interpreted as dry weathered volcanic rocks or may be as dense volcanic
layers in the bottom of the wadis. The thickness of this layer ranges
between 9-60 m, its maximum thickness (60 m) is found below the VES-
23 and its minimum thickness (9 m) is found below the VES-35 (Fig.7d).

b) The second zone is considered as wet or partly saturated
fractured volcanic; it has resistivity ranges between 10 and 50 Ohm.m.
Very low resistivity zones (<15 Ohm.m) were detected below most of the
VES-stations in the profile A-A" (Fig.8a), below the VES-22, and 27 in
the profile B-B" (Fig.8b), and below VES-29, and 33 in the profile C-C'
(Fig.8c), below the VES-36, and 16 in the profile D-D' (Fig.7d). These
zones concentrated in Taizia area where many contamination sources are
found. The maximum thickness (300 m) of this zone is found below the
VES-29 and the VES-35 in Wadi Al Hawban and Wadi Al Malih.

c) The third zone has resistivities greater than 100 Ohm.m. This
zone is interpreted as hard acidic volcanics (rhyolite) or massif basalt
which is forming a bed rock for the most of the study area (see Fig. 8a

to )

3. The third geoelectric unit has resistivity range between 70 and
110 Ohm.m. This geoelectic unit was interpreted as separated blocks of
sandstone with thickness ranging between 70 to 288 m, it was detected as
separated blocks closer to the surface at the northern ends of the profiles
C-C" and D-D* (Fig. 8c and d). It was detected also at greater depth
below VES-14 Wadi Rasyan (Fig.8e), and below VES-12 in Hagda,
VES-8 in Wadi Al Rub (Fig.8f).

4. The deepest geoelectric layer is represented as bed rocks with
resistivity (> 150 Ohm.m), it may be represented as hard basalt, rhyolite
dyke complex, limestone or Precambrian basement.

Distributions of the Contamination Zones

The spatial extensions of the low resistivity zones have been
outlined though interpretation of the apparent resistivity maps. Spatially,
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three low resistivity zones have been identified. The frits, the largest one,
extended from Hawgala to Lughaba passing through Wadi Al Malih and
Hidran area, covering an area of about 15 Km2. The second is found in
Wadi Al Hawban covering an area of about 5 Km2. The third is found
along the main stream of Wadi Rasyan controlled by width of the valley.

The vertical extents of the low resistivity zones were identified
through interpretation of the 2D resistivity sections. Along each of the
2D resistivity section, two resistivity zones were identified; 1) The
shallow zone is observed in the alluvial deposits and along the stream of
Wadi Rasyan, it extends to about 30 m depth and may extend down to the
deeper layers. 2) The deep zone is detected in the volcanic layer with
depths range between 70 and 300 m. In the vicinity of Taiz city (Hawban
and Hidran areas), the very low resistivity zones were interpreted as
possible leachate of contaminants from the disposal sites and sewage
lagoons. In the other areas, low resistivity zones are considered as fine
sediments or fracture volcanics containing high mineralized or hot water.

Pathways of Contaminants Transport

The contaminants follow both surface and subsurface pathways,
surface pathways include the main stream of Wadi Rasyan stream, and
ephemeral drainages passing through disposal sites. Type of rocks and
intensity of fractures would play a major role in contaminant transport.
The trend of the pollutant transport is observed along the N-S trend
(Hawban-Al Janad) and along the SW-NE trend (Hawgala-Hidran area),
coincide with the direction of groundwater flow.

The size of surface channels, how deeply they are filled, and the
conditions of the subsurface geological discontinuity may all control the
lateral and vertical distribution of the contaminant plumes. Therefore, the
shallow subsurface contamination zones spread through the alluvial
deposits of the wadis and along the stream of Wadi Rasyan. The deeper
zone is spreading through the fissure and joints of fracture volcanics,
along the major fault planes (NE-SW and NW-SE), and in the direction
of groundwater flow.

Conclusion

The geoelectrical depth sounding provides useful information on
groundwater pollution in the Uplands of Wadi Rasyans, Taiz, Yemen.
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The seepage from sewage lagoons, industrial ponds, and disposal sites
has produced serious deterioration of the groundwater resources. The
contaminated or highly saline water has been found within both the
surface alluvial and the deep fracture volcanic aquifers.

The low resistivity anomalies were detected in Taizzia area and
along the main stream of Wadi Rasyan. Based on the geophysical,
outcrop, and hydrochemical data, the low resistivity anomalies were
interpreted as highly saline or contaminated zones, which are thicker (up
to 140-150 m) in Hidran and Hawban areas, where many contamination
sources are located.

The lateral resistivity inhomogeneities along the investigated
profiles reveal development of graben like structure in the eastern part
and step faulting in the western part of the study area.

The lateral and vertical spreading of the contamination zones are
limited along the wadis and restricted by the mountains, they are
generally oriented with directions of the major faults and consequently
with the directions of groundwater flow.
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