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An investigation was conducted to geochemically characterize the soils in Fezzan of the Sahara desert in order to
assess (a) the role of the soils as a carbon store, (b) the potential risk of the fine-grained soil fraction as a dust
source, and (c) the potential soil constraints for the development of irrigation agriculture. The results show
that, on average, there was about 0.7% of carbon stored in the topsoil with approximately 1/3 being inorganic
carbon and 2/3 being organic carbon. The fine-grained soil fraction contained 2.13% of Fe and 252mg/kg of phos-
phorus, indicating that the Fezzan area could be an important source of ocean iron and phosphorus. Manganese
and strontium were identified as the major chemical pollutants potentially present in the dusts. The soils were
generally alkaline and saline. Sodium dominated the soluble basic cations with a mean sodium adsorption
ratio N16. Calcium dominated the exchangeable basic cations with a mean exchangeable sodium percentage of
6.52, suggesting that most of the topsoils were not sodic. However, there was a tendency that sodicity increased
with depth for some soils. Different strategies are proposed for reclaiming the soils using the groundwater from
the Great Man-made River Project.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Sahara has experienced alternate humid and dry periods at least for
the past 7 million years (Schuster et al., 2006). The latest wet/dry cycle
commenced about 15,000 years BP with the peak African Humid Period
(AHP) lasted from approximately 10,000 to 5000 years BP when the
low-lying areas were covered by a layer of water, forming the so-called
mega-lakes (deMenocal et al., 2000; Drake et al., 2008). The subsequent
drying processes led to the disappearance of the mega-lakes, allowing
soils to develop on the lake sediments. Due to the present hyper-arid con-
ditions, modern pedogenesis is expected to be very weak. Therefore, the
Sahara soils are, to a large extent, of relict nature. On the other hand, the
characteristics of the relict soils could have been significantly modified
due to wind deflation that is dominated in the Sahara desert under cur-
rent climate conditions.

Detailed information on geochemical characteristics of the Sahara
desert soils is useful for a few reasons. First, desert soils are effective
sites to hold inorganic carbon. Knowledge of inorganic carbon storage
in the Sahara desert soils is important for global inorganic carbon inven-
tory. Second, the Sahara desert is theworld's largest source of aeolian soil
dusts (Goudie, 2014; Prospero et al., 2002; Swap et al., 1996). These
Saharan dusts are likely to affect the global geochemical cycling and
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climate (Mahowald et al., 2010). For the past decades, concerns have
been raised over the impacts of Sahara desert dusts on air quality and
possibly human health in the affected areas (Brunekreef and Forsberg,
2005; Prospero, 1999). There have been increasing researches conducted
to evaluate the transport and deposition of aerosols from the Sahara
desert (Barkan et al., 2005; Goudie and Middleton, 2001). Most of
these researches have used the concentration of total suspended parti-
cles (TSP), PM2.5 (particle with a diameter b2.5 μm) and PM10 (particle
with a diameter b10 μm) with limited information on major chemical
constituents to characterize the dusts (Alastuey et al., 2005; Rodrı́guez
et al., 2001). While these physical parameters give indication of dust
load and rough elemental signatures of the dusts, it provides no insights
into the presence of potentially toxic elements,which is needed for better
assessment of environmental risk from the dusts. Third, the development
of desert agriculture using the available irrigation water requires a good
understanding of soil chemical properties in order to develop appropriate
strategies and methods for soil amendment.

So far there has been only limited work reported on the chemical
characterization of the Sahara desert soils. Alastuey et al. (2005) pre-
sented data on mineral and chemical composition of TSP and PM2.5 in
the dust samples collected in Canary Islands during a strong African
dust outbreak episode. Borbély-Kiss et al. (2004) investigated some
major elements contained in the dusts collected from Hungary during
Saharan dust episodes. Moreno et al. (2006) reported the chemical
characteristics of a small amount of soil and dustfall samples collected
from Algeria, Chad, Niger and Western Sahara and found marked
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Fig. 1.Map showing the soil sampling locations in the Fezzan region, Libyan Sahara.

Table 2
Vertical variation in pH, EC, organic C and inorganic C along the 5 selected soil profiles in the
Fezzan area, Sahara desert.
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variation in the geochemical composition of the soils among these
different locations of dust source areas. In spite of these efforts, the
available information is still far from sufficient for understanding the
geochemical characteristics of soils in this vast desert. Substantial
amounts of further work are required to accumulate knowledge that
is needed to inform the development of strategies for minimizing the
environmental impacts andmaximizing the beneficial uses of the desert
soils in Sahara.

As part of a larger project to investigate the geochemical processes
associated with the formation of alkaline soils in different parts of the
world, we present here the results from the Fezzan basin, south-
western Libya. This part of the Sahara desert has so far received relative-
ly less attention despite that its role as a dust source is significant
(Falkovich et al., 2001). Another reason for selecting this area for the
Table 1
Average and range of pH, EC, various carbon fractions, soluble and exchangeable basic
cations for the upper layer (0–30 cm) of the 33 soils from the Fezzan area, Sahara desert.

