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Abstract: In arid countries such as Saudi Arabia, aeolian sand often covers a large area of the
country. Understanding the variations of sand properties in dunes, including grain size, sorting,
mineral composition and water content, can be important for groundwater recharge, environmental,
and construction applications. Earlier studies examined properties of sand dunes by collecting
samples from the surface. This study aims to investigate variations of sand properties within a
Barchan sand dune in the coastal area of Saudi Arabia, by collecting samples and measurements from
two vertically drilled boreholes up to the ground water level; one drilled in the dune crest and another
one in the limb. Representative samples were collected and analyzed for their texture parameters,
water content, and mineralogy. Electrical resistivity survey data was also acquired to map water
content variation in the dune limb, and for comparison with well bore data. The reported results
show no vertical variations in grain size or sorting in the dune crest. In contrast, the upper 0.5 m of
the dune limb shows a relatively poorer sorting than found in deeper parts of the dune. Laterally,
no variations in minerology were observed between crest and limb sands while grain size tended
to be slightly coarser in the dune limb compared to the crest. Regarding the water content, it was
found to vary vertically, probably due to previous cycles of rainfall infiltration through the sand body.
Such observed variation in water content is consistent with the measured resistivity profile which
could clearly identify the water table and areas with higher water content. This study concludes that
beyond the upper 0.5 m, the Barchan sand dune body can be treated as a homogeneous medium in
terms of mineralogy and sorting while grain size increases slightly toward the limb side.

Keywords: Barchan sand dune; Saudi Arabia; electrical resistivity; vadose zone; sand
moisture; hydrogeology

1. Introduction

More than one-third of Saudi Arabia is covered by aeolian sand dunes in four large dune fields,
namely, Ar Rub’ al Khali, An Nafud, Ad Dahna, and Al Jafurah [1]. In the Eastern Province of Saudi
Arabia, the sand dunes that occurred in the coastal area belong to the Al Jafurah dune field, which
lies south of the Gulf of Bahrain [1]. The aeolian sand in the Eastern Province was accumulated
during the Quaternary Period and originated from the Bitlis–Zagros thrust belt [2]. Its source was the
Tigris–Euphrates paleo-river system. Sands were transported by northerly winds (Shamal) during the
Pleistocene Period and formed barchanoid dunes due to the consistent high speed of the winds [3,4].
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The sand dunes of the Al Jafurah desert are younger than other dunes in Arabia. Their sand was
accumulated 4000 years ago [5].

According to the previous studies, the sand dunes in the Eastern Province of Saudi Arabia display
variability in terms of texture and composition that are controlled by the geographic location [1–6].
The reported range of grain size and sorting is from fine to coarse, and poorly sorted to very well
sorted, respectively [2,6]. Regarding the mineral composition, the early work shows that the sand
dunes located close to the Arabian Gulf coastal area consist mainly of quartz with significant amount
of feldspars, and carbonate minerals [4]. No previous work was done on the water content profile
of the sand dunes in the Eastern Province of Saudi Arabia. Additionally, earlier studies examined
properties of sand dunes based on samples collected from the dune surface, which may not be
representative of the internal sand dune body at certain depths. The vertical and lateral variation
in texture, mineral composition, and water content of the sand dune is important for groundwater
recharge, and environmental and construction applications. The aim of this study is to investigate the
lateral and vertical variation of Barchan dune properties, including sand texture, mineral composition,
and water content, by adopting an integrated approach of geological, hydrogeological, and geophysical
techniques. The sand properties were measured on samples collected from two boreholes drilled in
the crest and limb of a Barchan sand dune, which is located 30 km east of Dhahran city in the Eastern
Province of Saudi Arabia (Figure 1). Moreover, the variation in water content of the studied sand
dune was also mapped using an electrical resistivity survey. Electrical resistivity tomography (ERT)
and vertical electrical sounding (VES) have been used extensively to delineate the areas of fresh and
brackish water within the sand dunes [7–11].
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(B) a high-resolution satellite image of the studied Barchan dune in the Eastern Province of Saudi
Arabia, and (C) a schematic illustration of the studied Barchan sand dune.
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2. Materials and Methods

2.1. Sand Sampling Method

The Geoprobe drilling rig, with a direct pushing hummer and rotary techniques, was used to drill
two boreholes at the depth of 10 m in the Barchan sand dune in the Eastern Province of Saudi Arabia.
Eighty-three undisturbed sand samples were collected from the two boreholes using the standard split
spoon method. A spilt spoon, 5 cm in diameter and 70 cm in length, was lowered into the borehole
after being attached to the string of the drill rod. The direct pushing hammer was used to push the split
spoon into the sand dune at the bottom of the borehole. After the spoon was filled with sand, it was
brought back to the surface. The sand in the split spoon was packed in glass bottles and delivered to
the laboratory for further analyses.

