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Abstract Luxor, the modern Egyptian city that occupies

the site of ancient Thebes, is famed for its magnificent

ancient monuments. Since 1967, the Aswan high dam has

prevented the annual flooding of the Nile River, resulting

in excessive salt accumulation on the Nile floodplains and

on exposed monument surfaces. In addition, the expansion

of agricultural land within the Luxor study area has

resulted in increased salinity and groundwater level. These

conditions accelerate the degradation of buried and

exposed monuments that were fairly well preserved in the

past. To mitigate this problem, it is necessary to first

understand the near-surface setting and the groundwater

conditions of the Luxor area. A geophysical investigation

was carried out using resistivity and electromagnetic sur-

veys. In addition, a chemical analysis was conducted of

some surface water samples collected from canals and the

sacred lake of Memnon Temple. Based on the results of the

geophysical surveys and the chemical analysis of the water

samples, the shallow subsurface was characterized into

four geoelecterical units. Groundwater flow directions were

determined to be from the central area to the west, causing

a rise in the groundwater levels and groundwater salinity in

the area of monuments.
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Introduction

Luxor, Egypt, occupies the site ancient Thebes, which was

known for its buildings and many large gates. The west

bank of Luxor (Fig. 1) contains more than 30 known

limestone temples, most of them built by the rulers of the

New Kingdom (1549–1069 BC). Both buried and exposed

archeological features are affected by the high level of

saline groundwater at the west bank of Luxor area since the

construction of Aswan high dam and the resultant expan-

sion of agricultural lands around the temples’ area. Saline

groundwater is transported into the monuments’ founda-

tions through underlying soil by means of capillary rise.

When those saline waters evaporate, residual salts accu-

mulate on the surface and within the pore spaces of the

foundations. The pressure developed during the crystalli-

zation and hydration of the residual salts exfoliates the

outer layers of the foundations’ stone, increasing their

susceptibility to erosion by wind and other physical pro-

cesses (Rodriguez-Navarro and Doehne 1999). Figure 2

shows an example of the monuments’ degradation at Habu

Temple in the west bank of Luxor.

Geophysical methods have been widely applied to

groundwater exploration (e.g., Asfahani 2007; Ismail 2003;

Albouy et al. 2001). Asfahani (2007) employed vertical

electrical sounding (VES) at the Khanasser Valley (Syria)

and successfully identified the nature and geometry of a

deep aquifer. Ismail (2003) conducted a study to mitigate
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the degradation of monuments on the east bank of Luxor,

employing VES and seismic surveys to characterize the

hydrostratigraphy of the shallow subsurface. Albouy et al.

(2001) examined the merits of using VES and transient

electromagnetic (TEM) methods for coastal groundwater

exploration, north of Biarritz and at two selected sites at the

flanks of le Piton de la Fournaise, France. Those scientists

showed that the joint inversion of VES and TEM data are

an efficient tool to resolve the ambiguity of each mea-

surement method alone, especially in the absence of sup-

portive geological information, such as well-log data.

The TEM method is an electromagnetic induction

technique by which the response of the earth to an elec-

tromagnetic impulse is measured in the time domain. The

VES method uses direct current to measure the resistance

of the subsurface using grounded steel electrodes.

Although electrical resistivity and electromagnetic tech-

niques measure the same physical property, soil resistivity,

the techniques are sensitive to different characteristics

(Gomez-Trevino and Edwards 1983; Raiche et al. 1985).

Well-resolved electrical resistivity data obtained using the

VES method are the product of layer resistivity and layer

thickness (Fitterman et al. 1988). Such data do not provide

good independent estimates of layer resistivity and layer

thickness. In contrast, electromagnetic methods are good

for establishing the thicknesses of layers but not their

resistivity values (Fitterman et al. 1988). The combined

inversion of TEM and VES data constrains the resistivity-

depth geophysical model, and reduces ambiguities in the

interpretation of the measurements (Sasaki 1989; Sandberg

1993; Albouy et al. 2001).

