W Natural
Environment

Research
Council

BRITISH GEOLOGICAL SURVEY

Natural Environment Research Council
Report WD/0OS/87/1

Estimation of aquifer recharge
using geochemical techniques

Final report of the Lower Atbara River Basin Project: BGS component

Collaborative project with the National Administration for Water
(NAW), Khartoum, and the Arab Centre for Semi-Arid Zones and Dry
Lands (ACSAD), Damascus

W. M. Edmunds, W. G. Darling and D. G. Kinniburgh




BRITISH GEOLOGICAL SURVEY

Natural Environment Research Council

Report WD/0s/87/1 Estimation of aquifer recharge using
geochemical techniques

Final report of the Lower Atbara River Basin Project: BGS component

Collaborative project with the National Administration for Water (NAW),
Khartoum, and the Arab Centre for Semi-Arid Zones and Dry Lands
(ACSAD), Damascus

W. M. Edmunds, W. G. Darling and D. G. Kinniburgh

Cover photograph

Traditional dug well (Bir Khar-
bana) at Abu Delaig, some 15
years old and reaching a
depth of some 23 m. Research
results show that direct re-
charge by rainfall through
landscape such as this only
amounts to just under 1 mm a
year on long-term average.
Replenishment of water levels
in these wells occurs by later-
al movement of water from
the Wadi esh Shelka some
500 m away.

© NERC copyright 1987

Bibliographic reference

Edmunds, W. M., Darling

W. G., and Kinniburgh, D. G.
1987. Estimation of aquifer
recharge using geochemical
techniques: Final report of the
Lower Atbara River Basin
Project: BGS component.
Research Report of the British

Geological Survey, No. . . . .
WD/0S/81/1. Whallingford, Oxfordshire British Geological Survey 1987

| |



LOWER ATBARA RIVER PROJECT

Contents

PREFACE

SUMMARY

1.

2.

INTRODUCTION
SCOPE OF THE PROJECT
PREVIOUS STUDIES AND REGIONAL CONTEXT

3.1 Gealogiéal Setting
3.2 Palaeoclimate, Palaechydrology and Climatic Variation

REGIONAL HYDROGEOCHEMISTRY OF THE HAWAD BASIN

Overview

Rainfall

4.2.1 Collection

4.2.2 Rainfall chemistry and stable isotope composition
River Nile and Wadi Flood Chemistry

Shallow Groundwater System at Abu Delaig

Deep Groundwater System (Nubian Sandstone Aquifer)
4.5.1 The deep well system

4.5.2 Major elements

4.5.3 Stable isotopes

4.5.4 Radiocarbon and stable carbon isotopes

4.6 Minor and Trace Element Hydrogeochemistry

& &
N~

&= & &
W B W

SOLUTE PROFILES AND RECHARGE ESTIMATION
Background

Principal Conclusions from the Cyprus Study
"Sampling Programme and Methodology (Sudan)
5.4.1 Drilling
5.4.2 Dug well sampling
5.4.3 Auger samples
5.5 Field Laboratory Analysis
5.5.1 Scope
5.5.2 Elutriation
5.6 Laboratory Analysis
5.6.1 Inorganic constituents
5.6.2 Stable isotopes of water
5.7 Profile Results
5.7.1 Solute profiles, 1982 survey
5.7.2 Solute profiles, 1983 survey

VRV, RV, RV,
. o s e
£ WN

5.7.2.1 Minor element concentration in the elutriates

5.7.3 Solute profiles, 1984

A Model for Solute Movement in Relation to Recharge Studies



5.7.4

DISCUSSION:

REFERENCES
APPENDICES

Appendix 1

Appendix 2

Appendix 3

Stabl

5.7.4.1 O0Objectives

5.7.4.2 Dug well samples
5.7.4.3 Shallow pit samples
5.7.4.4

RECHARGE HISTORY AND HYDROGEOCHEMICAL EVOLUTION OF THE AREA

Chemical analyses of rain, surface and groundwaters

(Tables 2, 3, 5, 6)

Chemical analyses of elutriated samples (Table 13)

Summary of stable isotope results

Field data sheets for holes D, G (Figures 29, 30)

-




10.

1la.

11b.

12.
13.

14.

15.

l6.

17.

18.

19.

20.

21.

22.

23.

FIGURES

Location of Project area.

Evolution of the Chad basin since 40000 BP.

Variations in the levels of Lake Chad during the last millenium.
Late Quaternary lake level fluctuations of Lake Abhe (Central Afar).
The ancient 'Island of Meroe'.

The Wadi Hawad Basin, Niie Valley and location map of samples.

Rainfall distribution at Abu Delaig 1982-85 and chloride concentration
of rain. -

Cation composition of rainfall at Abu Delaig.
Isotopic composition of Abu Delaiq rainfall.
Plot of 62H vs. Cl for Abu Delaig rains.

Hydrograph of the River Nile (1983-1985) and SEC (specific electrical
conductivity of samples).

.Cation composition of the River Nile and other surface waters in the

Wadi Hawad basin.
Isotopic composition of the River Nile and related surface waters.

Abu Delaig area showing sample locations - village dug wells, new
dug well, auger hole sites and surface water levels.

Tritium values for Abu Delaig groundwaters.

Stable isotope compositions of Abu Delaig shallow dug wells.
Distribution of 680 values around the Abu Delaig area.

Distfibution of Cl - Abu Delaig ares.

Distribution of 50, - Abu Delaig area.

S0,/Cl (meq/l) distribution in rainfall and shallow groundwater.
Trilinear plot of cations in shallow groundwater at Abu Delaig.
Trilinear plots of a) groundwater from the regional (Nubian) aquifer
plus two samples from basement aquifer, b) groundwater from the Nile
valley boreholes relative to the River Nile and local shallow
boreholes.

6180 vs. GZH relationship in Nubian and Nile valley groundwaters.

Radiocarbon and stable carbon isotope results for Nubian and Nile
valley deep groundwaters and uncorrected groundwater ages (~°C).




24a.
24b.

24c¢.

25.
26.
27.
28.
29.
30.

31.

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.

47.

48.

Plot of Sr vs. Cl for surface and groundwaters.

Plot of Br vs. Cl for surface and groundwaters.

Plot of B vs. Cl for surface and groundwaters.

Recharge model of the unsaturated zone.

Summary of solute profiles obtained in éyprus.

Moisture contents (field) vs. moisture contents (laboratory).
Solute profiles of Bir Kharbana, Dar es Salaam dug wells.
Field data sheets - auger hole 'd', Abu Delaig.

Field data sheets - auger hole 'g', Abu Delaig.

Unsaturated zone profiles of moisture content, SEC, C1, N03, for
hole A.

same hole B
same hole C
same hole D
same hole E

same hole G

.same hole H

same'holé J
same hole K
same hole M
same hole N
same hole P
same hole Q
same hole S
same hole T
same hole U

Mean chloride concentration of unsaturated zone moisture at Abu Delaig
area, wells and auger holes (s, t, u).

Minor element content of elutriate samples, holes A, G, Q.

1



L L

49,
50.
51.

52.
53.

54,

55.

Chemistry, soil moisture and stable isotope profiles of unsaturated
zone moisture from a dug well at Abu Delaig (AD40).

Chemistry, soil moisture and stable isotope plots of unsaturated zone
moisture at Tomied Haj el Tair dug well.

Isotopic plot (6180 vs §2H) of soil moisture in profiles AD40 (profile
A) and Tomeid (profile B) and also shallow pit samples.

Plot of isotope data against depth for shallow pit samples (s, t, u).

Summary hydrochemical diagram of the principal water types in the
project ares. )

Summary isotopic diagram of rain, surface and groundwater in the
Wadi Hawad area.

Conceptual cross section of the interrelationship of surface and
groundwater in the project area.




Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table
Table
Table

Table

~I

10.

11.
12.
13.
14.

15.

l6.

TABLES

Monthly rainfall. Abu Delaig 1971-1985.
Rainfall chemistry - Abu Delaig, Khartoum. (Appendix 1)

Chemistry and isotopic composition of the River Nile and wadi
floods. (Appendix 1)

Tritium analyses of dug wells at Abu Delaig.
Analysis of shallow groundwaters at Abu Delaig. (Appendix 1)

Analysis of deep groundwaters in the Nubian aquifer including
those in the Nile valley. (Appendix 1)

Analysis of §13C on carbonate material from the Wadi Hawad basin.
Radiocarbon and stable carbon isotope results for Nubian ground
waters of the Hawad basin area. Modelled radiocarbon ages are given
(ig addition to unc?grected ages) using WATEQ-ISOTOP with rock

€C =0, initial §°°C CO, = 25% and initial activity = 1005

The effect of changing ‘initial conditions, source rock 613C
and gas phase on age of groundwater in the WATEQ-ISOTOP model.

Selected saturation indices.

Summary of rainfall data from Cyprus, used in recharge
calculations.

Summary of recharge estimates using geochemical techniques from
Akrotiri, Cyprus.

Solute profile data for 1983 field season. (Appendix 2)
Recharge estimates derived from chloride masS balance.
AD4O profile.

Shallow pits - isotopic data.

/



PREFACE

The Lower Atbara River Basin Project has been carried out by BGS staff in
collaboration with ACSAD (Arab Centre for Semi Arid Zones and Dry Lands),
Damascus and the National Administration for Water (NAW), Khartoum. This report
contains the results of one part of this project devoted to the use of
geochemical techniques as a means of estimating current recharge to the shaliow -
groundwater system and, more generally, in providing an understanding of the
recharge history of the area. Other reports, being prepared by ACSAD and NAW
staff include those on hydrogeology, geophysics, hydrology, climatology and
development schemes. A summary report will be prepared in English and Arabic
with an overview of the main conclusions relevant to development and
conservation.

The Overseas Development Administration (ODA) are thanked for providing
financial support for this project and staff of the British Embassy, Khartoum
are thanked also for providing considerable local support. A research grant was
also received from IAEA, Vienna to support some of the isotope studies.

We wish to thank Dr D Harknmess of SURRC, East Kilbride for radiocarbon analysis
and Mr D Otlet and staff at AERE, Harwell for tritium analyses. ‘Mr D L Miles,
Miss J M Cook, Miss J Trafford and Miss R Andrews of BGS Wallingford assisted
with the chemical analyses and Mr A Brunsdon (IH, Wallingford) with the stable
isotope analyses. We are also grateful to Mrs C Cordery for typing and help
with compiling the text.

Finally we wish to thank the people of Abu Delaig for their hospitality and
help. ' )




SUMMARY

The Sahel droughts of the past two decades have focussed attention on the scarce
water resources in northern Africa and other arid regions where rainfall is less
than 400, often less than 200 mm/annum. Groundwater represents the only
realistic resource in such areas, since with a few notable exceptions such as
the Nile or the Niger rivers, perennial or even seasonal surface water is
usually absent. Much of the population in these areas is pastoral and nomadic,
relying on shallow wells in wadis or on traditional dug wells, maybe as deep as
100 m. The water balance is delicately poised and sensitive to short and long
term climatic changes.

In the Lower Atbara River Basin (Wadi el Hawad) the mean annual rainfall is less
than 200 mm/annum. - In the four years 1982-85 when this study was carried out,
the mean annual rainfall was only 85 mm at Abu Delaig, the largest town in the
area. MWater is taken from shallow dug wells in the town and-from a few deeper
traditional wells in the surrounding area; in recent years deep boreholes have
been drilled in places, north of Abu Delaig to abstract groundwater from the
Nubian Sandstone aquifer.