Soil Parameter Average Minimum Maximum

pH 8.8 6.92 10.11
EC (dS/m) 4.214 0.145 18.51
Organic C (%) 0.42 0.16 0.67
Inorganic C (%) 0.26 0.00 2.24
Soluble K (mmol/kg) 1.49 0.00 11.8
Soluble Na (mmol/kg) 45.7 0.10 300
Soluble Ca (mmol/kg) 3.81 0.01 12.3
Soluble Mg (mmol/kg) 3.77 0.28 12.3
SAR 16.5 0.03 101
Exchangeable K (mmol/kg) 6.97 0.56 21.8
Exchangeable Na (mmol/kg) 11.7 2.18 53.5
Exchangeable Ca (mmol/kg) 90.9 16.1 192
Exchangeable Mg (mmol/kg) 5.86 1.24 10.4
ESP 6.52 0.87 24.9
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study is its relevance to desert irrigation agriculture. There is a need to
enhance agricultural activities in Africa to allow its sustainable develop-
ment (Valipour, 2014, 2015). The construction of the Great Man-made
River in Libya has provided the opportunities for agricultural production
in its hyper-arid area (Elhassadi, 2007; Gijsbers and Loucks, 1999).
However, detailed soil information covering a large area is lacking
though a limited number of small-scale soil investigations with varying
purposes were conducted at some locations (e.g. El-Ghawi et al., 2005;
Salem and Al-ethawi, 2013). To develop sustainable agricultural
Sampling site Depth (cm) pH EC (dS/m) Organic C (%) Inorganic C (%)

F4 0–10 9.30 1.347 0.34 0.00
10–20 9.40 1.228 0.51 0.03
20–30 9.48 2.904 0.33 0.00
30–50 9.35 4.550 0.40 0.00

F7 0–10 10.1 0.720 0.44 0.00
10–20 9.51 3.670 0.49 0.02
20–30 8.76 12.76 0.62 0.55
30–50 8.78 9.230 0.51 0.35
50–70 8.94 6.560 0.36 0.44
70–90 8.81 1.550 0.38 0.15

F12 0–10 9.07 0.960 0.60 0.14
20–30 9.50 0.247 0.26 0.13
70–90 8.95 0.758 0.34 0.00

F21 0–10 8.31 10.22 0.38 0.32
20–30 8.54 9.500 0.49 0.61
30–60 8.61 15.90 0.59 0.53

F24 0–50 8.60 2.789 0.16 0.00
150–160 8.61 2.700 0.27 0.06
190–200 8.54 2.489 0.31 0.00
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Table 3
Vertical variation in soluble K, Na, Ca, Mg and SAR along the 5 selected soil profiles in the
Fezzan area, Sahara desert.

Sampling
site

Depth
(cm)

K
(mmol/kg)

Na
(mmol/kg)

Ca
(mmol/kg)

Mg
(mmol/kg)

SAR

F4 0–10 1.61 11.9 0.76 0.91 9.22
10–20 2.10 16.7 0.76 0.49 14.9
20–30 3.22 38.9 0.58 0.54 36.7
30–50 3.64 66.1 0.58 3.60 32.3

F7 0–10 1.61 9.70 0.09 0.43 13.6
10–20 0.00 64.7 0.16 1.99 44.1
20–30 0.84 270 2.84 3.82 105
30–50 0.98 221 5.07 2.65 79.6
50–70 1.26 183 4.37 1.69 74.3
70–90 0.91 1.84 4.83 0.99 0.76

F12 0–10 0.49 7.89 2.24 0.28 4.97
20–30 0.21 2.80 0.43 0.47 2.95
70–90 0.00 0.31 3.14 0.40 0.16

F21 0–10 1.68 7.99 12.3 6.57 1.84
20–30 3.08 78.4 5.94 6.36 22.4
30–60 1.61 144 5.83 7.06 40.0

F24 0–50 0.35 56.0 5.27 1.96 20.8
150–160 0.35 2.55 5.42 2.02 0.93
190–200 0.84 3.17 5.29 0.24 1.35

Table 5
Chemical composition of the upper soil layer (0–30 cm) for the 33 soils from the Fezzan
area, Sahara desert.

Parameter Average Minimum Maximum

Al2O3 (%) 8.32 1.37 25.6
BaO (%) 0.03 0.01 0.06
CaO (%) 5.55 0.26 28.8
Fe2O3 (%) 3.64 0.49 10.5
K2O (%) 1.16 0.04 2.65
MgO (%) 1.14 0.07 4.95
MnO (%) 0.12 0.01 1.36
Na2O (%) 0.70 0.03 2.71
P2O5 (%) 0.08 0.02 0.43
SiO2 (%) 68.3 20.4 92.1
SrO (%) 0.03 0.01 0.30
TiO2 (%) 0.48 0.07 1.30
SiO2/Al2O3 18.5 4.41 52.7
Fe2O3/Al2O3 0.29 0.15 0.84
SiO2/CaO 32.5 0.66 184
SiO2/TiO2 240 61.3 852
CaO/Na2O 50.0 0.70 659
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systems in these areas, there is a need to understand the soil properties
of the potential agricultural lands.