In this study, a large-scale geophysical survey was

conducted and chemical analysis performed of surface

water samples at the west bank of the Nile River (west

Luxor area) to characterize the near subsurface hydrogeo-

logic setting and to identify the sources responsible for

increasing the salinity of groundwater. The geophysical

survey is in the form of integrated TEM and VES mea-

surements. The groundwater analysis included chemical

analysis of six surface samples collected from the areas

adjacent to the degraded monuments. The results of this

study will be critical to developing conservation plans for

the existing archeological structures.

Study area

The study area, located on the alluvial plains of the Nile

Valley and surrounded by elevated structural plateaus cap-

ped by Eocene limestone, is underlain by Paleocene shale

(Fig. 3). The alluvial plains generally exhibit flat surfaces

that gently slope northward. The average ground surface

elevation is about 75.5 m above the mean sea level, but rises

to about 79 m at the fringes of the Nile Valley. These alluvial

plains can be differentiated into (1) a densely cultivated

younger plain occupying the central part of the Nile Valley

and covered by Holocene silt and clay, and (2) an older

reclaimed plain covered by Pleistocene sand and gravel

(El Hosary 1994; Research Institute of Groundwater 1997).
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Fig. 2 Effects of shallow saline groundwater on the Habu temple

(note the severe cracks and salt accumulations)
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The near-surface Pliocene–Holocene sediments in the

central part of the Nile Valley rest uncomformably on a

succession of Late Cretaceous–Early Eocene marine sedi-

ments (Fig. 4). The Pliocene–Holocene sediments have

been subdivided into different lithological units, each of

which was deposited by an identified ancestral-modern

river system (Ismail 2003), including the Eonile, Paleonile,

Protonile (Q1), Prenile (Q2), and Neonile (Q3).

Two main aquifer systems are distinguished within the

Pliocene–Pleistocene in the Luxor study area: the shallow

Quaternary aquifer and the underlying Pliocene–Pleisto-

cene aquifer. The Quaternary aquifer is composed mainly of

graded sand and gravel and locally the thickness ranges

from 5 to 95 m and salinity is about 2.6 mg/L. The under-

lying Pliocene–Pleistocene aquifer, composed of sand and

clay, is the secondary aquifer in the study area and has an

average salinity value of 700 mg/L (Ismail 2003).

Geophysical data acquisition and processing

Eighteen VESs were acquired using the Syscal R2 instru-

ment (Fig. 1). The Schlumberger electrode configuration

was employed, and the maximum current electrode spacing

(AB/2) varied from 300 to 400 m. The VESs were spaced

at 0.5 to 1-km intervals. The measurements were taken in

the east–west direction, perpendicular to the Nile Valley.

The measured apparent resistivities from each VES were

plotted simultaneously against AB/2 values on log–log

paper in the field for quality control of the data.

A suite of 23 TEM soundings were measured using the

SEROTEM system close to the locations of the resistivity

measurements. A simple coincident loop configuration was

employed; in this configuration, the same loop transmits

and receives signals. The loop side length was 50 m.

During data aquisition, measurements were repeated sev-

eral times to ensure a high signal-to-noise ratio.

Due to the lack of boreholes at the study site and in

order to roughly control the VES interpretation, the present

study used the litho-resistivity model of Ismail (2003),

based on two boreholes located about 200 m away from the

acquired VESs at the east bank of Luxor. In that model,

four litho-resistivity units were characterized: (1) an upper

unit of dry silty clay with relatively high resistivity

(*20 ohm-m), (2) a lower unit with significantly low

resistivity (*4 ohm-m) assigned to the moist silty clay,

(3) a thick unit ([20 ohm-m) with high resistivity assigned

to the main Quaternary aquifer layer, and (4) a low-resis-

tivity layer (\4 ohm-m) assigned to a secondary aquifer

layer (Fig. 5a, b).