The main purpose of the present study and specifically the geochemical component
was to answer the following questions:

(1) Does rainfall infiltrate directly into.the soil and rock over the area, and
) if so, how much? i

(2) During wadi floods, how much infiltration takes place via the wadi bed?

(3) What is the role of the River Nile? Does this provide a sustainable
recharge source and if so where is recharge occurring?

(4) What is the origin of the groundwater now tapped by boreholes in the Nubian
Sandstone; is it being replenished in any way or is it being mined?

The groundwater contains clues or fingerprints which may enable the origin of
the water (H,0) or of its dissolved constituents tT be igentified. Thus the
stable isotopic composition of the water itself (6 80, 8§“H) may indicate whether
the groundwater has originated from present day rain storms or from wetter
periods thousands of years ago, or, whether a significant amount of evaporation
has occurred. The solution composition (e.g. content of sulphate, magnesium to
calcium ratio, content of fluoride or strontium etc.) may indicate whether the
water has reacted with these rocks and if so what rock types are involved.
Radiocarbon derived from the atmosphere (cosmic ray bombardment of COZ)’
entering the soil as bicarbonate (HCO-:), acts as a clock, due to radicactive
decay over a period of some 50000 years, and enables the water to be dated
approximately. As well as these techniques, it has been necessary in this study
to examine the historical and archaeological records for indirect evidence of
wetter or drier periods during the past.

Samples were collected of rain (1982-85) and of wadi floods; this was paossible
since NAW staff were in the field throughcut the summer and were able to sample
the wadi flow on the very few days when this occurred. Samples were also
collected of the shallow well water at Abu Delaig and the deeper wells and
boreholes in the region. Most of the chemical and isotopic analysis was carried
out in UK.




The main research effort was concentrated on obtaining profiles of water
contained in the top 30 m of the unsaturated zone. Unsaturated zone profiles
had been shown, from earlier work in Cyprus, to contain a record of the recharge
history over several decades and could be used to calculate the amount of
recharge. Samples were collected by auger drilling and from dug wells; the
latter samples were taken by the local NAW well digging team at the end of each
day's shift.

.

The main conclusions of the research may be summarised with reference to the
schematic cross-section. The main aquifer is the Nubian Sandstone which
thickens northwards, overlying relatively impermeable crystallime rocks.
Locally, as at Abu Delaig clays or impure sandy deposits of alluvial or
colluvial origin overlie the Sandstone.

N RIVER NILE S

Direct recharge Seasonal recharge via wadi system
via sand dunes
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The chemistry of water in the unsaturated zone at Abu Delaig is rather saline
(1000-4000 mg 11 chloride), and a uniform (steady-state) composition is
established below 2 m. This suggests that there is a net downward movement of
water. Using the concentration of chloride in the rainfall (between

6-10 mg 17~ chloride) and knowing the average rainfall amount it has been
possible to calculate a recharge value for the direct recharge to the aquifer
via the interfluve areas. The calculated amount of recharge ranges from 0.3 to
3.45 mm/annum with an average of around 1 mm. Thus it is unlikely that the
general land surface can provide a route for significant recharge in these areas
with around 200 mm annual rainfall, except perhaps where sand dunes can provide
more rapid infiltration. The column of water stored in the unsaturated zone
represents several hundred years storage. In some areas it is possible that the
profiles represent discharge as well as recharge phenomena, with considerable
areas enabling groundwater to be lost by evaporation from deep water tables
(e.g. up to 20 m). This question is highlighted by the present study and
requires further research.

In contrast to the interfluve areas, the wadi bed acts as an important route for
recharge to the shallow aquifer and it is this water that provides the




replenishment upon which the local popul%tion has traditionally relied.
Isotopic tracers, in this case tritium (°H), in minute amounts, derived from
nuclear weapons testing in the 50's and 60's, provide evidence that very recent
water has moved laterally up to 1 km from the wadi bed. This water is
chemically very pure, and some of its chemical characteristics indicate mixing
with water in the unsaturated zone as the water table fluctuates seasonally.
The absence of any significant recharge from the surface implies an effective
barrier against pollution, providing of course, that the wells are properly
constructed. ' o

Groundwater from the deeper Nubian aquifer, north of Abu Delaig is quite
distinct from the recent recharge, both chemically and isotopically. Most
probably it was replenished during a wetter climatic period between 6000-8000
years ago. There is so far no evidence that the present-day wadi recharge is
also replenishing the Nubian system. Thus, from a resources.viewpoint the deep
groundwater is being mined and cannot be viewed as a secure source in the longer
term.

It was found using chemical and isotopic tracers that the River Nile is locally
recharging the Nubian Sandstone via the river sediments. Thus the deep
groundwater resources in this area are being sustained continuously and river
recharge induced by pumping is also likely to be filtered of impurities on
passing through the sediments. The recharge from the Nile probably extends some
10 km on either side of the river, and then drains naturally to the north in
response to regional gradients.

The only renewable water resources in this region are therefore the groundwater
adjacent to the Nile valley and the much smaller resources to be found within
and close to the wadi systems. Any development or conservation schemes must
concentrate on these resources and not rely upon any regional estimates of
groundwater recharge. A quantitative appraisal of these resources will be made
in conjunction with the results from other aspects of the study.
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LOWER ATBARA RIVER RECHARGE PROJECT

1. INTRODUCTION

The availability and security of groundwater resources in semi-arid regions of
the world are areas of major concern. Properly managed, groundwater can offer a
reliable long-term source of supply which can be invaluable during a prolonged
period of drought such as is being experienced in the Sahel in recent decades.

Estimation of aquifer recharge is one of the main uncertainties in many water

resource investigations. Many groundwater development schemes are proceeding
even though there is uncertainty as to how much natural replenishment, if any,

is taking place; other schemes are being developed which rely on the concept of
'groundwater mining'. This is probably the only safe assumption in the absence
of reliable recharge figures to the contrary.

Natural replenishment of groundwater in semi-arid regions can take place by two
mechanisms:

(1) direct infiltration of rainfall via the soil and unsaturated zone;

(2) local recharge of surface runoff via permeable wadi beds or drainage
systems. :

The flashy and unpredictable nature of precipitation in semi-arid and arid zones
makes the accurate determination of rainfall amounts and of surface runoff very
difficult. The praoblem of determining aquifer recharge by conventional means is
further compounded by the difficulty in obtaining reliable climatic data and in
measuring evapotranspiration. Add to this the great variety of soils,
topography, geology and land use and the problems of recharge estimation are
placed in perspective. -

Conventional methods used in temperate regions (Penman, 1948 and later
modifications) are often inappropriate when applied to semi-arid regions. Where
rainfall and evaporation are of the same order, the difference between the two
figures, both with appreciable errors, leads to a considerable uncertainty in
the final recharge estimate.

The present project follows logically from an earlier geochemical study carried
out with British ODA (Overseas Development Administration) support at Akrotiri,
Cyprus, entitled 'Geochemical estimation of aquifer recharge ' (Edmunds et al.,
1981). This project set out to examine whether simple, inexpensive chemical
techniques, using unsaturated zone profiles, could be used to estimate the
direct component of recharge. A reliable methodology was developed and tested
on eight unsaturated sand profiles to depths of 30 m. The results were
calibrated against a tritium profile method and direct estimate of recharge
using a lysimeter. Excellent agreement was obtained demonstrating the
effectiveness of using solute profiles for recharge estimation, albeit under
relatively ideal conditions (Edmunds and Walton, 1980; Kitching et al., 1980;
£dmunds, 1982a). .

The results of the Cyprus study clearly could have widespread application and in
order to test the methods in an environment more typical of semi-arid regions
the present project was set up in Sudan. Following discussions in Khartoum and




Damascus, the Lower Atbara River Recharge Project was initiated with
participants from NAW (National Administration for Water) Khartoum, ACSAD (Arab
Centre for Semi-arid Zores and Dry Lands) Damascus, and BGS (Wallingford) with
ODA support. This project, a regional water resource assessment, provided the
framework for the geochemical research programme aimed at assessing the extent
of groundwater recharge. The present report contains details only of the
geochemical investigations. O0Other reports are being prepared on hydrogeology,
geophysical studies, climatology, hydrology and -proposed development projects.
Executive summaries are being prepared. in English and in Arabic with overall
conclusions of the project.

2. SCOPE OF THE PROJECT

The overall water resources proposal was formulated by ACSAD_ (ACSAD, 198l1). The
main objectives were to determine the surface and groundwater resources in the
Lower Atbara River basin area (Figure 1), but specifically in the Wadi Hawad
drainage basin. Small scale water resources development here is the cornerstone
to any future socio-economic development in relation to (1) agricultural
development with emphasis on pastoral and dry land farming, (2) improvement of
the quality of livestock in the disease-free zone of the project and the -
management of pastoral zones, (3) raising the living standards of nomads by
better health, education and other public services.
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Figure 1. Location of project area (Lower Atbara River Basin).
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The water resources survey required that meteorological data and wadi flood data
would be collected; a full meteorological statien was established at Abu Delaig
and three flood measuring stations installed in the catchment. The groundwater
studies were to include geological, geophysical and geochemical investigations
of the Nubian sandstone aquifer and its relation to groundwater contained in the
surrounding geological formations. \
The geochemical studies which are the subject of this report were, therefore,
set up in the context of a broader water resources study which was principally
the responsibility of the NAW and ACSAD. The principal objectives of the
geochemical studies were: i

(1) Estimation of direct recharge in the unsaturated zones of interfluve areas
using geochemical methods based on one or more of the following sampling
techniques: shallow dug wells, dry percussion drilling er auger drilling.
Samples of interstitial water would be extracted mainly for solute analysis
following determination of soil moisture content, bulk density and SEC
(specific electrical conductivity) in the field. Some control samples for
tritium and stable isotope analysis would be taken.

(2) The characterisation of shallow groundwater and the geochemical estimation
of wadi recharge relative to direct recharge.

(3) Investigation of deep Nubian groundwaters to estimate whether they are
predominantly palaeowaters and whether they contain a component of modern
recharge. Alsc examine the connection between the shallow wadi system and
the Nubian as well as any lateral flow from the basement to the Nubian
.aquifer using isotopic and conventional geochemical techniques.

(4) Investigation of the Nile and Atbara river valleys to determine the extent
of water flow between the rivers and contiguous groundwater systems.

3. PREVIQUS STUDIES AND REGIONAL CONTEXT

3.1 Geological Setting.

The location of the Wadi Hawad basin is shown in Figure 1 in relation to the
Nile/Atbara rivers and in relation to the geology of NE Africa. Little has been
written in detail about the geology of this area; the solid geology is
extensively masked by colluvial deposits and no detailed geological map exists,
the best summary being the 1:2,000,000 Scale Map of the country. The basin lies
at the southern margin of the extensive Nubian sandstone aquifer which covers
much of the Sahel and the unconformable contact between the Nubian Sandstone and
the Basement Complex lies within the project area. The basal sandstone is
rather heterogeneous, comprising pebble beds, thin clay layers and feldspathic
sands. The Basement Complex is mainly granodiorite with a lesser amount of
metasediments; later intrusive bodies (Jebel Qeli, Sabaloka Complex) form
distinct topographic features to the south and west of the area respectively.
The geology of the area is described together with the hydrogeology in a
separate project report by ACSAD. A high feature in the Basement Complex, the
Sabaloka Ridge (Figure 6) marks the probable western boundary of the Wadi Hawad
Basin.