2.2. Electrical Resistivity Tomography (ERT)

The electric resistivity method is a common geophysical technique used for many decades
in geological, engineering, archaeological, mining, environmental, and groundwater applications,
and sometimes it is also used in hydrocarbon exploration [12–14]. In this technique, the subsurface
resistivity variations are measured from the ground surface as a function of the electrode separations [13].
Then, the true resistivity of the subsurface as a function of depth can be calculated accordingly.

ERT, as a two-dimensional (2-D) modeling technique, was used to find the resistivity changes
in the vertical and horizontal directions along the survey line. Here, we assumed that the resistivity
is constant in the direction perpendicular to the survey line, which is a valid assumption in many
geological situations [12,15].

In practice, four electrodes are required for the field measurements. Two of these four electrodes
(called C1 and C2) are used to inject the current (I) into the subsurface and the other two electrodes
(called P1 and P2) are used to measure the potential difference (∆V). Then, the apparent resistivity (ρa)
measured in (Ohm-m) is calculated by (e.g., [14]):

ρa = k
∆V

I
, (1)

k =
2π(

1
rC1P1

−
1

rC2P1
−

1
rC1P2

+ 1
rC2P2

) (2)

where k is a geometrical factor measured in meters that depends on the electrode spread, and rC1P1 is
the distance between the current electrode (C1) and the potential electrode (P1). In this field example
we used two electrode spreads:

1. Wenner spread (Figure 2a). This is a commonly used electrode spread in field measurements.
In this spread the electrodes are uniformly spaced in a line with the offset between each two
successive electrodes equal to ‘a’. In this case, the geometrical factor ‘k’ in Equation (2) is reduced
to k = 2πa.

2. Schlumberger spread (Figure 2b). The current electrodes in this spread are spaced much further
apart than the potential electrodes, where the offset between the current electrodes is equal to ‘2L’
and the offset between the potential electrodes is equal to ‘2l’. Here, the geometrical factor ‘k’ in
Equation (2) is reduced to k = 2πL2

2l ; for more details see [16].

For depth exploration, the offsets between the electrodes are gradually expanded about a fixed
point, while for lateral exploration and mapping the offsets between the electrodes remain constant and
all four electrodes are moved along the profile. In this field example we used two common electrode
spreads, Wenner and Schlumberger, to increase the resolution of the subsurface model [13–16].

In this study, we recorded an ERT profile using 96 electrodes with 0.75 m electrode intervals
arranged on the top of the sand dune at the limb side. All electrodes were connected to the measuring
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unit using a multi-core cable and the electric switching unit was used to automatically select the
relevant four electrodes for each measuring point. The recorded apparent resistivity was then inverted
to obtain the true resistivity as a function of depth.
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Figure 2. The two spreads used in the field recording, (a) Wenner and (b) Schlumberger spreads. C1
and C2 are the two current electrodes while P1 and P2 are the potential electrodes. The offset between
any two successive electrodes in the Wenner spread is ‘a’; the offsets between the two current and the
two potential electrodes in the Schlumberger spreads are ‘2L’ and ‘2l’, respectively.

2.3. Laboratory Analyses

2.3.1. Water Content

The water content of the sand samples collected from the unsaturated part of the studied Barchan
dune was measured in the laboratory using the gravimetric method with oven-drying. The sand
samples were kept in a glass bottle after being retrieved from boreholes, and the weight was recorded
on-site. The collected samples were immediately shipped to the laboratory, where they were dried in
the oven at 105 ◦C for 48 h. The sample weight was recorded after oven-drying, and the water content
of sand samples was then calculated as the percentage of the mass of water per mass of the dried
sand sample.