The resistivity data were first inverted in terms of one-

dimensional (1-D) resistivity-depth models using software

described by Zohdy (1989) and Meju (1991). The output

models were used as initial models for inverting the nearby

TEM data using TEMIXXL (1996) software. The resultant

TEMIXXL models were used again as initial models for

inverting the resistivity data in RESIST (Vander 1988)

software. The misfit errors between the measured and

calculated models for the whole data set range from 2.8 to

7.3% (Fig. 5c, d). This iterative method was continued

until reliable resistivity-depth models were obtained that

Fig. 3 Geologic map of Luxor

area (El Hosary 1994)
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seemed to be consistent with the subsurface geologic set-

ting. The final models were interpolated to generate 2-D

resistivity cross sections, parallel and perpendicular to the

Nile River.

VES and TEM results

Based on the joint inversion of resistivity and electro-

magnetic data, two geoelectrical resistivity cross sections

Fig. 4 Composite stratigraphic

column at Luxor area (El

Hosary 1994)
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were generated, one parallel to the Nile River and the other

perpendicular to the Nile (Figs. 6, 7). The geoelectrical

resistivity cross sections exhibit four geoelectrical units.

No significant lateral resistivity variation was found within

individual units:

1. The first (upper) geoelectrical unit consists of (1) a

relatively dry silty clay agricultural soil less than 4 m

thick with resistivity values ranging from 5 to 28 ohm-m,

and (2) dry silty clay and gravel soil, having a resistivity

value of 50 ohm-m and a thickness of 2 m.

2. The second geoelectrical unit consists of sand, silt, and

gravel of the main Quaternary aquifer. The average

resistivity value is 20 ohm-m, and thickness is about

48 m. The thickness of the aquifer layer decreases

significantly toward the west plateau.

3. The third geoelectrical unit is characterized by low-

resistivity value (\5 ohm-m) and thickness ranging

from about 4 m near the Nile River to about 48 m

near the western plateau. This unit represents the

secondary aquifer in the study area (Pliocene–Pleisto-

cene aquifer). The significant resistivity contrast

between the Quaternary aquifer and the underly-

ing Pliocene–Pleistocene aquifer is attributed to the

higher salinity (700 vs. 2.6 mg/L) and clay content of

the sediments within the Pliocene–Pleistocene aquifer

(Ismail 2003).

4. The fourth geoelectrical unit is characterized by a

resistivity value of about 10 ohm-m. This unit appears

only at the base of the plateau area at a depth of 2–5 m.

This unit represents the Paleocene shale layer. Its low

resistivity is due to the lateral seepage of groundwater

Fig. 5 Calibration of the

measured apparent resistivity

with the corresponding

lithologic units at two boreholes

(a, b), c and d are the processing

results of two VESs

(after Ismail 2003)
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from the adjacent Pliocene–Pleistocene aquifer. A nor-

mal fault separates the third and fourth units, and this

fault was traced on the resistivity section of Fig. 11.

The location and orientation of this fault seem to be

consistent with the major fault forming the Nile Valley

in this area (El Hosary 1994).

The inverted resistivity, or ‘‘true’’ resistivity, of each of

the specified geoelectric units was mapped to better dem-

onstrate the lateral resistivity variation with depth and its

possible impact on the degradation of the area’s

monuments.

Resistivity distribution at 1 m depth

The first unit represents the dry silty clay topsoil. The

resistivity values of this unit vary from 5 to 75 ohm-m

(Fig. 8). Although surface conditions, such as farming and

urbanization, affect resistivity distribution, the values still

provide a good indication of the moisture and/or salinity

distribution within the topsoil, which is in direct contact

with the archeological features. The high-resistivity values

of 25–75 ohm-m are observed near the urban areas (par-

allel to the Nile River) and near the limestone plateau. The

low-resistivity values of less than 24 ohm-m are found for

the central cultivated areas in the study site. These low

values are a direct result of increased-moisture content due

to irrigation and increased salinity caused by excessive

evaporation and use of fertilizers.