3.2 Palaeoclimate, Palaeohydrology and Climatic Variation.

As a basis for understanding the recharge history of this area and the current
recharge patterns, some idea of the palaeocenvironmental changes is needed. The
climatic history of the late Quaternary and Holocene has been built up from
studies in a number of disciplines - archaeology, palynology, geomorphology,
sedimentology and geochemistry. Relatively little of this evidence comes from
Sudan however, and it is necessary to construct the most likely chronology of
climatic variation in this region from studies in adjacent areas.

Perhaps the best records of environmental changes in the Sahel region come from
lake level, diatom and sediment studies in the Chad basin (Maley, 1973; Servant
and Servant-Vildary, 1980), -the results of which are summarised in Figure 2 and
which may be used as a reference for other areas of Africa, including the
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Figure 4. Late Quaternary lake-level fluctuations of L. Abhé (Central Afar)
(from Gasse, 1977a).




present study area. During the late Quaternary, a sequence of humid phases with
different ratios of precipitation (P) to evaporation (E) can be identified from
lake level changes. In order of decreasing importance, the wettest phases were:
9000-8000 (P > E), 6000 (P < E), 3000-3500, 11000 (P < E) and from 40000 to
20000 BP. Driest times were 20000 to 13000, about 10000, 7500, 4000-4500 BP and
during historical times (since 3000 BP). During historic times (Maley, 1973),
climatic fluctuations have been reconstructed from palynological evidence and
show that higher than average humidity was a feature of the 16th to 18th
centuries (Figure 3) and that the present day climate is relatively arid. This
is also borne out from the historic record fer the Lake Chad area and much of
Africa (Nicholson, 1980).

In neighbouring countries, including Sudan, there are also records of humid

episodes especially during the Holocene. This follows an almost universally l
accepted arid period between 20000-12000 BP (corresponding to the Wurm

glaciation in northern latitudes). The widespread increased lake levels and

humidity between 8000-9000 BP resulted from an increase in rainfall in direct . I
response to increasing ocean temperatures (Street and Grove, 1976). In central

and southern Libya, there is evidence of lake formation in present desert areas
and humid episodes between 13000-7700 BP and also around 5000 until as late as I
3500 BP (Pachur, 1975, 1980); Pachur and Roper, 1984) during which time a

precipitation of around 200-400 mm/yr is inferred, allowing savannah vegetation
to develop with grazing of cattle and the establishment of conditicrns favourable
for large mammals.

In Ethiopia and Djibouti, the Late Pleistocene and Holocene environment has also
been dated from lake sediments, especially L. Abhe in Central Afar (Gasse et
al., 1980) (Figure 4). Four periods of high lake levels can be recognised
between 70000-3000 BP with temperate, drier interludes. A major dry interlude
is recorded between 11000-17000 BP corresponding to the late Wurm glacial.
Wetter conditions are found in two main phases, 10000-8400 BP, 7000-6500 BP,
with the present semi-arid to subtropical climate extending to the present day
from 4500 BP but with less humidity than the early Holocene.

The evidence from Sudan itself is generally not .as detailed, extensive or
unequivocal as in those areas with a detailed lake sediment chronology.
Palynological studies of lake sediments from Lake Oyo (NW Sudan) however
indicate that a humid tropical climate with annual monsoonal rainfall of at
least 400 mm/yr existed in the early Holocene, decre351ng to 300 mm/yr at 6000
BP and <100 mm at 4500 BP (Ritchie et al. 1985)

Evidence for late Quaternary and Holocene environmental changes in the Nile
sediments of Central Sudan has been reviewed by Williams and Adamson (1980).

The White Nile shows high levels around 12500-11400 BP, 8400-8100 BP, 7000 BP,
5500 BP 3000 BP, 3000 BP, 2700 BP and 2000-1500 BP. High Blue Nile flood levels
are considered to have occurred at 12000-11000 BP, 7500 BP, 6900 BP and 5500 BP.
These flood periods may not always reflect local conditions and therefore the
evidence from small Holocene lakes west of the White Nile (Wad Mansurab) and
only some 200 km west of our study area, is important. These lakes are some
20-40 m above the highest Holocene flood level aof the White Nile and carbon-14
dates of mollusc shells indicate that the lakes were full between 8400-6990 BP;
the conclusion that a more humid local climate existed at this time is also
supported from sporadic samples elsewhere in Kordofan.

There is also evidence in the historic record of the climatic and environmental
conditions pertaining at the time. The evidence from Egyptian civilisations has
been reviewed by Hassan (1980) and Shinnie (1967) has described the evidence
from the former Meroitic civilisation based within the project area. The
present project area is in fact the island of Meroce. It is surrounded by three
rivers and supported a flourishing civilisation from c. 590 BC to 300 AD (Figure
5). It is referred to as 'Ethiopia' in the Bible (Acts VIII) and was ruled at




BAYUDA

t RN .
Sipuanib R oUmm Usuda
e —
Wad 2\ eMusowwarot es Sufra
benNagaes, yaas ey
= Naga's, LS
2 % EC
T ISLANDYOF MEROE
(B UTANA)

oJebel Qeili

, 100miles
50 100 1s0km.

White Nile

~A S

Figure 5. The ancient 'Island of Meroe'.

the time of Christ by Queen Candace. Meroe was referred to by Strabo (7 BC) who
stated: 'there is no rain at Meroce'. He said that the people lived on millet
from which they made a drink (marisa). Most of the people then were poor
nomads. There were no fruit trees, only date palms. Pliny (Natural History,
Vol. 35) describes an expedition sent by Nero in c. AD 61 to find the source of
the White Nile. Troops reported that around Merce itself, greerer vegetation
began, some forest came into view and tracks of rhino and elephant were to be
seen. Elephants were also trained during Roman times at Naga in the north-west
of the Project area, within Wadi Awatabe in the foothills of the Sabaloka
complex (Figure 5). Reviewing the evidence for the extent of the Sudd swamps,
Mawson and Williams (1984) suggest that at the time of Nero's expedition the
edge of the Sudd was 200 km north of its present day margin. They also find
evidence of freshwater molluscs at Erkowit in the Red Sea Hills with dates in
the range 1710-1900 BP and believe that this represents a small humid interlude
within historic times which may have extended over similar latitudes in Sudan.
There is evidence not only of changes in overall humidity, but also in the
climatic patterns and nature of rainfall in the tropical parts of north Africa
during the Holocene. Sedimentological and other evidence (Maley, 1977; 1982)
suggests that up until 7000 BP rivers deposited mainly silt but that after this
time there was a major hydrological change with deposition mainly of sand. This
change is linked, it is suggested, with a shift from fine rains to the
predominance of thunderstorm rains, which is in turn linked to a transition from
tropical depressions in the early Holocene to the mainly monsoon rains typical
of the present. During the early Holocene, the Saharan anticyclone belt was
shifted further to the north which allowed monsocon rains to migrate across the
Sahara (Rognon, 1976). Ptolemy also records rare summer rains from the south
suggesting that the Inter-Tropical Convergence Zone on occasion reached further
north than it does today (Mawson and Williams, 1984). The strongly convective
nature of these rajpns has been proposed by Edmunds and Wright (1979) to explain
the enrichment in ““0 of some Holocene recharge in Libya.




4, REGIONAL HYDROGEOCHEMISTRY OF THE HAWAD BASIN
4.1 OverQiew.

The extent of the area studied is shown in Figures 1 and 6. Within this area
water samples were collected from the following sources:

Rainfall from summer storms } . RAINFALL INPUTS

River Nile

Wadi Flood Waters (Wadi Hawad) SURFACE WATERS
Deep Groundwaters
Shaglowgroundwaters } GROUNDWATERS
Deep groundwaters, genérally found at depths of at least 50 m, are derived
mainly from the Nubian sandstone aquifer by pumping, although several deep wells
were also sampled by traditional methods using animal skins. Shallow
groundwater refers to samples from shallow wells, again sampled mainly by
traditional methods; in most cases, these wells have been excavated in alluvial
or colluvial sediments, usually to depths of 5-30 m. They may not be in
hydrological continuity with the underlying Nubian sandstone aquifer. Each
group of waters is now discussed separately.

4.2 Rainfall.
4.2.1 Collection

Meteorological stations of the Sudanese Meteorological Department exist at Abu
Delaig, Shendi and Khartoum. Long term rainfall records are available for
Khartoum -and Shendi, and records for Abu Delaig exist since 1938 (Table 1).

Over the 29 year period 1938-1967 the mean annual rainfall was 224.8 whilst over

Table 1. Monthly Rainfall in mm. Station: ABU DELAIG
Year Jan Feb- Mar Apr May June July Aug Sept Oct Nov Dec Total
1971 x x x X " TR x 45.0 59.0 16.0 X x x 120.0
1972 X x x R 11.0 TR 28.0 134.0 3.0 X x x 176
1973 x x x x 10.0 ]’ 69.0 20.0 29.0 7.0 x x 135
1974 x x S x 1.0 59.0 97.0 99.0 TR X X X 256
1975 X X x x TR x 1.0 190.0 37.0 x x X 228
1976 x b X R TR TR 34.0 R 67.0 3.0 X X 104,
1977 X x x x 27.0 1.0 55.0 88.0 IR 4.0 X x 175
1978 X X X X x TR 45.0 85.0 68.0 TR % x 198
1979 b3 x X 1.0 TR 91.0 60.0 63.0 40.0 IR x z 255,
1980 X X X x 10.0 38.0 53.0 .0 x 3.0 X x 112.
1981 b3 x x TR 1.0 15.0 TR 0.1 24.0 TR X X 40.
1982 x x X % 2.0 X TR 23.0 92.0 75.0 x X 192.
1983 X X x X 1.8 3.5 9.2 0.9 X b3 X 15.5
1984 x X X b X 3.0 b 9.4 2.0 14,
1985 Not Availabdle 118.
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the l4-year period (1971-1985) the mean annual rainfall was 154.3 mm. A full
climatological station was established at Abu Delaig for the duration of the
project and a separate report by ACSAD describes the meteorological conditions
during this interval. Samples of rainfall were collected by Sudanese staff at
Abu Delaig field station during the period 1982-85. These were subsequently
analysed chemically. The results are described in the present report.

The period 1981-85 was an exceptionally dry period and corresponded with a
widespread period of Sahelian drought. Total rainfall in each of the years
1981-85 was, respectively, 40.1, 192, 15.5, 15.2 and 118 mm (Figure 7). During
periods of rainfall, rainfall was collected daily by local people from Abu
Delaig and stored in clean polyethylene bottles. Samples represent total
deposition and the bulked samples all contained atmospheric dust (dry
deposition) to a varying extent. At the end of each season, all samplig were
shipped by air to UK for analysis of major ions and stable isotopes (%0, éD).
The rainfall data are of special relevance to the present study (a) in their own
right because of the virtual absence of rainfall chemistry information from this
region; (b) as an input to the geochemical mass balance studies of the regional
groundwaters; and (c) as the essential input to the recharge estimation study.

4,2.2 Rainfall chemistry and stable isotope composition

The ¢hemical and isotopic analyses of rainfall carried ocut during the period
1982-85 are presented in Table 2 (see Appendix). The principal data set comes
from Abu Delaig with a few scattered rainfall samples from Omdurman, Khartoum,
Shendi and Awatabe. The Khartoum samples are generally high in solutes and
probably indicate contamination (either evaporation after collection, or perhaps
more likely, the dry deposition of dust on the collecting funnel before the
rain). from the isotopic data, evaporation is suspected for two of the samples,
83/882 and 83/883. These data will not be used further in the discussion.

