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Abstract. The near-surface groundwater aquifer that threat-
ened the Great Pyramids of Giza, Egypt, was investigated
using integrated geophysical surveys. A total of 10 electri-
cal resistivity imaging, 26 shallow seismic refraction, and
19 ground-penetrating radar surveys were conducted in the
Giza Plateau. Collected data for each method were evalu-
ated by state-of-the art processing and modeling techniques.
A three-layer model depicts the subsurface layers and bet-
ter delineates the groundwater aquifer and water table ele-
vation. The resistivity of the aquifer layer and seismic ve-
locity vary between 40 and 80 2m and between 1500 and
2500 ms~!, respectively. The average water table elevation is
about 415 m, which is safe for the Great Sphinx, but it is still
subjected to potential hazards from the Nazlet El-Samman
suburb where the water table elevation reaches 17 m. A shal-
lower water table at the Valley Temple and the tomb of Queen
Khentkawes, with a low topographic relief, represents severe
hazards. It can be concluded that a perched groundwater ta-
ble is detected in the elevated topography to the west and
southwest that might be due to runoff and capillary seepage.

1 Introduction

In recent years, the 4500-year-old Great Pyramids of Giza
(GPG), Cheops (Khufu), Chephren (Khafre), Menkaure, and
the Great Sphinx have been threatened by a rising ground-
water table resulting from water leakage from the suburbs,
irrigation canals, and mass urbanization surrounding the
GPG. This problem promoted the need to use nondestructive

near-surface geophysical techniques integrated with avail-
able borehole hydrogeological data to investigate and char-
acterize groundwater occurrences in the GPG. The GPG is
located in the southwestern part of the greater Cairo region
(Fig. 1). Geologically, the Giza Plateau is composed mainly
of white limestone, cream and yellow argillaceous limestone,
and dark grey dolomitic limestone of middle—upper Eocene
age. The plateau rocks are commonly interbedded with thin
marl layers in their upper part, which dips about 5-10° to
the southeast (SE) direction. Steep escarpments border the
plateau to the north and east directions as shown in Fig. 2
(Yehia, 1985; Mahmoud and Hamdan, 2002). Two regional
groundwater aquifers underlie the Sphinx (Fig. 3); the Qua-
ternary aquifer of Nile alluvium consists of graded sand and
gravel with intercalations of clay lenses at different depths,
with a water table at depth ranges between 1.5 and 4 m be-
low the ground surface (b.g.s.). The second aquifer is a frac-
tured carbonate aquifer that covers the area below the pyra-
mid plateau and the Sphinx, where the water table ranges in
depth from 4-7 m b.g.s. The recharge of the aquifer below the
Sphinx area occurred mainly through water system leakage,
irrigation, and mass urbanization (AECOM, 2010; El-Arabi
etal., 2013).

Many geophysical studies have been carried out in the
GPG, mostly for archaeological exploration and investiga-
tions (e.g., Dobecki, 2005; Abbas et al., 2009, 2012). Geo-
physical studies have made an effective contribution to char-
acterizing groundwater aquifers, especially geoelectrical re-
sistivity, seismic refraction, and ground-penetrating radar
techniques. Sharafeldin et al. (2017) studied the ground-
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Figure 1. Location map of the study area at the pyramid plateau.
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Figure 2. Geologic map of the Giza Plateau, Egypt (modified after Yehia, 1985).
water table in the GPG using combined electrical resistiv- groundwater table and characterize the aquifer in the Giza
ity imaging (ERI) and ground-penetrating radar (GPR). The pyramid area. The locations of different surveys conducted
present work implemented an integration of electrical re- in the GPG are illustrated in Fig. 4.

sistivity imaging (ERI), shallow seismic refraction (SSR),
and ground-penetrating radar (GPR) techniques to depict the
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Figure 3. Groundwater aquifers affecting the Giza Plateau (EI-
Arabi et al., 2013).