Resistivity distribution at a depth of 4 m

This unit has resistivity values range from 3 to 29 ohm-m

and is characterized by three main resistivity zones (A, B

and C), which correspond to the second, third, and fourth

geoelectrical units, respectively (Fig. 9). Resistivity values

range from 10 to 29 ohm-m for Zone A, which represents

the saturated sand and silt sediments of the Quaternary

aquifer. The water within this aquifer seems to be fresh and

originating from the Nile and irrigation canals (e.g., Asfon

canal) in the study area. The resistivity value is low

(5 ohm-m) for Zone B, which represents the Pliocene–

Pleistocene aquifer in the study area. Zone C, representing

the Paleocene shale, has resistivity values ranging from

8 to 16 ohm-m, probably because of its high-moisture

content and/or salt.

Resistivity distribution at 48 m depth

This unit has low-resistivity values ranging from 1 to

7.5 ohm-m. Although the range is narrow, Zones B and C

are obvious, as shown in Fig. 10. Zone B resistivity values

range between 2.5 and 7.5 ohm-m. This zone is probably
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an extension of the Pliocene–Pleistocene aquifer that con-

sists of sand with clayey sediments. Zone C, which cor-

responds to the moist Paleocene shale layer, exhibits a very

low-resistivity value of 2 ohm-m.

To better visualize the surface and subsurface at the

study site, we constructed a composite model that shows

the spatial resistivity distribution of subsurface geoelectri-

cal units, the surface location of temples, cultivated

areas, and the Nile River. As shown in Fig. 11, the Nile

River does not contribute to the groundwater recharge in

the study area, since the resistivity values of different

strata increase toward the east (i.e., toward the Nile),

which is consistent with the conclusion of Ismail (2003).

The groundwater flow seems to flow from west to east,

and, in the surface layer, from the cultivated areas

outward.

Chemical analysis of the water samples

Results of the chemical analysis of water samples can be

integrated with the geophysical interpretation to yield

valuable information on the causes of increasing salinity

and groundwater level at Luxor study area. Six surface

water samples were collected from the study area from the

Nile River, the canals, and the sacred lake of Memnon

Temple. The results of the chemical analyses are presented

in Table 1. The sources of different ions in the examined

water could be grouped as follow.

Cultivated lands

Sodium (Na?1), an essential constituent used in fertilizers

(e.g., Phillips et al. 2001), was 195 ppm in water sampled

at Memnon Temple compared with 36 ppm from the River

Nile. The high-sodium concentration observed at the

temple is evidence that the water inside the monument

migrated from the nearby cultivated lands.

Potassium (K?1) is an essential plant nutrient (e.g.,

Mengel and Kirkby 1980). Potassium is highest (3.5 ppm)

in the water sample taken from Memnon Temple, again

supporting the interpretation that this water migrated from

the surrounding cultivated areas.

Sulfate (SO4
-2) is derived from gypsum, acid rains,

and fertilizers (Garg 1978). The highest concentration

(96 ppm) of sulfate is observed at Menmon Temple, indi-

cating that its water probably comes from nearby cultivated

areas.

Chloride (Cl-1) is mostly presented either as salt crys-

tals or in solution (Na?1 and Cl-1 ions) (Hem 1970). The

concentration of chloride ranges from 21 ppm at the east-

ern side of the study area to 190 ppm at Memnon Temple.

The high concentration of chloride at the temple is related

to the successive accumulations of water inside the temple

that probably migrated from cultivated areas.
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Weathering of monuments/temples

Calcium (Ca2?) and magnesium (Mg?2) are the principal

minerals forming carbonate rocks such as limestone

(CaCO3) and dolomite (CaMg [CO3]2). The highest calcium

(22 ppm) and magnesium concentrations (18 ppm) were

observed at Memnon Temple, probably due to the dissolu-

tion of carbonate rocks forming its stone foundations.

Bicarbonates (HCO3
-1) are formed when carbon dioxide

is dissolved or derived from limestone (e.g., Rogers et al.
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1985). The bicarbonate concentration of water sampled from

the Nile River is 122 ppm; from the irrigation chan-

nels, 134 ppm and at Memnon Temple, 354 ppm. The high

concentration of bicarbonate at Menmon Temple is because

of the dissolution of the limestone of its stone foundations.

