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ABSTRACT

ISOTOPE AND NOBLE GAS STUDY OF THREE AQUIFERS IN CENTRAL AND

SOUTHEAST LIBYA

Libya suffers from a shortage in water resources due to its arid climate. The annual
precipitation in Libya is less than 200 mm in the narrow coastal plain, while the southern part of
the country receives less than Imm. On the other hand, Libya has large resources of good quality
groundwater distributed in six basin systems beneath the Sahara. In 1983, the Libyan
government established the Great Man-Made River Authority (GMRA) in order to transport 6.5
million cubic meters a day of this groundwater to the coastal cities, where over 90% of the
population lives. This large water extraction of one million cubic meters per day (or greater)
from each wellfield has the potential to greatly stress the water resources in these areas.

This study focuses on three GMRA wellfields in two sedimentary basins (Sirt and Al
Kufra) in central and southeast Libya. The Sarir wellfield is located within the Sirt basin and
consists of 126 production wells; the Tazerbo wellfield in the Al Kufra basin has 108 wells; and
the proposed Al Kufra wellfield is also in the Al Kufra Basin and will have 300 production wells.
With the large amount of water to be extracted from these aquifers, it is necessary perform
hydrogeological studies to better characterize the physical and chemical properties of the
aquifers in order to provide the information needed for planning over the proposed 50-year life
span of the projects.

For this study, water samples were collected for analyses of the stable isotopes of water
(*H (D) and *20), **C and noble gases. These data are used to determine the age of the water in

the aquifers and when recharge occurred and to estimate the climate at the time of recharge



(paleotemperatures).  In addition, the helium content of the water will allow for the
determination of the fluxes of helium in the crust at the locations of the aquifers. These fluxes
include the helium produced in situ in the aquifer and fluxes from outside the aquifer (crust and
mantle helium).

Three extraction wells were sampled from Sarir for *C analysis and the ages of these
samples range from 9800 to 15200 ybp. At Tazerbo, five extraction wells were sampled and the
age of the water averages 24000 ybp over a depth range of 150 m. In the Al Kufra area there
were two wells sampled located approximately 100 km apart and at two different depths.  The
apparent age at the shallow well is 12000 ybp and at the deep well it is 21000 ybp. These ages
indicate recharge during wet periods during the late Pleistocene and early Holocene. Recharge
possibly occurred along ancient lakes and paleoriver channels.

The stable isotope compositions of water in all three aquifers are greatly depleted relative
to that of modern precipitation. The results from the northern most aquifer (Sarir) is the most
enriched and plot below the Global Meteoric Water Line (GMWL) and show evidence of
potential effects of evaporation. The waters from the Al Kufra Basin aquifers are more depleted
and plot on the GMWL. These results suggest that the groundwater recharge during the late
Pleistocene and early Holocene was recharged at a time in which the regional monsoonal
patterns were different than today. Other workers have concluded that the paleomonsoons most
likely came from the southeast out of the Atlantic causing the waters to be depleted relative to
modern precipitation.

Noble gas recharge temperatures (NGRTSs) allow for the determination of average annual
temperature during the time of recharge and to compare these values with the current annual

temperatures. Noble gas recharge temperatures were determined for one sample from Sarir,



three samples from Tazerbo and one from Al Kufra (Table 4). For Sarir, the NGRT was 18°C
which is about 5 degrees cooler than the average annual temperature today. For Tazerbo, one
sample yielded a temperature of 20°C and the other two yielded temperatures of 25°C, compared
to the present average annual temperature of 23°C. For the sample from Al Kufra, the recharge
temperature is 19°C compared to the present average of 24°C. These results are consistent with
findings from around the world that indicate average temperatures being several degrees cooler
in the late Pleistocene than today.

The analyses of the noble gas data show that there are significant amounts of “He in the
waters in excess of what is to be expected by water equilibration with the atmosphere. This
indicates that for each aquifer, there is a strong component of terrigenic helium (helium produced
within the earth due to radiogenic decay of U and Th decay products). Groundwater age in the
aquifer can be estimated by determining the in situ production rate of “He using the U and Th
content (assuming no external sources of helium). This method yields average water ages of 1.3
x 10° years for Al Kufra, 5.1 x 10° years for Sarir and 4.5 x 10° years for Tazerbo. The “He ages
for Sarir and Al Kufra are about one order of magnitude greater than the **C ages and the
Tazerbo “He age is about two orders of magnitude greater. Based on looking at helium isotope
ratios, it can be seen that there are external fluxes to the aquifers which would add more helium
to the system than could be produced in situ.

The fluxes of helium for each aquifer system are determined by dividing the “He
concentrations by the *C age. The resulting fluxes are consistent with fluxes determined
elsewhere in sandstone aquifers.

Helium isotope ratios (*He/*He) provided information on the sources of helium in the

aquifers. The main sources that can be identified are the ratios of helium produced in situ, the



ratio of helium from crustal rocks outside the aquifer and helium that comes from the mantle. It
was determined that for the total amount of helium at Sarir, crustal helium accounts for 85%,
mantle helium accounts for 14.6% and in situ produced helium accounts for 0.4%. For Al Kufra
it is 95% crustal, 3.3% mantle and 1.7% in situ. For Tazerbo, values are 90% crustal, 9.7%

mantle and 0.3% in situ.
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CHAPTER ONE

INTRODUCTION

1.1 Background

It is a fact that Libya receives very low precipitation due to being located in an arid
climate; however, it is rich in groundwater resources. The coastal plain, only 5% of the entire
area of Libya, where the majority of people live, receives around 200 mm of annual precipitation
as compared to the <1 mm annual precipitation to the south. Evaporation rates are also high,
ranging from 1700 mm/year in the north to 6000 mm/year in the south (Kuwairi 2006). Currently,
the rainfall along the coastal zone is not sufficient for agriculture, or human demands compared
with 40-50 years ago, due to low precipitation and an increase in population. Currently,
groundwater is the primary source of fresh water, accounting for 96% of total Libyan
consumption. However, as a result of excessive pumping, and low precipitation, seawater
intrusion has taken place in the coastal aquifers: Jafara in the west, and Al Jabal al Akhder in the
east (Figure 1.1), where most Libyan people are concentrated, with a marked increase in salinity,
reaching over 7000 mg/l in the Tripoli region (Kuwairi 2006). In order to deal with the shortage
of water in most coastal cities, water desalination, water treatment, pipeline transport from

southern Europe to Tripoli, and transportation by ship have taken place.

During the 1950s, and 1960s oil production began in southern Libya. Work by Occidental
(1966, 1970) led to the exploration of fossil groundwater reservoir in the Al Kufra and Sarir
areas (Figure 1.1). With continuing oil exploration, more details had been reported about the
fossil groundwater. During the 1960s, and 1970s, this exploration lead the Libyan government to

construct farms in the Al Kufra area called the Kufra Productive Project (KPP). In 1971and 1973



the KPP had 99 wells and 27 piezometers, with discharge of 76 I/s (liter per second) per each
well. Moreover, in 1974 the government constructed another project called Al Kufra Settlement
project (KSP) with 55 wells each with discharge of 76 I/s. At the same time (1975), the Sarir
agriculture project (North and South) was constructed in the Sarir area with 100 wells. Since that
time, agriculture started to be developed by government as well as the studies of aquifers.
Neither of the giant agricultural project in these areas (Sarir and Al Kufra), were suitable for

population settlement due to the harsh climate.

Six groundwater basins have been identified as the main sources of groundwater
resources in Libya: Cyrenaica in the northeast, Al Kufra and Sirt basins in the eastern and

southeast, Jeffrah Plane, Ghadamas in the west and Murzug in southeast (Figure 1.1).

Subsequent investigations have proved the reserves available and defined the limits of a
number of potentially vast aquifers at Sirt, Kufra, Murzuq and Ghadames. Aquifers with water
levels at depths of less than 100 m below ground surface were recharged by tropical rain,
particularly 38 kyr — 10 kyr ago (Edmunds and Wrights 1979). Each of these basins contains
reserves amounting to 3000x109 m3 of economically extractable fossil water (CEDARE 2001).
In a recent study conducted under the supervision of the UN Centre for Environment &
Development in the Arab Region (Libya, Egypt, Sudan and Chad) & Europe, CEDARE (2001)
stated that the Nubian Basin (of which Al Kufra is part) was estimated to contain 373.3x1012m3.
Therefore, in 1983 the Libyan government established the Great Man-Made River Authority
(GMRA) for transporting 6.5 million cubic meters of water per day from those aquifers located

beneath the deserts to the coastal cities with a minimum design life 50 years.
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Figure 1.1. Location map of Libya, showing the sedimentary basins locations, and the surface
geology, (modified after Rusk 2001, and Ramos et al. 2006)



Table 1.1 summarizes the number of wells at each wellfield within four basins, total
reserves, total production and reservoir capacity of each wellfield. Figure 1.2 shows the location

of these wellfileds.

To state the cost of these giant water projects, comprehensive studies have shown that the
cost of pumping groundwater from the Libyan southern basins and conveying it to the northern
region cost one Libyan Dinar (LD) per 9m*. However, compared with other options for example,
desalination (1LD for 0.79 m®), transport by pipeline from South Europe to Tripoli (1LD for 0.74
m?), or transportation by ship (1LD for 1.03m°) it is the most cost effective solution for meeting

the water demand. (Kuwairi 2006).

For this study, three aquifers in the Sirt and Al Kufra Basin will be the focus. In each
aquifer, there are current or proposed wellfields designed to each extract 1 x 10° m*day or more
water for transport by pipeline to Benghazi. With the plan to extract large quantities of
groundwater from the Sirt and Al Kufra Basins it is necessary to characterize the hydrogeologic
systems of the well fields, and to understand the behavior of aquifer flow systems before and

during groundwater extraction.

1.2 Study Area

The study area consist of three wellfields (Sarir, Tazerbo, and Al Kufra) located in two
major sedimentary basins located in central and southeast Libya (Figure 1.2). The three aquifers
have been developed for water extraction for the GMRA. In general, Sirt and Al Kufra basins
cover an area of about 650,000 km? within Libya, and consist of continental or marginal marine

sediments of sandstone and shale with some limestone that overlie a Precambrian basement.



Table 1.1. Basins, wellfield, total reserves, total production and reservoirs capacity of GMRA

projects.
Total
. No. of Total c "
eserves 0.0 - apaci
Basin Wellfield o Production | Reservoirs Pasly
(billion wells (MCM)
3 MCM/D
m-)
Gedammes 144 0.25 Ajdabiya 4.0
Gedammes
East & NE
48000 Al
Jebel 586 25 _ 6.8
Hasouna Gardabiya
126+48 Omar
Sarir 4.7
new Mukhtar
Sirt 20000 2 The Grand
108 Al 154
Tazerbo ]
Gardabiya
Atte 25000 300 1.68 Grand Omar 24.0
Al Kufra (planned) ' Mukhtar '
The Total
Al Jabal Al Jaghboub
312 40 0.137 Storage 54.9
khader (Stopped) ]
Capacity

MCM = million cubic meter ; MCM/D = million cubic meter per day; NE = northeast
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The Sarir wellfield is located at the southern part of the Sirt Basin, and contains of 126
production wells and 28 piezometerd. The wellfield consists of two aquifers: an unconfined
shallow aquifer of Post Middle Miocene age, with depth to water table ranging from 80 m at the
west part of the wellfield to about 60 m at the east part of wellfield; and a confined-semi-artesian
deep aquifer of Middle Miocene age, multilayered sand, silt shale siltstone and clay, dipping
generally toward the northeast. The water is being pumped only from the deep aquifer. The
wellfield has been designed to produce 1,000,000 m®day, however at the present time it is
producing only 200,000 m*/day because some of the wells have been damaged. GMRA has
decided to construct another 48 production wells that will increase the yield of the wellfield.
Some of our samples were collected from these new wells during our field work in October,
2010.

The second wellfield is Tazerbo, and is located at the northern edge of the Al Kufra Basin.
Three aquifers have been identified in the south part of the Tazerbo area (shallow, intermediate
and deep) with relatively uniform and extensive layering separated by thick aquitards. The deep
main aquifer is the target of The Great Man-made River Authority and is truncated in the north
by Eocene clays. The thickness of the aquifer is 100-120 m, with a horizon of well-sorted,
medium-grained, poorly cemented sands, which are encountered at 280 m in the north-west and
at 500 m at the south-east of the southern aquifer (Tazerbo and Al Kufra), and dipping at an
angle of about 2-3° to the south-east. The depth to water is variable from site to another, from
260 m in NE and NW to 400 m in SE and SW, and the flow generally from S to N (e.g., Eddib
1973; Eskangi et al. 1975). Twenty one sites with piezometers have been built surrounding 108

high capacity production water wells to monitor the water level. The capacity of the wellfield has



been designed to yield one million cubic meter per day. However, at the present day, the yield of

the wellfield is 490,000 m*/day.

The Al Kufra wellfield is located in the southern part of the Al Kufra Basin, which is in
the Nubian Aquifer. The area of the Nubian Sandstone Aquifer System is composed of
different water-bearing strata that are differentiated into two systems, namely the Nubian
Aquifer System (NAS) and the Post Nubian Aquifer System (PNAS). The NAS is comprised
of the Paleozoic and the Mesozoic deposits and overlies the Pre-Cambrian basement
complex. The PNAS occurs to the north part of the basin overlying the NAS in north-eastern

Libya, and it is comprised of Tertiary continental deposits.
The production aquifer at the Kufra site has drained drawdown response during pumping.

The proposed wellfield will consist of 300 production wells and has 10 exploratory wells
and 26 piezometer wells. The extraction rate is planned to be 1.6x10° m® per day. Al Kurfa
wellfield is the most important field for GMRA because of the high production of fresh water
that will be produced from the Nubian Sandstone aquifer in order to support the quantity of water

being pumped from Tazerbo and Sarir wellfields.

1.3 The Objectives

Libya has many areas of hydrogeology where one needs to study and apply different
methods to characterize the hydrogeologic systems in the locality of the new well fields, and to
understand the behavior of aquifer flow systems before and during groundwater extraction.
There have been several studies associated with the discovery of groundwater in the Sirt and Al
Kufra Basins. However, there is still a lack of general knowledge on the origins, recharging zone,

and the behavior of these aquifers. In order to predict the quantity of extractable water in the
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aquifers, it is important to accurately determine the distribution of the aquifers within the strata
in relation to stratigraphic and structural features.

The age of groundwater is a significant key for water resources, paleoclimate, waste
management, and subsurface reactive transport (Sturchio et al. 2004). Therefore, one of the main
objectives of this dissertation is to calculate the age of these fossil groundwaters by using
different methods of isotopes. The stable isotopes and **C have been used before in these basins,
however the *He chronometer to characterize the hydrogeology of the three aquifers system, such

as the Post Miocene at Sarir, Tazerbo and Al Kufra, has not been established yet.

The main objectives of this study are:

- Estimate groundwater residence time in the all aquifers, and identify implications
for regional recharge.

- Stable isotopes of water (**0, ?H), *H, **C, **C, and dissolved noble gases will be
used together to calculate the groundwater recharge temperature, paleoclimate and
to possibly provide important evidence of the changes in the aquifers due to water
exstraction areas.

- Estimate values of crustal helium (“He.), mantle helium (*Hey) in samples
collected from all the aquifers to validate that the *He. concentrations are
representative estimates of the “He from in-situ radiogenic production.

- Estimate the helium flux for all aquifers.



1.4 Climate

Because of its location in an arid zone and the limited natural resources (water), Libya
will be affected with climate change rapidly. According to Capot-Rey (1960), the Sarir Tibisti
climate changed during the Quaternary based on the lake terrace found in Ouniange Kebir.
Wendorf et al. (1976) stated that increasing precipitation around 7500 B.C. and 2500 B.C.
followed by almost 3000 years of dry has left Libya with no surface water. Only the
Mediterranean Sea plays an important role in modifying the climatic parameters temperature and
moisture and only in the coastal zone, and its influence decreases gently southward to the Sahara.
Therefore, the spatial pattern of annual temperatures over the country is mainly depending on
latitude and elevation. Currently, the coastal cities have moderately temperatures while the south

cites have high temperature.

The average annual temperature in Jalu (Figure 1.2) north of the Sarir wellfield is 23.2°C.
Tazerbo has an annual average temperature of 23°C. Al Kufra has an annual average of 24°C.
Average annual precipitation in Jalu is 9.3 mm, Tazerbo is 2.9 mm (Pallas 1981) and for Al
Kufra is 1.3 mm (Pallas 1981). Farther to the south of Al Kufra, the annual precipitation is < 1
mm (Pachur 1996). Parts of the Tibesti Mountains to the southwest of Al Kufra receive over 30

mm of annual precipitation (Pachur 1996).

1.5 Previous Studies
Many scientists have studied the main aquifers in Libya and all have employed various
methods to estimate the hydrogeologic character of these aquifers. Al Kufra and the Sirt Basins

have generated much research and several estimates of groundwater reserves have been made.
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Table 1.2. The annual temperature for the study area and some cities in Libya (Data source:
Libyan Meteorological Department, Tripoli. Jaghboub and Jalu, (1950-2000).

) . Summer Winter Annual .
Station La(t'l\tlt)lde Ele(vna]lglon (Jun.-Aug.) | (Dec.-Feb.) (°C) Precé:g:;a)tlon
(°C) (°C)
Al Kufra 24.13 436 30.8 14.2 23.3 2.1
Jalo 29.02 60 29.8 14.1 22.4 9.3
Agedabia 30.43 7 26.5 13.5 20.5 145.4
Benghazi 32.05 129 26.1 13.4 20.1 268.5
Tripoli 32.54 25 26.4 14.0 20.2 335.9

Some of the best known works include those of Wright and Edmunds (1971); Benifield
and Wright (1980); Pallas (1981); Wright et al. (1982); Ahmad (1983); Swailem et al. (1983);
Bellini and Masssa (1980); German Water Group (1977). The first groundwater study in the
region was done by Ball (1927) who created a potentiometric surface map for what is now
eastern Libya and western Egypt. Ball measured water levels in 30 wells over this large area and
determined that the gradient of the potentiometric surface was generally to the northeast with
local deviations around various oases.