The most significant feature of the rain chemistry is the relatively high total
mineralisation for a continental site (Abu Delaig is about 700 km from theRed
Sea and over 2000 km from the Indian Ucean1 Rainfall at Abu Delaig has chloride
concentrations in Ehe range 0.9-18.4 mg 17 (Figure 7) with a weighted mean
value of 7.4 mg 17+ over the three year period 1982-84. In general, the
lightest rains (i.e. the smallest storms) have the highest chlorinity and there
is a tendency for the chloride to decrease with time during a rainy period (e.g.
6-10 September 1982). Atmospheric dust therefore may be a major source of
chloride in the total rainfall. '

It is considered that the rainfall analyses closely reflect the total annual
deposition for most parts of the area. There is considerable cycling of dust
throughout much of the dry season although this is thought to be a close-to
steady-state process with little aor no net deposition in the very open landscape
of the Wadi Hawad basin. Much of this dust, it is thought, will be in transit
over large distances. During rain storms, however, the situation is different
and rainout of soluble and insoluble material takes place and thus has the
opportunity for recharging the soil.

Sulphate is often the dominant anion in the rainfall (Table 2) indicating that
gypsum is also a component of the dust. Most of the heavier rains (shown by
larger symbols) have compositions relatively high in Na and with higher Mg/Ca
ratios (Figure 8), the latter demonstrating that gypsum contributes more to the
chemistry of the lighter rains. The chemistry of the heavier rains is more
important in determining the character of runoff and recharge; the volume
weighted mean composition is also plotted in this diagram.
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Figure 8. Cation composition of rainfall at Abu Delaig (1982-1985) classified
according to rainfall intensity.

Stable isotopic -data are available for rain collected during the period }982—85
and these data are plotted in Figure 9, relative to the world meteoric line and
the regression line for Khartoum rainfall (9 years between 1962-197?).
Distinction is made between rain storms of different intensity and it can pe
seen that the heaviest rainfall usually has the lightest isotopic composition.

There is no correlation between 2H and Cl which suggests that there is no
evaporative control on Cl concentrations (Figure 10).

4.3 River Nile and Wadi Flood Chemistry.

The River Nile at Shendi was sampled at intervals between April 1982 and July
1984. The chemical and isotopic results are listed in Table 3. At Shendi the
Nile is the combined flow of the White and Blue Niles. The flow of the White
Nile remains fairly constant throughout the year during its flow from Lake
Victoria and Lake Mobutu; the Sobat river adds a little summer rain to it from
Ethiopia. The Blue Nile floods during summer and its effect on the White Nile
baseflow below Khartoum (Tamaniat) is shown in Figure lla, this data being the
average hydrograph over the period 1912-1973 (Shahin, 1985); no data were
available for the years in the study period.

The total mineralisation of the White Nile baseflow, as indicated by its
specific electrical conductance in April 1982 is higher than that of the Blue
Nile (Table 3). The composition of the flood waters is not entirely clear from
the data. It seems likely that the main flood peak is more mineralised than the
later flow; this probably reflects the washing out of accumulated salts with the
early floods. The Blue Nile has a Ca-rich composition and during the recession
ih September and October a change is seen to the Na-rich water of the White
Nile, with a higher Mg/Ca ratio (Figure 11b).
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The seasonal changes in the River Nile are also evident in its stable isotopic
composition éFigure 12). The White Nile has a much heavier composition up to
+5.4 %/a0 s! 0, compared with the flgod waters of the Blue Nile which have
minimum values of about -5.7 ©/00 §180. The composition of the White Nile
reflects evaporation during its flow northwards but both Niles are derived from
rains which have a different meteoric line (deuterium enriched) compared with
local rains (Figure 12). The meteoric line for Addis Ababa is given for
reference.
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8@ Wadi Abu Delaig 1983
-20- O Wadi Abu Delaig 1985
A ¢ Wadi El Awatabe
-30 — ,/ —— —————————— [ ——————
-10 -5 0 +5 +10 +15
5% 0%o

Figure 12, Isotopic composition (6180 vs 8D of the River Nile and related
surface waters.

The tributaries of the Nile in Sudan, with the exception of the Atbara river
(for which no data were obtained), are dry except for a few days of flash flood
each year. Flows generated by storms in orme area may often dissipate by
evaporation and recharge over short distances. It is extremely rare for a
continuous flow of the Wadi Hawad to be recorded along its whole length.
Obtaining samples of the flood requires being in the right place at the right
time and this has not been possible for most of the project. Overland travel is
particularly difficult during periods of flash flooding. However, flood samples
were obtained by NAW staff at two places: (1) Wadi Awatabe in the north-west of
the area at the gauging station near the road bridge close to the confluence of
the wadi with the Nile, and (2) at Abu Delaig. Samples were obtained from the
Awatabe in 1983/84 and at Abu Delaig (Wadi Jugjugi) in 1982/84-85. Wadi flow
was more frequent on the Awatabe in both seasons, despite its more northerly
position. This probably reflects the influence of the more hilly catchment
region of the Sabaloka Hills.

Chloride concentrations in the wadi flows are similar to or slightly lower than
the weighted mean rainfall values. The reason for these lower values is not
entirely clear but it is well within the uncertainty of the measurements.
Possibly the dust content is not uniform over the whole area. Isotope evidence
suggests that no significant evaporation of rainfall has occurred.
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The chemical composition of the flood waters is rather similar to that of
rainfall (Figure 11) although a slightly higher Mg/Ca and higher SO, ratio may
indicate some reaction with the soil or rock in the case of Wadi Awatabe but not
Wadi Abu Delaig.

4.4 Shallow Groundwater System at Abu Delaig.

All of the 36 shallow dug wells in the vicinity of Abu Delaig were sampled for

chemical and isotopic analysis. The location of these wells is shown in

Figure 13 with their depths to the water table. Levelling was carried out

during the project and a water level map prepared by NAW. The location of

"research" dug wells and auger holes made for the recharge studies are also
shown in relation to the position of the existing dug wells.

Topographically, Abu Delaig is situated on gently rising ground to the south of
a major wadi, Wadi Abu Delaig; a second wadi, Wadi Shelkha occurs a little north
of the town. Behind the town, and to the south west in particular, gravel
ridges extend ENE-WSW forming a surface expression of the basal coarse-grained
facies of the Nubian sandstone. The basement outcrop is only a few km south of
the village. Fragments of green (unweathered) foliated basement rocks were
recovered from a dug well (now dry) about 500 m east of site 'm' at a depth of
about 30 m. Village dug wells have been sited mainly on the interfluves or
occasionally within the course of the two wadis. The wadis generally contain
coarse sand deposits and the wadi bed is topographically between two and five
metres below the interfluves.

The wells are open and typically 2 m in diameter and depth to the water table .
varied from 5 to 26 m (November) decreasing from west to east in the direction
of wadi flow. Most water was drawn by hand or animals (sites 1, 2) except for
site 14 which had a submersible pump and shelter and which was used for the
local hospital.

Tritium was measured on 10 samples in the Abu Delaig area (Table 4). All waters
contained significant tritium in the range 24-73 TU. This indicates that recent
(post 1950's) rainfall must be recharging the aquifer to a distance of at least

1 km from the wadi both to the north and the south (Figure 14).

The oxygen stable isotope relationship between the shallow wells can be seen in
Figure 15. They all group near to the meteoric line for Sudan and show no
evidence of evaporation when compared to local rainfall. The small variations
observed between some local wells (Figure 16) can probably be attributed to
recharge from different storms and/or small evaporation effects; the greatest
evaporation is found in a sample taken from the wadi (AD 36). Many well waters
are in fact slightly lighter isotopically than any of the rainfall measured and
it is possible that representative rains were not sampled because of the
unusually dry period of years. '

Despite the lack of significant evaporation indicated by the stable isotope
data, the salinity of the dug well samples is much higher than in rainfall with
SEC between 300-1700 uSem™1l.” The distribution of chloride and sulphate (Figures
17 and 18) indicates that higher values generally occur further from the wadis.
S0,/C1 ratios are generally in excess of 2.75 in the shallow groundwaters,
compared with around 1 in the rainfall, indicating the net addition of sulphate
to the groundwater subsequent to recharge (Figure 19).
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Table 4. Tritium concentrations in shallow

(AD) and Wadi Hawad area.

and deep groundwaters at Abu Delaig

BGS Reference No. Site No. Tritium (T.U)
82/437 3 9*2
82/440 6 42
82/441 AD (Dar es Salaam) 76t3 (6.4.82)
82/443 7 26:2
82/643 AD (Dar es Salaam) 45:3 (6.7.82)
83/502 AD 23 50
83/501 AD 21 73
83/516 AD 38 55
83/488 AD 7 52
83/515 AD 37 24
83/492 AD 12 47
83/508 AD 29 29
83/498 AD 18 61
83/491 AD 17 70

204
101
§2H
O_
_10-
-20 T T T T T
-4 -3 -2 1 geg 1 2 3

Figure 15. Oxygen (6180) and hydrogen (

groundwaters at Abu Delaig, in re

of rain (see also Figure 9).

52H) stable isotope ratios in shallow

lation to the range of composition
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Figure 17. Distribution of chloride in shallow groundwaters at Abu Delaig.
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Figure 18. Distribution of sulphate in shallow groundwaters at Abu Delaig.
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Figure 19. S0,/Cl (milliequivalent/litre) distribution in rainfall and shallow
groundwaters from Abu Delaig.
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The cation distribution is highly variable in the water from the shallow wells
compared, for example, with water from the deeper Nubian aquifer described
below. Although the ionic ratio of the rainfall is preserved in three wells
close to the wadi, the trend is for an increase in the Mg and Na relative to Ca
so that most of the wells contain Mg/Ca ratios near to 1 and with sodium the
dominant cation (Figure 20). Calculations using WATEQF show that all the Abu
Delaig groundwaters are saturated or slightly supersaturated with respect to
calcite and indicate that carbonates must be present in the lithology and
reacting with the groundwater over a relatively short period of time.

The evolution of the shallow waters and the chloride balance of the area will be
discussed in more detail in the light of the results obtained from soil moisture
profiles.

4.5 Deep Groundwater System (Nubian Sandstone Aquifer).

4.5.1 The deep well system

Groundwater is exploited from boreholes in the Nubian sandstone aquifer at the
localities shown in Figure 6. Groundwater is developed using submersible or
reciprocating pumps. With this group may also be considered six deep (up to 100
m) dug wells. These are ancient wells which may date in some cases from
Meroitic times and which have been deepened during the Roman and Christian
civilisations and up to the present day. They are up to 4 m in diameter and are
constructed with a system of wooden pulleys made from acacia branches; water is
drawn by traditional methods using animal skins raised by camel or donkey.
Several deep wells have become redundant as new boreholes have been drilled
alongside (e.g. Bir el Geheid). In the Nile valley the water table in the
Nubian Sandstone is relatively shallow but declines to the north and south away
from the river. The piezometric data for the Nubian aquifer is described in the
report by ACSAD. The virtual absence of topographic data for the Nubian wells
limits interpretation of regional groundwater flow.