The aim of thisworkwas to understand themajor geochemical char-
acteristics of the desert soils in the Fezzan basin in order to (a) evaluate
the role of the desert soils as a carbon store; (b) assess the potential risk
of the fine-grained soil fraction as a dust source, and (c) to evaluate the
potential soil constraints and provide recommendations for improving
the soil conditions to allow sustainable development of irrigation
agriculture.

2. Materials and methods

A total of 53 soil sampleswere collected from33 locationswithin the
Fezzan basin (Fig. 1). For most of the sampling locations, soil samples
were taken from the surface layer (0–30 cm). At Sampling Sites F4, F7,
F12, F21 and F24, soil samples were also taken from sub-soil layers to
a depth that could be practically reached during the field operations.
After air-drying in the Libyan laboratory, the soil samples were crushed
to pass a 2 mm sieve. Gravels (N2 mm fraction) were then discarded.
After homogenization, two subsamples of the b2 mm soil fraction
Table 4
Vertical variation in exchangeableK,Na, Ca,Mg and ESP along the 5 selected soil profiles in
the Fezzan area, Sahara desert.

Sampling
site

Depth
(cm)

K
(mmol/kg)

Na
(mmol/kg)

Ca
(mmol/kg)

Mg
(mmol/kg)

ESP

F4 0–10 18.0 10.7 30.0 6.02 10.6
10–20 19.4 10.5 33.6 7.10 9.41
20–30 21.8 22.0 28.4 5.68 19.7
30–50 29.1 25.8 23.3 3.30 23.9

F7 0–10 11.0 40.5 48.8 7.01 24.9
10–20 11.2 63.3 46.2 6.39 35.2
20–30 7.74 67.0 47.5 5.03 37.3
30–50 8.33 46.1 64.9 4.82 23.8
50–70 9.52 38.4 54.9 2.38 23.6
70–90 7.39 26.7 55.2 0.81 18.3

F12 0–10 2.31 2.18 28.4 5.54 3.02
20–30 1.61 2.53 35.2 3.98 3.06
70–90 1.47 0.88 31.0 2.14 1.28

F21 0–10 3.57 11.4 63.9 5.66 7.42
20–30 4.83 22.5 60.1 4.70 14.3
30–60 3.57 41.8 40.0 4.47 31.1

F24 0–50 0.56 3.14 177 1.24 0.87
150–160 0.98 3.04 112 1.33 1.31
190–200 1.75 3.38 34.2 1.26 4.44

Please cite this article as: Maryol, E., Lin, C., Geochemical characteristics
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were used to obtain the sample of the b0.2 mm and b0.1 mm fractions
by sieving with a 0.2 mm and 0.1 mm sieves, respectively. All the soil
samples were stored in air-tight re-sealable laboratory polyethylene
bags and shipped to Australian laboratory for various analyses.

For each soil sample, theb2mmsoil fractionwas used to prepare 1:5
(soil:water) extract with the following procedure: 25 mL of deionized
water was added into a centrifuge tube containing 5 g of soil; the tube
was shaken in a rotary shaker for 1 h and then centrifuged at 3000 rpm
for 5min; the supernatantwas removed and stored in a clean tube for fur-
ther analysis. The soil residue from thewater extractionwas then used to
prepare 1.5 (soil: 1MNH4Cl) extract with the procedure that was exactly
the same as thewater extraction except that 25mL of 1MNH4Cl solution
was used to replace deionized water as an extracting agent.

pH and EC in the water extracts were measured using a calibrated
pH meter and EC meter, respectively. Ca, Mg, K, and Na in water and
NH4Cl extracts were determined using an atomic absorption spectrom-
eter (AAS).

A portion of each soil sample (b2 mm fraction) was pulverized for
further instrumental and chemical analysis. X-ray fluorescence (XRF)
analysis was used to determine the content of Al2O3, BaO, CaO, Cr2O3,
Fe2O3, K2O, MgO, MnO, Na2O, P2O5, SiO2, SrO and TiO2. Total carbon was
determined by a LECO CNS Analyzer. Organic carbon was determined
using a Walkley–Black method. For all the soil fractions (b2 mm,
Table 6
Vertical variation in selected elemental ratio along the 5 selected soil profiles in the Fezzan
area, Sahara desert.