2 Method
2.1 Electrical resistivity imaging (ERI) surveying

Two-dimensional electrical resistivity imaging surveys by to-
mographic inversion are usually carried out using a multi-
electrode system with 24 electrodes or more connected to a
multicore cable (Griffiths and King, 1965). A Syscal-Pro re-
sistivity meter from IRIS Instruments, France, was deployed
at the site of the GPG using a 24 multielectrode dipole—dipole
array configuration with 5 m electrode spacing. The length of
geophone spread is 120 m for each profile and reaches more
than 30 m as the maximum depth of investigation, consider-
ing the offset shots. A total of 10 ERI profiles were created
to characterize the resistivity of subsurface layers to delin-
eate the groundwater aquifer (Fig. 4). The topographic el-
evation of each electrode is considered along the ERI pro-
file and linked to the Res2Dinv program. The acquired ERT
data were processed using Prosys II software from IRIS In-
struments to filter and exterminate bad and noisy data ac-
quired in the field and produce pseudo-resistivity sections.
The Res2Dinv software was used to invert the collected data
along the conducted ERT profiles (Loke, and Barker, 1996;
Loke, 2012). This software works by automatically subdivid-
ing the subsurface of the desired profile into several rectan-
gular prisms and then applies an iterative least-squares inver-
sion algorithm to solve a nonlinear set of equations to deter-
mine the apparent resistivity values of the assumed prisms
while decreasing the misfit values between the predicted and
the measured data. Table 1 shows the main characteristics of
the ERI profiles, including information such as profile loca-
tion, length, measured points, and expected depth of penetra-
tion.
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2.2 Shallow seismic refraction (SSR)

Seismic refraction is widely used in determining the veloc-
ity and depth of weathering layers, with static corrections
for deeper reflection data. It is also employed in civil engi-
neering for bedrock investigations and large-scale construc-
tion. It is also used in groundwater investigations, the de-
tection of fracture zones in hard rocks, examining stratig-
raphy and sedimentology, detecting geologic faults, evalu-
ating karst conditions, and hazardous waste disposal delin-
eation (Steeples, 2005; Stipe, 2015). A refraction technique
is widely developed for characterizing groundwater tables
(Grelle and Guadagno, 2009). Particularly, unsaturated soil
followed by saturated soil can be separated by a refracting
interface (Haeni, 1988). The seismic velocity values for the
depth estimation of the groundwater can be used as an in-
dicator for water saturation. The values of P wave velocity
are not uniquely correlated with the aquifer layer, but many
authors argue that P wave velocities around 1500 ms~! rep-
resent a saturated layer (Grelle and Guadagno, 2009). Tomo-
graphic studies indicate that a water table corresponds to P
wave velocity values of 1100 to 1200ms™! (Azaria et al.,
2003; Zelt et al., 2006).

A total of 26 SSR profiles were acquired at GPG (Fig. 4).
An OYO McSEIS-SX seismograph with 24 geophones and
channels was deployed at the GPG site to collect seismic re-
fraction data with geophone spacing of 5 m. Sledge hammers
weighing 10kg with an iron—steel plate are used to gener-
ate seismic P waves. Five shots per spread were gathered,
two offset forward and reverse and a split spread shot. The
spread length covers 115 m. Due to the historical and touris-
tic nature of the site, a considerable amount of noise imposes
on the recorded data. These noises were minimized as much
as possible by using the internal frequency domain filter and
vertically stacking several shots during data acquisition. The
first arrival times were picked using SeisImager software ver-
sion 4.2 from Geometrics. Tomographic inversion generated
an initial model from the velocity model obtained by the
time-term inversion; the inversion was then applied, which
iteratively traces rays through the model with the goal of
minimizing the RMS error between the observed and calcu-
lated travel-time curves (Schuster, 1998). SeisImager utilizes
a least-squares approach for the inversion step (Zhang and
Toksoz, 1998; Sheehan et al., 2005; Valenta, 2007). A three-
layer model is assumed to represent the subsurface succes-
sion with the inverted velocities.

To test the accuracy of the resulting tomographic models,
these models were used to calculate the arrival-time curve
that was compared with the measured arrival time and RMS
errors between the two results, which are calculated and illus-
trated as an example on a modeled seismic profile as blue and
black segments in the SSR3 graphs (Fig. 5). Table 2 shows
the main characteristics of the SSR profiles, including infor-
mation such as profile location, length, measured points, and
expected depth of penetration.

Geosci. Instrum. Method. Data Syst., 8, 29-43, 2019
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Figure 4. Locations for the profiles and techniques used along the different parts of the Giza Plateau.