2.3.2. Salinity

The salinity of the collected sand samples was obtained by measuring the electrical conductivity
of water extracted from the sand sample by mixing 50 g of each sample with 50 mL of deionized water.
The electrical conductivity probe was used to measure the electrical conductivity of the sand samples.

2.3.3. Grain Size Distribution

The grain size distribution of the collected sand samples was obtained using a laser diffraction
particle size analyzer. The statistical parameters of the grain size (i.e., mean grain size and sorting)
were calculated based on the grain size cumulative curves [17].
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2.3.4. Mineral and Chemical Composition

The X-ray powder diffraction technique was used to quantify the mineral composition of the
collected sand samples. In addition, the bulk elemental composition of the tested sand samples was
obtained using the micro X-ray fluorescence technique.

3. Results

3.1. Lithology of the Sand Dune

Two lithology logs of the studied Barchan dune were established using the data collected from the
two boreholes, as shown in Figure 3. The 10 m borehole (Borehole n◦2) that was drilled into the dune
crest (along the windward side) consisted of fine- to medium-grain sands (Figure 3). It did not reach
the water table. On the other hand, the 10 m borehole (Borehole n◦1), which was drilled in the dune
limb (horn), penetrated 7 m of the medium-grained sand (the sand dune), followed by 2.5 m of fine- to
medium-grain sandy sabkha and 0.5 m of clay-sandy sabkha (Figure 3). The water table was found
below the sand dune in the sabkha section, 7.6 m below the ground surface.

Water 2020, 12, x FOR PEER REVIEW 5 of 13 

 

2.3.4. Mineral and Chemical Composition 

The X-ray powder diffraction technique was used to quantify the mineral composition of the 
collected sand samples. In addition, the bulk elemental composition of the tested sand samples was 
obtained using the micro X-ray fluorescence technique.  

3. Results 

3.1. Lithology of the Sand Dune 

Two lithology logs of the studied Barchan dune were established using the data collected from 
the two boreholes, as shown in Figure 3. The 10 m borehole (Borehole n°2) that was drilled into the 
dune crest (along the windward side) consisted of fine- to medium-grain sands (Figure 3). It did not 
reach the water table. On the other hand, the 10 m borehole (Borehole n°1), which was drilled in the 
dune limb (horn), penetrated 7 m of the medium-grained sand (the sand dune), followed by 2.5 m of 
fine- to medium-grain sandy sabkha and 0.5 m of clay-sandy sabkha (Figure 3). The water table was 
found below the sand dune in the sabkha section, 7.6 m below the ground surface.  

 

Figure 3. Lithology logs of the two boreholes showing the sand type and groundwater zones. 

3.2. Mineral Composition of Sands 

The bulk mineral composition of the collected sand samples was found to include quartz, 
feldspars, and calcite as the major minerals, and gypsum and heavy minerals as the minor ones 
(Figure 4). The reported values of quartz, feldspars, calcite, heavy minerals were 86.8%, 9.4%, 2.9% 
and 0.9%, respectively. Similar mineral compositions were observed at the sand dune crest and the 
sand dune limb, indicating the same source of sand grains for both areas.  
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3.2. Mineral Composition of Sands

The bulk mineral composition of the collected sand samples was found to include quartz, feldspars,
and calcite as the major minerals, and gypsum and heavy minerals as the minor ones (Figure 4).
The reported values of quartz, feldspars, calcite, heavy minerals were 86.8%, 9.4%, 2.9% and 0.9%,
respectively. Similar mineral compositions were observed at the sand dune crest and the sand dune
limb, indicating the same source of sand grains for both areas.
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3.3. Water Content

As shown in Figure 5, the water content profiles of the two boreholes (at the dune crest and dune
limb) were established. In the dune limb, the last sample was collected from a depth of 650 cm beneath
the ground surface owing to the presence of the water table just below. The water content varied
vertically with the maximum values of 3.72% and 3.31% in the dune limb and dune crest, respectively.
Although both dune limb and crest were subjected to the same rainfall, the water content on the limb
showed only one shallow peak (about 0.5 m deep), while three peaks of water content were observed
in the dune crest (at depths of 2.5 m, 4.5 m, and 7.7 m, respectively). Although both dune limb and
crest were subjected to same rainfall, the water content on the limb showed only one shallow peak
while the three peaks of water content were observed in the dune crest.