Sampling
site

Depth
(cm)

SiO2/Al2O3 Fe2O3/Al2O3 SiO2/CaO SiO2/TiO2 CaO/Na2O

F4 0–10 17.3 0.5 58 232 5.0
10–20 17.2 0.6 43 226 7.2
20–30 8.4 0.3 59 144 2.2
30–50 3.3 0.2 178 64 0.4

F7 0–10 11.2 0.2 51 170 2.1
10–20 10.8 0.2 44 165 1.3
20–30 8.2 0.2 11 130 2.0
30–50 9.5 0.2 12 157 2.8
50–70 12.3 0.2 16 198 2.6
70–90 17.4 0.2 27 271 2.5

F13 0–10 33.4 0.3 42 392 4.6
20–30 71.2 0.4 55 763 14
70–90 54.9 0.3 162 584 3.5

F21 0–10 18.7 0.3 16 243 6.0
20–30 18.9 0.3 13 262 4.8
30–60 18.9 0.3 13 256 2.3

F24 0–50 47.6 0.2 2 731 659
150–160 45.5 0.3 21 512 84
190–200 47.1 0.3 50 595 62
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b0.2 mm and b0.1 mm), a wide range of elements were extracted by an
aqua regia digestion method and measured by inductively coupled
plasma mass spectrometry (ICP-MS).

The concentration of soluble cations was estimated from the water-
extractable cations and the concentration of exchangeable cations was
estimated from the NH4Cl-extractable cations. Sodium adsorption ratio
(SAR) of the water extract was calculated using the following formula:

SAR ¼ Naþ= Ca2þ þMg2þ
� �1=2

where the unit of soluble Na+, Ca2+ and Mg2+ is in mmol/L. The
exchangeable sodium percentage (ESP) was obtained by the following
formula:

ESP ¼ Naþ= Naþ þ Kþ þ 2 � Ca2þ þ 2 � Mg2þ
� �

� 100

where the unit of exchangeable Na+, K+, Ca2+ and Mg2+ is in mmol/kg.
The inorganic carbon content was estimated by the difference between
the total carbon and the organic carbon.
Table 7
Abundance of various elements in different particle fractions in the 33 soils from the Fezzan ar

Element b0.1 mm fraction b0.02 mm frac

Average Min. Max. Average

Ag 0.03 0.01 0.10 0.03
Al 1.10 0.15 2.36 1.90
As 4.59 1.00 12.6 4.15
B 10.5 5.00 60.0 15.5
Ba 125 10.0 470 138
Be 0.90 0.06 2.28 0.90
Bi 0.22 0.04 0.89 0.10
Ca 3.65 0.17 16.2 3.19
Cd 0.07 0.01 0.24 0.06
Ce 22.2 1.60 59.5 29.9
Co 12.6 0.80 119 8.07
Cs 1.49 0.06 5.20 1.57
Cu 25.0 5.90 247 15.5
Fe 2.13 0.27 6.26 2.12
Ga 4.26 0.63 9.76 6.30
Ge 0.06 0.04 0.11 0.08
Hf 0.20 0.06 0.38 0.38
Hg 0.08 0.01 0.36 0.02
In 0.02 0.00 0.06 0.02
K 0.26 0.01 0.46 0.39
La 9.64 0.60 24.7 13.6
Li 17.4 1.20 49.0 21.4
Mg 0.48 0.02 2.34 0.55
Mn 865 18.0 9230 437
Mo 1.38 0.26 4.63 1.51
Na 0.37 0.01 1.70 0.33
Nb 0.67 0.13 2.84 0.38
Ni 17.6 1.70 48.4 17.81
P 252 30.0 1720 238
Pb 11.5 0.40 29.2 10.7
Rb 14.9 0.70 35.1 20.7
Re 0.00 0.00 0.02 0.01
S 1.67 0.03 16.0 1.17
Sb 0.12 0.04 0.25 0.12
Sc 3.49 0.60 8.50 4.03
Se 0.79 0.20 6.00 0.88
Sn 1.80 0.40 14.0 0.93
Sr 231 22.6 2720 249
Te 0.02 0.01 0.07 0.01
Th 4.78 0.30 12.5 6.35
Ti 0.02 0.01 0.04 0.03
Tl 0.24 0.03 2.02 0.21
U 2.03 0.10 13.3 2.07
V 33.0 6.00 78.0 37.8
W 0.15 0.04 0.52 0.09
Y 8.71 0.76 76.7 8.33
Zn 42.7 3.00 162 37.1
Zr 7.33 2.10 15.2 13.0

Please cite this article as: Maryol, E., Lin, C., Geochemical characteristics
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3. Results and discussion

3.1. pH and EC

For the upper soil layer (0–30 cm), pH ranged from 6.92 to 10.1
with a mean value of 8.80. EC had an average N4 dS/m with a range
of 0.145–18.51 dS/m (Table 1). These indicate that the soils were
generally alkaline and saline in nature although the spatial variation
in soil pH and EC was remarkable. Different vertical variation patterns
in pH were observed at different locations (Table 2). F4, F21 and F24
showed little change in soil pH along the soil profile; F7 had higher
pH in the upper soil layers, relative to the lower soil layers; and F12 ex-
hibited a higher pH at a depth of 20–30 cm than the upper soil layer
(0–10 cm) and the lower soil layer (70–90 cm). EC value in F4 increased
with depth to the sampling base (50 cm depth). F7 also showed an in-
crease in EC value with depth to the 20–30 cm layer; the EC value was
maintained at very high level (N6 dS/m) in the soil layers located
between 20 and 70 cm of the soil profile but suddenly reduced to
1.550 dS/m in the 70–90 cm layer (sampling base). F12 and F21 all
had lower EC value in the 20–30 cm layer, relative to the upper soil
ea, Sahara desert.

tion b2 mm fraction

Min. Max. Average Min. Max.