Table 1. Main characteristics of ERI profiles.

Profile Measured Max.
no. Start End Length points  depth in m
x v x y  (m)
ERI1 320446 3317418 | 320436 3317527 120 206 ~ 20
ERI2 320356 3317386 | 320469 3317368 120 206 ~ 20
ERI3 320228 3317226 | 320285 3317327 120 206 ~20
ERI4 320110 3317236 | 320166 3317134 120 206 ~ 20
ERI5 320028 3317179 | 319934 3317112 120 206 ~ 20
ERI6 319845 3317010 | 319825 3317123 120 206 ~20
ERI7 319739 3316914 | 319830 3316992 120 206 ~ 20
ERI8 319582 3316803 | 319574 3316922 120 206 ~ 20
ERI9 319392 3316898 | 319499 3316865 120 206 ~20
ERII0O 319238 3316958 | 319347 3316923 120 206 ~ 20

2.3 Ground-penetrating radar (GPR) techniques

GPR is a noninvasive and effective geophysical technique to
visualize the near-surface structure of the shallow subsurface
and is widely used to solve environmental and engineering
problems (Jol and Bristow, 2003; Comas et al., 2004; Neal,

Geosci. Instrum. Method. Data Syst., 8, 29—43, 2019

2004). GPR is a site-specific technique that imposes a vital
limitation on the quality and resolution of the acquired data
(Daniels, 2004). The GPR surveys were carried out using a
100 MHz shielded antenna from MALA ProEx GPR. A total
of 19 GPR profiles were performed along selected locations
in the study area (Fig. 4). The GPR profiles range in lengths

www.geosci-instrum-method-data-syst.net/8/29/2019/
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Figure 5. SSR and GPR profiles in Nazlet El-Samman village.

from 40-200 m, according to the space availability, with a
total GPR survey length of about 2.5 km. Wheel calibration
was carried out near the Great Sphinx along 30 m of distance,
and the velocity used for calibration is 100 m ps_l, which re-
sulted from a wide-angle reflection and refraction (WAAR)

www.geosci-instrum-method-data-syst.net/8/29/2019/
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test using a pulseEKKO GPR 100 MHz unshielded antenna
(Sensors&Software, Canada). Harari (1996) showed that the
groundwater table can be detected easily with a discerning
selection of the antenna frequency, and he observed that the
lower-frequency antenna (e.g., 100 MHz) was more effective

Geosci. Instrum. Method. Data Syst., 8, 29-43, 2019
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Table 2. Main characteristics of SSR profiles.

Spread Geophone  Number
no. Start End Length interval  of shots  Direction
X y X y (m) (m)

SSR1 319403 3318602 | 319348 3318549 55 5 5 NE-SW
SSR2 319344 3318544 | 319280 3318480 55 5 5 NE-SW
SSR3 320463 3317802 | 320459 3317734 55 5 5 N-S
SSR4 320455 3317716 | 320448 3317650 55 5 5 N-S
SSR5 320581 3317211 | 320547 3317246 55 5 4 NW-SE
SSR6 320542 3317251 | 320511 3317283 55 5 4 NW-SE
SSR7 320462 3317336 | 320422 3317348 55 5 5 NW-SE
SSR8 320394 3317358 | 320352 3317364 55 5 5 NW-SE
SSR9 320753 3316848 | 320716 3316844 55 5 4 E-W
SSR10 320713 3316845 | 320679 3316847 55 5 4 E-W
SSR11 320667 3316846 | 320634 3316843 55 5 4 E-W
SSR12 320625 3316845 | 320594 3316843 55 5 4 E-W
SSR13 320441 3317414 | 320432 3317527 120 5 5 N-S
SSR14 320370 3317381 | 320488 3317363 120 5 5 E-W
SSR15 320284 3317316 | 320230 3317212 120 5 5 NE-SW
SSR16 320169 3317128 | 320106 3317229 120 5 5 NW-SE
SSR17 320035 3317033 | 319921 3317029 120 5 5 E-W
SSR18 319847 3316990 | 319826 3317103 120 5 5 NW-SE
SSR19 319729 3316976 | 319813 3316979 120 5 5 E-W
SSR20 319573 3316917 | 319579 3316809 120 5 5 N-S
SSR21 319453 3316880 | 319344 3316905 120 5 5 NW-SE
SSR22 319243 3316951 | 319137 3316995 120 5 5 NW-SE
SSR23 319091 3317025 | 318994 3317087 120 5 5 NW-SE
SSR24 318932 3317126 | 318840 3317194 120 5 5 NW-SE
SSR25 318719 3317371 | 318611 3317334 120 5 5 NE-SW
SSR26 319068 3317570 | 319042 3317459 120 5 5 NE-SW