It was suggested that potential recharge to the Kufra

Basin is from the Erdi highlands and Tibesti Mountains (Figure 1.1).

Later studies by Sandford (1935), Ezzat (1959), Gabert (1961) and Ahmad (1983) also
came to the same conclusion. Pallas (1981) reviewed the previous studies of hydrogeology and

water resources assessment in Libya.

Some of the flow to the north in the NAS of the Al Kufra Basin may continue into the

Sirt Basin but this is not clearly established. Wright et al. (1982) showed that the potentiometric
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surface in the northern part of the NAS in the Al Kufra Basin is somewhat continuous with the
potentiometric surface in the Miocene aquifers in the Sirt Basin near Tazerbo, which may
suggest a hydraulic connection across the basin boundaries. The NAS in the Sirt Basin is buried
much deeper than in the Al Kufra Basin where it crops out at the surface. In the Sirt Basin, the

NAS is confined under artesian conditions.

Groundwater models were created by Heinl and Brinkman (1989) and Gossel et al.
(2004) for southeastern Libya, southwestern Egypt, and northern Chad and Sudan for the NAS of
the Al Kufra Basin and the southern part of the Sirt Basin. These models, along with the work of
Wright et al. (1982), suggest that there is north-northeast flow in the two aquifer systems, with

flow in the NAS generally to the northeast.

The potentiometric surface maps indicate potential recharge zones for the NAS off the
Tibesti Mountains and the highlands to the south in Chad and Sudan. In the Sirt Basin, the
potentiometric surface in the post Oligocene aquifers shows that there may be some modern
recharge around Al Haruj al Aswad to the west of Sarir. Edmunds and Wright (1979), Heinl and
Brinkmann (1989), and Gossel et al. (2004) have all suggested that if there is modern recharge it
is minor. There could be potential recharge to the Sirt Basin by underflow from the Al Kufra
Basin through the deeper Cambrian sandstone. Numerical models mentioned above have
suggested that the present recharge will be locally focused and that the current potentiometric

surface formed during the past wet periods (e.g. Wright et al. 1982).

Burdon (1977) estimated storage for five basins beneath and adjacent to the Sahara to be
about 60,000 km®. Kehnde and Loehnert (1989) stated that the development of this fossil water

which was recharged during the Quaternary fluvial period must be done with care; recent

12



recharge is relatively low or negligible. Detailed studies related to water chemistry, geology and
hydrogeology description from surface and subsurface data has been carried out in these basins

by Wright et al. (1982).

Comprehensive studies of water resources of the Al Kufra Basin have been done by
German Water Group (1977). They believed that the aquifer at Al Kufra basin is strongly
anisotropic due to lenticular beds of varying thickness and shape. Edmunds and Wright (1979)
used stable and radio- isotopes to study the groundwater recharge history and paleoclimate of the
Sirt and northern Al Kufra basins. They sampled wells for stable isotopes of water and *C.
Their sampling included wells to the north of Sarir and near Al Kufra. Details of this study will

be discussed below.

Recharge is speculated to be underflow from the south within the Nubian Sandstone and
the Paleozoic aquifer systems into the Middle Miocene aquifer of Sarir. Several aspects are
contrary to there being modern recharge. First, the region is currently hyper arid and the only
area with any appreciable rainfall is the Tibesti Mountains. It is unlikely that the amount of
precipitation is sufficient to overcome the high potential evapotranspiration rate (Pachur 1980) to
provide recharge necessary to provide the inflow. Second, the geologic cross-sections beneath
Kufra and Sirt basins suggest no obvious connections between the study aquifers in the south to
that in the north. The Nubian Sandstone and the Tadrat Formation are not continuous into the

Sirt Basin in the region around Tazerbo.

The Tadrat is separated from the overlying aquifers by confining layers, preventing or
limiting potential flow from south to north. As a result it has been proposed that the observed

hydraulic gradients in the region are fossil gradients established during the late Pleistocene and
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early Holocene and that these gradients are slowly decaying away (e.g., Wright et al. 1982; Heinl

and Brinkmann 1989; Gossel et al. 2004).

Pallas (1981) reviewed the previous studies of hydrogeology and water resources
assessment in Libya. Ahmad (1983) studied the hydrological behavior of the Sarir well field by
using analytical and numerical models, and concluded that there is a leaky artesian aquifer. Also,
his steady-state model showed that there is an underflow entering the Al Kufra and Sarir aquifers
from Tibesti, Chad and Sudan. Also, many recent research efforts took place after the GMRA
started drilling water wells in Sarir, Tazerbo and Al Kufra.

Lloyd (1990) described the regional hydrogeology of the Nubian Sandstone aquifer
system in eastern Libya, Sudan and Egypt and also the associated Tertiary aquifer of the Sirt
Basin. Pim and Binsariti (1994) gave a general review of the geology of different areas of Libya
and more details about the hydrogeological conditions in the main water wellfields in Sarir,
Tazerbo, and Al Kufra. They estimated the volume of water in the aquifers by using different
models and simulated drawdown from different well fields for the 50 years of life. Wheida and
Verhoeven (2006) studied the water resources in Libya by describing the geographic location,
population and climate to estimate the demands on groundwater by GMRA in the next 25 years.
Wallin et al. (2005) recommended that isotopes can be used to garner information that is helpful

in creating a long-term sustainable management plan for the Nubian aquifer.

Barr and Walker (1973) described how a canyon with a 396 m depth and a 5km wide cut
into Miocene limestone north of the Sirt Basin contributed to the drainage basin known as the
Sahabi River. This river was connected with lakes in the south, and it flowed to the north. During
the early Pliocene subsidence took place at the Eastern area of Tibesti resulting in a lower level

of the Al Kufra basin compared to the Sirt Basin (Griffin 2002, 2006).
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From the early Lower Miocene to the Quaternary, tectonic activity took place in the
Tibesti Volcanic Province ( Furon, 1963; Gourgaud and Vincent, 2004; Geoniem et al., 2012).
These resulted in a shift of the Sahabi River to the east toward the Al Kufra Basin. This has been
supported by many other studies (e.g., Pachur 2000; McCauley et al. 1986). Ahmad and Goad
(1978) reported that the KPP located on the paleoriver channels was recharged from the Tibesti
Mountains. Pachur (1993) traced this channel from the Tibesti Mountains toward Al Kufra Basin
for hundreds of kilometers. Regarding paleorecharge, Ghoneim et al. (2012) stated that there is a
paleoriver discharge across the south and south east part of Libya, at Al Kufra Basin through the
Sirt Basin to the Mediterranean Sea. The Al Kufra paleororiver had an extensive drainage area of
about 235,500 km? and a length of 950 km. During the Neogene, this paleoriver formed the
Sahabi River in the Sirt Basin. According to De Menocal et al. (2000) a wet period took place
around 5.5 kyr ago. Runoff from the south of Sahara to the north and east of the Mediterranean
Sea took place during the Miocene and Pliocene (Griffin 2002, 2006; Ghoneim et al. 2011;

Paillou et al. 2012).
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CHAPTER TWO

GEOLOGIC SETTING

2.1 Structural Geology

Libya is located on the northern part of the African shield, over a platform of cratonic
basins. The Caledonian and Hercynian orogenies with other upheaval during the Cretaceous,
Tertiary and Holocene time caused the major structural and tectonic features (uplifts, subsidence,
folding, faulting, tilting and intrusions). Volcanic activity took place during the Alpine orogeny

within deep seated fractures (Goudarzi 1978).

2.1.1 Al Kufra Basin

The Al Kufra Basin is a large, Palaeozoic intracratonic sag basin in SE Libya. The basin
is surrounded by Jabal Az Zalmah to the north, Jabal Arknu and Jabal Al Awaynat to the east,
Jabal Nugay to west, and the Borkou Massif and Ennedi Mountains to the south in Chad (Figure
1.1). The exposed sequence of Paleozoic rocks is well-preserved from Cambrian to Cretaceous
time. The Northeast —Southwest trend in Al Kufra Basin is due to the Hercynian orogeny. The
basin also is characterized by strike- slip faults trending northeast-southwest related to basement
megashear (Bellini et al. 1991) and this shows indications of the late Pan-Africa orogeny NW-SE
trend (Figure 2.1). During the Caradocian the area was affected by uplift and erosion that made
some formations absent and some very thick. During the late Ordovician the basin received a

thick sequence of glacio-marine sediments (Halett 2002).
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Figure 2.1. Pan-African structures that formed during late Precambrian to Late Carboniferous
tectonism. Sources: Klitzsch (1971), Anketell (1996), and Hallett (2002).
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According to Bellini and Massa (1980) and Klitzsch (1971) the Al Kufra Basin was
affected by two tectonic cycles, the first in the Silurian resulted in a transgression with a
northwest trend, According to Halett (2002) during the Carboniferous event the collision
between the Gondwana and Luarasia formed the Tripoli — Tibisti Uplift, Haruj Uplift and
Kalanshiyu Trough Halett (2002) (Figure 2.2). According to Lining et al. (1999) the basin
received sands of the Nubian sandstone during the Cretaceous due to major rifting related

subsidence.

2.1.2 Sirt Basin

The Sirt Basin is located in central Libya and is bordered on the north by Mediterranean
Sea, on the south and south east by Jabal Nugay and Jabal Dalma, and on the east by a basement
high (Figure 1.1). The structural features of the Sirt Basin began in the late Precambrian by
alternating periods of uplift and subsidence commencing with the Pan African orogeny (Kroner
1993). The main structure of the Sirt Basin is the result of rifting (horsts and grabens), which
formed the configuration of the basin. This began to develop in the late Jurassic following a
sequence of tectonic events that led to the breakup of the supercontinent Pangea (Gumati and
Kanes 1985; Gumati and Nairn 1991; Van der Meer and Cloetingh 1993a, b; Baird et al. 1996;

Schroter 1996) (Figure 2.1).

Uplift rises to 3000 m south of the Sirt Basin; much of the land area in the basin is
characterized by desert steppes and includes eolian deposits of the Kalanshiyu and Rabyanah
Sand Seas of the Sahara Desert. Rift of the Sarir Sandstone (equivalent to Nubian Sandstone) in
the eastern part of the Sirt Basin region formed during the Middle and Late Jurassic and Early

Cretaceous.
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Figure 2.2. Hercynian structural trends caused by the Late Carboniferous collision between
Gondwana and Laurasia. Sources: Klitzsch (1971), Anketell (1996), and Hallett (2002).
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Rifting originated in the Early Cretaceous, continued through Late Cretaceous, and was
completed by early Tertiary, resulting in a triple junction within the basin (Harding 1984; Gras

and Thusu 1998; Ambrose 2000).

Figures 2.1 and 2.2 show the main five grabens in the Sirt Basin (Hun, Zallah, Maradah,
Ajdabiya, and Hameimat) that separated the four major platforms (Waddan, Zahrah-Bayda,
Zaltan, and Amal-Jalu). The general orientation of these structural features is north-northwest—
south-southeast trending which persisted throughout the episodes of faulting during the Late
Cretaceous and Palaeocene. During this period, a large thickness of shale and subordinate
carbonates and evaporates accumulated in the troughs, while a considerably reduced thickness of
dominantly shallow-marine carbonates were deposited on the platforms (Barr and Weegar 1972;
Gumati and Kanes 1985; Baird et al. 1996). According to Burke and Dewey (1974) in the Early
Cretaceous, the Sirt Basin was effected by extension forces along a weak zone formed by other
rifts leading to the collapse of the preexisting Sirt arch.. The early rifting phase corresponded
with late rhyolitic and basaltic volcanism, of which granites have been dated to 152-122 Ma
(Wilson and Guiraud 1998; Cahen et al. 1984).

Major basin subsidence (crustal extension, and reactivation of faults) from the northward
to westward occurred in the Late Cretaceous thinning the cratonic lithosphere and fragmenting
north Africa (Biju-Duval et al. 1977; Duncan 1981; Morgan 1981, 1983; Gumati and Kanes 1985;
Gumati and Nairn 1991). During the Palaeocene—early Eocene, subsidence and extensional fault
reactivation formed due to the relative motions of the American, African, and Eurasian plates,
and the development of the Tethys on the foreland of the African plate (Anketell 1996). On the
western Sirt Basin along the Hun graben, a major volcanic eruption started early Eocene to

Pliocene (Wilson and Guiraud 1998). From the late Eocene until the Miocene, the Sirt Basin
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begin filling with thick successions of post rift sediments. Recently, large parts of the Tertiary

sequence have been eroded at the western part of the basin. Ade-Hall and Reynolds (1975) dated

volcanic eruptions in Jabal As Sawda on the eastern part of the Sirt Basin to 10.5-12.3 Ma.
Another major volcanic eruption in Jabal al Haruj al Aswad in the southeast of the Sirt

Basin dated to the late Pliocene (Ade-Hall et al. 1974).

2.2 Stratigraphy and Depositional History

2.2.1 Al Kufra Basin

The sedimentary succession of the Al Kufra basin was deposited on the sinking foreland
between the ancient African cratonic shield and the Tethys belt (Klizch 1971). Metamorphic
Precambrian basement is overlain by a very thick sequence of Cambro-Ordovician deposition.
Outcrops of lower Paleozoic strata are restricted in Al Kufra Basin. Erosion surfaces separate the
Cambrian (Hassaouns Formation) and the Upper Ordovician sediments (Memouniat Formation)
from the time of the North Africa ice sheet (Bellini and Massa 1980). Paleozoic stratigraphy of
Al Kufra Basin has been described by different scientists, e.g., Bellini and Massa (1980) ; Bellini
et al. (1991); Burollet (1963); Turner (1980, 1991). The basin consists of shallow marine to
fluvial deposits ranging in age from Precambrian to Cretaceous. Silurian marine transgression
covers the southeast of the basin and constitutes a complete sedimentary cycle associated with a
shallow marine environment (Akakus Formation) at the end of the cycle. During the Middle-
Upper Devonian, a sequence of continental sediment formed (Tadrat Formation). The
Carboniferous in the basin represented by the Dalam Formation with continental environment

deposition after the Hercynian orogeny resulted in subsidence.

21



The sedimentary succession in the Al Kufra Basin can be subdivided into eight major
stratigraphic units from Precambrian to Cretaceous (Lning et al. 1999). Upper Neoproterozoic
to lowermost Cambrian are undifferentiated; Cambro-Ordovician (Gargaf Group, consisting of
Hassaouna, Melez Chogran and Memouniat formations); the lower Silurian Tanezzuft Formation,
lower and upper Silurian (Akakus Formation), lower Devonian (Tadrat Formation), middle and
upper Devonian (Binem Formation), Carboniferous (Dalma Formation) and the post-Hercynian
Nubian Formation (Bellini and Massa 1980; Bellini et al. 199; Bezan 1991).

According to Bellini et al. (1991) and Turner (1980, 1991), the Al Kufra Basin was
dominated by braided fluvial to shallow marine sandy facies with few marine shaly interlayers
during the Cambrian and late Ordovician times when major glaciations affected large parts of
North Africa. The Cambro-Ordovician succession was studied in Jebel Dalma, and north Jebel
Asba. The unit is composed mainly of sandstones, fine to medium grain with some coarse,
intercalations of conglomeratic beds. The sedimentary structures observed in the strata include
wave and current ripples, gravel lenses, conglomeratic lag deposits, load casts and shale
intraclasts (Lining et al. 1999). Table (2.1) shows the general succession in the Kufra basin and

(Figure 2.3) is a cross-section from the east to the west showing the major stratigraphic units.

2.2.2 Sirt Basin

The Mesozoic and Cenozoic sedimentary sequence in the Sirt Basin rests on a
Precambrian basement and Cambrian—Ordovician clastic sediments. The Upper Cretaceous
continental-marine rift consists of clastics followed by fine marine clastics and carbonates and

concluding in the Paleocene and Eocene with carbonates and evaporates (Bellini et al. 1991).
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Table 2.1. Shows summary of the stratigraphic section of Al Kufra Basin, showing the
formation and tectonic events (Hallett 2002).

ERA PERIOD FORMATION TECTONIC EVENT
CAINO- . . : . i
2010 Mid Cainozoic uplift and erosion
; CRETACEQOUS Nubian
O O
o) JURASSIC )
s N Emergent, erosion and patchy
TRISSSIC 'Continental Post continental deposition
PERMIAN Tessilien'
CARBON- Hercynian orogeny, uplift and erosion
IFERIOUS Zalmah Conformable Dev. —Carb. contact
DEVONIAN Binem Tectonically quiescent
O Tadrat Intraplate sag basin
g Akakus Early Devonian hiatus
'g":J SILURIAN
- Tanzuft ] ] )
< Liandoverain transgression
Mamuniyat
ORDOVICIAN Milaz Shugran _ _
Hawaz Caradocian tectonism , emergent,
Ash Shabiyat erosion
CAMBRIAN Hasawnah Passive margin sag basin
INFRA Extension, pull-apart basins
CAMBRIAN » Pull-ap
. m
'5.'% <§E Pan African orogeny
e
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Figure 2.3. North-South cross section of Al Kufra Basin (Modified after Roohi 1996).
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The basin was filled with upper Eocene to Miocene mixed carbonates and siliciclastic
deposits followed by continental clastics. Sedimentary successions are characterized by cycles of
transgressions and minor regressions, resulting in deposits of marine, transitional, and
continental deposition.

During the first depositional period, mainly continental clastic sediments of pre-Late
Cretaceous age formed. This cycle is commonly referred to as the Nubian, Sarir. In the
northwest-southeast trending troughs, the sequence is shallow-marine grading into fluvial
deposits in the southeast. According to Van Houten (1980); El-Hawat et al. (1996) during the
Neocomian and Albian, basin deposition throughout north-eastern Africa was non-marine.