0.01 0.09 0.03 0.01 0.06
0.88 2.89 1.83 1.04 2.98
1.10 9.30 4.38 1.70 9.20
10.0 40.0 13.9 10.0 40.0
40.0 320 134 40.0 350
0.50 1.90 0.88 0.48 2.02
0.05 0.22 0.11 0.05 0.24
0.26 11.25 3.03 0.28 11.4
0.02 0.18 0.06 0.02 0.16
12.5 56.1 26.2 7.34 39.4
3.50 16.7 7.83 3.50 22.3
0.69 3.82 1.54 0.58 4.14
6.3 31.9 27.1 7.50 139
1.16 3.99 2.29 1.23 4.27
3.04 9.26 5.77 3.34 9.49
0.05 0.11 0.07 0.05 0.10
0.21 0.59 0.35 0.17 0.64
0.01 0.12 0.02 0.01 0.15
0.01 0.05 0.02 0.01 0.05
0.18 0.68 0.37 0.16 0.61
5.80 27.4 11.7 2.90 17.9
6.40 47.4 21.8 6.80 51.5
0.20 1.40 0.52 0.18 1.30
105 2340 468 113 3700
0.42 4.87 1.04 0.43 4.04
0.04 1.87 0.31 0.04 1.70
0.09 1.22 0.32 0.07 1.00
9.10 30.30 16.9 10.2 31.8
80.00 710 241 60.0 770
3.40 24.9 9.57 2.90 23.4
10.1 32.0 19.3 9.20 36.2
0.00 0.02 0.00 0.00 0.02
0.04 10.55 0.97 0.05 8.52
0.08 0.22 4.02 0.95 18.8
2.20 6.80 4.02 2.50 7.60
0.30 5.50 0.70 0.20 5.70
0.50 1.40 0.91 0.50 1.90
29.3 3120 241 25.3 3260
0.01 0.02 0.01 0.01 0.02
2.90 11.4 5.75 2.50 10.0
0.01 0.05 0.03 0.01 0.05
0.07 0.60 0.18 0.05 0.47
0.60 12.3 1.94 0.38 12.4
15.0 61.0 36.2 16.0 61.0
0.05 0.25 0.11 0.05 0.43
4.21 15.2 7.97 4.08 16.0
17.0 96.0 37.4 17.0 105
7.80 18.8 12.8 5.60 25.8
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Fig. 2. Scatter plot showing the relationship between aqua regia-extractable Ca and
(a) inorganic C, (b) aqua regia-extractable S, and (c) the sum of inorganic C and aqua
regia-extractable S.
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layer and lower soil layer. But the absolute value of EC wasmuch smaller
in F12 (b1 dS/m) than in F21 (N9 dS/m). F24 showed insignificant varia-
tion in EC value along the soil profile down to the 2 m depth (sampling
base).

The above results suggest that either alkalinity or salinity will be a
soil constraint for crop growth in most of the investigated soils if irriga-
tionwater becomes available in these sites. To effectively develop irriga-
tion agriculture using these soils, reduction of soil alkalinity and salinity
is required. This will be further discussed with the problems associated
with soil sodicity in the next section.

3.2. Soluble and exchangeable basic cations

From Table 1, it can be seen that the concentration of soluble Na, K,
Ca and Mg was highly variable among the surface soils collected from
different locations within the Fezzan area. This is likely to be related to
soil parent materials and geomorphic positions of various sampling
sites. Where the soils have been developed from saline lake sediments
or are located in the low-lying areas, the concentration of soluble salts
tend to be much higher, as compared to the soils developed from non-
saline soil parent materials. In general, Na dominated the soluble basic
cations with a mean SAR greater than 16. But Ca dominated the ex-
changeable basic cations with a mean ESP of only 6.52, suggesting that
most of the upper soil layers were not technically sodic if the threshold
value of 15% (Brady and Weil, 1996) is used for evaluation. For soils
such as F12 and F24 that were non-sodic in both surface and subsoil
layers (Tables 3 and 4), leaching of alkali and salts by irrigation water
alone may be sufficient for reducing soil alkalinity and salinity to a level
that allow the growth of crops. However, for sodic soils (e.g. F7), the pres-
ence of excessive amounts of exchangeable Na (Table 4) can cause soil
dispersion to prevent formation of soil aggregates, which reduces water
infiltration and could lead towaterlogging conditions. The poor soil aera-
tion caused by destruction of soil structure can restrict plant root devel-
opment and adversely affect crop yields, especially in fine-textured
soils. To improve such soil physical conditions, application of gypsum,
coupled with appropriate drainage system is required to reduce soil ESP
and remove excess soluble Na from the soils. Gypsum addition can also
decrease soil pH by forming calcium carbonates, which simultaneously
sequesters atmospheric CO2, as shown in the following chemical equa-
tion:

CaSO4 � 2H2O þ 2NaOH þ CO2→CaCO3 þ Na2SO4 þ 3H2O: ð1Þ
Gypsum is locally available in Fezzan. Therefore, amelioration of

sodic soils with gypsum is likely to be cost-effective for reclamation of
sodic soils in the irrigation area. Although most of the investigated
soils were not sodic in the surface soil layer, there was a tendency that
sodicity increased with depth, as shown in F4 and F21 (Tables 3 and
4). While sodic subsoil layers may not affect the growth of shallow-
rooted crops if appropriate water management strategies are taken, it
limits the uses of such soils for deep-rooted crops. In these areas, irriga-
tion water penetration into soil could be limited due to low hydraulic
conductivity in the subsoil layer. This could impede root growth in the
subsoil layers. Treatment of subsoil sodicity is likely to be uneconomic
in most situations. Therefore, it is probably more appropriate to use
these soils for production of shallow-rooted crops such as vegetables.
As a matter of fact, the presence of the sodic subsoil layer with low per-
meability can act as a barrier tominimize the loss of irrigationwater due
to infiltration. This is actually beneficial from a water-saving point of
view.

3.3. Organic and inorganic carbon

Organic carbon content in the investigated soils (Table 1)was gener-
ally low (b0.5%on average),which is understandable. Virtually, the soils
did not support any vegetation except in the areas where irrigation
Please cite this article as: Maryol, E., Lin, C., Geochemical characteristics
agriculture, J. Geochem. Explor. (2015), http://dx.doi.org/10.1016/j.gexplo
water was available. Therefore, it is likely that the organic carbon in
these soils originated from the soil parent materials (lake sediments).
This is supported by the fact that soil organic carbon content tended
to increase with increasing depth except for F12 (Table 2) that was col-
lected from agricultural landwhere crop growth allowed ongoing accu-
mulation of organic carbon in the surface soil layer. Under the current
hyper-arid climate conditions, decomposition of organic carbon is
slow. Therefore this relict soil organic carbon represents a stable carbon
pool in the Sahara desert that may play a role in affecting the global
carbon cycling. The development of irrigation agriculture using these
soils will have impacts on soil organic carbon dynamics. First, the in-
crease in soil moisture content as a result of land irrigation is likely to
promote, through enhanced microbial activities, the decomposition of
this stored organic carbon. This could make the soil organic C a source
of atmospheric CO2. Second, the production of organic matter from the
introduced crops will result in atmospheric CO2 sequestration. Part of
the biomass-C will enter the soils and raise the level of soil organic C
over time. The interaction of these two factorswill eventually determine
that the irrigated desert soils are a source or sink of atmospheric CO2.
of soils in Fezzan, Sahara desert: Implications for environment and
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Inorganic C in the upper soil layer ranged from non-detectable to
more than 2% with a mean value of only 0.26% (Table 1). This suggests
that, in general, there was only limited amount of inorganic C stored in
the surface soil layer in the Fezzan area despite that inorganic C-rich
soils can be found in isolated area. For the five investigated soil profiles,
two of them (F4 and F24) showed negligible presence of inorganic C to
the sampling depths (Table 2). F4 had soil pH N9 (Table 2) andhigh levels
of soluble Na (Table 3), suggesting that the soil contained NaHCO3 and
NaOH. However, the lack of soluble Ca (Table 3) did not favor the forma-
tion of calcium carbonates and this explains the maintenance of high pH
and the general absence of mineral carbonates in the soil. The high pH
and low inorganic C in the upper soil layers (0–10 cm and 10–20 com)
of F7 (Table 2) can also be explained by the same reason. The elevated in-
organic C content in the lower soil layers of F7 corresponded to the drop
in pH, reflecting enhanced carbonation due to increased availability of
soluble Ca in these layers (Table 3):

2NaOH þ Ca2þ þ CO2→CaCO3 þ 2Naþ þ H2O ð2Þ

2NaHCO3 þ Ca2þ→CaCO3 þ 2Naþ þ CO2 þ H2O: ð3Þ
As to be discussed in the latter section, the soluble Ca for soil carbon-

ation was supplied by gypsum present in the soil profiles.