4.5.2 Major element chemistry

The major element chemistry of the Nubian groundwaters well away from the Nile
is relatively uniform (Table 6, Figures 2la and 2lb). The wells to the west of
Wadi Hawad are more uniform in their chemistry relative to those to the east.
All groundwaters have rather constant Mg/Ca ratios of 0.5-0.3 and the only
significant difference in their cation composition is the variable Na/(Ca + Mg)
ratio which indicates a variable salinity. The borehole at Tomeid haj el Tair
is relatively high in SO 2= Umm Shadida also has an anomalous composition
being of relatively high salinity and with high sulpbate and Mg/Ca. Several
samples have high nitrate concentrations which may indicate some local pollution
(e.g. Umm Ruweshied in the basement) especially when accompanied by high K*
concentrations.

It is concluded therefore that the main Nubian aquifer west of Wadi Hawad is
homogeneous and likely to be hydraulically continuous, but to the east the
relationship to the main aquifer is not clear.

Groundwaters from the Nile valley have a chemistry quite distinct from that of
the Nubian aquifer away from the river and do not appear to be genetically
related. The main difference is the higher Mg/Cl ratio (0.5-1.0), the higher
K/Na ratio and the absence of nitrate in many samples (Table 6). The overall
chemistry of the Nile groundwaters is very similar to the river water and lies
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closer to the baseflow chemistry of the White Nile; the river serves as an
excellent tracer of the movement of recharge. The low nitrate concentrations
found in the river are also preserved in the groundwater chemistry. There are
certain anomalies in the Nile valley groundwaters, notably at Kaboushir (Table
6) where there is high sulphate, also seen in shallow groundwaters (see below).
There are insufficient samples away from the Nile to be able to delineate the
progress of Nile recharge. On the evidence of Abu Domat (Table 5) it seems
likely that this distance is at least 8 km. :

4.5.3 Stable isotope chemistry

The distinction between groundwaters in the regional Nubian aquifer and the Nile
valley is shown very clearly by their oxygen and hydrogen stable isotope
composition. The Nile valley sameées all group near the Nile regression line
with a cluster of sites near to & = -1.5 900, 6%H = -3 O/00 (Figure 22).

This value is intermediate between whlte Nile baseflow and typical flood water
compositions and so suggests a contribution of water from both sources.
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Figure 22.
groundwaters.




The regional aquifer south of the Nile has a much lighter and disiénct isotopic
compositiop. Many of the pumped wells cluster around -8.5 ©/oo 6 ,

-63 %/00 §%H. In addition the deep dug wells of E1 Geheid and Bir Ben Nagar
also fall in this field. These compositions are quite distinct from present day
rainfall and shallow wells (see below), as well as from the Nile, and must
represent recharge from an earlier climatic regime. This is discussed in more
detail below. The results do however point to homogeneity of the aquifer in the
main Wadi Hawad basin and suggest that there is little or no connection with the
overlying shallow groundwater. :

Exceptions are found to this pattern, especially with sites lying to the east of
Wadi Hawad (Figure 23). Values of 61 0 are still below -5 ®/oo and are separate
from the other sources of heavier groundwater in the region. Thus Timeid Haj el
Tair (two samples), Umm Shadida (situated well to the east of the area) and
Ambesa (large dug well) have distinct isotopic chemistry, suggesting that the
aquifer to the east may be separated from that to the west of Wadi Hawad.

4.5.4 Radiocarbon and Stable Carbon Isotope Results

Samples for radiocarbon (IQC) analysis were obtained from representative pumped
bggeholes in the Wadi Hawad area and the Nile Valley (Figure 23); analysis of
§*°C was also carried out on BaCOs precipitates. ~In order to interpret the
radiocarbon analyses it was also necessary to use the geochemical data on the
carbonate system for computer modelling of the results. Samples of carbonates
were obtained at two locations to establish control over input conditions and
sources of bicarbonate. One set of samples came from a dug well profile at Abu
Delaig and the other from caliche at Abu Domat (dug well material) just south of
the Nile. The results are given in Table 7. The carbonate material in each
case is an interstitial cement derived from the soil zone rather than a discrete
limestone; limestone is absent from any known rocks in this area. The 6*+°C
stable isotopic composition ranges from (-4.9 %9/co to -7.3 9/00) and is
consistent with a freshwater origin. A value of -6.8 ©/00 was selected for use
in subsequent madelling.

Table 7. Analyses of §13¢ on carbonate material from Wadi Hawad basin.
. 13
Site § CPDB
Abu Domat (nr. Shendi) ‘ -6.87%
material from Dug Well (average of two measurements)

Abu Delaig. Dug well site
AD 40. Interstitial
carbonate material

Depth lm -5.17
4 m -4.97
17 m -7.32

. .

-"



The radiocarbon results are summarised in Table 8 in terms of % modern activity
and uncorrected ages are also given derived on the basis of radioactive decay
from a homogeneous carbon source. This assumption is unlikely to be true for
most groundwaters since the total dissolved inorganic carbon (TDIC), sampled as

Table 8. Radiocarbon and stable carbon isotope ratios for Nubian groundwaters of the Hawad basin area.

sic Site SRRC 14C Activity 613CTDIC Uncorrected Modelled 14C Ages*
Lte No. No. % Modern %o PDB ls¢g (WATEQ-ISOTOP)
pHy 5 pHy 8
WAD HASSUNA 2460 41.1 - 9.2 7400+ 80 ~-1618 +1591
SHERISHEH 2457 22.5 -10.3 12240 80 4680 7680
UMM SHADIDA* 2458 45.8 -7.1 6570+ 70 NEGATIVE
2713 - 7.5 6310+ .70 NEGATIVE
EL GEHEID 2322 47.2 -11.3 6250+ 70 - 607 2444
SURIBA . 2324 28.3 -11.5 10370+ 70 32810 6914
UMM DURWA 2323 42.6 -11.5 7080 70 320 3456
EL SHEIN 2321 42.5 -11.8 7090 70 418 3880
TOMEID H. EL TAIR 2320 7.6 -9.7 20940170 12980 16048
EL DELAIG 2325 37.5 -11.7 8090+ 60 1462 4676
WAD EL HAMAD 2319 51.7 - 8.3 5580+ 70 NEGATIVE
AWADAB 2708 1.1 -9.9 >35840 29188 32500
METEMMA 2710 89.4 -9.2 1160 50 NEGATIVE
KUMEIR 2706 83.0 -10.7 " 1730¢ 70 NEGATIVE
ZAKIAP 2711 83.2 -11.0 1710z 50 NEGATIVE
TONDOB 2707 72.4 -11.4 2810+ 70 NEGATIVE
HAMORIBA -11.7 7950 70 NOT MODELLED
EL ABAKA -10.1 1120%* 70 NOT MODELLED
QADAR -11.0 8620% 70 NOT MODELLED
DIEM EL GRAY -9.3 4520+ 70 NOT MODELLED
EL NAHOND - - 9.4 132202110 NOT MODELLED

* Modelled radiocarbon ages (in addition to uncorrected ages) were derived from WATEQF-ISOTOP assuming
rock 813C = 0, initial §!3 CO0; = -25%,, and initial activity = 100%,.

bicarbonate, is derived from more than one source by a complex geochemical
pathway. The stable carbon isotope values plus the hydrochemical data are the
only means available to narrow down the possible carbon origins.

At its simplest the acquisition of bicarbonate may be represented by:
CaC0s(s) + CO, + Hy0. Ca’* + 2HCO3

In this case one mole of carbonate carbon reacts with one mole of carbon dioxide
carbon to give two moles of bicarbonate. In general, the calcium carbonate must
be considered as 'dead' carbon, and the CO, which is derived from the atmosphere
or the soil zone is likely to be 100% active carbon at the time of infiltration.
Thus there is the likelihood that dilution of the radiocarbon by about 50%
occurs in moig groundwaters, especially in temperate latitudes. If marine
limestone (§*°C =0 °/o0) reacts with biogenic CO, from most temperate
vegetation in the range -12 to -17 %/oo (Mook, 19%0) due to plants with Hatch
Slack as opposed to Calvin photosynthetic cycles.

Corrected 14C results have been obtained using the WATEQF-ISOTOP model (Reardon
.and fritz, 1978). This model simulates the chemical evolutionary path of the
groundwater by stipulating a variety of initial open system pH, PCO, and water
chemistry conditions that would subsequently evolve under closed system
conditions to thTBactual water's pH, PCO, and chemistry values. This model uses
a hypothetical §*7C of the gas phase in equilibrium with the modelled water
which is then compared to the actual value. The main assumptions in the model
are that (1) all carbon input is derived from dissolution of rock carbonate (2)
no carbonate has been lost (3) no carbonate has been added from external sources
(4) water-rock isotopic equilibrium has not been achieved.




In Table 8, the corrected 4c ages are listed for the range of initial
conditigns: pH 5 and pH 8 with other values intermediate between these, with a
rock §17C chosen as 0 (marine limestone), initial 6*°C CO, = 25 %/co and initial
atmospheric *7C activity = 100%. The ages so obtained are all substantially
younger than the uncorrected ages and suggest that some waters, e.g. those in
the Nile valley, might be contemporaneocus. 1In order to investigate the effect
of other starting conditiens, the WATEQF-ISOTOP model was rerun with dlfferent
parameters for two waters (Surlba and E1 Sheln) (Table 9).

For Suriba with an uncorrected age_of 10370 P, the coiaected age in Table 8

(0 ®/o0, -25 9/00, 100 %/oo for §1°C sl Caas @9 “"Cinits respectigely) is
3280 BP. If, instead of marine llmesﬁone, freshwater caréonate with &

-6.8 %/00 is substituted, the effect is to make T%en more negative and even a
present day age is possible. If the gas phase 6°“C CO, were to be heavier

(15 %/00) then the model %roduces ages of 5230 and 2902 BP respectively assuming
a freshwater limestone 6! starting composition of -6.8"%/00 and 100%
initial atmospheric 14¢ act1v1%y

A further complication may arise. It is possible that the solid carbonate
fraction, e.g. soil carbonates or 'caliche' may contain active carbon. This
possibility has been discussed in the case of groundwaters in Libya (Edmunds and
Wright, 1979). Instead of the 1l:1 reaction between dead and active carbon
described above, the reaction will be at least partially between a gas phase and
solid phase both containing active radiocarbon. This will have the effect of
producing older : ages, closer to the measured uncorrected ages. This possibiity
would arise in arid or semi arid regions such as the present area, where there
are prolonged dry periods during which there will be net accumulation of

Table 9. The effect of chamglng the initial conditions, source rock ana
zas phase of & P3¢ on "the estimated age of two groundwater samples.

Site §13c §13c 14C. . Corrected Age
carb gas © o inlt
SURIBA 07%e -25%, 1007, 3280
(pH 5) -6.87. -207%. 1007, 1560
-6.8%, -257%a 857 -2585
-6.87. ~15%, - 1007, 5230
EL SHEIN 0%, =257, 100%. 415
-6.876 =207, 1007. - 800
-6.87%, =257, 857 -2483
-6.8%, -15%. : 10070 2906

o o 6w




carbonate in the soil/unsaturated zone, with very little associated recharge.
During evaporation cycles the salinity of soil solutions will increase
significantly and the calcite saturation index will reach zero and deposition of
calcite will tend to occur. With the onset of less arid climatic conditions the
recharge will redissolve this carbonate. This pattern probably occurred during
much of the Holocene up until the present (Section 3.2).

There is no unique solution therefore to the age of the Nubian groundwaters. It
is most probable that their true ages are slightly less than the uncorrected
ages. Although the non-marine composition of the 6°-C solid phase is fairly
certain, further information on the soil C0, in this region (both past and
present) would be needed to narrow down possibilities for groundwater age.