for locating the groundwater table depth. Several basic pro- 3 Results

cessing techniques can be applied to GPR raw data stating

from a DC shift to migration (Annan, 2005; Benedetto et al., 3.1 ERI

2017). All 19 GPR profiles were processed to delineate sub-
surface layering and groundwater elevation in the study area.
An appropriate processing sequence for GPR data was ap-
plied to facilitate interpretation of radargram sections using
REFLEXWIN V. 6.0.9 software (Sandmeier, 2012). First, a
time-zero correction and then dewow filters were applied to
remove the DC component, and very low-frequency compo-
nents were applied to all GPR data. Then, a band-pass fil-
ter was used to improve the visual quality of the GPR data,
and gain recovery was applied to enhance the appearance of
later arrivals because of the effect of signal attenuation and
geometrical spreading losses (Cassidy, 2009). A running-
average filter was the final filter applied. Table 3 shows the
main characteristics of the GPR profiles.

Geosci. Instrum. Method. Data Syst., 8, 29—43, 2019

The ERI profile data represented in Table 1 are used to in-
vert the 2-D resistivity models of the GPG site. Five selected
profiles are presented in Figs. 6, 7, 8, 9, and 10 to character-
ize the resistivity model in the different archaeological sites
that are potentially threatened by groundwater hazards. The
interpreted profiles show that the subsurface of the area is
composed of three layers: the surface layer consists mainly
of sands and gravels and some exposures of hard limestone
and marl. The resistivity values show a wide range of varia-
tion between 40 2m and more than 1200 2m in some parts
as the clay content varies in the layer. The thickness of the
layer ranges between 3 and 6 m. A second layer shows an av-
erage resistivity value varying between 50 and 200 2m and
in some parts reaches a low value of 4 Qm as the clay and
gypsum intercalation increases. This layer is correlated with
wet and saturated sandy and fractured marly limestone, and
the thickness varies between 8 m and more than 30 m. The
aquifer layer can be detected with a resistivity range of 40—
80 Qm. In the ERI-2 profile (Fig. 7), part of this layer shows

www.geosci-instrum-method-data-syst.net/8/29/2019/
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Table 3. Main characteristics of GPR profiles.

Profile no. Start ‘ End Elevation Direction Length

x y | x y (m) (m)
GPR1 319421 3318640 | 319242 3318461 30 NE-SW 182
GPR2 320452 3317841 | 320443 3317605 26 N-S 193
GPR3 320603 3317195 | 320507 3317301 20 NW-SE 140
GPR4 320471 3317343 | 320421 3317356 21 NW-SE 58
GPR5S 320421 3317363 | 320306 3317373 18 NW-SE 146
GPR6 320766 3316848 | 320673 3316842 17 E-W 91
GPR7 320671 3316842 | 320635 3316840 16 E-W 38
GPR8 320627 3316842 | 320582 3316839 18 E-W 57
GPR9 320430 3317527 | 320442 3317405 21  N-S 120
GPR10 320465 3317370 | 320339 3317385 20 NW-SE 116
GPR11 320283 3317322 | 320226 3317212 20 NE-SW 120
GPR12 320168 3317134 | 320108 3317246 28 NW-SE 120
GPR13 320023 3317224 | 319860 3317087 40 NE-SW 200
GPR14 319827 3317123 | 319845 3316,982 44 N-S 131
GPR15 319823 3316986 | 319723 3316910 50 NE-SW 118
GPR16 319568 3316936 | 319580 3316798 60 N-S 125
GPR17 319501 3316864 | 319370 3316881 65 NW-SE 123
GPR18 319380 3316908 | 319233 3316960 66 NW-SE 146
GPR19 319249 3316979 | 319035 3317063 75 NW-SE 162

a higher resistivity value ranges of 1000-3000 2m that re- 3.3 GPR

flects a facies change of marly limestone to limestone and
dolomite. This facies change is also observed at the end of
ERI (Fig. 6). This layer comprises two zones of water content
separated by the water table. The upper zone above the water
table is a wet zone and the part below the water belongs to the
saturated zone. The third layer is a saturated zone and shows
a resistivity value between 50 and 100 2m, which cannot be
detected from the marly limestone only with the integration
of seismic results.