In the eastern Sirt Basin some authors have preferred to use terms such as Sarir
Sandstone and Kalanshiyu (Calanscio) Sandstone to indicate late Jurassic to early Cretaceous
continental clastics specific to this area. Nubian Formation is used in the sense of the non-marine
sequences lying between the Taouratine Formation and the marine deposits of Cenomanian age.
The Nubian Formation is widely distributed in the Sirt Basin. The formation consists of
sandstones, very fine- to coarse-grained and poorly sorted, with a clay matrix (and quartzites),
shale, sand, and conglomerate in some places. Sedimentary structures found in the sandstones
include cross-bedding and ripple-marks. In general, the Nubian formation unconformably
overlies basement Paleozoic, or Triassic-Jurassic graben fill sediments, and are overlain by the
transgressive marine Cretaceous. According to Ambrose (2000), the Lower Sarir Sandstone,
which rests on basement, represents early rift deposition and is typified by alluvial fans,
conglomerates and braided plain deposits. According to Wennekers et al. (1996), the western
part of Sirt Basin shows the presence of unsilicified Nubian rocks in both the Zallah and Abu

Tumayam troughs, associated with possible lacustrine shales. The thickness of the Nubian rocks
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in the Zallah Trough is 600 m, and in the Abu Tumayam Trough 450 m. During the Late
Cretaceous, rifting began. Fine siliciclastic sediments were deposited in the troughs and shallow-
marine carbonates prevailed on the highs (Bahi, Lidam, Etel, Rachmat, Sirt, and Kalash
formations).

During the Upper Cretaceous, marine transgression took place resulting in the Bahi
Formation which was deposited in shallow marine environment. The Lidam formation
establishes the first marine unit in many parts of the basin and has a thickness of up to 600m in
the troughs. The Etel formation is extensive across the central and southern Sirt Basin, where
thickness in the troughs ranges from 660 m in the Hagfa trough to more than 700m in the
Hameimat trough. The Sirt Shale is widely distributed throughout the grabens of the basin. Its
thickness ranges from 500m to more than 700 m in the Zallah and Ajdabiya troughs, respectively
(Bellini et al 1991). Khalash Limestone formed during the Maastrichtian, in shallow depositional
environments. It occurs over most of the Sirt Basin and has a thickness of up to 600 m in the
northern part of the Agedabia trough. In the Paleocene, rift evolution took place, and the basin
deepened again with markedly thick (deep) marine deposition represented in the Hagfa Shale
Member of the Khalifa formation and the Rabia Shale Member. Carbonate accumulated in the
platform areas represented in the upper Satal, Defa, Beda, Dahra, and lower Sabil formations and
the Thalith Member. According to Belazi (1989) the overlying Kheir formation (marine
environment) widely developed throughout much of the Sirt Basin during the late Paleocene to
early Eocene. During the early Eocene, large quantities of evaporites were deposited (Gir
Formation; Hon evaporites) grading into the Mesdar Limestone. Throughout the middle and late
Eocene, carbonate deposition again occurred (Gialo, Gedari, and Augila formations). According

to Barr and Weegar (1972) the Oligocene succession of the Sirt Basin includes the Arida and
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Diba formations. The Arida formation shows rapid changes in the lithology and environment of
deposition, ranging from totally continental sandstone in the southeast to marine shale or
carbonates in the north of the Basin. The Diba formation is characterized by shale intervals in the
south-central basin. According to Belazi (1989), open-marine conditions took place during the
middle Oligocene. Also, according to Bezan (1996) the Oligocene regression gave an increase to
three major types of depositional environment represented by continental sandstone in the
southeast, marine shales or carbonates in the north and northeast and marine-continental
interface in west. During the Miocene, the west and southeast of the basin filled with fine to
coarse-grained sands and sandstones while the northwest of the basin filled with mixed
sedimentary successions. According to Benfield and Wright (1980) the carbonate and clay
successions of the northeast clearly indicate marine shelf conditions. Table 2.2 shows the general
succession in the Sirt basin and Figure 2.4 is a cross-section from the east to the west showing

the major stratigraphic units.
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Table 2.2. Summary of the stratigraphic section of the Sirt Basin, showing the distribution of

major reservoirs and source rocks (Hallet 2002).

ERA Period Formation Tectonic Events
Post Maine regression continued subsidence
Miocene Messinian sea level fall
Sahabi
Miocene Al Khums | Alpine orogeny, folding, tilting and
Marada | Warping _
O _ Ma'zul Coalesce_nce of sag basins to form_ one
o) Oligocene Ninah large basin centered on the Ajdabiya
'C\)I Wadi Trough _
z Thaam;t Subsidence in Hun Graben
O Eocene Aljir Wrenching in western Sirt Basin
Bishimah | Mid Eocene techtonism
Paleocene Shurfan Establishment of sag basins over site of
Zimam earlier rifts
Algh_arblyah Slow subsidence within rifts
Mizdah | pifts gradually infilled
Upper Qasr Santonian compression
O Cretaceous | Taghrinnah | panig subsidence within rifts
O : I\_Ialut : Cenominian transgression
N Sidi as Sid | Collapse of Sirt Arch,
@ Formation of horsts and grabens.
S Lower Subsidence in Hameimat Tough.
Cretaceous Kiklah
to Jurassic rifting and violence activity
Jurassic Alguidr
Triassic Triassic wrenching and rifting
S Permian Permiar_l volcanic activity _ _
m 9 Hercynian orogeny. Formation of Sirt
z9 o Arch
o Cambrian Mid Devonian tectonism
Q Panafrican orogeny

28




WEST EAST

Zaltan

Amal Feet

ST T e e~ —————4 Sea Level

=-20000
-22000
0 100 km
[ se—

- Cretaceous

- Paleozoic and Basement Rocks

|:| Post Middle Eocene - Lower Eocene
- Middle Eocene - Paleocene

Figure 2.4. East-west cross-section of the Sirt Basin across the three major platforms: Az
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CHAPTER THREE

HYDROGEOLOGIC SETTING

The area of study has two regional aquifer systems, the Tertiary system of the Sirt basin
(Post-Eocene aquifer) where the Sarir wellfield is located, and the Nubian system of Al Kufra

basin where the Tazerbo and Al Kufra wellfields are located.

3.1 Sarir Wellfied

The Sarir wellfield is located in the southern part of the Sirt Basin and has been in
operation since 1991. In the Sirt Basin, the aquifer consists of a thick deposit of Eocene clays
and limestones with continental deposits of sand interbed with some clay and limestone at the
north of the basin as a result of the Late of Cretaceous subsidence of the Sirt Basin (Pim and
Binsariti 1994). The thickness of Post Eocene reaches up to 1600 m. The wellfield has two
aquifers systems: a shallow unconfined aquifer of Post Middle Miocene age, with depth to water
table from 80 m in the west part of the wellfield to about 60m in the east part of wellfield. And a
deep confined-semi-artesian aquifer of Middle Miocene age, composed of multilayered sand, silt,
shale, siltstone, and clay (Table 3.1). However, from the analysis of core and cutting samples, the
aquifer consists mainly of silica (Table 3.2). The water flows in the Sirt basin system generally
flows from S to N and finally touches the Mediterranean and the Jebel Akhdar area and
discharges into coastal and inland sabkhats extending from the Gulf of Sirt to the Qattra
Depression in the east (Wright et al. 1982), and probably forms the Sahabi channel. Pumping
from the deep aquifer is fully balanced by vertical leakage from the shallow aquifer resulting in

an effectively unconfined condition after a short period (Pim and Bensrity 1994).
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Table 3.1. Lithological description of the main aquifer in Sarir wellfield (well 222; source: GMRA data).

Depth (m
pth (m) Description

From | To

217 | 222 | SAND, very pale orange, medium grained, subangular to subrounded, well sorted

222 | 225 | SAND, very pale orange, medium to coarse, subangular to subrounded, well sorted. Traces of Clay greenish gray
SAND, very pale orange, coarse to very coarse, some quartz grains at granule size subangular to subrounded, well

225 | 228 . i .
sorted, Traces of Clay greenish gray, Traces of siltstone grayish orange
SAND, very pale orange, coarse to very coarse, some quartz grains at granule size subrounded to rounded, moderately

228 | 231 . . :

sorted, Some Clay light brown greenish gray, Traces of calcareous sandstone yellowish gray

231 | 234 | SAND, very pale orange, fine grained subangular to subrounded, well sorted, Traces of Clay light brown

234 | 240 | CLAYEY SAND grayish orange (fine grained sand)

240 | 261 | SAND, very pale orange, fine to medium subangular to subrounded, moderately sorted.

261 | 264 CLAY and SAND, Clay yellowish gray to light brown plastic. Sand grayish orange coarse to very coarse subangular
to subrounded, poorly sorted.

264 | 267 | CLAYEY SAND grayish orange.

267 | 273 | CLAY grayish orange.

273 | 276 | CLAYEY SAND grayish orange fine to medium grained

276 | 279 | SAND, very pale orange, medium to coarse, subangular to subrounded, well sorted.

279 | 282 CLAY and SAND, Clay light brown plastic. Sand grayish orange coarse to very coarse subangular to subrounded,
well sorted

282 | 285 | SAND, very pale orange, medium to coarse, subangular to subrounded, well sorted.

285 | 339 | SAND, very pale orange, medium to coarse, subrounded to rounded, well sorted. Traces of Clay light brown
SAND&GRAVEL SAND very pale orange, coarse to very coarse, subrounded to rounded, poor sorted. GRAVEL to

339 (345 ) . : ;
granule size. CLAY dark yellowish orange and grayish orange, plastic, some.

345 | 396 SAND, very pale orange, fine to medium, subrounded to rounded, well sorted. CLAY dark yellowish orange and
grayish orange, plastic, traces.

396 [ 400 | CLAY dark yellowish orange, plastic.
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Table 3.2. Well depth, and aquifers geochemistry analysis results for Tazerbo (well 401), Sarir (well 309A), and Al Kufra (surface

sample).
’ Depth | Analytic Symbol| Si02 | AI208 [Fe203(T)| MnO | Mg0 | CaO | Na20 | K20 | Tio2 | P205 | LOI | Tota
AQUIEr - m) Unit Symbol | % % % % % % % % % % % | %
120-165 s-1 65.94 | 664 | 1527 | 0591 | 069 | 041 | 014 | 126 | 0426 | 019 | 8.05 |99.59
165-219 S-2 8338 | 697 | 362 | 0137 | 018 | 022 | 012 | 019 | 0333 | 005 | 41 |99.28
219-264 s-3 7197 | 61 | 1272 | 1229 | 037 | 017 | 012 | 059 | 0582 | 011 | 6.87 |100.8
264-309 S-4 6133 | 423 | 2509 | 1.266 | 018 | 021 | 012 | 022 | 0506 | 013 | 7.12 |100.4
Tazerbo 309-354 s-5 62.44 | 363 | 2589 | 0343 | 009 | 031 | 012 | 01 | 0348 | 02 | 552 |98.99
354-399 S-6 58 | 765 | 2655 | 0.093 | 008 | 042 | 014 | 012 | 0726 | 022 | 623 |100.2
399-441 | S-7(aquifer) | 94.98 | 139 | 205 | 002 | 005 | 088 | 008 | 004 | 017 | 003 | 127 | 101
441-480 | S-8 (aquifer) | 9697 | 153 | 1.28 | 0.002 | 003 | 016 | 009 | 002 | 015 | 001 | 059 |1008
216-252 s-9 96.04 | 0.9 079 | 0018 | 026 | 057 | 007 | 016 | 0092 | 002 | 081 [99.73
252-294 5-10 9423 | 148 | 122 | 0049 | 066 | 097 | 009 | 024 | 0134 | 005 | 1.85 | 101
Sarir | 294-330 s-11 9852 | 055 | 072 | 0007 | 011 | 018 | 005 | 012 | 0055 | 003 | 02 |1005
333-360 s5-12 9712 | 065 | 073 | 0007 | 005 | 005 | 01 | 017 | 0055 | <001 | 021 |99.14
363-390 5-13 9756 | 067 | 072 | 0013 | 018 | 025 | 011 | 02 | 0049 | 002 | 032 |100.1
Al Kufra f‘r’gﬁlssau”:fg'fe S-14 96.27 | 1.87 | 034 | 0005 | 002 | 023 | 002 | 002 | 0436 | 002 | 087 |100.1
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The Sarir wellfield consists of 126 production wells plus 48 new wells with a capacity of
100 I/s in order to reach the designed capacity of wellfield of 1 million cubic meters per day. The
wells are arranged into three parallel lines, with 1.3km distance between each well and with
10km distance between each line and 28 piezometer wells between and surrounding these
production wells (Figure 3.1).

The depth to the main aquifer is around 220 m and the aquifer thickness is around 250m
through continental and some marine sediments. However, the depths of the wells were set at
450 m. At the present, the yield of the wellfield is 200,000 cubic meter per day. Transmissivity
had been estimated based on recent long-term pumping tests and it is between 4.63x10%
to 0.0694 m%/s, and storativity has been calculated and it is between 2.1 x10%* to 3.77 x107%.

The aquifer has a good water quality with TDS varying between 587 to 980 mg/I.
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Figure 3.1 shows the Sarir wellfield design and the selected wells for this study.
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3.2 Al Kufra Wellfield

The Al Kufra Basin has two aquifer systems, the Nubian Aquifer system (NAS) and
the post Nubian aquifer system (PNAS). The Nubian Aquifer System is an aquifer shared
by the countries of Northeast Africa and underlies an area of more than 2.2 million km?.
The NAS consists of the Paleozoic and the Mesozoic deposits and overlies the Pre-Cambrian
basement complex. The PNAS occurs at the north part of the basin overlying the NAS and
consists of the Tertiary continental deposits. Al Kufra Basin has two giant wellfields for the
GMRA, Tazerbo and Al Kufra wellfields. According to Ahmed and Edibb (1975) the north and
southwest of Al Kufra aquifer have low permeability boundaries and important fault and joint
tectonics possibly affecting the hydrogeology of the area. However, according to Occidental

(1970) the Al Kufra basin consists of one aquifer with discontinuous impermeable zones.

The Al Kufra aquifer is anisotropic due to interbedding of fine sediments that occur
within the discontinuous lenticular beds in the Nubian Formation that make the vertical
transmissivity lower than the horizontal (Tipton and Kalambach 1972). The lithological logs at
Al Kufra sites show that the aquifer is highly stratified with numerous siltstone and
claystone beds separating the more permeable sandstone units (Figure 3.2). Based on
hydrogeological data and groundwater modeling received from the GMRA, the Upper
Triassic-Early Cretaceous aquifer in the Al Kufra Basin can be subdivided into two aquifers.
The upper part of the aquifer cited as shallow aquifer is composed of unconsolidated
sandstone, highly interlayerd by claystone and siltstone. The lower part of the aquifer has

much fewer lenticular sediments and was cited as the deep aquifer.
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Figure 3.2. Shows the lithological log of Al Kufra aquifer that is highly stratified with numerous siltstone and claystone (source:
GMRA data).
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Table (3.3) shows the description of the whole sequence of the deep aquifer. However,

from the analysis of core and cutting samples, the aquifer consists mainly of silica (Table 3.2).

Eddib (1973) postulated the existence of an aquifer consisting of clay with its top
occurring at depths of between 70 — 130 m, in the Al Kufra area acting as an aquiclude to
separate the shallow aquifer from the deep aquifer. Ahmed and Eddip (1975) came to the same
conclusion. Comparing our new well log and drilling data and the new geophysics well log
interpretation along with hydraulic consideration of the old information of KPP and KSP lead us

to the conclusion that the existence of the aquiclude cannot be confirmed.

The Al Kufra wellfield with 300 production wells is under construction. However, 10
exploratory wells and 26 piezometric wells have been completed (Figure 3.3). As we said, the
Al Kufra area has another water project, Kufra Productive Project (KPP), which was started in
1972, and it is located at the northern part of the Al Kufra basin. The formation of the basin in
this area (KPP) consists of continental fluvial deposits of lenticular layers. Variation in lithology
horizontally and vertically makes the permeability different from one place to another. The upper
part of the aquifer is sand (700 m) above series of clay layers that separate the shallow and deep

aquifers.

Transmissivity has been estimated based on the recent long-term pumping tests that took
place in 2004 to 2008 and it is between 0.07090 — 0.0284 (m?/s) while the storativity of GMRA
wellfield has been calculated and it is between 4.85%10-05 — 2.21x10-05. The aquifer has a good

water quality with TDS varying between 98 to 538 mg/I.
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Table 3.3. The description of the whole sequence of the Al Kufra aquifer (source: GMRA
data).

Depth
(m) Description
154-168 | SANDSTONE; yellowish white coarse grained sand subrounded to subangular well sorted.
SANDSTONE / SILTSTONE; pale brown medium to coarse grained with bluish gray siltstone
168-180 | fragments.

SANDSTONE / SHALE; yellowish brown medium to coarse grained subrounded to subangular
180- 182 | moderately sorted. Brownish gray mudstone fragments.

182-212 | SANDSTONE; whitish yellow medium to coarse grained subrounded to subangular well sorted

212-225 | SILTSTONE / SANDSTONE; brownish gray micaceous fragments moderately hard. Sandstone
yellowish brown fine to medium grained, poorly sorted.

SANDSTONE; yellowish brown medium to coarse grained subrounded to subangular moderately
225-250 | sorted. With minor traces of siltstone bluish gray fragments.

SANDSTONE; light brownish yellow coarse grained subrounded to subangular well sorted with
250 -303 | traces of black iron oxids.

SANDSTONE / SILTSTONE; pale brownish gray medium to coarse grained subrounded to

303 -314 | subangular poorly sorted weakly cemented quartz grains mixed with siltstone fragments light gray
to pale yellowish gray, moderately hard, micaceous.

SANDSTONE / SILTSTONE; light olive yellowish coarse grained subrounded to subangular
moderately sorted with brownish gray siltstone, micaceous moderately hard.

SILTSTONE / SANDSTONE; pinkish brown to gray, fragments micaceous moderately hard mixed
340-349 | with brownish gray mudstone fragments.

349-350 SANDSTONE / SILTSTONE; light yellow medium to coarse grained subangular to subrounded
poorly sorted. Siltstone pale brown fragments moderately hard.