3.4. XRF results

XRF analysis indicates that the soil chemical compositionwas highly
variable among the soils collected from different locations. The mean
content of different chemical constituents in the surface soil layers
was in the following decreasing order: SiO2 N Al2O3 N CaO N Fe2O3

N K2O N MgO N Na2O N TiO2 N MnO N P2O5 N SrO N BaO (Table 5). The
molar ratio of SiO2 to Al2O3 (SiO2/Al2O3) averaged 18.5, which was
much higher than those reported for lacustrine sediments (Minyuk
et al., 2007; Roy et al., 2012). This may partly result from selective
Fig. 3. Scatter plot showing the relationship between phosphorus and (a) aluminium, (b)
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removal of Al-rich clay minerals from the topsoils due to wind erosion.
For example in F4, there was a clear trend showing the decrease in
SiO2/Al2O3 with depth (Table 6). Fe2O3/Al2O3 had a mean value b0.3
with a range of 0.15–0.84. Vertical variation in Fe2O3/Al2O3 along the
soil profile was not remarkable (Table 6). The mean of SiO2/CaO and
SiO2/TiO2 were 32.5 and 240, respectively (Table 5). Mixed vertical
variation patterns were observed for different soil profiles (Table 6),
pobably reflecting the inherent characteristics of the palaeo lacustrine
sediment layers. Depending on the degree of wind deflation, the origi-
nal soil layers developed during the wet period prior to the present
hyper-arid conditions might have been largely or even completely re-
moved at some locations, leaving the original lake sediments exposed
on the land surface. These newly exposed lake sediments have experi-
enced only weak pedogenesis under the current hyper-arid climate,
and this explains theweakmodern pedogenic footprints that can be ob-
served from the soil profiles/regoliths. CaO/Na2O averaged 50 (Table 5),
indicating the predominant presence of Ca over Na.

3.5. Aqua regia-extractable elements in different soil particle fractions

In comparison with the XRD results, Al extracted by aqua regia was
much lower (Tables 5 and 7). This suggests that much of the Al was
bound to silicate minerals, which are not readily extractable with aqua
regia (Niskavaara et al., 1997). Almost all the Ca was extractable with
aqua regia, indicating that silicate-bound Ca was negligible. There was
no close relationship between Ca and inorganic C (Fig. 2a). Fig. 2b
shows that Ca was closely related to S (R2 = 0.778), suggesting that
Ca was largely bound to gypsum (confirmed by XRD, data not shown).
However, a closer relationship (R2 = 0.978) was observed when Ca is
plotted against the sum of S and C (Fig. 2c), suggesting that Ca was
also largely bound to calcium carbonates for some soil samples.

The concentration of various elements was generally consistent be-
tween the b0.2 mm fraction and the b2 mm fraction except for Sb,
which was much lower in the former than in the latter. There was
also a high degree of consistency between the b0.1 mm fraction and
the b0.2 mm fraction for most of the elements. The major elements
calcium, (c) iron, and (d) Mn (all elements were determined in aqua regia extracts).
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showing the difference in the abundance between the b0.1mm fraction
and the b0.2 mm fraction included Al, B, Hf, K and Rb that were less
abundant in the former than in the latter, and Bi, Co, Hg, Mg, Nb, S, Sn,
W and Zr that were more abundant in the former than in the latter.

From a perspective of dust storm-related environmental issues, the
b0.1 mm soil fraction is more relevant (IUPAC, 1990), as compared to
other soil particle fractions. Therefore, data analysis is focussed on this
particle fraction for this purpose. The mean concentration of iron and
phosphorus in the fine-grained fraction was 2.13% and 252 mg/kg,
respectively (Table 7). This suggests that the Fezzan area could be an
important source of airborne iron and phosphorus, which may play an
important role in controlling nitrogen fixation in oceans (Mills et al.,
2004). There was no clear relationship between P and Al or Ca (Fig. 3a
and b), suggesting that P was not, to any significant extent, bound to
these two metals. However, P was somewhat related to Fe (Fig. 3c)
and Mn (Fig. 3d), indicating that the soil P had a higher affinity to Fe
and Mn than Al and Ca.

Sulfur was highly enriched in the fine-grained soil fraction with a
mean value of 1.67%, which was much higher than that in the b0.2 mm
fraction (1.17%) and b2 mm fraction (0.97%). There have been research
interests in soil-derived sulfate in atmospheric dust particles fromdeserts
in other parts of the world (Abuduwaili et al., 2008; Wu et al., 2012).
Zhang et al. (2014) determined the sulfur content in the suspended par-
ticles extracted from some desert soils in China and found that the mean
content of soil-derived S ranged from 0.089 to 0.366%, which were much
Fig. 4. Scatter plot showing the relationship betweenmanganese and (a) aluminium, (b) calcium
aqua regia extracts).
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lower, as compared to the soils in the Fezzan desert. It is therefore likely
that Fezzan is an important source to the atmospheric sulfur loading.