The unigrrected age results have been plotted on the map (Figure 23) together
with 6-“°C values. The important point is that it is the relative differences
between the uncorrected ages that are likely to be significant and less
certainty can be placed on absolute ages. The following points emerge:

(1) Groundwaters to the west of the Wadi Hawad all group in an apparent age
range 7080-8620 BP.

(2) Slightly younger ages are found in two nearby wells to the south of the
main group, sites 3 and 1 (5580, 6250 BP).

(3) Three wells close to Wadi Hawad on the eastern bank have significantly
older groundwater (10370-20940 BP).

(4) Most wells along the Nile valley have apparent uncorrected ages, 1160-
4520 BP and one in the Atbara valley 1120 BP. An exception is the well
at Awadab in the north of the region and adjacent to the Nile which has
the oldest age in the region (>35840 BP), suggesting a lack of hydraulic
connection in this area.

The following conclusions may be drawn from the radiocarbon data:

(1) The Nile valley contains modern groundwater probably mixed in one instance
(site 21) with a proportion of older groundwater.

(2) The Nubian Sandstone regional aquifer contains groundwater which is
older than in the Nile valley. The groundwater beneath Wadi Hawad is of
at least two age groups with younger water to the west and south. This
probably represents a geological control, e.g. a confined unconfined
boundary or a major lithofacies change between permeable and impermeable
strata. It may also indicate that lateral flow is occurring from the
SE to the Nw.

(3) The recharge of the main Nubian aquifer probably occurred during a pluvial
period since 8000 BP but before 6000 BP.

Further interpretation cannot be made on the bagis of the radiocarbon results
alone but taken in conjunction with the 6*°0, 8§“H isotope and chemical results
it is clear that the deep Nubian groundwater is chemically and isotopically
distinct both from the Nile groundwater and from shallow modern groundwaters in
the Wadi Hawad. The Nubian sources with older radiocarbon ages also have
distinctly different isotopic signatures, maybe indicating some hydraulic
boundary at depth between the two sides of the wadi. It is not possible to
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analyse these differences further without data on the hydraulic gradients, well
construction data and additional geological information.

4.6 Minor and Trace Elements in the Shallow and Deep Aquifer Systems.

The minor and trace element concentrations may be used to provide additional
information on groundwater identity and origin as well as important data
relating to pollution and potability. The following elements are considered:
N03, Sr, Ba, F, Br, B, Fe, Mn.

NITRATE - The presence of nitrate in palaeogroundwaters must indicate that
oxygen is also present, although the absence of nitrate does not necessarily
indicate anaerobic conditions. Quite high nitrate levels have been reported
from Saharan and Kalahari groundwaters (Edmunds and Wright, 1969; Edmunds et
al., 1985; Vogel et al., 1980; Heaton, 1984). Traces of nitrate (around

1. 5 NO3 N) in most of the Wadi Hawad deep Nubian sandstone groundwater probably
1ndlcates oxygen to be present and the absence of very high levels in this
region signifies the absence of pollution (Table 6). Contrast this with the
basement well at Umm Ruwesheid (21.0 mgl'l N03-N), which denotes pollution.

In the Nlie valley, the majority of groundwaters (Table 6) contain

1.0 mgl NO3-N and this strongly suggests that anaerobic (reducing) conditions
exist in the aqu1fer adjacent to the Nile (with exceptions at Metemma and
Kaboushir).

In the shallow groundwater system, nitrate concentratloni are relatively high.
At Abu Delaig (Table 5) the values range up to 52.4 mgl™~ NO3-N. The
distribution of nitrate is irregular, and high values do not correspond with the
area of Abu Delaig town. In other areas, e.g. shallow wells in the Wadi Hawad
such as Tomeid, Umm Ushara, Qaid, high nitrate is common and almost certainly
relates to the nearby presence of watering holes for livestock.

STRONTIUM - Strontium behaves geochemically in a similar manner to magnesium
although strontium can often be used as an indicator of diagenetic changes in
the aquifer or to give an indication of groundwater re51dencT time (Edmunds,
1980). The relatively low strontium (generally below 1 mgl™") is characteristic
of continental sandstones as found for example in Libya. The strontium
concentration in the Wadi Hawad basin (Figure 24a) increases with salinity in
the older Nubian sandstone waters. In the shallow aquifers there is a relative
enrichment in strontium over a very short time scale which probably indicates an
uptake from clays or incongruent reaction of carbonate or sulphate minerals both
of which contain traces of strontium and which will be present in the soil
during arid cycles, redissolved during recharge episodes.

BARIUM - Barium is found at concentrations in the range 8-720 ug 171 and the
concentration shows no relationship to the groundwater type (Tables 5 and 6).
The main control over barium occurrence is the solubility of barite. The

ma jority of groundwaters (Table 10) are at or just below saturation with respect
to barite (£ 0.2). Thus the highest levels of barium in the region occur where
sulphate concentrations are lowest (e.g. Taragma, El Guweir); lowest barium
concentrations occur where high sulphate is found (e.g. AD33, 34, 35). There is
ample supply of barium in the rocks therefore and the concentrations are
solubility limited, not indicative of pollution or source.

FLUGRIDE - Fluoride has been determined on selected groundwaters from the Nubian
aquifer as well as the shallow aquifer at Abu Delaig. Rather low concentrations




1-51 °

Nile Valley Groundwater
Deep Nubian Groundwater
Shallow Groundwaters
(areas other than Abu Delaig)

Shaitow Groundwaters
(Abu Delaig)

° o
® o
1-04 ¢¢
Sr . o ° o
mg |- ¢ o .
oo .
o o o . .
a
) ° O °
© o ° .
I T S S
0-54 ¢ol *® °
% o
a g ® e ° s
°g ° o
0% é
° s
o
o]
MARINE DILUTION LINE ]
° 100 cI- 250 J

Plot of strontium vs. chloride for the different surface and

Figure 24a.
. groundwaters in Wadi el Hawad and Nile valley.

TABLE 10. Selected saturation indices derived from WATEQF (Plummer et al., 1976)

for groundwaters in the Nubian sandstone and shallow aquifer.

SI CALCITE SI BARITE SI FLUORITE
NUBIAN SANDSTONE
82 522 -0.20 -0.44 -1.90
83 517 0.36 -0.11 -1.71
83 521 -0.16 -0.28 -1.84
83 523 -0.22 -0.20 -0.81
- SHALLOW AQUIFER
(ABU DELAIG)
83 483 0.18 -0.31 -0.63
83 485 0.13 -0.18 0.27
83 486 0.31 -0.14 -0.02
83 500 0.13 -0.20 -1.12
83 502 0.36 -0.13 -0.12




are found in the older groundwaters and these values are well below saturation

with respect to fluorite.
the sandstone as well as in the area of-original recharge.
fluoride concentrations are about one order of mag
aquifer system with the highest value at 6.20 mgl

This must indicate a very low fluorine abundance in

In contrast, the
Titude higher in the shallow
. The highest values

represent saturation with respect to fluorite and thus depend also on the amount
of Ca®* in solution.. The fluoride concentrations in many wells are large enough

to promote dental problems.

The source of fluorine is uncertain, especially

since the deep groundwaters in the Nubian aquifer are so low, but must represent
some concentration process during the 'recent' sedimentary cycle.

BROMINE - Concentrations of bromine are considerably above those expected from
dilution of a marine source, which would have a ratio of Cl/Br = 314

(Figure 24b).

The ratio for the R. Nile at Shendi is 64 and many shallow

groundwaters 'including some Nile recharge maintain this low Cl/Br around 85. By
contrast, the deep Nubian groundwaters tend to have slightly higher ratios
Although the data is sparse, there is evidence for 'continental'’
enrichment in bromine, possibly more at the present day than during the earlier
climatic regime which recharged the Nubian Sandstone.

(168).

BORON - In the regional Nubian sandstone aquifer the concentration of boron

hardly exceeds 100 pgl"l
strontium for example) with increasing s
a low boron concentration (up to 64 ugl™

and there is little if any enrichment (in contrast to
inity (Figure 24c).
B) and groundwaters recharged from the

The Nile contains

Nile also contain low boron with little or no increase with salinity. Very
large increases however are found in B and in B/Cl in the shallow aquifer
system, demonstrating like Sr that a source must occur in_ the near-surface
High boron (above 120 mgl'l) can therefore be

alluvial/colluvial sediments.

used to characterise shallow groundwaters associated with wadi recharge.
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IRON - Since all samples were filtered through 0.45y filters the analysis for
total iron (Fe;) should largely represent iron in solution. It can also be used
to indicate the presence of reducing ?roundwaters since high jron
concentrations, e.g. above 0.200 mgl™* Fe should be du§ to Fe‘* in solution; if
oxidising conditions prevail the Fe; should reflect fe + ?olubility and
concentrations of Fe; should remain well below 0.100 mgl™". Similarly if high
iron is present and reducing conditions prevail then nitrate should be absent
(or at a very low level). The three boreholes at Metemma (sites 17-19)
illustrate this (Table 6a). ’

Using these .criteria it is apparent that some wells in the regional Nubian
aquifer, e.g. sites 8 and 2 may not contain oxygen and that Syeidab b/h (site 5)
well to the west of Abu Delaig must certainly be anaerobic. A patchy
distribution is however apparent which suggests that there may be stratification
within the aquifer. Most wells in the Nile valley despite their low NO4 also
contain low iron, but Kaboushir contains two wells, one of which is apparently
anaerobic (Fey 1.74 mg/1) and some stratification here is also likely.

The majority of shallow groundwaters at Abu Delaig contain low Fe; and therefore
also contain oxygen - exceptions include AD17, 15, 11, 26. Fr?m the viewpoint

of potability and use any groundwater with Fe above 0.200 mgl™" Fe; is likely to
lead to iron staining and above 0.500 mgl'l Fer to bad taste.

MANGANESE - In the shallow groundwater dissolved manganese is gemerally below
0.100 mgl™*; there is no correlation between high iron and high manganese. This
is true also of the regional Nubian aguifer. In the latter, manganese
concentrations are generally well below 0.100 mgl.l Mn. Higher manganese occurs

in the Nile valliy aquifer where several wells contain Mn in the range
0.200-0.260 mgl™" Mn.

5. SOLUTE PROFILES AND RECHARGE ESTIMATION

5.1 Background

The present research in Sudan is a development of that carried out in Cyprus
(1977-80). The possibility of using solute profiles to estimate recharge was
investigated in Cyprus following earlier work using the environmental tritium
profile found in the unsaturated zone. The use of environmental (thermonuclear)
tritium to investigate recharge rates has been widely and fairly successfully
used in temperate zones (Smith et al. 1970) and has also been applied
successfuly in semi-arid and arid zones, e.g. in Australia (Allison and Hughes,
1974), India (Sukhija and Shah, 1975), Saudi Arabia (Dincer et al., 1974), Libya

(A}lgmoz and Olive, 1980). Although a proven tool for recharge estimation,
tritium suffers from several disadvantages:

(i) tritium is not conservative in behaviour and is lost from the system by
evaporation and transpiration;

(ii) the relatively short half life (12.3 yr) limits the long term useful-
ness of the method; '

(iii) vu;nerability to contamination during sampling and processing, a factor
which is enhanced in remote areas and at low total moisture levels;

(iv) analysis is highly specialised and costly;

(v) quantitative studies are difficult to achieve since it is difficult to
determine a tritium mass balance;
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(vi) there are not many tritium measurements of pre-1970 rainfall and so the
input of tritium is rather poorly defined (especially when taken in
conjunction with (i) above).

