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Groundwater aquifer detection using the time-domain electromagnetic method: A case

study in Harrat Ithnayn, northwestern Saudi Arabia

Abstract

Eight time-domain electromagnetic profiles were carried out in Harrat Ithnayn,
northwestern Saudi Arabia, to detect potential groundwater-bearing aquifers in the area. The
collected data were processed and analyzed, with the results inferred or extrapolated between one-
dimensional vertical soundings to obtain two-dimensional resistivity sections of the subsurface
geological setting. We found that the resistivity values change laterally and vertically throughout
the area[.zﬂbigh resistivity values (greater than 100 Q m) occupy most of the sections down to depths
of approximately 100-150 m, whereas the low-resistivity regions of the section appear to be
shallower than 100 m toward the west in the northern part of Harrat Ithnayn. The high-resistivity
regions correspond to the Harrat basalts and are underlain by low resistivity (down to a few 2 m)
in the saturated zones. There are also localized regions of low resistivity at depths of approximately
20-30 m, indicating shallow local groundwater aquifers. Aquifer thickness varies from
approximately 50 to more than 100 m[.li]r: the southern part, the resistivity sections indicate that the
main aquifer is at a depth of 150-200 m (possibly near 170 m) below the basalt. A saturated zone
or shallow aquifer approximately 20-30 m thick also exists at a depth of approximately 15 m. In

both the shallow and deep aquifers, the resistivity values indicate that there is good quality fresh

water.

Keywords: Time-domain electromagnetic (TDEM), Groundwater aquifers, Harrat Ithnayn, Saudi

Arabia

1. Introduction

Many geophysical techniques have been used for groundwater characterization, but the
greatest success has been shown with electrical and electromagnetic methods (Eke and Igboekwe,
2011). Electromagnetic (EM) methods are widely used for groundwater exploration. These

methods are either used exclusively or used in combination with the electrical resistivity
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tomography method (Omosuyi et al., 2007; Buselli and Kanglin, 2001; Danielsen et al., 2007,

Olorunfemi et al., 1996). Even though varying degrees of success have been achieved using the
EM method, data interpretation remains a problem. Detailed interpretations of geophysical data
are useful for the effective delineation of groundwater-bearing zones or features. Meulenbeld and
Hattingh (1999) and Aked (1995) emphasized the careful interpretation of geophysical data as a

useful tool to delineate water-bearing features.

The time-domain electromagnetic (TDEM) measurements are conducted using
ungrounded square or circular loops lying on the ground surface. In this configuration, short direct
current pulses are introduced by the transmitter loop, which is turned off after a specified time-on
period (Hoekstra and Blohm, 1990). The time it takes for the current to return to zero after being
turned off primarily depends on the loop size (Pellerin et al., 1994). The depth of investigation is
directly proportional to the shut-off time, the recording time interval, and the loop size (Spies,
1989). When the transmitter loop is turned off, the primary field rapidly decays, eddy currents are
generated in the conductive material below the loop, and the decaying currents induce a new EM

field (a secondary EM field), which causes a new current at even greater depths.

In areas where groundwater occurrences are structurally controlled, it is suitable to use a
method that is sensitive to fractures. Widely used, EM methods have been considered suitable for
detecting and delineating fracture zones. According to McNeill et al. (1986), TDEM systems were
originally developed for mineral exploration and were later discovered to be apt for detecting and
measuring small conductivity changes caused by the presence and quality of groundwater[.“ﬁlese
systems have also been used to detect geological structures favorable for groundwater, such as
faults and fracture zones[.“l]r:terpretation techniques take advantage of the sensitivity of the TDEM
equipment to detect fractures for the delineation of geological features or water-bearing zones
(McNeill and Snelgrove, 1995) and consider the geology of the area and other hydrogeological
factors. Often, significant geologic features may be entirely overlooked as a result of an inability
to recognize simple data patterns. Recognizing and carefully interpreting fractures or fracture

systems in geophysical data can have a significant positive impact on borehole drilling results.
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In EM surveys, the total sum of the fields is measured (Oghenekohwo, 2008)[.1(chording
to Maxwell's equations, the observed difference between the transmitted (primary) EM field and
the received (secondary) EM field provides information concerning the nature and electrical
properties of the subsurface conductive body. EM techniques have been widely used for
groundwater exploration (Edet, 1990; McNeill, 1990; Olayinka, 1990; Bayor, 2004; Chegbeleh et
al., 2009; Jika and Mamah, 2014; Al-Amoush et al., 2015; Seidu et al., 2019).