SANDSTONE; whitish yellow coarse grained subrounded to subangular, well sorted, weakly
350-377 | cemented quartz grains.

CLAYSTONE / SILTSTONE; pinkish brown,. Light bluish gray siltstone fragments, moderately
398-410 | hard, slitly micaceous.

GRAVELS / SILTSTONE; whitish yellow to pink, with pinkish to white fragments siltstone. With
410-430 | black fragments of iron oxides.

SANDSTONE / SILTSTONE; yellowish brown coarse grain, subangular to subrounded moderately
430-448 | sorted. Pink micaceous fragments moderately hard.

448-450 FERRUGINOUS SANDSTONE; reddish brown, subangular to subrounded, ferruginous cemented
moderately sorted.

450-465 | CLAYSTONE; grayish brown, moderately hard.

CLAYSTONE / BLACK ORGANIC MATERIALS; dark gray to black, plastic. With organic
material.

467-469 | COAL CLAYSTONE; black, massive fragments mixed with dark gray to black organic play.
469-470 | CLAYSTONE; gray to dark gray, with traces of siltston.

470-519 | FERRUGINOUS CLAYSTONE; dark grayish brown, plastic, iron oxides.

519-529 | CLAY SANDYSILT STONE ; reddish brown ferruginous mixed with reddish clay silt, iron oxides.
529-550 | CLAYSTONE; dark brown, plastic, with iron oxides.

314-340

465-467

38



2
g
EXP3
®
[—]
2- 5
[—]
2 EXP-5
®
; Production wells EXP-11
s . EXP-12 ®
(=]
E-
-+
s [
(=]
$1 EXP-7
o
q Paleoriver Exps
& @®
-
Exploratory well
(=]
B
2
1172099 odoo00 22booo 240000 250000 280000 200000 321778

Figure 3.3. Shows the Al Kufra proposed wellfield design and the selected wells.
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3.3 Tazerbo Wellfield

The Tazerbo wellfield is located in the northern edge of the Al Kufra Basin, above the
SW- NE alignment of the south flank of Hercynian uplift that was transected by the Caledonian
movements (Wright et al. 1982). The whole sedimentary sequence within the wellfield, reaching
up to 800 m thickness, is of Lower Devonian age, mainly consisting of marginal marine deposits
(Pim and Bensrity 1994).

Three aquifers have been identified in the south (shallow, intermediate and deep) with
relatively uniform and extensive layering and separated by thick aquitards. The deep/main
aquifer is the target of The GMRA. It is truncated in the north by Eocene clays, and is a 100-120
m thick horizon of well-sorted, medium-grained, poorly cemented sands (Table 3.4), which are
formed at 280 m depth in the north-west and at 500 m depth in the south-east of the southern
aquifer (Tazerbo and Al Kufra). Analysis of core and cutting samples, the aquifer consists
mainly of silica (Table 3.2). The aquifer dips at an angle of 2-3° to the south-east. Aquitards
lying above and beneath the main aquifer consist of shale, fine grained argillaceous, ferruginous
sandstones with mudstone interbeds (Pim and Binsariti 1994) (Table 3.2). The depth to water is
variable from one site to another, from 260 m in the NE and NW to 400 m in the SE and SW.

The wellfiled consist of 108 high capacity production water well at 100 I/s of each well
and surrounding by twenty one piezometers for monitoring the static water level and for
estimation of the transmissivity and storage coefficient in the deep, intermediate and shallow
aquifers (Figure 3.4).

The capacity of the wellfield was designed to yield 1 million cubic meter per day;

however, at the present the yield of the wellfield is 490000 cubic meter per day.
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Table 3.4. The description of the whole sequence of the Tazerbo aquifer (source: GMRA data).

Depth (m) | Description
404.28- SANDSTONE, dark yellowish orange, fine to medium grained, rounded to subrounded, well
438 sorted, weakly cemented, quartz grained, clayey.
SANDSTONE with SILTSTONE interbeds, pale yellowish brown sandstone, fine grained,
438-441 rounded to subrounded, well sorted,weakly cemented, with dusky brown siltstone interbeds,
very soft.
441-456 SANDSTONE, grayish orange pink, fine to medium grained, rounded to subrounded, well
sorted, weakly cemented quartz grained. Traces of light gray shale chips, thinly laminated. z
SANDSTONE, grayish red, coarse to medium grained, subrounded to subangular, well sorted, |X>
456-459 . 2
weakly cemented quartz grained, clayey. z
459-462 SANDSTONE, grayish brown, coarse to medium grained, subangular to subrounded, well 25
sorted, weakly cemented. Traces of light gray to dusky red shale chips. c
SANDSTONE with SILTSTONE interbeds, dark grayish red to dark reddish brown sandstone, |
462-471 fine to medium grained, subrounded to rounded, well sorted, weakly cemented, with dusky Ao
brown siltstone interbeds, very soft.
SANDSTONE, dark grayish red, fine to medium grained, subrounded to rounded, well sorted,
471-474 ;
weakly cemented. Traces of dusky brown silt stone.
SANDSTONE with SILTSTONE ineterbeds, blackish red sandstone, fine to medium grained,
474-477 subrounded to rounded, well sorted, weakly cemented, with dusky brown to black siltstone
interbeds, very soft.
SANDSTONE with SHALE interbeds, pale red sandstone, fine to medium grained, subrounded
477-486 to rounded, well sorted,weakly cemented, with light red to dusky red shale chips interbeds,
thinly laminated.
SANDSTONE, grayish orange pink, fine to medium grained, subrounded to rounded, well
486-495 ) -
sorted, weakly cemented quartz grained, slightly clayey.
495-501 SANDSTONE, grayish red, fine to medium grained, subrounded to rounded, well sorted,
weakly cemented, clayey.
SANDSTONE, pale gray to grayish pink, fine to medium grained, subrounded to rounded,
501-507 - -
well sorted, weakly cemented quartz grained, slightly clayey.
SANDSTONE with SHALE interbeds, grayish orange pink sandstone, fine to medium
507-519 grained, subrounded to subangular, well sorted, weakly cemented, with light gray shale chips,
thinly laminated. z
SANDSTONE, grayish orange pink, fine to medium grained, subrounded to rounded, well >
519-537 - =
sorted, weakly cemented, slightly clayey. z
537.543 SANDSTONE, dark reddish brown, fine to medium grained, subrounded to subangular, well g
sorted, moderately cemented. Traces of silica cemented black iron oxides. c
SANDSTONE, grayish orange pink, fine to medium grained, subrounded to subangular, well m
543-552 .
sorted, weakly cemented quartz grained, clayey. X
SANDSTONE, dark reddish brown, fine to medium grained, subrounded to subangular, well
552-561 :
sorted, weakly cemented quartz grained, clayey.
SANDSTONE, grayish orange pink, fine to medium grained, subrounded to rounded, well
561-564 . .
sorted, weakly cemented. Traces of light gray shale chips.
SANDSTONE with SILTSTONE and SHALE interbeds, grayish orange pink sandstone, fine
564-570 to medium grained, subrounded to rounded, moderately sorted, weakly cemented with dusky
brown to black siltstone and reddish purple shale chips interbed, moderately hard.
SANDSTONE, pale greenish yellow, fine to medium grained, subrounded to rounded, well
570-573 - . .
sorted, weakly cemented quartz grained. Traces of light gray shale chips.
573- SANDSTONE, grayish orange pink, fine to medium grained, subrounded to rounded, well
578.25 sorted, weakly cemented. Traces of light gray shale chips, thinly laminated.
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Figure 3.4. Shows the Tazerbo wellfield design and the selected wells for this study.
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Based on our geophysical data and previous studies, the upper 500 m represent the
aquifer with 10**m? of reserves water which is large enough for a long project life under good
groundwater management. Transmissivity had been estimated based on the recent long-
term pumping tests is between 3.71x10% to 7.92x10"% m%s, and the storativity is between
2.1 x-04710 0.77x10%. The aquifer has a good water quality with TDS varying between 212
to 266 mg/I.

The groundwater flow in the Al Kufra and Tazerbo wellfields (Al Kufra Basin) trend
from south to north-northeast as many other previous studies have concluded (e.g. Eddib 1973;

Eskangi et al. 1975).

3.4 Recharge Area

The Sirt and Al Kufra Basins have been studied since the early 20™ century in order to
determine the original source and recharge area of these groundwaters, which were the main
target for many scientists; however, some of them believed that the Al Kufra basin is recharging,
while others believed no recharge happened since the water formed in these basins. For example,
Ball (1927); Sandford (1935); Ezzat (1959); Gabert (1961) believed that the Al Kufra basin is
recharging by rainfall at high elevation regions from the Erdi area and Tibesti mountains (Ahmad,
1983). On the other hand, Murray (1952); Hellstrome (1940); Edmunds and Wright (1979);
Swailem et al., (1983); believed that there is no current recharge or that any recharge is

negligible in these aquifers.

Regardless, GMRA has been pumping water from the Sarir wellfield since 1991, the

Tazerbo wellfield since 2004 and the Al Kufra will be in the near future with a total capacity 1.6
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MCM/D. However, the Al Kufra aquifer has been pumping from agriculture projects since 1972
as well as for the Al Kufra settlement.

Now the ground water table is decreasing and the Al Kufra oasis is drying. Pumping of
1.6 MCM/D from the AL Kufra aquifer will definitely decrease the water table. Today, the Al
Kufra and Sirt Basins receive no recharge or negligible recharge, which means the basin is
slowly depleting because of the long period of high pumping that took place 40 years ago from
the KPP, KSP and Sarir agriculture projects and we saw this fact in the Al Kufra oasis and
Bezzima oasis (near Tazerbo wellfield) in 2010 during our field work. However, according to
some previous studies, these aquifers could receive some recharge from the Tibesti and the

highlands west of the Al Kufra Basin.
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CHAPTER FOUR

SAMPLE COLLECTION AND METHODS

Groundwater age can be predicted in many ways, for example, by measurements of time-
dependent abundances of natural isotopic tracers (Sturchio et al. 2004). In order to predict the
quantity of extractable water in the aquifers, it is important to accurately determine the

distribution of the aquifers in relation to stratigraphic and structural features.

Numerous radiotracers have been used to estimate the residence time of elements in
groundwater. Noble gases and '*C are the most applicable for dating groundwater. Carbon
isotopes for example require application of a model to convert *C concentrations into ages but
significant error is possible. In addition, **C can only be applied for groundwater younger than
40 kyr old. Chlorine 36 has been applied over a time scale of millions of years (Bentley et al.
1984; Torgersen et al. 1991). Another method to date groundwater is by using radiogenic “He
(Marin et al. 1979; Torgersen 1980; Andrews 1983; Marty et al. 1988; Ballentine and Hall 1999;
Aeschbach-Hertig et al. 1999, 2000). In this study, Noble gases (N, Ar, Ne, Kr, Xe, He), **C,

180, ?H will be applied to all groundwater samples.

4.1 Data Collection

Over 100 water and rock samples were collected from three deep confined and semi-
confined aquifers. The samples were collected from the wellfields in a rattem to be
representative of the system. The water samples were collected from production wells after
sufficient water was pumped out to the collected pipe. The first samples were collected from the

Sarir wellfield of the Sirt basin during our our field work in October 2010.
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The wellfield has started pumping water in 1991. The water wells are screened almost
170 m in the deep aquifer, and 18 inch (457.2 mm) stainless steel casings were installed from the
surface to the top of the main aquifer. Submersible pumps were installed at the same depth of the
water table. The samples were selected based on the wellfield design and the distribution of wells
(Figure 2.4) to represent the whole aquifer area. The same methodology was applied to the
Tazerbo and Al Kufra wellfield. Although Tazerbo well field has the same well design and well
distribution within the wellfield (Figure 2.8), they are different in depth and formations. Also
some samples from Tazerbo well field were collected from artesian wells (TZ 517, TZ 217, TZ
218, and TZ 518). Al Kufra wellfield samples were collected from shallow and deep wells; the
deep wells have been pumping since 1971, while the shallow wellfield was drilled in 2004.

The data are:

- Field chemical measurements of pH, water temperature (°C), and specific conductance
(SC).

- Alkalinity measurements had been determined at the GMRA Laboratory in Sarir,
Tazerbo, and Al the Kufra wellfield (Figure 3.1b).

- Water samples for isotopic analyses (**0, ?H, *H, *C) and dissolved noble gases will be
used to estimate the residence time (age) of groundwater, to determine groundwater
fluxes and paleotemperature, and to estimate recharge rates.

- Core and rock cuttings: Determination of rock mineralogy and whole rock chemistry are
necessary to understand water-rock interactions and to determine the uranium/thorium
content that is needed to determine the production rate of *He (See chapter 6).

Another dataset was used for the description of the wellfield and for some calculation of

some hydrogeological parameters:
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- Well data: construction/completion information, geophysical logs and hydraulic
heads. This information was used for identifying the stratigraphy and structural
trends, delineation of aquitards and aquifers and to develop potentiometric
surfaces.

- Well production information and results of pumping tests to estimate hydraulic

conductivity and transmissivity.

4.2 Stable Isotopes

Stable isotope samples (8*°0, §°H) were collected from each wellfield in 50 ml bottles
with tight closures. The samples were sent to the University of Wyoming Lab. Deuterium (°H)
and oxygen-18 (**0) contents are expressed as & values in parts per thousand (%o) relative to the
International Standard, VSMOW (Viena Standard Mean Ocean Water), and the analytical

uncertainties of the individual measurements are better than 0.1%. for 30 and 1%o for SD.

4.3 Radioactive Carbon Isotopes

Samples for carbon isotopes (**C and **C) were collected in 1 liter plastic bottles instead
of glass because the glass bottles are susceptible to breakage during the transportation from
Libya to the USA (Figure 3.1). Carbon Isotope samples were sent to Beta Analytic Inc., Miami,
Florida and the analysis was performed on the DIC within the submitted waters, and determined
by mass spectrometry. The age of **C was corrected by using the model of Fontes and Garnier

(1979).
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Figure 4.1. Sample Collection Photographs, Tazerbo production artesian well a) tritum sample, b)
14C sample from Al Kufra water well, c).
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Both *C/**C and *C/**C ratios were measured at Beta Analytic Inc., Miami, Florida by
conventional and accelerator mass spectrometry, respectively. *3C results are reported as & values
relative to the VPDB (Vienna Pee Bee Belmenite) standard and have an overall precision of +
0.3 %o. *C results are normalized to the NBS OX-1 standard, corrected for background and
isotopic fractionation using the measured 8*3C values, and reported as percent modern carbon
(pmc). The analytical precision of the AMS C results is + 0.7% and the background
corresponds to a conventional **C age of 45 kyr or = 0.4 pmc (Roberts et al. 1997). In view of
the uncertainties related to sample preparation we adopt an overall uncertainty of £ 1 % of the

given value or at least +0.4 pmc.

4.4 Noble Gases

Noble gas samples were collected in copper tubes, about 60 cm in length with 1 cm
diameter that were connected to transparent plastic tubes with valve to control the volume of
water (Figure 4.2). The pressure of the water flushing into the tubes was controlled to avoid
bubbles and once the plastic tubes became free of bubbles, stainless steel pinch off clamps were
applied to each end of the tubes. Clamps were placed on the tubing about 1 to 2 inch from the
ends. Jigs were used to set clamp positioning and the tubing was centered in the clamp. The
clamps were tightened with alternating hex nuts. The two halves of the clamp were brought
together exactly. A gap of almost 1mm was observed when tightening the clamps to prevent the
user from over tightening (Figure 4.2). Care was also taken to avoid damaging or deforming the

tube ends.
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Figure 4.2. Noble gas samples were collected in copper tubes connected to transparent plastic
tubes, a), water flushing into the tube was controlled to avoid bubbles, b), clamps were placed on
the end of the tube, c).
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Absolute concentrations were determined with a precision of 1 % and 2 % for the heavier
noble gases (Ne, Ar, Kr, and Xe) and He, respectively. In order to estimate recharge
temperatures, noble gas concentrations needed to be corrected for excess air.

In these calculations, the salinity effect on noble gas concentrations was not explicitly
calculated because the salinity of the water was low (< 500 ppm), and the salinity effect is
negligible. Noble gases samples were taken to the University of Utah’s, Department of Geology
and Geophysics, Noble Gas Laboratory Utah. Noble gas recharge temperature, and excess air,

and *He terrigenic were calculated by using the Andrew Manning (2009) model.

4.5 Tritium Samples

Although glass bottles are preferred for tritium collection (3H), they could break during
collection or transportation. However, 1 liter factory fresh plastic bottles were used for sample
collection. All bottles were filled to the top and trapped; air was minimized prior to the lids being
applied. The analytical precision as well as the detection limit of the tritium measurements was
approximately + 0.1 TU (tritium units, 1 TU is equivalent to a *H/*H ratio of 10™®, which
represents one atom of tritium in 101 atoms of hydrogen).

Tritium contents were measured at the Utah Laboratories by converting water into
methane gas and subsequently counting, after an enrichment step, with a counter having a low-
level background and a sensitivity of 1 TU. Tritium, which is reported in tritium units (TU), was
measured by *He accumulation method where the samples were vacuum degassed and shelved

for 60 days to allow for the growth of ®He from tritium decay.
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4.6 Whole Rock and Trace Element Analysis

Samples of aquifer material were collected from all three sites and sent to Activation
Laboratories LTD in Ontario Canada, for whole rock and trace element analyses. The purpose of
the analyses were to determine if there are significant carbonates in the rock which will affect the
age calculation using **C and to determine the uranium, lithium, and thorium content that is
needed to determine the subsurface production of “He and *He, which is needed to estimate the
age of the water and to determine the potential contribution of mantle “He to the terrigenic “He
component (See chapter 6). The sample numbers, aquifers and sample depths are shown in table

(3.2).
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CHAPTER FIVE

STABLE AND CARBON ISOTOPES

5.1 Stable Isotopes

A mass spectrometer was used to measure the ratio of the rare isotope to the common
isotope (*H/*H and 0/*°0) instead measure the concentration of ?H and *20 individually. The
variations in many isotopic abundances are relatively small, therefore, stable isotope ratios are
reported relative to a standard as 6 values in units of parts per thousand (per mil, and written
as %o). Values for water are reported relative to VSMOW (Vienna Standard Mean Ocean Water).