Therefore alternative techniques are desirable which can be used to overcome
these difficulties. Solute profiles offer one possible approach. At the same
time as the research in Cyprus, chloride and tritium profiles of the unsaturated
zone were investigated in Australia by Allison and Hughes (1978) to determine
recharge. In Australia, also, investigations of solute profiles to depths of
20-30 m have been carried out to see whether land use changes, notably
deforestation, could lead to secondary salinity problems (Peck et al., 1981). A
study of the groundwater recharge in southern Africa (Botswana) using profiles °
has also been carried out by Foster et al. (1981).

5.2 A Model for Solute Movement in Relation to Recharge Studies.

A working hypothesis justifying the use of solute profiles to evaluate direct
recharge is illustrated with reference to Figure 25, representing an aquifer
with a moderately thick unsaturated zone.

The input of solutes to the aquifer depends initially on the total atmospheric
fallout per unit time, made up of rainfall (F ) and dry deposition (Fj) fluxes.
Both the rainfall amount (P) and the local coﬁposition of the total deposition

+ F ) may be determined for a given site, although the regional variation in
bo%h quantltles must be considered if recharge estimation is required for large
areas.

Solutes will be deposited on and transported through the upper soil during the
rainy season at varying rates depending on rainfall intensity. These solutes
will undergo concentration as a result of evapotranspiration (E). Certain
solutes may be removed from solution by plant uptake or by mineral :
precipitation, if solubility products are exceeded, or by adsorption. Similarly

- solutes may be released by decay of dead plant material, dissolution or

desorption. This places a possible limitation on the use of solutes for
recharge studies since only those constitutents for which there is no pet -
release or storage by the soil or rock matrix may be used. Normally chloride is
the solute that most conveniently meets these requirements.

Nutrient cycling by plants may affect solute movement on an annual basis but
over the long timescales (decades) of interest here, it will be assumed that the
amounts removed annually by plant uptake are balanced by the amounts released by
plant decomposition, i.e. that a steady state has been achieved. This assumes
that there are no additions of the solute in fertilisers and that the permanent
removal of solute by crop removal (including the export of grazing animals) is
not significant.

The solute concentrations in the soil or in the upper unsaturated zone will vary
seasonally or annually depending upon the intensity of the moisture flux due to
the incident rainfall and evapotranspiration. Complex movement of solutes both
upwards and downwards may take place in response to water movement, which in
turn depends upon the prevailing water potential gradients. A 'zero flux plane'’
(ZFP) exists (Wellings and Bell, 1980) which under conditions of regular
seasonal recharge effectively separates moisture and solutes moving upwards
(evapotranspiration) from downward movement (drainage). The position of the ZFP
will shift seasonally between the surface and a depth of several metres; its
position will also vary spatially in response to root development. However
complex the soil moisture distribution might be in the soil zone, therefore, the
transfer of moisture/solutes to the drainage will be a relatively
straightforward process. Under conditions of recharge a maximum depth can thus
be defined at which a net, steady state, moisture and solute transfer should
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take place towards the water table. The amount of solute crossing the ZFP would
be expected to vary in relation to antecedent rainfall conditions over one or
more seasons and some oscillation in the solute profile would then occur. A
detailed.discussion of the transmission of solutes across the ZFP is given in
Wellings and Bell (1980). The composition of interstitial water in this profile
(C,) will, under steady state conditions, be proportional to the concentration
factor P/(P-E), assuming no loss of solute to minerals and that the water and
'inert' solutes are transported at the same rate.

The water balance equation (1) can therefore-be-given as:

Rg = P -E, s=0 (1)

where Rqy is the amount of direct recharge, S is the net amount of water storage
in the profile in units of depth, and the bars indicate time-averaged and
space-averaged quantities. Providing surface runoff is negligible this leads
o 1

Ry = P (Cy+ Cy) (2)

Cs

where C represénts a concentration term and the subscripts p, d and s refer to
the precipitation, dry deposition and interstitial water components,
respectively. Cy is an equivalent concentration of dry deposition given by
Fq/P.

d

To recapitulate, the steady state model is subject to certain assumptions:

(1) since there is a time lag (ét) in solute input to the unsaturated zone and
its output to the saturated zone, it must be assumed that no major climatic
change (i.e. no change in inputs). has occurred over this period;

(2) that there have been no external, e.g. fertiliser, additiomns nor recent
atmospheric pollution;

(3) that there is no net change in storage of the system above or below the
IFP, either by (a) plants or animals; or (b) mineral
precipitation/dissolution or adsorption/desorption. In the first instance
this assumption should be valid if there are no significant natural
vegetation changes or changes in agricultural practices.

In principle, it may be possible to use as 'tracer' any solute that is not
released by weathering or removed by precipitation; even interacting solutes,
e.g. cations on clays could, in theory, be used since the quantity of any
exchangeable ions will be effectively constant and need not lead to a net change
in storage. In practice the most inert solutes are likely to prove the best
'tracers' and for this reason chloride has been used here for the recharge
calculation although 50,, NO3 and SEC have also been considered. It is possible
that only a restricted portion of the unsaturated zone profile may be usable in
recharge estimation (Figure 25). For example, the presence of certain
lithologies, e.g. residual marine bands, may contribute chloride from storage
during moisture drainage. The possible development of solute profiles are
summarised in Figure 25. Profiles 1 and 2, represent steady state drainage
under different vegetation/soil conditions where evapotranspiration rates
differ. Profiles 3 and 4 represent two possible cases where solute compositions
have been modified by reaction and/or changes in storage. Only the upper part
of 3 or 4 would be of value in recharge calculations and, in certain reactive
lithologies, no steady state profile may be developed at all.




The drainage compositions, Csl— ,» would be expected tao be similar to thase
encountered at the immediate wa%er table. However the composition of the
saturated flow will have been modified by the incoming lateral flow as well as
the inputs from each profile along the flow path.

Therefore, in general water table samples taken from shallow wells or during
drilling are unlikely to be reliable for accurate recharge estimates, although
in homogeneous terrains they may be quite reliable. However, since chloride is
unlikely to be lost during drainage and saturated flow, the shallow groundwater
chemistry, or river baseflow, can always be used in areas of current recharge to
derive a minimum figure for total recharge. This approach has been used, for

example, by Ericsson (1976) in India and could be more widely used in regional
water balance studies. ‘

5.3 Principal Conclusions from the Cyprus Study.

Eight profiles were successfully recovered to depths of 15-29 m in
unconsolidated deposits of Recent age at Akrotiri. The chloride concentration
in the interstitial water was estimated by extracting all of the chloride with
distilled water, measuring its concentration in the elutriate and
back-calculating the initial interstitial water concentration using the moisture
content of the rock sample. (This indirect method of estimating the
interstitial water concentration assumes that there is no interaction of the
solute with the solid phase and is another good reason for choosing chloride as
the indicator solute). The results for chloride are shown in Figure 26 and the
main characteristics may be summarised.

(1) Below a certain depth chloride concentrations reach a relatively constant
value. This depth (generally 2-3 m) is interpreted as the effective zero
flux plane for solutes.

(2) At depth a nearly constant chloride concentration is developed in all
profiles, with the possible exception of AK 7. These mean values (CS) are
used in the recharge calculation. The mean chloride concentrations vary
and are interpreted to indicate different recharge from place to place.
The amount of variation of this mean (steady state) value gives a guide to
the reliability to be placed an the recharge estimate.

(3) Steady state conditions are found to persist to the water table (e.g. AK 5)
or to the maximum depth drilled (AK 8, 2, 9). In other boreholes there is
an indication of chloride addition from the aquifer; in AK 3 there is an
abrupt increase in chloride which coincides with a marine horizeon (shelly
gravels) and the profile below this cannot be used. In AK 4 there is a
suggestion of continuous uptake of chloride through the succession, and
only a limited portion of the profile has been used.

(4) Distinct peaks are apparent within the steay state sections of some
profiles (e.g. AK 2), which indicate that homogenisation by dispersion does
not take place. The peaks of AK 2 and possibly other profiles have an
apparent periodicity of less than 1 m and are considered to represent

. cyclic, mainly annual, inputs of solutes from the soil zone (see Edmunds
and Walton, 1980).

Those sections of the solute (chloride) profiles that were used in recharge
calculations are indicated in Figure 26. They represent an integrated record of
recharge over a period of time ranging from 1978 back to the late 1940s.
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The 25 yr mean rainfall value for Akrotiri (406 mm) was used for calculation and
the rainfall chemistry, including dry deposition, measured over a 3-year period
is also shown in Table 11. The 3 yr mean chloride concentration was used in
conjunction with the 25 yr rainfall value in the recharge calculations. There
is some fluctuation in the rain chemistry both over the period of investigation
and between the two stations. This is reflected in the total rainfall figures.
The use of long term means in this technique is advantageous where the profile
itself represents the average input over a number of years. Values for the soil
moisture chloride concentrations (C ) have been.derived from the mean value for
soil moisture and the elutriate compesition.  The.recharge estimates for the eight
boreholes are given in Table 12.

At all eight locations current recharge can be identified in the range

10-94 mm/yr. The variability is consistent with changes in vegetation cover
between the sites with highest values occurring in areas of sparse vegetation
and low recharge (v10 mm) taking place where bush vegetation exists. The
results compare well with independent recharge estimates obtained from tritium
peak analysis.

5.4 Sampling Programme and Methodology (Sudan).

5.4.1 Drilling

In Cyprus samples of the unsaturated zone were obtained by dry percussion
drilling using a wireline. In addition a dry rotary drilling method was also
successfully carried out using the Pilcon Wayfarer 1500 rig. As a result of
this experience in Cyprus, the Pilcon rig was refurbished and sent to Khartoum.
The rig was handed over to the drilling section of NAW to be used in the project
in July 1982 (Edmunds, 1982). Testing of the rig was carried out rather late in
the project (December 1982) due to problems of mobilising the drilling crew. In
the event, the dry percussion technique proved to be unsuitable for the rather
indurated terrain of the interfluve area and it was not further used for profile
sampling but was used elsewhere in the programme to construct observation wells.
Sampling was achieved from dug wells, auger profiles and shallow trenches
(isotopes only). In general, interfluve areas were selected for drilling since
this is where surface runoff is minimal and so these sites were most likely to
give the best estimates of direct recharge.

5.4.2 Dug well sampling

In order to adapt the recharge estimation method to local conditions and
traditions it was decided to base the field work on a dug well programme
supported by augered holes. The NAW Khartoum agreed initially to pay for the
construction of two dug wells in the Abu Delaig area (Bir Kharbana, Dar es

Salaam) and subsequently three more, two at Abu Delaig and one at Tomeid Haj E1l
Tair.

The initial sampling routine (March 1982) involved side wall sampling of a
freshly dug well section (Edmunds, 1982a). The wells had been covered since
completion and sampling was carried out by one of the well digging team
suspended on a rope cradle. Samples were collected every 20 cm using an adze,
excavating cavities in the borehole wall once the outer 2-3 cm had been removed.
250 g samples were collected in polythene bags, transported to Khartoum for
elutriation, filtration and moisture content determimation the following day.
Rock exposed at the depth of excavation (8 m) in Dar es Salaam well was sampled
for stable isotope and moisture content analysis. This procedure had the
advantage of precise control over the sampling interval but ran the risk of
prior loss of moisture by evaporation from the side walls. There could also be
migration of solutes by capillary movement induced by the drying out of the well
wall. Although this was considered minimal in the present study, it presents a
- drawback to the method if it were to be used on a routine basis.