In Saudi Arabia, volcanic fields, known in Arabic as harrat, were deposited during the
Cenozoic Era as a consequence of the rifting and drifting of the Arabian Plate away from the
African Plate, which led to the formation of the Red Sea and a volcanically active passive
continental margin on western Arabia (Fig. 1). This volcanic activity spanned a large period of
time from the Oligocene (30 Ma) to historical times. The volcanic fields extend from their northern
border with the Levant to their southern border with Yemen. There are 13 distinct volcanic fields
in western Saudi Arabia{]%:)rtunately, most of the volcanoes are extinct, very few erupted more

than 1,000 years ago, and only one erupted as recently as 1256 CE.

The Harrat Ithnayn volcano is a volcanic field located in northwestern Saudi Arabia north
of the Harrat Khaybar volcanic field and has a size of 4,000 km? (Fig. 1). The inhabitants of the
scattered and remote communities in Harrat Ithnayn require a sustainable source of potable water
for drinking and domestic usage. Accordingly, this study was organized to detect subsurface
groundwater aquifers via the creation of a two-dimensional hydrogeophysical model along the

study area with a lateral and vertical extension through the Harrat Ithnayn area.

2. Geological and hydrological setting

Harrat Ithnayn is the northernmost volcanic field in the Mecca—Medina—Nafud (MMN)
volcanic line and the least studied. Harrat Ithnayn represents the most recent episode of the
northern progression of volcanism along the MMN line (Fig. 1). Volcanism started in Harrat Rahat
( 10 Ma), then moved to Harrat Khaybar ( 6 Ma), and finally began at Harrat Ithnayn ( 2 Ma)
(Camp and Roobol, 1991; Camp and Roobol, 1992; Shaw et al., 2004, Alhejji, 2019). The lava
fields of the Harrat Ithnayn volcanic field cover an area of approximately 4,000 km? with an

average thickness of approximately 50 m (Roobol and Camp, 1991a). The Harrat Ithnayn volcano
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consists of various shield volcanoes and scoria cones and contains large basaltic flows with lava
caves[.lzri:he youngest lava flows from Harrat Ithnayn are less than 4,500 years old[.lzi:he Harrat
Ithnayn volcanic field started to erupt approximately 3 Ma, and it overlies Cambrian sandstones
and Precambrian basement rocks (Coleman et al., 1983; Camp et al., 1991). Compositionally, this
phase generated transitional to strongly alkali basaltic rocks (Camp and Roobol, 1992; Konrad et

al., 2016). Camp and Roobol (1992) attributed the younger volcanism in western Arabia (Fig. 2).

Volcanic vents are roughly aligned in the north—south direction[.lﬂlrhe magmas of Harrat
Ithnayn are of basaltic and basanitic composition and lack the silicic components present in
neighboring Harrat Khaybar[.li]&mayn is one of three coalesced basaltic lava fields, namely, harrats
Khaybar, Ithnayn, and Kura, which constitute the largest contiguous area of Cenozoic basalt in
Saudi Arabia, similar in extent (20,564 km?) and volume (1,850 km?) to Harrat Rahat, which is
situated only 25 km to the south (Camp et al., 1991). Various lava caves exist across the Arabian
basaltic volcanic fields[.lo(])bne of the best known in the Harrat Ithnayn volcanic field is the 530-m-

long Kahf Al Shuwamis lava tube, located at the base of the Hazim Al Khadra volcano, 240 km

north—northeast of Medina.

Hydrogeologically, Harrat Ithnayn is located in the Rumah Basin which is the largest
drainage basin of north-central Saudi area with approximately 71.000 Km? (Person-Basil, 1968).
Its catchment area lies west of the Arabian Shield or the basement complex. The wadi probably
was a perennial stream during the pluvial period, sometime in the Late Pleistocene[.ml)}ue to the
presence of mobile sands and the reduced volume and frequency of its flow, the wadi now
terminates about 50 km and flow may still occur any time from October to May (Sowayan and
Allayla, 1989). For a 10-year record at a station located about 50 km east of Harrat Ithnayn
investigated area, the maximum volume of flow in one year was found to be 32.5 x 10° m?
(Ministry of Agriculture and Water, 1969). Winter rainfall over the study area ranges between 9.1
and 15.53 mm, spring rainfall varies from 10.62 to 24.75 mm, summer rainfall varies from O to 1.5

mm, and autumn rainfall varies from 8.98 to 37.39 mm. The water table depths in the study area

vary from 3.9 to 207 m, with an average depth of 31.96 m.
3. Electromagnetic data collection