A stable isotope has a general expression:

8 = (2= —1) x 1000 (5.1)

Rsta

where R and Rgq are 2H/*H or 0/*0 of the sample and standard, respectively. When & has a
negative value means the sample is depleted in the heavy isotope relative to the standard and it is
isotopically light relative to the standard isotope.

The relationship between 5°H and 80 in precipitation worldwide is called the global
meteoric water line (GMWL) and is represented by Craig (1961). The hydrogen and oxygen

isotopic compositions of precipitation samples have direct relationship.
8°H = 850 + 10 (5.2)

Evaporation from surface water is a nonequilibrium process that augments the residual
water such that the 8°H/5'%0 slope is below the GMWL (Coplen 2000). This slope is a function
of temperature, salt concentration, and humidity (Gat 1981).
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5.1.1 Stable Isotopic Data Results and Discussion

The stable isotope compositions of the three aquifers studied differ from one another
(Table 5.1). The 3D and §'®0 data show two different groups as shown in Figure 5.1. The Sarir
wellfield samples have a stable isotope composition of 8D ranging from -76.7 to -69.4 %o and
§'%0 ranging from -9.9 to -8.7 %o, while the stable isotope composition of the Al Kufra wellfield
are depleted relative to Sarir, 8D from -85.7 to -82.3 %o and 8*°0 from -11.6 to -11.2 %o, and the
corresponding values for the Tazerbo wellfield that are the most depleted are 6D from -86.5 to
-81.9 %o and & ‘20 from -12 to -11.5 %o, as shown in table (5.2) .The five samples from Sarir are
the most enriched and plot below the Global Meteoric Water Line (GMWL) (Figure 5.1). The
nine samples from Tazerbo are depleted relative to those at Sarir and plot on the GMWL. The
three samples from the Kufra aquifers (shallow and deep) plot just below the GMWL, near the
composition of those from Tazerbo (Figure 5.1) suggesting that the waters have experienced

some evaporation.

Figure (5.1) also shows the intercept and the trends of the meteoric lines that indicate
these waters were light isotopically and the climate was cooler than the present. Of course, some
samples will not follow these two groups because they could be mixtures of young and old

groundwater.

Acording to Edmunds and Wright (1979) the pluvial period during the late Pleistocene
and Holocene is the source of groundwater in the Sirt and the Al Kufra Basins, and these rains
had been driven from the south. On the other hand, Swaliem at el (1983) said that the source of
these groundwaters is the pluvial period but were came from the east (Atlantic Ocean). The result
of this study agree that this water is fossil water, and the age could be late Pleistocene and

Holocene.
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Table 5.1. Stable Isotope Compositions in per mil

Location Well (ID) 8°H 8'°0
Al Kufra 41 -84.7 -11.5
Al Kufra 85 -84.8 -11.4
Al Kufra RGWA -83.2 -11.3

Sarir 116 -74.3 -9.4

Sarir 140 -12.2 -9.0

Sarir 222 -69.4 -8.7

Sarir 242 -75.9 -9.7

Sarir 312 -76.7 -9.9
Tazerbo 118 -86.3 -12.1
Tazerbo 201 -84.9 -11.8
Tazerbo 217 -83.0 -11.8
Tazerbo 317 -86.5 -12.0
Tazerbo 401 -86.2 -12.0
Tazerbo 417 -82.1 -11.6
Tazerbo 517 -86.0 -11.9
Tazerbo 602 -84.7 -11.9
Tazerbo 618 -81.9 -11.5
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It is clearly seen that the compositions of the three aquifers are quite depleted relative to
that of modern precipitation (e.g. Tunis '%0 = -3.5 %o, and 8D = -20.6 %o; Faya-Largeav §'°0 =
-1.9 %o, and 8D = -22.8 %o0; IAEA GNP). In general, all values are similar to those reported from
the same areas by Edmunds and Wright (1979). Groundwaters from the Nubian sandstone at Al
Kufra have a uniform isotopic composition §*°0 = -11.5 %o, 5D = -82 %o, and lie close to the
meteoric line. The compositions seen in all groundwaters are significantly lower than those
expected to be found in modern precipitation. Edmunds (2009) suggests that this is evidence of
Late Pleistocene recharge from Atlantic rainfall that was modified as it passed over the Sahara

region (see section on 14-Carbon as to estimated age of groundwater).

During Pleistocene times the Sirt and Al Kufra Basins were several degrees cooler than
during Holocene times, therefore °H and 880 of groundwaters recharged during Pleistocene

times should be more negative than those of groundwaters recharged during Holocene times.
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Figure 5.1. Stable isotope compositions from this study compared to the Global Meteoric Water
Line.
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5.2 Carbon Isotopes
The *C radio isotope has been used extensively for environmental studies.**C age
calculations for groundwater are based on the assumption that the initial activity of the CO; is

100 % modern carbon (100 pmc) (Fontes and Garnier 1979).

The main sources of the dissolved carbon in groundwater are: (1) active carbon from the
soil zone, from carbon dioxide of soil gases and solid carbonate from the soil, and (2) less active
carbon of inorganic origin, formed during the production of the bicarbonate. Moreover, dissolved

CO; or carbonate is depending on the pH (Fontes and Garnier 1979).

CO, + H,0 + MeCO;5Me(HCO,), (5.3)

where Me is generally Ca®* or Mg?* or 2Na*.
The time (t) elapsed in aquifers by **C is given by the general law of radioactive decay

(Fontes and Garnier 1979):

t=—XIn— (5.4)

where 7 is the half-life of **C in time units equal to 5730 + 30 years (Godwin 1962); A, is the
specific activity at time equal to zero and generally it is referred to as the **C content of the
atmospheric CO, (percent modern carbone,pmc); A is the specific activity of sample (pmc).
Different models can be used to calculate (Ap), for example, Vogel 1967, 1970 and Vogel
and Ehhalt 1963; Tamers 1967, 1975 and Tamers and Scharpensee (1970); Ingerson and Pearson
(1964), Pearson and Hanshaw 1970, Pearson et al. 1972 and Pearson and Swarzenki 1974; Mook

1972, 1976.
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In this study we used the Fontes and Garnier (1979) model to estimation of the initial
activity of the total dissolved **C and then corrected the groundwater age. Fontes and Garnier
(1979) model is based on chemical concepts for approximating amounts of inactive and active
carbon, and on an isotopic reaction to estimate further exchange within the aquifer.

The field measurement of pH is very important here since it allows one to calculate the
14C-bearing aqueous carbon. The active carbon content in groundwater samples was calculated
indirectly from knowledge of the inorganic and total dissolved carbon contents. The inorganic
carbon was assumed to be released into the solution when alkaline-earth carbonates are dissolved,
and its concentration will be equal to the molality of Ca** + Mg**.

The total alkalinity of a groundwater sample is given by its total strong acid equivalent

(Fontes and Garnier 1979) :
mH* = 2mC03~ + mHCO3 (5.5)

where m denotes molal concentration.
Therefore, the inorganic carbon molality, as given by the ionic balance of major ions, is
equal to half of the carbonate alkalinity. On the other hand, the less active or dead carbon content

can be calculated from the ionic balance expression as:
mCy = mCa?* + mMg?t — mS0%~ +% (mNa* + mK* — mCl~ — mNO3) (5.6)

where

2_ —_
mCM — 2mCO5~ +mHCO; (5.7)

2

and mCy, is the molal concentration of carbon of inorganic origin.

And the initial activity of the total dissolved carbon can be calculated (Fontes and Garnier
1979) as:
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81—(Cm/C1)8Mm—[1-(CMm/CT)]8¢
Sg—€—5m

C C
A, =( —%)Ag+ﬁ Ay + (Ag — 0.26 — Ay).

(5.8)
where:
e Cy, the molal concentration of the total dissolved inorganic carbon, is the sum of the

dissolved carbonate, bicarbonate, and CO, (= H,CO3).

e Cy, the molal concentration of the dissolved carbon coming from solid carbonates, is
calculated from the chemical model (5.7) or from half of the carbonate alkalinity

measured in the field.
e Ot is measured.
e v can be measured (or assumed to be near zero in the case of marine carbonates).
e 4 can be adjusted according to the literature.

e Ay is generally taken as 100 % of modern carbon (if the waters do not contain tritium
and can be considered free of 'bomb' **C

e Ay is generally taken as 0 % of modern carbon (less or dead carbon) but should be
measured, as pointed out by Geyh (1970, 1972);

e ¢ isotopic enrichment factor ( per mil) at equilibrium between gaseous CO, and solid
carbonate and it is calculated at the temperature of the aquifer from the values given by
Deines et al. (1974). Generally it is assumed that € **C % = 0.2 €"*C %o

e T, M, and g are total, solid, and gaseous carbon, respectively.
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5.2.1 Isotopic Reactions
Isotope fractionating is formed by a series of chemical reactions as shown in equations
below and every single compound will exchange with the other coexisting carbon species:

CO;(gas) S CO; (aqueous)
CO; (aqueous) S HCO3
HCO3 5 CO3
COs* S solid carbonate

Equilibrium for each compound may not be completed because of the differences in
reaction rates and large variations in the relative amounts of coexisting carbon species.
Considering the multistage reactions of the different carbon-bearing compounds as a simple two-
term exchange- mixing process were took place in these equations. The end-members of this
mixing process are the soil CO>, and the solid carbonate of the soil and of the aquifer (Fontes

and Garnier 1979).

5.2.2 Carbon Isotope Results

In this study, we calculate the age of groundwater from three wellfields representing two
sedimentary basins by using *C activities and "*C of dissolved inorganic carbon (DIC), and by
noble gases in Ch. (6).

The *C activities and '°C values were determined on ten groundwater samples from the
three sites: the locations of these samples are indicated in Figures 3.1, 3.3, and 3.4. Results are
presented in Table 5.2. 3C analyses are reported as & values relative to the PDB standard and **C
abundances are reported as percent modern carbon (pmc) (table 5.2). The estimated age of the

groundwater was determined using the method of Fontes and Garnier (1979).
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Table 5.2. *C activities and values of field-measured parameters.

Sample | Temp. Conductance | Alkalinity | &C ¢ 14C Age
o pH *
No. C (uS/cm) (mg/l) (%0) (pmc*) (yr)

KF85 29.2 6.4 220 36 -14.3 5.27 20500
KFRGA 25 6.8 560 49 -26.3 32.49 12000
SR116 32.3 7.5 1340 221 -8.8 6.30 15200
SR242 31.7 7.4 2100 187 -25.7 41.42 9800
SR312 32.1 7.3 1750 190 -19.7 26.89 10800
TZ 118 29.6 6.7 290 100 -9.9 188 26000
TZ217 27.9 6.8 340 152 -9.4 151 27500
TZ401 31.8 6.8 310 119 -9.5 2.29 24100
TZ517 31.3 6.5 280 102 -9.3 2.39 23500
TZ618 29.9 7.2 350 148 -9.2 2.44 23400

*Percent Modern Carbon

62




5.2.3 Radiocarbon Data Interpretation and Discussion
14C concentration and *C/*2C ratios were converted into groundwater ages and corrected

base on Fontes and Garnier (1979) (Table 5.2).

The result of C analysis of groundwater samples from the three aquifers have & **C
values ranging from -23.94 %o from a shallow well at the Al Kufra wellfield to -10.379 %0 from a
deep well; the **C values range from 32.5 pmc at the shallow well to 5.3 pmc at the deep well.
The Tazerbo wellfield has & **C values range from -8.2 %o to -5.99 %o, and **C ranging from 1.9

to 2.4 pmc.

The three extraction wells that were sampled from Sarir wellfield show a relatively large
spread of values of carbon isotopes (Table 5.2). For all three wells water is being drawn from
the same depths. Pim and Bensrity (1994) stated that the aquifer at Sarir is leaky and receives
water from the overlying aquifer. This leakage would allow younger water from the overlying
aquifer to mix with the older deeper water.

Though there is a large range of carbon isotope values, the field parameters and alkalinity
values are similar in all three wells. The relationship we see here is that samples with lower

percent modern carbon (pmc) are more enriched in *C.

The results of C analysis shows that the north part of the wellfield has older
groundwater than the south part with a 5 ka difference. This could be the result of groundwater
flow which is from the south to the north. The values of §°*C and **C at Sarir exhibit ranges from
-25.7 %o t0 -8.8 %o and 5.27 pmc to 41.4 pmc, respectively. These numbers are close to the

previous study (e.g. Edmunds and Wright, 1979).
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Based on the Fontes and Garnier (1979) analyses, the ages of these samples range from

9.8 kyr to 15.2 kyr and there does not appear to be any spatial trend in the data.

At Tazerbo wellfield, five extraction wells were sampled for carbon isotope analyses
(Table 5.2). The values of §°C and *C activity are similar for all wells as are all the field
parameters and alkalinities. The 5"°C values range from -8.20 to -5.99 %o. The age of the water
averages 25 kyr over a depth range of 150 m. The uniformity of all water quality parameters and
ages over this depth range suggests that there is no leakage into the Tadrat Formation due to
pumping. There is a trend in the data where the age of the groundwater is younger in the south
and older in the north. The age is corresponding to the late Pleistocene.

There are no data upgradient of the potentiometric surface to determine groundwater flow
rates. Pachur (1996), Pachur and Hoelzmann (2000), and Al Ramly (1980) have identified
paleolakes and drainages from the Tibesti Mountains and the surrounding Sarir Tibesti. Pachur
(1980) and Ghoneim at el. (2012) have identified paleodrainages that are directed from the
Tibesti Mountains directly toward the Tazerbo area. These features could possibly provide the

necessary pathways for recharge to the Tadrat formation.

In the Al Kufra area there were two wells sampled for carbon isotopes (Table 5.2). These
wells are located approximately 100 km apart and are at two different depths. KF85 is one of the
extraction wells as part of the KPP, has a depth of 300 m and has been in operation for nearly 40
years. KFRGA is a shallow well with a depth of 30 m and was originally installed as a
piezometer. It currently is used as a water supply well for a small field camp. KF85 has a lower
C activity and is enriched in "*C compared to KFRGA. All field parameters and alkalinity
values are similar at each location. The apparent age at KFRGA is 12 kyr and at KF85 it is 21

kyr. The shallow sample age is of early Holocene while that of the deep well is late Pleistocene.
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The late Pleistocene age of the well for the KPP is consistent with the Edmunds and
Wright (1979). However their data show the percent modern carbon values to be lower than
those of our sample. Therefore, it is likely that the continued pumping from the KPP is
beginning to extract water of a younger age as the influence of pumping has expanded, yet the
stable isotope values are still the same. Pachur (1996), Robinson et al. (2006), Griffen (2006) and
Ghoneim et al (2012) have identified paleodrainages that extend from the Tibesti Mountains,
Chad and northern Sudan to the north. Some of these drainages have been traced for over 950
km. These large drainages were probably formed during the late Miocene wet periods and were
subsequently intermittently active in the Pleistocene and early Holocene. Spaced-based radar
data have been used to identify a major drainage (Kufra River) that at one time flowed directly
towards the present day Al Kufra oasis. This drainage continued to the north and at one time
connected with the Sahabi River and drained to the Mediterranean Sea. EI Ramly (1980)
discusses the evidence of lakes and swamps surrounding Tibesti Mountains during the Holocene
and a Pleistocene lake around Al Kufra. These drainages could possible supply the source of
water for extended widespread recharge periods during the Pleistocene and short periods of more

localized recharge during the Holocene.

In general, the oldest ages are from the Tazerbo well field, which is using water from the
Devonian-age aquifer that is confined. In Al Kufra it is interpreted at this time that the wide
range of ages is due to the fact that the KFRGA well is shallower than KF85 and hence samples
groundwater of a younger age. It is recommended that samples be collected from deeper wells
around the Al Kufra as the well field planned for the area will extract water from deeper depths

than that sampled at the RGWA well.
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The variable nature of groundwater ages at the Sarir wellfield may be due to the fact of
the extensive pumping from the main aquifer that is resulting in the addition of groundwater
from overlying aquifers with younger water. In Figure (5.2) plots the 8'°0 values against the
percent of modern carbon for the wells in which there are both sets of data. The graph also
contains data from Edmunds (2009) for comparison. Our results are similar to those of Edmunds
(2009), and it can be seen that the lighter values of 'O are associated with older water (as
shown by percent modern carbon (pmc) — lower pmc indicates older water). This comparison
suggests that the waters in Tazerbo were recharged during the Late Pleistocene (see section on

stable isotopes).

In brief, it is highly likely that the ages represent various amounts of mixing of younger
shallower water with deeper older water. This suggests that water from the late Pleistocene is
mixing with shallow water recharged during the Holocene. Several researchers have found
evidence of paleodrainages that cross through the area around Sarir. North of Sarir, Edmunds
and Wright (1979) identified a channel of fresh water which they attribute to recharge along a
former wadi line. The age of this water is put at 5000 — 8000 ybp, which generally corresponds
to wet periods during the early Holocene. Pachur (1980) has traced a paleodrainage for over
several hundred kilometers from Al Haruj al Aswad located to the west towards the Sarir
wellfield. This drainage may have allowed recharge during the more extended wet periods of the
late Pleistocene with episodic recharge during the short lived wet periods of the Holocene.
Presently, there may be some local recharge off of Al Haruj al Aswad as evidenced by the shape

of the potentiometric surface (Wright et al 1982.)
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CHAPTER SIX

NOBLE GASES

6.1 Background

Noble Gases are outstanding tracers of physical transport in groundwater. Moreover, they
are excellent tools to investigate the paleotemperature of groundwater and many other physical
parameters of environmental systems (Andrews and Lee 1979; Stute and Schlosser 1993; Stute
and Deak 1989; Pinti et al. 1997). The radiogenic accumulation rate of crustal “He is a function
of the concentrations of the radioisotopes in the formation solids. Most of the crustal *He is
produced from the uranium and thorium decay series (Solomon 2000).The concept of “He as
tools for dating groundwater is based on the constant accumulation of helium (“Hec) in the

reservoir such that the “Hec concentration is proportional to the residence time of the fluid.