Natural sources

The pH value of water is a measure of the concentration of

hydrogen ions (H?). The pH values of the water samples

from the study area vary between 8.2 and 8.3, indicating

alkalinity and the dissolution of calcium and magnesium ions

in the water samples (e.g., Psenner 1988). Electrical conduc-

tivity of surface waters increases from east (320 micro S/cm)

to west at Menmon Temple (1,120 micro S/cm). Water with

high-electrical conductivity contains sodium and magne-

sium cations as well as calcium, chloride, and bicarbonate

anions (e.g., Freund et al. 1993). As expected, total dissolved

solids (TDS) was highest (716.8 mg/L) in the water sample

collected from the sacred lake of Memnon Temple and

lowest (204.8 mg/L) in the water samples from canals in the

eastern side of the study area. The high-TDS value from the

Memnon Temple is due to the evaporation of the water in

the temple’s sacred lake.

Discussion and conclusions

The joint inversion of VES and TEM data and the results of

chemical analyses of water samples were successfully

integrated to generate a suite of geoelectric resistivity cross

sections and subsurface maps. The main disadvantage of

the employed techniques is the limited spatial subsurface

coverage and the uncertainty when generating the 2-D

cross sections. Obviously, 2-D/3-D techniques (e.g., resis-

tivity and ground-penetrating radar) would produce more

subsurface coverage and more accurate models. Those

techniques, however, are probably not the best choice at

this site given the large survey area, time constraints, and

most importantly, because the goal of this present study is

not the detailed hydrogeology of the field site. Further-

more, the methods employed in the present study are

inexpensive, data acquisition is quick, and achievable

penetration depth can be very deep (depending on AB/2

spacing and the loop size of the TEM survey).

Study results indicate that the shallow subsurface in the

Luxor study area is divided into four distinct geologic/

hydrologic units. Such characterization represents the

foundation of any plan to lower the groundwater level and

decrease the salinity of capillary soil moisture in the area of

the Luxor monuments. Shallow groundwater flow paths

were expected to have originated from the recently culti-

vated areas, west of Luxor and to flow toward the River

Nile. The elevated groundwater in the area of the temples

appears attributable to flood irrigation of recently

reclaimed lands lying on the alluvial/flood plain transition.

The progressive increase in salinity along the groundwater

flow path is reflected in the recent deposition of precipi-

tated salts observed at Habu Temple (Fig. 2). Based on our

interpretation of the acquired data and the field observa-

tions, the salt accumulation on the foundations of the

monuments appears to be ascribable to salt transport by

capillary water from the relatively high-salinity ground-

water or from connate water in the silty clay unit.

As a final comment on the study area, recommendations

are to avoid cultivation of crops that require much water

and to regulate the use of agricultural chemicals in the

areas of thin silty clay soil. Further recommendations are to

conduct high-resolution geophysical surveys (e.g. 3-D

electrical resistivity) and detailed chemical analysis of the

water proximal to the Luxor monuments. These sugges-

tions might reduce the groundwater discharge at the temple

areas and reduce its effects on the stone foundations.
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Table 1 Results of geochemical analysis of water samples (Fig. 5 shows the location of these samples)

Sample no. pH TDS Anions (ppm) Cations (ppm) EC

CO3
-2 HCO3

-1 Cl-1 SO4
-2 Na?1 K?1 Ca?2 Mg?2

1 8.3 217.6 122 28 28 36 1.17 16.5 12 340

2 8.2 211.2 134 22 23 41 1.17 14 9.5 330

3 8.2 211.2 122 25 28 38 1.17 12 12 330

4 8.2 217.6 134 24.5 24 38 1.6 14 12 340

5 8.3 204.8 134 21 19 41 1.17 10 11 320

Temple 8.3 716.8 30 354 190 96 195 3.5 22 18 1,120
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