TDEM field measurements were conducted during November - December in 2020 at eight

selected sites distributed in the Harrat Ithnayn area (Fig. 3). These data were acquired using a

4
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Zonge GDP32 instrument, with a transmitter loop size of 50 m and a receiver loop size of 10 m.
This enabled the electrical resistivity section to be determined down to a maximum depth of
approximately 250-300 m below the surface, depending on the shallow resistivity conditions[.zél]"%e
stacking time was set to approximately 5 min with a 50-Hz noise filter to avoid aliasing effects of
any possible galvanic interference. The length of all TDEM lines was 800 m, except line No. 6,
which extended 600 m[.lgptimal site selection was adopted such that the spatial distribution of the

TDEM data sampled most of the study area and nearby locations.
4. Results and analysis

The TDEM data were processed using the TEMRESEARCHER (TEM-Researcher
Software, 2007) software, which enables the generation of pseudo- and inverse resistivity sections
from one-dimensional sounding resistivity. Then, the one-dimensional sections were inferred or

extrapolated to obtain two-dimensional subsurface resistivity sections.

Resistivity section at EM-2 site (Fig. 4) illustrates structural variation in its upper 200 m.
This section indicates that high resistivity values (greater than 100 Q m) occupy most of the section
down to depths of approximately 100—150 m, even though this is slightly variable along the profile,
and the lower resistivity part of the section appears to be shallower than 100 m toward the west.
The high-resistivity regions likely correspond to the Harrat basalts and, along most of the profile,
are underlain by lower resistivity values (blue areas down to a few € m) as a result of saturated
zones. There are also two lower resistivity regions at stations 60 and 240 that may indicate local
shallow aquifers at a depth of approximately 20 m, even though the precise lateral extent of these
regions cannot be determined from these data. The lower limits of the deeper aquifers are not well
defined in some places but appear to be quite variable, with an aquifer thickness possibly exceeding
100 m near the center of the profile. Given that the resistivity values in the section are not

exceptionally low, it is possible that the water is fairly fresh.

The EM-4 profile (Fig. 5) indicates that the low-resistivity saturated zone occurs at depths
of less than 100 m and possibly even less than 50 m at stations 600 and 640. This indicates that
the basalt sequences tend to become thinner toward the western side of Harrat Ithnayn. The aquifer
thickness likely varies from approximately 50 to more than 100 m, even though the actual

boundaries cannot be defined very precisely in these sections. There is a localized low-resistivity
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zone at a depth of approximately 30 m at station 400 that may represent a good source of shallow
fresh water. The western part of Harrat Ithnayn appears to have shallower aquifers than the eastern
part, and drilling to depths of approximately 150 m should enable the saturated zones shown in the

diagrams to be tested.

The resistivity section underlying EM-6 profile (Fig. 6) indicates that the upper surface of
the saturated zone is at a depth of approximately 150-200 m, but it is quite variable even over such
a short profile. The lower limits of the zone are not defined, but the water may be reasonably fresh.
In addition, the resistivity section along profile EM-8 (Fig. 7) suggests that the main aquifer is at
a depth of 150-200 m (possibly near 170 m) below the basalt, even though the upper surface of
the saturated zone cannot be located precisely from this section. The saturated zone appears to be
slightly shallower at the most southerly data point. A saturated zone or shallow aquifer
approximately 20-30 m thick also exists at a depth of approximately 15 m across most of the
section and is best defined at stations 100, 200, and 300. In both the shallow and deep aquifers, the

resistivity values indicate that there is good quality fresh water.
5. Conclusions

Eight TDEM profiles were conducted at Harrat Ithnayn, where they were distributed over
the entire study area. The collected data were processed and analyzed. The results indicated that
there are distinct horizontal and vertical changes in the geological setting over the study area.
Basaltic rocks appear at different depths and with different extensions; this, in turn, is accompanied
by obvious changes in the depths of the water-bearing zones in the region[.g]l\}/loreover, the depth of
the water-bearing zones differs in the northern part of the region from that in the south as it is less
than 100 m in the north but extends from 100 to 150 m in the south[.zzll‘ilere are also water-saturated
areas at shallow depths of 15-20 m in the northern part of the region, as well as at a depth of 15 m
in the south. There exists a saturated zone or shallow aquifer that is approximately 20—30 m thick.

[81: the basis of the electrical resistivity values, it is likely that the groundwater in the study
area is fresh[.meherefore, drilling of groundwater wells in the areas identified in this study is

recommended to provide the water needed for drinking, household purposes, and other activities

for the residents of the urban communities spread throughout the study area.
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