There are several sources of helium in an aquifer (Figure 6.1). One source is dissolved
helium from the atmosphere (Heaomsphere) Which enters the aquifer in the recharge area. There is
a production of helium within the aquifer material from radiogenic production from U and Th
decay and nucleogenic reactions with Li (Hejnsiws). Helium is also being produced by the same
reactions outside the aquifer within the crust and mantle (Hecust and Hemante) Which can then
diffuse into the aquifer, adding additional He to what would be produced in-situ. The total
concentration of helium within the water in the aquifer will increase along the flow path from

point 1 to point 3 in Figure 6.1.

Because **C has different sources and the way dissolved carbon sinks in groundwater, the
dependability of **C ages is limited. Therefore, radiogenic He calculated from noble gas provides

a good time scale for groundwater.
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Figure 6.1. Conceptual model illustrating the sources of helium found in an aquifer.
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Calculation of residence time requires estimates of the radiogenic accumulation rate and
the “Hec component of the total “He in the sample (“Hey). Concentration of helium in the
samples (*He.) can be resolved by a mass balance approach with known estimates of “He and/or
R (*He/*He) for the various source components described below (Ballentine et al. 1991; Stute et

al. 1992; Castro et al. 1998a).

Groundwater residence time can be estimated by (Andrews and Lee 1979):

“Hec

p

t =

(6.1)

where:
e t=residence time [T]
e “Hec = concentration of radiogenic “He [mol L]
e p =radiogenic accumulation rate [mol L™ T™] (see equation 6.8)

The relatively small accumulation rate of “Hec in reservoir allows for the potential to
estimate the residence time of relatively old fluids.

The radiogenic helium that is produced by the radioactive decay series of uranium (U)
and thorium (Th) is used as a time indicator tool for dating waters. The present study presents the
dissolved noble gas concentration from three aquifers in two sedimentary basins located in
central and south east Libya. The accumulation of radiogenic helium has two formulas *He and
*He, and they originally formed in three main reservoirs; the atmosphere, the mantle, and the
crust. Groundwater can contain measurable amounts of He from all three reservoirs.
Atmospheric helium (He;) can be formed in groundwater by solubility equilibrium or/and by the

dissolution of entrapped air. A fluctuating water table causes air to be trapped in dead-end pore

spaces. The air bubbles eventually dissolve and become part of the He signature (Heaton and
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Vogel 1981). The concentrations of He, have a characteristic *He/*He ratio (Ra) of 1.36x10-6
(Clarke et al. 1976).

Radioisotopes decaying in the earth’s crust produce the crustal helium (He:) and it can be
found in groundwater. The average crustal *He/*He ratio (Rc) was determined by Mamyrin and
Tolstikhin (1984) to be 2.0x10®. Tritium is naturally produced in the earth’s crust by a
nucleogenic reaction with lithium, °Li (n, &) *H (Solomon and Cook 2000). However, post 1950
tritium could be produced from atmospheric testing of nuclear weapons (Solomon and Cook
2000). When the crustal helium (*He; and °He.) is produced in the formation solids, they
accumulate by direct release and solid-state diffusion.

Due to the occurrence of U and Th in nearly all crustal rocks, the concentration of *He in
the pore fluid should increase linearly with time because of the long half-lives of U and Th
(Torgersen and Clarke 1985). Radiogenic “He. is produced from the uranium (*®*U, ?**U), and
thorium (***Th) decay series (Solomon 2000), while the radiogenic *He. is produced by the beta-
decay of tritium (°H) in the crust. Also, ®He could be produced from the decay of
anthropogenically-derived tritium (*Hean).

The third component of helium is derived in the mantle where it forms from the same
reactions as in the crust (Solomon and Cook 2000). Mantle helium (Hey,) has a high ratio of
*He/*He typically 1.2x10° (Ozima and Podosek 1983).

Formation porosity plays a role in the rate of *He accumulation that is produced by the
crustal degassing flux which is controlled by local advection/diffusion (Torgersen and Ivey
1985). Therefore, “Hec and ®Hec that produced in the formation solids, they accumulate in the

formation pore space via direct production and solid-state diffusion.
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The release of helium from this rock will also create a high “He flux into the aquifer but
is unlikely to be as constant or as widespread as the observations.

Numerous studies have found that “He residence times are significantly larger than those
from well-established hydrological and geochemical methods (**C for example). These
differences have mainly been attributed to external flux of “Hec from underlying rocks. For
example, Torgersen and Clarke (1985), Torgersen and Ivey (1985), Solomon (1996), Castro et al.
(2000) observed this phenomenon in different basins with different models. Also, dating
groundwater by using radiogenic “He has been done by many scientists (e.g Marin et al. 1979;

Torgersen 1980; Andrews 1983; Marty et al. 1988).

6.2 Noble Gas Results

Samples were collected from wells at each location and analyzed for their noble gas and
tritium content at the University of Utah Noble Gas Laboratory in Salt Lake City, Utah USA.
The results are presented in table (6.1).

Tritium content of the groundwater in Al Kufra and Sirt basin is very low with an average
of 0.076 T.U.. These low content of tritium is another indication that this groundwater is a fossil
water and has no recent recharge. The total concentration of “He in groundwater can be separated
into four components (Solomon 2000), “He concentrations resulting from equilibrium solubility

with air (*Hes,r), radiogenic helium (*Herag), mantle helium (“Hem) and excess air helium (*He).

4Hetot= 4Heso|+4Herad+4Hem+4Heea (6.2)

Excess >He can be calculated as follows
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3Heexc = (4Hetot -Rs) - (4Hesol - Rsol) — (4Heea -Ra) (6.3)

R is the measured *He/*He ratio in the groundwater samples; Req is the *He/*He ratio of
water in solubility equilibrium with the atmosphere, i.e., Req= 0.983 x Ra = 1.360 x10 % (Benson

and Krause 1980).

Independent noble gas components are formed during groundwater infiltration, e.g.
excess air makes the application more or less complicated that will affect the He age. (Heaton

and Vogel 1981).

6.3 Noble Gases Result Interpretation and Discussion

The helium concentration, “He terregenic (*Heewrr), He, and *He/*He (Rer) are listed in
table (6.2 and 6.3). Where Ry, originating from terrigenic source (radiogenic “He, nucleogenic
*He and mantle He, which means composed of crustal plus mantle He).

As described above, calculating the groundwater residence time with the “He
chronometer and reconstructing the paleotemperature require quantification of the “He
component produced from in situ alpha decay (*Hec), and the radiogenic accumulation rate (A).

The origin of these parameters is discussed in the following sections.

6.3.1 Radiogenic Accumulation Rate

The ratios of ®He/*He will be normalized relative to Ra, where Rs/Ra is ratio sample,
Ra/Ra = 1, Rm/Ra = 8, and Rcrust/Ra = 0.02. The radiogenic accumulation rate of “Hec, and

R/Rarr have been calculated as described above and the result listed in table (6.2).
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Table 6.1. Dissolved gas and tritium concentrations results from groundwater samples from Al Kufra, Sarir and Tazerbo wellfields.

Sample N2 total Ar total Ne total Kr total Xe total He-4 He-3 Tritium
I.D. (ccSTP/g)* (ccSTP/g) (ccSTP/g) (ccSTP/g) (ccSTP/g) (ccSTP/g) (ccSTP/g) (TU)**
KF-85 2.33E-02 4.95E-04 4.72E-07 8.86E-08 1.14E-08 3.78E-07 1.399E-13 0.00
KFRGA 2.04E-02 4.43E-04 4.26E-07 6.39E-08 7.78E-09 2.93E-07 1.345E-13 0.11
SR-116 1.75E-02 4.07E-04 3.15E-07 6.58E-08 1.01E-08 5.87E-07 9.878E-13 0.10
SR-222 2.63E-02 5.06E-04 4.47E-07 9.63E-08 1.17E-08 2.28E-07 3.480E-13 -
SR-140 2.17E-02 4.67E-04 4.71E-07 7.45E-08 9.28E-09 3.96E-07 6.422E-13 -
TZ-118 3.87E-02 5.95E-04 6.95E-07 6.61E-08 8.13E-09 4.42E-06 8.504E-12 0.11
TZ-217 2.88E-02 5.13E-04 5.80E-07 8.95E-08 1.03E-08 6.69E-06 5.534E-12 0.05
TZ-317 3.90E-02 6.00E-04 7.03E-07 1.10E-07 1.19E-08 4.47E-06 8.906E-12 -
TZ-401 3.75E-02 6.25E-04 7.53E-07 1.03E-07 1.14E-08 5.28E-06 7.620E-12 0.09
TZ-618 3.13E-02 5.23E-04 5.61E-07 6.70E-08 7.69E-09 6.83E-06 4.526E-12 0.04
SR-242 - - - - - - - 0.08
SR-312 - - - - - - - 0.04
TZ-517 - - - - - - - 0.14
*cm?® of gas at standard temperature and pressure per gram of water;
**Tritium Units; 1 TU is equal to 3.22 picocuries per liter.
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Table 6.2. *He, “He terregenic, and tritium mearments for the Sarir, Tazerbo and Al Kufra wellfields.

Sample | Depth He 4Heterr I—?;g?r R/Ra Rterr 3Hetrit 14C Tritium |Hydro age | (3He/4He)

(m) (ccSTP/g) | (ccSTP/g) solubility (ccSTP/g) (yr) (TU) yr

(ASL) (%)
KF-85 (34756 3.78E-07 | 2.56E-07 5.99 0.2670 | 3.68E-07 | 9.28E-14| 2.05E+04 0 1.53E+05| 3.63E-07
KFRGA| 30 |2.93E-07 | 1.78E-07 4.37 0.3317 | 4.58E-07 | 8.03E-14| 1.20E+04 0.11 |1.07E+05| 4.51E-07
SR-116 | 456 | 5.87E-07 | 5.08E-07 11.72 1.2159 | 1.68E-06 | 8.40E-13| 1.52E+04 0.1 |8.8lE+05| 1.65E-06
SR222 | 452 | 2.28E-07 | 1.14E-07 2.597 1.1050 | 1.52E-06 | 1.71E-13| 7.00E+03 0 1.97E+05| 1.50E-06
SR-140 | 450 | 3.96E-07 | 2.71E-07 | 6.4048 1.1709 | 1.62E-06 | 4.32E-13| 9.86E+03 0 4.71E+05 | 1.59E-06
TZ-118 | 461 | 4.42E-06 | 4.23E-06 | 95.828 1.3913 | 1.92E-06 | 8.00E-12| 2.61E+04 0.11 |3.52E+06 | 1.89E-06
TZ-217| 458 | 6.69E-06 | 6.54E-06 | 153.073 | 0.5972 | 8.24E-07 | 5.31E-12| 2.75E+04 0.05 |5.45E+06 | 8.12E-07
TZ-317| 533 | 4.47E-06 | 4.28E-06 98.88 1.4397 | 1.99E-06 | 8.38E-12| 2.41E+04 0 3.57E+06 | 1.96E-06
TZ-401| 578 |5.28E-06 | 5.08E-06 | 118.91 1.0423 | 1.44E-06 | 7.20E-12| 2.35E+04 0.09 |4.23E+06 | 1.42E-06
TZ618 | 600 | 6.83E-06 | 6.68E-06 | 156.094 | 0.4785 | 6.60E-07 | 4.35E-12| 2.34E+04 0.04 |5.57E+06 | 6.51E-07
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The majority of “He is most originally from external flux and a small amount is from in-
situ production. From the R/Rawr (Rer: crustal plus mantle He) it is clear that all aquifers
received a significant amount of mantle derived *Hewr. The average values of this ratio are
(0.267 - 0.332) for the Al Kufra wellfield, and (1.105 - 1.216) for the Sarir wellfield, and (0.479 -
1.440) for the Tazerbo wellfield. These values are all above the typical crustal production values
(R/Ra) = 0.02 (Andrews 1985).

The R/Ra in the Tazerbo wellfield increases from the east toward the west consistently
with the distance between the wells in the wellfield, from 0.5 to 1.042 in the central of wellfield
to 1.40 at the west of wellfield (See figure 3.4). Moreover, this ratio decreases with depth to the
main aquifer. For example the south wells have a depth of 650 m to the top of the main aquifer
while the north wells have 280 m to the top. A similar trend occurs from the east to the west of
the well field.

In the Al Kufra wellfield, the shallow aquifer has a higher ratio of R/Ra than the deep
aquifer. On the other hand, the R/Ra ratios for the Sarir wellfield are more or less the same
throughout the wellfield. As we can see, the R/Ra ratio provide information on whether the
terregenic helium is predominated by the helium of radiogenic origin, or it is a mixture between

crustal and mantle sources.

6.3.2 Source of *He (internal or external origin) and Helium Flux in Aquifers
He concentrations increase with groundwater age due to the accumulation of radiogenic
He that produced by the decay of U and Th series nuclides in crustal minerals (e.g., Andrews and

Lee 1979; Torgersen and Clarke 1985; Stute et al. 1992b).
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Table 6.3. Parameters were used to calculate the steady-state “He and ®He production rate of the Sarir, Tazerbo and Al Kufra

wellfields.
depth Li | Th| U P(3He) P(4He) |Density| (*He/*He) | (R/Ra) | P(3He)H20 | P(4He)H20
Site ccSTPg-1 | ccSTPg-1 ccSTPem o0 | ccSTPem 20
m
(M) | ppm (Ppm| ppm rock yr-1 rock yr-1 (P) rock rock yr-1 yr-1
KF - 41 (44|14 | 6.23E-22 2.70E-13 2.65 2.31E-09 0.0017 3.07E-21 1.67E-12
SR |216-252 7.1 | 1.7 | 0.5 | 3.99E-22 1.00E-13 2.65 3.98E-09 | 0.0029 1.96E-21 6.19E-13
SR |252-294( 7.2 | 1.8 | 0.8 | 5.52E-22 1.34E-13 2.65 4.12E-09 | 0.0030 2.72E-21 8.27E-13
SR |294-330( 6.4 | 1.3 | 0.4 | 2.82E-22 7.84E-14 2.65 3.60E-09 | 0.0026 1.39E-21 4.84E-13
SR |333-360( 6 |13 0.4 | 264E-22 7.84E-14 2.65 3.37E-09 | 0.0024 1.30E-21 4.84E-13
SR [363-390| 6.1 | 1.2 | 0.4 | 2.60E-22 7.55E-14 2.65 3.44E-09 | 0.0025 1.28E-21 4.67E-13
avsérr:a\g 0.35 [6.56]|1.46| 0.5 | 3.46E-22 9.32E-14 2.65 3.71E-09 | 0.0027 1.70E-21 5.76E-13
Tz ]120-165(115(7.1| 25| 3.00E-21 4.60E-13 2.65 6.51E-09 0.0047 1.48E-20 2.85E-12
Tz |165-219{11.9|54 | 1.3 | 1.90E-21 2.88E-13 2.65 6.60E-09 | 0.0048 9.38E-21 1.78E-12
Tz |219-264|109| 7.4 2 2.54E-21 4.18E-13 2.65 6.09E-09 | 0.0044 1.25E-20 2.58E-12
Tz |264-309|12.2|6.5| 25| 3.07E-21 4.43E-13 2.65 6.94E-09 | 0.0050 1.52E-20 2.74E-12
Tz |309-354|11.6| 6 |25 | 2.84E-21 4.29E-13 2.65 6.62E-09 | 0.0048 1.40E-20 2.65E-12
Tz |354-399|20.8|11.7| 4.4 | 9.30E-21 7.87E-13 2.65 1.18E-08 | 0.0086 4.58E-20 4.87E-12
Tz |399-441| 6.4 | 35| 0.8 | 6.46E-22 1.83E-13 2.65 3.54E-09 | 0.0026 3.19E-21 1.13E-12
TZ |441-480| 7.2 | 4.3 | 0.8 | 8.10E-22 2.05E-13 2.65 3.94E-09 | 0.0029 3.99E-21 1.27E-12
av-grzz;ge 035 | 6.8|39]|08]| 7.28E-22 1.94E-13 2.65 3.75E-09 | 0.0027 3.59E-21 1.20E-12

Porosity (e) is 0.35 for all aquifer. SR: Sarir wellfield well # 309A; Tz: Tazerbo wellfield well # 401.
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There are three potential sources of radiogenic He in groundwater: 1-in situ production
within the aquifer matrix; 2-release of stored He from sediments; and 3-flux from adjacent layers

or underlying crust.

The rate of He accumulation due to the first source can be estimated if U and Th
concentrations of the aquifer material are known. However, the strength of the two other sources
can vary by orders of magnitude depending on the geological setting. Therefore, He

accumulation in groundwater typically provides only a qualitative timescale.

The He excess air found in the three aquifers is remarkably acceptable in view of the
presumed groundwater age. Significant release of stored He from the sediment is expected
because of the volcanic area near the wellfields. The “He accumulation rate, due to in situ
production can be calculated following (Stute et al. 1992b) and the results are listed in table (6.3).

From the results of all the aquifers, it is clear that this water has received some external
*He out of the aquifer. Our Ra is high for all samples mean that these waters have extra helium
not in-situ. Therefore, we had to concern about the other source of helium (mantle and crust).