3.2 SSR

All seismic profiles (Figs. 5 to 10) show a three-layer model
for the subsurface succession with the inverted velocities and
thicknesses. The topmost layer exhibits a velocity range of
500-1000m s~ !, and thicknesses of 3 and 6 m are correlated
with dry sand and gravels. The second layer shows a velocity
range between 1200 and 2500 m s~! at 8 m to more than 30 m
thick. The thickness increased toward the west and southwest
as associated with the Maadi Formation at depth. It is noted
that the upper part of this layer shows a relatively lower ve-
locity due to water saturation and fractures. The water table
can be correlated with a velocity of 1400-1600 m s~ ! which
separated the upper wet zone and lower saturated zone. The
third layer shows a higher velocity that ranges between 2800
and 3800 m s, which can be correlated with the limestone
and dolomite of the Mokattam Formation.

www.geosci-instrum-method-data-syst.net/8/29/2019/

All interpreted GPR profiles (Figs. 5 to 10) detect the sur-
face layer that is characterized by strong reflection, and the
thickness is good match to that resulting from seismic inter-
pretation. The top of the second layer shows weak reflections
due to the water content through capillary seepage. Despite
that, the water table in most GPR sections has been traced
and is in good agreement with the SSR and ERI results. Due
to the signals attenuated below the water table and the depth
limitation of the GPR, the third layer cannot be defined in
most sections.

4 Discussion

The integrated interpretation of the SSR, ERI, and GPR sur-
veys supports a three-layer model assumed to represent the
subsurface succession with the inverted velocities, resistivi-
ties, and thicknesses. The collaboration of different geophys-
ical techniques that are susceptible to different physical prop-
erties can minimize the ambiguity associated with a separate
technique. SSR is sensitive to elastic properties and density
that clearly depict the subsurface layer boundaries as well
as the groundwater table associated with a velocity of 1500—
1600 ms~!. These boundaries can be correlated with the in-
terpreted GPR profiles and ERI. The ERI technique is highly
affected by water and clay contents in the subsurface lay-
ers that control the resistivity values and reflect a resistivity
boundary rather than lithological boundaries. The ERI can
clearly delineate the aquifer layer and water content zone.

Geosci. Instrum. Method. Data Syst., 8, 29-43, 2019
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Table 4. Average interpreted groundwater elevations to the nearest eight installed piezometers (modified after AECOM, 2010).

Piezom. no. Surveyed area Geophysical data Piezom. GWT (m) Interpreted GWT (m)
Pz-6,7 Nazlet EI-Samman  SSR3, 4 GPR2, 5 15.9-17.4 17
PZ-8 Sphinx Temple SSR13, GPR9Y, ERI1 15.7 15.3-15.5
Pz-11, 14 Valley Temple SSR14, GPRS, and ERI2 14.4-14.1 15
PZ-12, 15,16  Sphinx SSR13, GPRY, and ERI1 15.3-15.6 15-15.5
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Figure 6. ERI, SSR, and GPR profiles for the Sphinx and the Sphinx Temple.

GPR contributes to delineating the surface layer and also to
delineating the groundwater table. The three-layer models
comprise a surface layer of sand and gravels with a veloc-
ity range of 500-1000ms~! and a wide range of resistiv-
ity between 40 and 1200 Qm; the thickness varies between 3
and 6 m. The second layer of sandy marly limestone shows
a velocity range between 1200 and 2500 ms~', and resistiv-

Geosci. Instrum. Method. Data Syst., 8, 29—43, 2019

ity values vary from 50-200 2m; the thickness varies from
8 m to more than 30 m. The third layer shows a high veloc-
ity range between 2800 and 3800 ms~!, and resistivity val-
ues vary between 40 and 100 Qm correlated with limestone
and dolomite. The integrated interpreted surveys indicated
that water table elevation ranges between 14.5 and 17 m in
the area. As the ground relief increases toward the Menkaure

www.geosci-instrum-method-data-syst.net/8/29/2019/
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Pyramids (small Pyramid) the water table is deeper and a
perched water table is interpreted at elevations between 22
and 45 m.