3.4. Sand Salinity

The studied dunes displayed a salinity range from 1500 ppm to 4500 ppm (Figure 6). The sand
salinity profiles of the two studied sites are shown in Figure 6. An increase in the salinity of the sand
dune was observed from the ground surface to the sand dune bottom. The vertical variation in the
sand salinity may have been related to the leaching of evaporite minerals along the pathway of the
downward movement of water in the sand dune.
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3.5. Sand Texture

Texture parameters (i.e., mean grain size, D50 (median grain size that splits the distribution into
two halves), D90 (10% of the distribution has a larger size), and sorting coefficient) of the tested sand
samples were measured. The result of the texture analysis revealed that the studied sand ranged
from fine size (0.22 mm) to medium size (0.40 mm), as shown in Figure 7. Excluding the upper 0.5 m,
the sand grains of the dune limb were found to be slightly coarser than those of the dune crest. The
D50 values profiles display similarity with the mean grain size profiles calculated from the grain size
cumulative curves [17] (Figure 8). The values of D90 are similar in the dune crest and limb. This
occurrence indicates that the small sand grains in both sides of the dune have homogenous vertical
distribution (Figure 8). The sorting coefficient of the tested sands ranged from moderately well-sorted
(0.54 Phi) to poorly sorted (1.07 Phi) as shown in Figure 9. No clear vertical variation in sand sorting
was observed within the sand crest down to 650 cm, while the upper 250 cm of the sand limb showed
poorly sorted sand, and the lower 350 cm of the dune crest showed alternated layers of poorly and
better-sorted sand (Figure 9). Between 250 cm and 650 cm, both the dune limb and crest showed a
similar degree of sorting. This indicates that the mechanism of sand deposition and accumulation is
the same in all parts of the studied Barchan sand dune.
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3.6. Electrical Resistivity Results

The recorded apparent resistivity data were inverted to obtain the ERT as shown in Figure 10.
The true resistivity was between 4 Ohm-m and 1470 Ohm-m. The ERT can be divided into four zones
as follows:

• Zone 1: This zone shows high resistivity values (~660 Ohm-m) at the shallow depth (0 to 0.6 m).
High values are associated with the dry sand on the top of the dune.

• Zone 2: The resistivity decreases to about 170 Ohm-m at a depth between 0.6 m and 1.3 m, and is
marked as “A” in Figure 10. This low-resistivity zone is associated with high water content as
shown in Figure 5, due to the infiltrated rainwater from the last precipitation event, and it is
vertically-shifted down in the ERT section.

• Zone 3: At a depth ranging from 2.5 m to 5.8 m, the resistivity increases to 1300 Ohm-m, and is
marked as “B” in Figure 10. This corresponds to the dry sand.

• Zone 4: Finally, the resistivity gradually decreases until reaching 4.6 Ohm-m at the bottom of the
ERT section. This is due to the effects of the saline groundwater and the sabkha layer.
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4. Discussion

The vertical and lateral variability in physical properties of the studied Barchan dune can have
control on groundwater recharge and vegetation coverage in the study area. According to the literature,
in a Barchan sand dune the size of sand grains varies with their position. In particular, the fine-grained
sand tends to be accumulated in the dune crest and the medium to coarse-grained sands are retained
in the toe of the dune windward side and dune limb (horn) [18–21]. In this regard, the findings of this
study are in line with previous works. The accumulation of sand with varied sizes within different
sub-environments of the Barchan dune is controlled by action of the wind that passes over and around
the dune. The coarse grains move slowest and concentrate in the marginal areas of the Barchan
dune, whereas the fine grains are transported faster and accumulate in the dune crest. Examining
the vertical variations of sand properties, no vertical variations in grain size or sorting was observed
in the crest, except the lower 350 cm display alternated poorly and well sorted sand. In contrast,
samples collected from the upper 0.5 m of the dune limb show a relatively poorer sorting (clear bimodal



Water 2020, 12, 682 11 of 13

particle size distribution) and a lower mean grain size, compared with deeper samples (Figures 7 and 9,
respectively). This suggests that samples collected from the dune surface could be representative for
the internal dune body in the crest but not within the limb. The reported poorly sorted sand in the
upper 0.5 m layer of the dune limb is apparently controlled by the fluctuations in wind velocity as
wind moves around the sand dune. Overall, beyond the upper 0.5 m, the Barchan sand dune body
can be treated as a homogeneous medium in terms of mineralogy and sorting. Such homogeneity in
sand texture indicates continuity in the depositional mechanisms of sand in the studied Barchan dune
through consistent northerly (Shamal) winds that deliver sand to such dune.