The mantle component is a significant amount in our samples in all the aquifers.
However, the crustal “He observed in our He samples could be the result of in-situ production or
from the external source. Therefore, core and cutting samplings from all the aquifers were
analyzed for Li, U, and Th to calculate the in-situ production rates of “He and *He according to

Ballentine et al. (1991) (See table 6.2 and 6.3). In-situ production rates are given by

P(*He) = [6.35(U)+ 1.434(Th)]x(Li) x10 2 cm* STP g0 yr * (6.6)

P(*He)=1.207x103(U)+ 2.867x10 **(Th) cm®* STP g Yo yr * (6.7)
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where (Li), (U) and (Th) represent the Li, U, and Th concentrations (in ppm), in the aquifer rock,
respectively. The porosity (@) of the aquifer matrix have to be measured. Estimate the

accumulation rate of the He isotopes in the water by

[Phel = P( 'He)phye (52 cm’ STPemPio vt (6.8)

where i represents *He or “He, p is the mass density of the rock in gem™ and is taken as 2.6 gcm™
for the predominant quartz sand, @ is the porosity of the reservoir rock and Ay IS the fraction of
produced “He which is released from minerals into the water; For sediments, it can be assumed

that Ane =1 (e.g., Torgersen 1980; Torgersen and Clarke 1985).

Table (6.3) lists for all aquifers the Li, U and Th concentrations, the average porosity and
the density of the reservoir rocks, as well as the in-situ production rates of *He and *He in the

rock matrix, and the rate of 3He and *He accumulation in the water.

Samples from the Sarir and Tazerbo wellfields were obtained from two cores from the
northwestern part of Sarir wellfield and from the central region of the Tazerbo wellfield (Figures
3.1; 3.4). The U concentrations in the Sarir wellfield range from 0.4 to 0.8 ppm with a mean
value of (0.5) ppm. The Th concentrations range from 1.2 to 1.8 ppm with a mean value of (1.46)
ppm. The Li concentrations range from 6 to 7.2 ppm. The concentrations in the aquitards are
higher, particularly in the overlying clay in the Tazerbo wellfield (mean values 0.8 ppm for U,

3.9 ppm for Th, and 6.8 ppm for Li). The total porosity @ was measured to be 0.35.
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With the above mean values, equation (6.8) yields a He accumulation rate of 5.768x10™
cm®STP gt yr! for the Sarir well field aquifer, 9.56x10™ cm®STP g* yr' for the Tazerbo
aquifer, and 1.669x10*2 cm®STP g™ yr for Al Kufra ((outcrop sample).

The He ages may be interpreted as maximum estimates, because an additional He flux
from adjacent aquitards or deeper layers of the crust is present.

The isotope ratio *He/*He (R) may be used to discern different sources of the
accumulated He. Although a detailed knowledge of the sediment composition would be required
for a precise calculation of the *He/*He production ratio, rough estimates can be made on the
basis of the measured Li concentrations (Table 6.2 and 6.3).

We estimate *He/*He (R) production ratios of less than 10 (3.71x10°®) for the Sarir sand,
(3.75x10°®) for the Tazerbo, and (2.31x107) for Al Kufra. Since the data from well Tz 618 yield
an upper limit of 1.18x10° for the radiogenic ®He/*He ratio in the Tazerbo, a major contribution
of He produced in the aquitards.

Nevertheless, some He diffusion from the aquitards into the aquifer appears likely, given
that the U and Th concentrations in the aquitards are higher. Moreover, the upward gradient that
can see in the artesian wells will increase the flux.

If it is assumed that the entire He results from in-situ production with consideration to all
*He can come from the aquifer rock. The time to produce this amount of helium in Sarir has been
calculated to be between 1.9x10° to 8.8x10° yr. Comparing with the **C age (9 to 15 kyr) this
seems to be very high. Tazerbo and Al Kufra have the same results. Tazerbo has “He
accumulation in water between 8.99x10™** to 3.8 x10™** ccSTPem®20yr™ with a groundwater age
between 1.7x10° to 2.69x10° yr, while the Al Kufra has *He accumulation in water was

1.669x10™* ccSTPcm*py0yr™ with a groundwater age between 1.07x10° - 1.57x10° yr. These
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ages are also far away from the **C age (See Figures 6.2 and 6.4). When we looked at the
*He/*He ratios in the water and in the rocks, we found them far away from each other, which
mean this helium is not from in-situ production, it came from another source of helium outside of

the aquifer, and the rock-water system is not closed.

The amount of helium that we have is significantly high to have been produced only from
in-situ. Therefore, external sources should be considered and have to be estimated. This high
concentration of “He in all the aquifers that gave high water residence times indicates that the
*He has an external source that could be vertical flux from a deeper level, or could be from the

volcanic activity in the region.

Since the aquifer thickness are known for all the aquifers (Tazerbo is 150m, Sarir is 170
m and Al Kufra is 200 m) and we have calculated the *He accumulation rate in water for all the
aquifers, the crust “He flux (Juec) can be calculated for all samples from the excess “He according

to equation (6.9) and the result is shown in table (6.4)
\]Hec: |:)He* h* @ (6.9)

where Juec is crust “He flux, Pye is the in-situ production rate; @ is porosity, and h is
aquifer thickness. Therefore, the average “He flux for the Sarir aquifer is 1.17 x 10”7 cm®*STPg™
yr, for the Al Kufra is 4.5 x 10°® cm*®STPg*yr™, and for Tazerbo is 7.8 x 107 cm®STPg™yr™.

On the other hand, an estimate of helium flux following base on **C age is (Trogersen &

Ivery 1985):

= ()~ (%) )on @10
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Where Cye is terrigenic helium, t is time from '*C (in our case); A is the In-situ
production rate; @ is porosity, and h is the aquifer thickness. The *He flux was estimated by the
authors base on equation (6.10); for the Sarir aquifer is 1.043 x 107 cm®STP/cm?yr? and
9.567x10” cm®STP/cm?yrfor Tazerbo and 5.818 x 107 cm®STP/cm?yr™ for Al Kufra.

Castro et al. (2000) have calculated the “He fluxes for several sandstone aquifers and they

got these results, the Auob Sandstone Aquifer has “He fluxes with value 6 x 10° cm® STP cm ™

2 yr " and the Ojo Alamo and

yr " and the Carrizo aquifer has *He fluxes 3.6 x 107 cm® STP cm
Nacimiento aquifers a value of 3 x10 ®cm® STP cm  yr . To explain the amount of the in-situ
helium production we could assume these huge quantity came of “He produced in the rock is
released to the water or at least part of the “He produced in the rock is released Castro et al.
(2000).

With average “He production rates 5.7x10 -*2cm®STPcm™H,0yr* for the Carrizo aquifer,
3.7x10" T cm®STPecm™H,0yr? for the San Juan Basin aquifers, and 2.9x10™ cm3STPcm’
*H,0yr™ for the Stampriet aquifer which take between 2 kyr - 1 Ma, 2 kr -5 Ma, and 2-50 Ma,
respectively, to produce the measured “He concentrations.

These groundwater ages seem to be far too high, being in contradiction with the **C ages.
On the other hand, to say that all the produced *He and “He were released from the rock, one

would expect the measured and calculated R/Ra ratios in the waters and in the rocks to be similar,

which was not observed.
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Table 6.4. 4He, 3He and helium flux results for the the Sarir, Tazerbo and Al Kufra wellfields.

Sample
I.D.

4He
(ccSTP/g)

3He
(ccSTP/g)

R/Ra

14C(yr)

4Heterr
(ccSTP/g)

JHe
(ccSTP/gy

y

Helium
Flux
Cm3STP/
Cm2/yr

AVG.JHe
mol/gyr

AVG.JHe
atmos4He/|
m”~2yr

AVG.JHe

atmos4He/m”

2yr/@

AVG.JHe
atmos4He/
m~2yr*

KF-85

3.78E-07

1.01E-07

0.267

2.36E+04

2.56E-07

1.08E-11

3.15E-08

1.46E-12

8.81E+11

2.52E+12

2.85E+08

KFRGA

2.93E-07

9.72E-08

0.332

9.03E+03

1.78E-07

1.97E-11

8.49E-08

3.95E-12

2.38E+12

6.79E+12

7.70E+08

SR-116

5.87E-07

7.14E-07

1.216

2.22E+04

5.08E-07

2.29E-11

1.07E-07

4.97E-12

2.99E+12

8.54E+12

9.68E+08

SR222

2.28E-07

2.51E-07

1.105

7.00E+03

1.14E-07

1.62E-11

7.29E-08

3.39E-12

2.04E+12

5.83E+12

6.61E+08

SR-140

3.96E-07

4.64E-07

1.171

9.86E+03

2.71E-07

2.75E-11

1.31E-07

6.07E-12

3.65E+12

1.04E+13

1.18E+09

TZ-118

4.42E-06

6.14E-06

1.391

2.61E+04

4.23E-06

1.62E-10

7.11E-07

3.30E-11

1.99E+13

5.69E+13

6.44E+09

TZ-217

6.69E-06

4.00E-06

0.597

2.75E+04

6.54E-06

2.38E-10

1.05E-06

4.89E-11

2.95E+13

8.42E+13

9.54E+09

TZ-317

4.47E-06

6.44E-06

1.440

2.41E+04

4.28E-06

1.78E-10

7.81E-07

3.63E-11

2.19E+13

6.25E+13

7.08E+09

TZ-401

5.28E-06

5.51E-06

1.042

2.35E+04

5.08E-06

2.16E-10

9.54E-07

4.44E-11

2.67E+13

7.64E+13

8.65E+09

TZ618

6.83E-06

3.27E-06

0.479

2.34E+04

6.68E-06

2.86E-10

1.27E-06

5.9E-11

3.55E+13

1.01E+14

1.15E+10
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Figure 7.2. “He concentration vs. measured groundwater age as determined by He
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6.3.3 Separation of “He Components

Table (6.2) shows the *Hey: and *Hey: with R values for each sample location.
Magnitudes of R measured in the Sarir samples are well constrained around a value of 3.63x10™".
This value is less than those documented for the atmosphere (Ra = 1.36x10®) and mantle (Rm =
1.2x107), but greater than He produced in the crust (Rc = 2.0x107®).

Magnitudes of R measured in the Al Kufra samples are well constrained around a value
of 1.59x10°®. This value is close to the documented value for the atmosphere (Ra = 1.36x10°)
and less than the mantle (Rm = 1.2x10°), but greater than He produced in the crust (Rc =
2.0x10'®). Magnitudes of R measured in the Tazerbo samples are well constrained around a value
of 1.346x10". This value is less than the documented value for the atmosphere (Ra = 1.36x10°)
and less than mantle (Rm = 1.2x10°®), but greater than He produced in the crust (Rc = 2.0x107).
This indicates that He in all the aquifers is a mixture derived from the crust as well as the
atmosphere and/or mantle. *He/*He ratios above the atmospheric value indicates an accumulation
of ®He from tritium decay, whereas *He/*He ratios below the atmospheric value indicates an
accumulation of radiogenic He. The concentration of the other noble gases indicate that our
samples are not contaminated with atmospheric noble gases, therefore, that ratio near the

atmospheric values are due to terrigenic production

To calculate each type of helium (in-situ, mantle, or crust) for all well fields we used
equation (6.11) as described below:

R = X(Rin) + Y(Rc) + z(Rpp) (6.11)

where: x+y+z=1, x = fﬂ , Rm=8, R =0.02, Ri, = calculated for each wellfield

He
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6.3.3.1 The Tazerbo Wellfiled

Table (6.3) shows the terrigenic helium of our samples with average R of 1.34x10°®
which is one order of magnitude lower than 1.25x10 for the He mantle (Ozima and Podosek
1983). Most samples have a He ratio within one order of magnitude less than the mantle He or
one order of magnitude higher than the crustal Helium 10 - 107 with a typical value of 2 x 10®
(Mamyrin and Tolstikhim 1984). All samples contain originally radiogenic “He and nucleoginic
*He with no tritiogenic *He because of very low tritium in all samples (0.04 - 0.11 TU). Very
high ratios of ®He/*He are found in sample TZ118 and TZ317 with values of 1.86x10° to
1.96x10°°. These ratios can be explained by the existence of mantle helium. We then determined
the concentration of “He. was then determined by subtracting the calculated concentrations of in-
situ Hegerr and “Hem from “Hey: (Equation 6.11). The helium here is consisting of 90 % crustal,

9.73 % mantle, and only 0.27 % in-situ helium.

6.3.3.2 The Sarir wellfield

Excess He in the Sarir wellfield samples is due to radiogenic “He and nucleogenic *He
with average ratio 1.58x10° which represents the terregnic He value. Here, we can see this He
was produced in the crust and mantle. This interpretation is based on the high value of He which

may have been contributed by the mantle.

It is clear in Heg, that it is accompanied by He radiogenic and nucleogenic *He that do
not follow the depth concentration relationship. *H measurements were 0.1TU to below detection

limit meaning no modern recharge and suggests it is fossil water.
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The R ratio of theses samples are too high to be explained by crustal production only.
Therefore, it should be mixture from different regions. We estimate the percentage of mantle

helium is 14.58%, crustal helium is 85%, and the in-situ is 0.42% according to equation (6.11).

Considering the depth of the Sarir samples, all wells have more or less the same depth
452m + 4m, the *Hee;r concentration in sample SR116 is higher than sample SR222 and SRP140.
This difference could be due to aquifer and formation lithology or upward leakage of water in
this area. Since the Sarir aquifer has varying lithology throughout the wellfield, correlation
between the wells is difficult. This diversity in lithology in the Sarir wellfield and in the Sirt
Basin in general (the north part of the aquifer has more limestone and clay than the south part)
definitely will affect the **C age, as it clear in the samples SR116 SR222 and SR140. Even when
all samples have the same depth, however, the **C age is highly different from 9 kyr to 15 kyr,

see table (5.2).

6.3.3.3 The Al Kufra Wellfield

Samples were taken from the deep and shallow aquifers. While the concentrations of He
are very close, the **C ages are different. The deep aquifer has a *C age 20kyr, while the shallow
aquifer has a *C age 12 kyr. Deep aquifer has *H of 0 or below the detection limit, which means
the tritiogenic ®He can be excluded. All samples from deep and shallow aquifers have *He/*He
ratios of 3.6x107 - 4.5x10” which means these samples also have mantle Helium like the other
aquifers. R/Ra for all samples are also high (0.267) for the deep and (0.33) for the shallow,
which indicate this water contains mantle helium. The contributions of mantle, crustal and in-situ
helium in these samples were estimated by the author to be 3.23 %, 95 % and 1.7 % respectively.

This could be interpreted as the wellfield being located near a magmatic formation represent in
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Jabal as Saeda, west of Sirt Bsin, Al Haruj Al Aswas (Miocene — Qyaternary) in west south west
of Sirt Basin, and Tibessti Mountain (Pliocene — Recent) south of Al Kufra Basin that could

release a weak mantle component that was incorporated into that water.

6.3.4 *He and “He

The *He excesses are higher than “He for both shallow and deep aquifers in al Kufra area
(Figure 6.3). On the other hand, the Sarir wellfield has *He excesses higher than *He. However
the Tazerbo wellfield has samples with both cases. “He concentrations in the deep well samples
at the Al Kufra wellfield are higher than those from the shallow aquifer. The Tazerbo and Sarir
wellfields have “He concentration increases from east to west. The same scenario exists for *He
in the Tazerbo wellfield, where it increases from 4.3x10™* to 8x10™ ccSTP g™. The °He
concentration in the Al Kufra wellfield is consistent with depth, from 8x10™** to 9.28x10™

ccSTP g™,

The amount of terrigenic helium (radiogenic “He, nucleogenic *He and mantle He) is
compared to the percent modern carbon (Figure 6.4) shows that there is more helium in the
groundwater with increasing groundwater age. This is consistent with their being a longer time
period for helium to be added to the system due to natural uranium/thorium decay in the aquifer

material.
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Figure 6.3. *He versus ®He. Sarir samples plot on a line with a slope of R = 1.62E-06. Tazerbo
and Al Kufra samples display more variation.
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It seems there is no correlation between the “He concentration and (**C) age in the Sarir
well field; this may be because the Sarir well field is located near volcanic activities area called
the Al Harruj al Aswad almost 250 km west of the wellfield. However, Al Kufra and Tazerbo

have more or less direct correlation, increasing He is associated with increasing in (**C) age.

6.3.5 Reconstruction Paleoemperature and Age of Groundwater
The results of noble gas temperature analyses for each aquifer provide a snapshot in time
of the state of the aquifer. As we mention in chapter (5) there are no flow path data available due
to the limit of wells for access. What has been developed is a baseline to which later results can
be compared in order to identify changes in apparent ages and other parameters due to continued
extraction of water from the three aquifers.
A methodological model similar to (Aeschbach-Hertig et al. 1999, 2000; Ballentine and Hall
1999) was used to measure noble gas concentrations in groundwater with uncertainties r within

+1 to 2% in order to calculate the noble gas temperature (NGT).

Noble gas concentration depends on the solution of atmospheric noble gases in water.
Several parameters control the equilibrium concentration in surface waters, temperature
(recharge temperature), pressure (elevation), excess air, reequilibrium and salinity (Aeschbach-
Hertig et al. 2000) the results of these paramters are listed in table (6.5a). The salinity of water
effects the concentration of noble gases, therefore it has to be calculated for fresh water from the

electrical conductivity at 20°C (Wiiest et al. 1996).

S (%o) = 0.87x107 kyg (uS cm™)... (6.12)
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Calculating noble gases concentration (He, Ne, Ar, Kr, and Xe), requires knowing two or
three of these parameters (Aeschbach-Hertig et al. 1999). The resulting excess of dissolved gases
is often best detected by Ne, therefore ANe which is (Nemeas/Neeq - 1) x 100 %, is the relative Ne
excess above the solubility equilibrium, and is used for the temperature calculations (Aeschbach-
Hertig et al. 2001).