Groundwater hazards were detected in some locations that
have archaeological importance; these locations are Nazlet
El-Samman village, the Great Sphinx, Sphinx Temple, Val-

www.geosci-instrum-method-data-syst.net/8/29/2019/

ley Temple of Khafre, central field of Mastaba, and Khafre
causeway.

Nazlet EI-Samman village. This is a suburban area located
outside the core of the archeological site. The geophysical
surveys SSR-3 and 4 and GPR-2 were conducted in the area
(Fig. 5). SSR3 shows a three-layer model and an aquifer layer
of velocities 1600-1800 ms~! with an interpreted water ta-

Geosci. Instrum. Method. Data Syst., 8, 29-43, 2019
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Figure 8. ERI, SSR, and GPR profiles in the tomb of Queen Khentkawes.

ble at an elevation of 17 m. This elevation is fairly matched
with the nearest piezometers (6 and 7) in the area where the
groundwater elevation is 16—17 m. The aquifer in this part
belongs to the Nile alluvium aquifer. This shallow water ta-
ble might raise the water table level below the Sphinx area
(Fig. 5), causing severe hazards.

Sphinx, Sphinx Temple, Valley Temple of Khafre, central
field of Mastaba, and Khafre causeway. This is the most im-
portant part of the study area where water appeared on the
surface at the Valley Temple and the surrounding area of the
Sphinx during the year 2007. The locations of the surveys
were chosen according to the limited space approved by the
Pyramid Archaeological Authority. The locations of the col-
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lected data are shown in Fig. 4. Surveys show a good match-
ing among the different techniques; the correlation among
different survey results revealed that the groundwater eleva-
tion is between 15 and 15.5 m. The base-level elevation of
the Sphinx is 20m, and a safe water table elevation should
be 15 m or less. This level is lower than the suburban area of
Nazlet El-Samman, which might indicate a recharge of the
aquifer below the Sphinx and increase capillary water rise.
Sphinx and Sphinx Temple. GPR-9, SSR-13, and ERI-1
(Fig. 6) were conducted in front of the Sphinx and Sphinx
Temple. The integration of these surveys depicts a subsur-
face three-layer model resulting from SSR 13 and GPR9, and
it clearly defines the groundwater aquifer in front of Sphinx
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Figure 9. ERI, SSR, and GPR profiles in the Valley Temple of Menkaure.

Temple. The ERI1 section clearly shows the extension of the
aquifer and saturated zone to the third limestone layer. The
integrated groundwater elevation from different techniques is
about 15.5-15.8 m, as shown in Fig. 6.

Valley Temple of Khafre and central field of Mastaba. This
involves GPR profiles 3, 4, 5, 10, and 11, SSR profiles 5, 6, 7,
8, and 14, and ERI 2 (Fig. 4). The integration SSR-14, ERI-
2, and GPR-5 is illustrated in Fig. 7. The integration of these
surveys delineates the subsurface layer as well as the aquifer
layer. The ERI-2 section shows a high-resistivity zone in the
middle of the section that reflects a resistive boundary in
the aquifer and more resistive lithology. This high resistiv-
ity might be explained by the change in clay and gypsum

www.geosci-instrum-method-data-syst.net/8/29/2019/

content in marly limestone; this boundary is not traced on
SSR-14. The groundwater elevation is about 15 m as shown
in Fig. 7. The tomb of Queen Khentkawes involves GPR-11,
SSR-15, and ERI-3 (Fig. 8) conducted near the tomb. The
integration of these surveys shows the three-layer subsurface
model and aquifer layer. ERI-3 shows a homogenous resis-
tivity with depth as an extension of the aquifer layer. The
groundwater elevation is about 14.8—15.2m in front of the
valley tomb of Queen Khentkawes.

Valley Temple of Menkaure. This involves GPR-12, SSR-
16, and ERI-4 conducted near the temple (Fig. 9). ERI-4
shows a high-resistivity top layer and a wet and saturated
layer extending at depth. The integration of these surveys in
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Figure 10. ERI, SSR, and GPR profiles in the causeway to Menkaure Pyramid.

front the of Valley Temple of Menkaure shows that the av-
erage groundwater elevation is about 16 m. The groundwater
table is not seen on the GPR profile due to the short time
window.