Among the elements of potential toxicity, the concentration of Mn
and Sr was unusually high (Table 7). Manganese averaged 865 mg/kg
with the maximum concentration up to 9230 mg/kg. Inhalation of
airborne Mn compounds could pose a significant health risk (Adkins
et al., 1980; Wennberg et al., 1991). The mean concentration of Sr was
231 mg/kg with the maximum concentration as high as 2720 mg/kg.
Although Sr is relatively less toxic, exposure to high level of Sr could
cause health problems to children (ATSDR, 2004). Therewas no clear re-
lationship between Mn and the major elements in the fine-grained soil
fraction except for Fe, which was closely related to Mn (R2 = 0.677)
(Fig. 4). Sr showed certain relationship with Ca (R2 = 0.333) but no
clear relationship with any of other major elements (Fig. 5).

3.6. Control on vertical variation in pH and inorganic C within the soil profile

F7 is used as an example to illustrate the control on vertical variation
in pH and inorganic C along the soil profile. From Fig. 6a and b, it can be
seen that there was a good correspondence in vertical variation be-
tween pH and inorganic C; pH was higher and inorganic C content
was lower in the top 20 cmof the soil profile, as compared to the subsoil
layers. The maintenance of high pHs in the topsoil layers was attribut-
able to limited carbonation due to insufficient supply of soluble Ca. It
is clearly shown in Fig. 6c that soluble Ca concentration was virtually
, (c) iron, and (d) sodium, (e) potassium, and (f) sulfur (all elements were determined in
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Fig. 5. Scatter plot showing the relationship between strontium and (a) aluminium, (b) calcium, (c) iron, and (d) sodium, (e) potassium, and (f) sulfur (all elements were determined in
aqua regia extracts).
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negligible in the 0–10 cm and 10–20 cm layers. Soluble Ca then sharply
increased with depth and this roughly corresponded with the increase
in the aqua regia-extractable Ca, which in turn corresponded with the
increase in aqua regia-extractable S. This suggests the presence of sub-
stantial amounts of gypsum in the subsoil layers (confirmed by XRD,
data not shown). The gypsum acted as a major source of soluble Ca for
pedogenic carbonate formation while simultaneously reduced soil pH,
as shown in Eq. (1). This reaction produced substantial amounts of sol-
uble Na2SO4, which raised the value of EC in the subsoil layers (Fig. 6f).

To ameliorate this type of alkaline soils, soil ripping to bring gypsum-
rich and less alkaline soil materials from the subsoil layers to the soil
surface could effectively eliminate highly basic soil conditions in the
plant root zone. However, there is a need to reduce the soil salinity by
forced leachingusing the irrigationwater. This practice has thepotential
to capture atmospheric CO2 through the combined effect of enhanced
pedogenic carbonation and organic carbon accumulation in the soils
following cropping. Of course, the economic viability to adopt such a
practice needs to be evaluated by reliable cost-benefit analysis.

4. Conclusions and implications for environment and agriculture

The total carbon storage in the investigated soils was generally low
(b1%) with the organic carbon mainly originated from the soil parent
materials (lake sediments). However, under the current hyper-arid
climate conditions, decomposition of organic carbon is slow. Therefore
Please cite this article as: Maryol, E., Lin, C., Geochemical characteristics
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this relict soil organic carbon represents a stable carbon pool in the
Sahara desert. There was only a limited amount of inorganic C present
in the topsoils. However, inorganic C content tended to increase with
depth, particularly at locations where substantial amounts of gypsum
were present with the soil profiles.

Iron, phosphorus and sulfur were abundant in the fine-grained frac-
tion of the investigated soils. This has important implications for global
geochemical cycling of these elements. In particular, the soil-derived
iron and phosphorus from the Fezzan Sahara may be an important
source of aerosol iron and phosphorus, and consequently contribute to
the control on the nitrogen fixation in oceans. Manganese and stron-
tiumwere themajor toxic elements potentially present in the dusts de-
rived from the Fezzan area, which may cause health problems in the
affected areas.

The soils were generally alkaline and saline. There was a tendency
that sodicity increased with depth for some soils. The Great Man-made
River Project has provided opportunities to use the groundwater resource
for developing irrigation agriculture in the Fezzan area. However, the
problems associated with soil salinity, alkalinity and sodicity represent
major challenges facing the farmers. Appropriate strategies need to be
developed to allow cost-effective reclamation of the desert soils and sus-
tainable development of the desert soil-based irrigation agriculture. In
general, a few points are worth mentioning here. First, gypsum is an
abundant resource that is locally available in the Fezzan area; this mate-
rial canbe used to reclaim the alkaline/sodic soils in an economicmanner.
of soils in Fezzan, Sahara desert: Implications for environment and
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Fig. 6. Vertical variation in (a) inorganic C, (b) pH, (c) soluble Ca, (d) aqua regia Ca, (e) aqua regia S and (f) EC along Soil Profile F7.
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Second, it is more beneficial to take into account the factors such as min-
imization of dust formation, soil carbon sequestration, and water use
efficiency when selecting farming methods and crop types.
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