The model is a closed-system equilibration (CE) of groundwater with only partially
dissolved entrapped air, resulting in a solubility controlled fractionation has been used in order to
correct for the excess air component during the calculation of noble gas concentration. The CE-

model provides good results for the noble gas data set from all the aquifers:

. . 1-F)Az; \ ,. _
Cicrspar = Cipom+ (%) (i=He, Ne, Ar, Kr, Xe)  (6.13)

where
e (/(T,SP) are the moist air solubility equilibrium concentrations as a function of
temperature, salinity, and atmospheric pressure, and can be calculated by one of these
methods, Clever 1979; Weiss 1970, 1971; Weiss and Kyser 1978, Smith and Kennedy
1983. z; are the noble gas volume fractions in dry air, Ae is the initial amount of dry
entrapped air per unit mass of water, F is the fractionation of excess air.
y’-test, the sum of the squared deviations between the modeled and measured
concentrations of noble gases was used in the model to describe the data within their uncertainty
for each sample individually (Ballentine and Hall 1999; Aeschbach-Hertig et al. 1999). Equation
(6.13) is a nonlinear least squares method to calculate the values of the model parameters that
minimize y°. The model has two important parameters, (Ae) is the STP-volume of the initially

entrapped air per mass of water, and the fractionation parameter (F), reflecting the reduction of

the entrapped gas volume in the final and initial state (v) and the dry gas pressure in the trapped
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gas to that in the free atmosphere (q), which is expressed as: F = v/q. Those two parameters have
a physical interpretation that should be used to check the best of the fit results (Aeschbach-Hertig
et al. 2000, 2001). The y* -test was first applied to individual samples to identify irregular
samples that cannot be described by the model, the sample that has an y> model value equal to
or bigger than the probabilities of p (x°) 0. 1= (2.71) or p (x?) 0.05 = (3.84) will be rejected.
Although the uncertainty parameters are very small in our samples, the model calculates them
from the covariance matrix in the least squares fitting algorithm.

The results are shown in table (6.5 a and b). Four samples with high y?-values (TZ612,
TZ118, SR116, and KFRG) fail to pass the model, however all other samples fit acceptably. This
means the concentrations of the parameters derived from fitting more or less match the weighted
means of the parameters derived from the individual samples. The parameters derived from the
inverse modeling of the heavier noble gases were used to calculate the atmospheric He
component.

The terrigenic He (Hey) that we calculated from the difference between the measured
total He and the calculated atmospheric He has been used for groundwater dating. However,
equation (6.13) is applicable to the observed He for the three aquifers because of the presence of
radiogenic He.

Entrapped air fraction (Ae) has a range from 0.0240 to 0.0436 cm®STP g-*, and q has a
range from 0 to 0.910, and v has a range from 0 to 0.3914, see all results in table (6.3a). The best
results of fits are samples KF85, and TZ118 as they listed in Table (6.5b) using the scale of the
errors by the factor (x*/ v)“2. It is note that all samples produce a more or less low value of Ae

which is well constrained by the data.

93



Table 6.5 a. Results of fitting equation 6.4 to the measured concentrations of Ne, Ar, Kr, and Xe.

Input Information

Recharge Parameters

Sample Salinity Recharge Recharge Ae F EA Delta Ne
Name Elevation T
(per mil) (masl) © (ccSTP/g) (ccSTP/g) (% Solubility)
KF-85 0.09 400 19.4 0.0275 0.15 0.0186 166.9%
KFRGA 0.25 400 - 0.0240 0.15 0.0162 161.7%
SR222 0.60 200 18.6 0.0286 0.42 0.0098 77.3%
SRPW-140 0.60 200 - 0.0331 0.23 0.0178 145.5%
TZ-118 0.12 250 - 0.0317 0.17 0.0192 181.6%
TZ-217 0.14 250 25.1 0.0291 0.00 0.0291 317.1%
TZ-317 0.14 250 20.3 0.0295 0.07 0.0241 236.3%
TZ-401 0.13 250 25.2 0.0364 0.05 0.0309 292.6%
TZ618 0.15 250 - 0.0436 0.06 0.0348 336.7%
0.0189 157.5%
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Table6.5b

Recharge Model Fit

Sample | Chi*2 | Chi*2 Ceiling He Ne Ar Kr Xe N2
Name
P=0.1[(P=0.05| Chi*2 | Misfit | Chi*2 | Misfit [ Chi*2 | Misfit | Chi*2 [ Misfit | Chi”2 | Misfit | Chi*2 | Misfit
KF-85 | 0.62 2.71 3.84 [1495.45]184.8% | 0.01 0.0% 0.05 [ 0.55% | 0.89 | -2.0% | 0.057 [1.56% | 0.40 |-9.3%
KFRGA| 0.52 2.71 3.84 [1139.64]207.9% | 0.00 0.0% 0.04 0.6% | 039 | -3.6% | 0.09 | 1.8% | 0.92 |-8.8%
SR-116] 14.00 | 2.71 3.84 926.92 | 155.7% | 0.05 -0.4% 4.65 6.9% | 6.92 [-13.6% | 2.38 [-8.5% | 0.56 |-7.0%
SR222 | 0.00 2.71 3.84 ([1870.09]640.1% | 0.00 0.0% 0.00 0.0% | 14.63 [-18.7% | 0.00 | 0.0% | 0.26 |-4.8%
SR-140 | 0.00 2.71 3.84 622.81 | 99.6% 0.00 0.0% 0.00 0.0% | 0.00 [ 0.3% | 0.00 [-0.1% | 0.16 | 4.2%
TZ-118| 2.33 2.71 3.84 ]1165.32| 215.2% | 0.00 -0.1% 0.39 19% | 186 | -7.6% | 0.08 | 1.7% | 147 | -11%
TZ-2171 50.92 | 271 3.84 12284.462168.7%| 0.01 -0.2% | 16.30 | 13.8% | 26.93 |-23.7% | 7.68 [-14.3%| 2.58 [19.1%
TZ-317| 0.00 2.71 3.84 12384.234168.2%| 0.00 0.0% 0.00 0.0% | 0.00 | -0.2% | 0.00 | 0.1% | 0.01 [-0.9%
TZ-401| 0.72 2.71 3.84 12292.39|2257.3%| 0.00 0.0% 0.05 -0.6% | 058 | 4.8% | 0.10 |-1.9% | 0.91 |10.5%
TZ618 | 0.02 2.71 3.84 12310.35|2485.4%| 0.00 0.0% 0.00 0.1% | 0.01 | -0.7% | 0.00 | 0.3% | 0.00 | 0.5%
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Because Ae are small values (from 0.0240 to 0.0436) cm3STP g-*, we have good fits (%)
increasing from 0 to 50.92 at the Tazerbo aquifer. Howevere, the Sarir aquifer has Ae-values
from 0 to 2.33 and The Al Kufra aquifer has an Ae-value of 0.0275 for the deep aquifer with
temperature 19.4°C and 24°C for the shallow aquifer.

The non-atmospheric He components are calculated from the measured He by subtracting
the equilibrium and excess air components, as defined by equation (6.13) with the parameters
obtained from the fit to the other noble gases. The CE-model (Eqn. 6.13) gives us the best fit for
the heavier noble gases and the most realistic results for the radiogenic He.

Degassing during sampling appears doubtful because the noble gas concentration pattern
is consistent with Eqn. (6.13). The great He accumulation rates may be due to a He flux from
deeper strata. Such a flux may be particularly significant at all the wellfields because of the long
residence times, allowing the He to diffuse vertically through the strata. Because of its high He
concentrations, most samples give the best constraints for the isotopic signature of the radiogenic
He in all aquifers.

In addition, the contribution of *He from the decay of tritium in the groundwater could be
significant. However, tritium concentrations in our samples are very low (<0.1 TU) in all the
wellfields indicating a negligible addition of water younger than 50 yr to these aquifers including
the shallow aquifer in Al Kufra with its Holocene noble gas signature.

The noble gas data are used to estimate the temperature of the region during recharge of
the groundwater and to determine the amount of “He that was produced in the subsurface
(terrigenic He, Hegr), which is an indicator of groundwater age. The paleotemperatures are
determined following the methodology of Aeschbach-Hertig et al. (1999) which also allows for

the determination of the Hee.
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The recharge temperatures and terrigenic He components are presented in Tables (6.2)
and (6.4). Figure (6.5) shows these noble gas temperatures as a function of the calculated “He
and *C ages. A generally well developed correlation between the “He concentration and **C age

for the three aquifers exists. Noble gas recharge temperatures (NGRTs) were determined for one

sample from Sarir, three samples from Tazerbo and one from Al Kufra. For Sarir, the NGRT
was 18°C, which is about 5 degrees cooler than the average annual temperature today. For
Tazerbo, one sample yielded a temperature of 20°C and the other two yielded temperatures of
25°C, compared to the present average annual temperature of 23°C. For the sample from Al
Kufra, the recharge temperature is 19°C compared to the present average of 24°C. A sensitivity
analysis showed that if the elevation of recharge was increased by 500 — 600 m, the NGRT will
decrease by ~2°C. Therefore, these reported NGRT should be considered as maximum values

since the elevations of the wellfields were used.

Our NGRT values for the various aquifers yield recharge temperatures that are a few
degrees cooler than the current average annual temperatures from as far south as Al Kufra to as
far north as Sarir. These values, determined from wells that have evidence of late Pleistocene
water, suggest that the climate at that time was cooler than today. This is consistent with the
findings of others that indicate a lowering of temperatures by several degrees around the world
during the last glacial maximum (e.g., Stute et al. 1995; Aeschbach-Hertig et al. 2001; Edmunds
et al. 2004). The lower temperatures are consistent to temperatures being a few degrees cooler
during the Late Pleistocene compared with today. Fontes and Garnier’s (1979) model indicate

all samples are of Pleistocene and Holocene age, and most of them are older than 10 kyr.
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Figure 6.5. Noble gas temperatures for the Al Kufra wellfield, Sarir wellfield, and Tazerbo
wellfield as a function of the calculated “He and **C ages.
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These ages seem to be consistent with several indications from the climate-sensitive
variables. The amount of terrigenic helium is compared to the percent modern carbon shows that
there is more helium in the groundwater with increasing groundwater age. This is consistent
with their being a longer time period for helium to be added to the system due to natural

uranium/thorium decay in the aquifer material.

Samples with low NGTs seem to indicate a cold climate, i.e., KF85 at **C ages of 20 kyr.
However, samples with **C activities (41.4 pmc) suggest age for**C =10 kyr are independent of
the model used to calculate the initial *C activity. Clearly, the interpretation of the carbon
isotope data is consistent with the interpretation of NGRTSs, and stable isotopes as climate
indicators. On the other hand, noble gas gave us very large groundwater ages compared with **C

as shown in table (6.4).
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CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATION

The stable isotope compositions of the three aquifers studied differ from one another. The
oD and 6180 data show two different groups. The Sarir wellfield samples have an average stable
isotope composition of 6D = -73.7 %o and 5180 = -9.3 %o, which generally these value are
indicate Holocene ages, while the averge of stable isotope composition of the Al Kufra wellfield
are 0D = -4.1 %o and 6180 = -11.4 %o, and the corresponding values for the Tazerbo wellfield
are 8D = -84.6 %o and 6 180 = -11.8 %o, which generally indicate Pleistocene age. The isotope
values for the Sarir plot below the global meteoric water line (GMWL) suggesting that the
waters have experienced some evaporation, while the Tazerbo samples are depleted relative to
those at Sarir plot on the GMWL. However, Al Kufra samples are plot below the GMWL but
close to Tazerbo samples. The compositions seen in all groundwaters are significantly lower than
those expected to be found in modern precipitation. During Pleistocene times the Sirt and Al
Kufra Basins were several degrees cooler than during Holocene times, therefore 62H and 6180
of groundwaters recharged during Pleistocene times should be more negative than those of
groundwaters recharged during modern times.

14C concentration and *C/*2C ratios were converted into groundwater ages and corrected
base on Fontes and Garnier (1979). The carbon isotopes are varying between the three aquifers.
The result of **C analysis of groundwater samples from the three aquifers have relatively small
negative 83C values ranging from -23.94 %o from a shallow well at the Al Kufra wellfield to -
10.379 %o from a deep well. The Tazerbo wellfield has 8**C values ranging from -8.2 %o to -

5.99 %o. The values of §'3C at Sarir exhibit ranges from -25.7 %o t0 -8.8 %o.
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Determination of **C ages as outlined above yields a range of 9.9 kyr to 15.2 kyr at the
Sarir wellfield. For Tazerbo, the range is much narrower, yielding ages from 23.4 kyr to 27.5
kyr. The shallow sample from the Al Kufra wellfield has an age of 12.0 kyr while the deep
sample has an age of 20.5 kyr. There is a relationship between well depth and age in the Al
Kufra Basin.

The groundwaters in Sarir and Al Kufra could be divided into two main isotopic groups:
strongly negative stable **C-isotope ratios combined (§*C = -25.7 to -23.94 %) with low *C
activity; and less negative in *C (-10.379 to -8.8 %o) with higher 14C values. The first group
corresponds either to the shallow groundwaters in Al Kufra or to some deep wells in the Sarir
wellfield. The second group corresponds generally to deeper groundwaters in Tazerbo and Al
Kufra wellfields.

In general, the oldest ages are from the Tazerbo well field, which is using water from the
Devonian-age aquifer that is confined. The Tadrat Formation is confined and underlies the
Nubian Sandstone and they would have a limited area of recharge to occur, assuming recharge
comes from the south following the regional hydraulic gradient. Since we have no samples
along the potential flow path, we do not know how the ages progress from the recharge area to

the discharge area near Tazerbo.

The consistency of the ages suggests that recharge occurred 25 kyr, corresponding to the
Late Pleistocene. During this time period, the climate was cooler and more humid as our results
from the noble gas. Recharge at this time may have occurred due to the precipitation in the
highlands to the south (Tibesti Mountains) with flow to the north through the channel deposits
discussed in previous study. It has been suggested that during this time, the channels were

flowing more regularly, potentially providing recharge to the Tadrat Formation.
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In the Al Kufra area, there are two different ages that are dependent upon the depth of
sampling. The deep sample from the agricultural fields near the town of AL Kufra, give an age
of 20.5 kyr Table (5.2). The shallow sample has an apparent age of 12.0 kyr. The Nubian
Sandstone throughout this area is exposed at the surface and is well above the Tadrat. These
locations are along the paleochannel discussed earlier. Therefore, recharge could have been from

the south, including the Tibesti Mountains, Awynat and farther to the south in northern Chad.

It has been suggested that the end of the Pleistocene humid period was around 11.7 kyr,
which corresponds to the apparent age of the shallow groundwater at Al Kufra. In Sarir, there is
a relatively wide spread of apparent groundwater ages (9.9 kyr — 15.2 kyr). These groundwater
samples are from Middle Miocene the fluvial sands, with interbedded clays, of the southern Sirt
Basin. Though no depth relationship between apparent age and depth, there are more clay layers
above the well screen with the greatest apparent age. As the Sarir wellfield has been pumping
for over 20 years, it is most likely that the apparent age range is due to a mixing of deeper older
water with younger shallow water. The source of recharge for this area is unclear. The large
paleochannel does flow to this direction but is farther to the east (See fig. 3.3). It is possible that

there was some recharge from the Al Haruj al Aswad to the west.

For the three well fields there have been no groundwater ages younger than about 10 ka.
Therefore, there is no evidence of recharge during this time period and no evidence of modern
recharge. As a result, it has been proposed that the observed groundwater gradients in the area
are from fossil gradients established during the late Pleistocene/early Holocene and that these
gradients are slowly decaying. Tritium content of the groundwater in Al Kufra and Sirt basin is
very low, with an average of 0.076 T.U. The low content of tritium is another indication that this

groundwater is fossil water and has no recent recharge.
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This study shows how a simple analytical model for the accumulation of “He in
groundwater allows the simultaneous estimate of the crustal “He flux in relatively simple flow
systems and under certain assumptions. The accumulation of “He in groundwater helps to
estimate of the crustal “He flux. “He ages obtained from a model simulations are not consistent
with those obtained from **C. All the aquifers, have received some external *He out of the
aquifer. The mantle component is a significant amount in our samples in all the aquifers.
However, the crustal “He observed could be the result of in-situ production or from the external
source.

The rate of accumulation of “He in the Al Kufra Basin is the result of two processes. In
young water (age < 10 kyr) the rate of accumulation of “He can be accounted for by the in-situ
production of “He by the alpha-decay of U and Th series elements with the release factor for
helium near 100 %. However, in the main part of the basin (> 26 kyr), the rate of accumulation
of “He is 55 times the rate of in-situ production and cannot be accounted for by in-situ
weathering and the subsequent release of “He trapped in mineral grains over geologic time. The
rate of accumulation of “He in the older waters of the Tazerbo can be accounted for by the flux
of “He from the whole crust as well as the large amount that could come from the aquitard as it
has large amount of U and Th.

Sarir wellfield would also appear to reflect such a whole crust *He flux and the data of
numerous other authors strongly suggests large “He sources outside the confines of the individual
groundwater bodies. The observation of a whole crust “He flux and crustal degassing of “He may

therefore be widespread.
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The studies generally yield a nearly linear rate of increase in “He with age but the
agreement between the *C and the calculated *He age is often somewnhat poor; “He ages tend to
be greater, oftentimes by factors of up to 50-70 times.

This study reports the rate of accumulation of “He in the Sirt and Al Kufra Basins the
possible mechanisms which could provide a source for this “He. The results indicate that these
confined aquifers are accumulating “He at a rate that is initially controlled by crust production
and later by the mantle production of *He. This mechanism could explain the discrepancies in
*He ages observed by other workers.

Al Kufra aquifer samples show that the recharge temperature was 20°C, cooler than today,
between 20 - 22 kyr, and Tazerbo aquifer samples show that the recharge temperature was 20-
25°C, cooler than today, between 24 - 28 kyr, while Sarir aquifer ample show that the recharge
temperature was 18°C, cooler than today between 10 - 15 kyr.

There are no flowpath data available in this study due to the limit of well access; what
has been developed is a baseline to which later results can be compared in order to identify
changes in apparent ages and other parameters due to continued extraction of water from the
three aquifers.

We recommended for the further study that samples must be collected from deeper wells
around the Al Kufra as the well field planned for the area will extract water from deeper depths
than that sampled at the RGWA well. Some limited regional recharge by direct infiltration from
the surface aquifers in all wellfields are to be expected. Although a detailed knowledge of the
sediment composition would be required for a precise calculation of the *He/*He production ratio,

rough estimates can be made on the basis of the measured Li concentrations.
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