As has been reported in literature, the mineral composition of sand dunes in the Eastern Province
of Saudi Arabia consists mainly of quartz, feldspars, and carbonate minerals [4]. Previous works
identified mineral composition of sand samples collected from the dune surface; however, in this study
the vertical variation in mineral composition of the studied Barchan dune was investigated. The result
shows no significant change in the mineral composition of the studied dune with depth, indicating
that the source of the sand and transport/sedimentation mechanisms have not varied over time.

The variability in water content of sand dunes is controlled by several factors including sand
texture, dune topography, and vegetation [22–24]. Previous studies focused on the distribution of
water content in sand dunes at shallow depth [25,26]. In this study, the water content of the dune was
measured down to the deepest investigated deposits (i.e., −6.5 m in the dune limb, and −10 m in the
dune crest). The water content profiles (Figure 5) show vertical variability: only one peak is observed
in the upper part of the dune limb, while three peaks exist at major depths in the dune crest. The
multiple peaks for water content could be related to multiple rainfall events. Note the presence of a
wet zone in the upper 0.5 m of the limb; wet zones are instead found at major depths in the dune crest
(Figure 5), suggesting that water infiltration is faster in the dune crest. This might be explained by the
better sand sorting in the upper 0.5 m of the crest compared with the limb. Such better sorting can
result in larger pore sizes, and thus better hydraulic conductivity of the upper part within the dune
crest compared to the limb. Consequently, in the limb the rainfall infiltration seems to be slowed down
and trapped in the upper poorly sorted grains, which could make it more prone to evaporation by
impact of sunlight and wind as water is trapped near surface. Additionally, the sand body is thicker
within the dune crest compared to the limb, and thus the infiltrated water within the dune crest is
more protected from the impact of external factors (sunlight and wind) compared to the dune limb.
In summary, the smaller water content in the limb could be explained by the poorly sorted sand near
the surface and the thinner sand body in the limb compared to the crest. This means that the vadose
zone within the dune crest is expected to have higher water saturation in the rainy season compared to
the dune limb.

5. Conclusions

This study investigated variations of sand properties within a Barchan sand dune in the coastal
area in the Eastern Province, Saudi Arabia, by collecting samples and measurements from two vertically
drilled boreholes up to the ground water level. Such study is the first of its kind as it investigates
the sand dune internal properties as a function of depth through two vertical profiles, one drilled
in the dune crest and another one in the limb. The collected samples were analyzed for their grain
size, sorting, water content, salinity, and mineralogy. Electrical resistivity was also acquired at the
top of the dune to map water content variation and for comparison with well bore data. Our results
showed no variation in mineralogy between the two vertical profiles drilled in the crest and limb. No
vertical variations in grain size or sorting was observed in the dune crest and limb, in depth ranges
from 250 cm to 650 cm. In contrast, the upper 250 cm of dune limb, and the lower 350 cm of dune
crest, showed variability in sand sorting. The outcomes of this study suggest that samples collected
from the dune surface could be representative for the internal dune body in the crest but not within
the limb. When comparing the crest with limb (excluding the upper 0.5 m data), grain size tends to
be relatively larger in the limb while a similar degree of sorting is observed between both vertical
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profiles. The relatively coarser grain size in the limb might be explained by the topographic differences
(dune slope and height). The wind, as the main carrier of sand grains, transports the fine grains up to
dune crest while leaving the coarser ones in the dune marginal area. Regarding the water content,
it was found to vary vertically and laterally throughout the dune body. The vertical variations could
be explained by multiple rainfall events while the larger water content in the dune crest might be
due to variations in the sorting of sand within the upper 50 cm between the dune crest and limb.
The observed vertical variation in water content is consistent with the measured resistivity profile
which could clearly identify the water table and areas with higher water content. The textural and
mineralogical homogeneity and the low salinity of the studied dune increase its role to recharge the
shallow aquifer in the study area with freshwater.
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