Causeway to Menkaure Pyramid. This involves the GPR-
15, SSR-19, and ERI-7 surveys illustrated in Fig. 10 con-
ducted near the causeway to Menkaure Pyramid. ERI-7
shows a relatively high resistivity value of the surface layer
where a causeway is a compacted passage. A perched wa-
ter table is located at an elevation of 43 m. At the Menkaure
Queen Pyramids and Menkaure quarry, the surveys were con-
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ducted at higher topographic relief, and the correlation of the
different techniques revealed that a perched water table might
be interpreted at elevations of 45-48 m (Fig. 10).

Table 4 shows a comparison of the groundwater table ele-
vation data recorded by piezometers installed by Cairo Uni-
versity during the year 2018 in the Wadi Temple and Sphinx
area (AECOM, 2010). The interpreted water table elevation
resulted from the nearest conducted geophysical surveys.
There is a relatively small difference among the results, and
differences might be related to the pumping effect when the
surveys were conducted during 2016, as well as the toler-
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ance in the geophysical data and variation in contact surface
between the wet and saturated zones.

Figure 11 represents a cross section using the interpreted
results of SSR, ERI, and GPR data to illustrate the difference
in groundwater table elevation between the Great Sphinx and
the small pyramids of Menkaure. It indicates an increase in
groundwater elevation from west to east. The MWG6 bore-
hole drilled at a ground elevation of 65m detected a wa-
ter table at an elevation of 15 m (AECOM, 2010). The wa-
ter table to the west might be considered a perched wa-
ter table due to leakage from mass urbanization, surface
runoff, and capillary fracture seepage. Figure 12 represents
the compiled groundwater table elevation contour map from
the geophysical surveys and groundwater table levels mea-
sured from piezometers installed by Cairo University (AE-
COM, 2010). The present geophysical surveys proved that
the pumping systems installed by Cairo University (2008)
and AECOM (2010) have lowered the groundwater levels
and there is a need for more pumping to compensate for the
recharge of water leakage from the surrounding area of the
Sphinx. A threat comes from the eastern edge where the Na-
zlet El-Samman suburb, a golf course, and the Sound and
Light Gardens will raise the groundwater level, decrease the
outflow from the archaeological area, and consequently raise
the water level at the site. A new threat along the western
edge of the area is due to the mass urbanization studied by
Bekhit et al. (2013), who stated that increasing the head along
the western boundary by 1 m reduces the outflow from the
western boundary by about 1120 m? day~!. Decreasing the
water head along the western boundary increases the outflow

from the western boundary by about 1060 m? day—!.

5 Conclusions

The integrated interpretation of ERT, SSR, and GPR surveys
was performed at the Great Pyramids of Giza site to success-
fully investigate the groundwater aquifer and water table ele-
vation and assist hazard mitigation. An integrated interpreta-
tion of three-layer models is assumed to depict the subsurface
layers and a better delineation of the aquifer layer. The sur-
face layer is composed of sands and gravels with a seismic
velocity of 500-1000ms~! and a wide range of resistivity
between 50 and 1200 2m; the thickness varies between 3 and
6 m. The aquifer layer shows a velocity of 12002500 ms~!
and a resistivity range of 40-80 Q2m, with a thickness be-
tween 8 and 30 m correlated with marly limestone. The third
layer shows a high velocity at 2800-3800ms~! and a re-
sistivity range of 40—-100 2m correlated with limestone and
dolomite in the saturated zone. The average water table depth
is about 15 m, which is safe for the Sphinx where the base
foot has an elevation of 20 m. The shallow water table eleva-
tion at Nazlet EI-Samman village reaches 16—17 m and might
recharge the aquifer below the Sphinx and Valley Temple,
which is considered a severe hazard on the site. A perched
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groundwater table might exist in the elevated area toward the
west and southwest. Great care should be taken regarding the
effect of mass urbanization to the west of the Great Pyramids
of Giza, which might affect the groundwater model of the
area. A dewatering system should be implemented to avoid
such hazards.
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