Table 1d.

‘period 1977-80, used in calculatioms.

Year Rainfall Weighted Mean Cl
(mm) (Cp + Cq)
(mg/1)
AKROTIRI (RAF)
1977/78 455 12.1
1978/79 246 17.3
1979/80 506 15.3
AKROTIRI VILLAGE
1977/78 426 . 15.4
1978/79 235 24.1
1979/80 564 17.1
MEAN VALUE 405 (25 yr) 16.4 (3 yr)

Mean rainfall values (3 yr and 25 yr) for stations at Akrotiri

with average chloride deposition (Cp + Cq) over the three year

Table 12. Data used in Figure 25 for recharge estimation (Rd) at Akrotiri.
Comparative results from tritium profiles Ry (3H) are given for
reference.

Borehole AK 2 AK 3 AK 4 AK 5 AK 6 AK 7 AK 8 AK 9
Profile 2.4~ 2.4- 3.2- 2.0- 10.9- 1.7- 3.7- 2.0-
Interval (m) 17.3 16.1 6.9 28.3 14.0 9.4 16.0 16.5
Profile
Length (m) 14.8 13.7 3.7 26.3 3.1 7.7 12.3 14.3
Log C1~ ‘ - '

2.076 2.086 1.920 2.301 2.100 2.813 1.845 1.954
(mg/1)
Cg (mg/l) 119 122 83 200 126 650 70 90

? (c1) 56 55 80 33 53 10 94 74

mm/yr)

(3H) 52 53 N/A 22 N/A N/A 62 75

?mm/yr)




It was decided to try dug well sampling using a side wall coring auger drill and
this was attempted during the next field programme (November-December 1982).
This technique would have made it possible to sample side walls in relatively
recently completed dug wells elsewhere in the area. In the event the drill used
(Hilti TE42) proved to be too heavy to be used in the traditional rope sling and
the method was abandoned for the remainder of the project.

During 1982 and for the remainder of the project, reliance on 'low technology'
methods proved most reliable. Samples from one dug well (at the camp) were
processed on site during the field season as digging progressed. Subsequently,
samples were collected in 500 ml glass Kilner jars and were taken by the well
digging teams at agreed intervals of 0.5 m or similar, usually at the end of
each day's shift. Samples were labelled, stored, transported and shipped to UK
for analysis. The geochemical consistency of the results demonstrated that this
technique was successful.

As a result of a delay in delivery of airfreight in November 1982, Kilner jars
did not arrive in Sudan in time for commencement of the project. Thick walled
polyethylene jars with rather crude lids were bought locally and firmly sealed
with tape. These samples were shipped back and analysed in the UK within 6
weeks also gave reproducible and consistent results. As a precaution they were
weighed before and ater shipping to check for possible moisture loss; in every
case this was negligible. The Kilner jars are preferred for this method of
sampling and if properly sealed, samples.should have a shelf life of at least
several months. Three shallow (up to 2 m) pits were also hand dug for stable
isotope sampling.

5.4.3 Auger samples

It was important that a more rapid and cheaper sampling technique was also
available so that a greater density of recharge data could be obtained to
supplement the controlled results obtained from frehsly dug wells. To this end,
a land rover mounted, petrol-driven, lightweight auger was purchased for the
project (JKS Winkie GW15 Auger Drill). This was able to sample to depths of up
to 10 m. An additiomal 12 profiles were obtained by this method.

The sampling method adopted involved collection of sandy material delivered in
sequence at the surface. Every metre of material was then subdivided into four
or five equal portions and subsamples bagged so as to represent 25 or 20 cm
intervals. The augering technique caused a slight temperature.rise (about 10°C)
and there is a risk of some loss of water vapour, although this was
insignificant for the purpose of recharge studies since samples were bagged
immediately at the surface. As the augering progressed deeper there was a
cumulative error of about 10% in the sample depth due to storage in the auger.
Contamination from the side wall appeared to be negligible in the formations.
studied.

It was necessary to change the auger bits at intervals of 10-15 m and only
limited profiles could be obtained in some instances due to worn bits. In
conclusion, it is considered that the auger method generally can be a useful
technique for proving samples rapidly (e.g. 2 x 10 m per day). The rig used was
more adapted to hard rock drilling and a more versatile auger with variable
speeds, would be preferable. A powered hollow stem auger would be ideal for
this purpose; in sandy formations it would be necessary to case with pvc pipe to
about 2 m prior to drilling deeper. In the interfluve region in Sudan the holes
stood up well even at the surface.
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5.5 Field Laboratory Analysis.

5.5.1 Scoge

One of the main objectives of the project was to simplify the analytical
techniques as far as possible so that they might be used routinely in the field
and by national groups, once the project closed. For the main phase of field
work, a tented field camp was established by NAW staff at Abu Delaig. A
laboratory was established, equipped with generators, a refrigerator, electronic
balance, conductivity meter and equipment for elutriation and filtration of soil
samples. Samples were allowed to dry in the heat of the midday sun.

5.5.2 Elutriation.

Samples were obtained at 20-25 cm intervals in polythene bags. Representative
50.0 g samples were transferred to clean preweighed plastic beakers using a
plastic sioop. Distilled and deionised water (brought from the UK) with SEC

<1 uS cm™* at 259C was dispersed in 30.0 ml aliquots to each beaker using a
precalibrated Oxford automatic pipettor. The slurry was stirred for 30 seconds
with a glass rod, left to digest at ambient temperature for 30 minutes, stirred
again and then left for a further 30 minutes for the suspension to settle. The
solutions were kept covered during this period to minimise evaporative loss.
The supernatant water and fines were decanted after one hour into clean numbered
tubes and allowed to sediment at least overnight. The aqueous layer was then
taken up with a 20 ml plastic syringe and filtered through a 0.45 um cellulose
acetate membrane filter (Millipore Ltd) and transferred to 30 ml polycarbonate
'Sterilin' battle.
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Figure 27. Plot of soil moisture estimation by drying in the sun (field
moisture content) and laboratory drying.




The Specific Electrical Conductance (SEC) of each filtrate was then measured
using a Mullard 1 cm platinum in glass cell (Type E-7591/A) connected to a
Wayne-Kerr (M101) conductivity bridge (precision +2%).

Moisture content was determined on ca. 100 gm samples weigbed into plastic
dishes and allowed to dry in the sun for at least 4 hours before reweighing. It
was found that readsorption of water vapour occurred as the air temperature fell
in the afternoon and so all weighing was carried out within two hours of midday.
Subsequent tests in the UK showed that this drying method consistently
underestimated moisture content by about 2 wt% (Figure 27) and results were
corrected accordingly.

5.6 Laboratory Analysis.

5.6.1 Inorganic constituents

The 30 ml samples were all shipped to the UK for anion analysis, since at the
time of the project no reliable means for chemical analysis of. these small
samples existed in Sudan. Automated colorimetry (Technicon AA-II) was used for
analysis of chloride and nitrate (Cook and Miles, 1980). Sulphate and several

major and minor elements were analysed directly on samples from selected
profiles by ICP-0ES.

5.6.2 .Stable isotopes of water

Soil samples collected in thin-walled polyethylene jars (5.4.2) were shipped to
the UK for isotopic analysis. All jars were weighed before leaving the Sudan
and reweighed in the UK to test for moisture loss; no sample had been
significantly affected. Samples from an earlier phase of the project were
collected in Kilner jars.

Moisture was extracted from the samples by azeotropic distillation with toluene.
Moisture content measurements were used to calculate the amount of sample
required to yield about 6 ml of water. Duplicates of each sample were placed in
round-bottomed flasks and a slurry made by the addition of toluene. After
boiling and refluxing of this mixture for 60 minutes moisture could be recovered
from a collecting vessel situated beneath the reflux condenser._ In nearly all
instanges agreement between duplicates was within +2 ®/oo for §2H and +0.2 %/00
for 61 0; duplicates falling outside this range were repeated until
satisfactory. Some samples were also recovered by the more traditional method
of vacuum distillation as a check.

Isotopic analysis was carried out aon a VG 602E mass spectrometer following
standard preparation techniques, namely the reaction of 10 ul water with heated
zinc shot § ngnd equilibration of 5 ml water with CO, of known isotopic
composition §--0.

5.7 Praofile Results.

5.7.1 Solute profiles, 1982 survey

The first solute profiles in this project were obtained in 1982 from two
specially dug wells at Bir Kharbana (1 km north of Abu Delaig) and Dar es Salaam
(3 km west of Abu Delaig). They were visited in March 1982 when excavation had
reached 7.5 m depth. In this exercise the objectives were to examine the
formation in the interfluve regions, test the sampling procedures and provide
preliminary estimates of recharge rates.
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The formation at Dar es Salaam was essentially coarse grits and sandstones,
poorly sorted, with a matrix of grey/green clay. The sandstones (Nubian
formation) were highly coloured by oxidation products of iron with alternate
zones of leaching. Digging progress using one well team of 8 people was about
0.5 m/day.

Side wall samples were collected at 20 cm intervals as described earlier
(5.4.2). Due to the relative hardness of the formation it was not possible to
excavate by hand more than a few cm into the wall. At the working depth,
samples of sand were collected for moisture determination, but above this, some
moisture loss could have occurred.

Solute profiles for samples elutriated in the field but analysed in UK are given
in Figure 28 for SEC, Cl and NO;. These raw data are uncorrected for moisture
content, but it is apparent thag solute values oscillate about a mean value and
that there is no salt accumulation at the top of the profiles This demonstrates
that current recharge is occurring. A preliminary estimate of the rate of
recharge was made using the mean soil moisture content from each borehole at

7.5 m (28 mg/g dry sand and 52 mg/g dry sand respectively) and assuming this is
close to the steady state value:

Substituting a value of 200 mm for Abu Delaig mean annual rainfall and

1 mg 17° C1 for the mean composition of rainfall, a preliminary estimate of

recharge could be calculated. Cs valyes were derived from the elutriate results

ABU DELAIG (BIR KHARBANA)

SEC (PS/CM) CL (MG/L) NO3 (MG/L)
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L 3t Tz 3
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4 6t 3 & st
7¢ 7k 7t
at gk gt

BDAR ES SALAAM WELL

SEC (PS/CM) CL (MG/L) NO3 (MG/L)
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Figure 28. Solute profiles for two dug wells at Abu Delaig (Bir Kharbana and
Dar es Salaam).




N N OB G5 OB G5 G0 BN SN M CN S5 GO G @) G G O G =8 N

|

*(£ON 907) JU83U0D 8INJSTOW IO UOTFISII0D I3}je 3IN]STOW [TOS
UT 93B13TU JO uoT}eajuaduod bor ¢(73 9071) JuUajuod ainistow 10}
U0T3081100 I33je 8iNnjsTow [TOS 3y} JO UOTIBIJUIIUOI 3PTIOTYI
bor ¢(23 901) IUL3UOD ain)sToOWw JOJ UOTJIIII0D 193Je 3IN)STOW
[TOS JO 30UB}INPUOD [BITIFI[3 ITyTdads jo Bor ¢(N-EON)
93eTIINT3 8Yy3} 104 UOTIBIJUBIUOD 3JeIFTU {(T]) 9)BTIINT] aY)
40 UOTIBIJUaIUOD BpTIOTYI fajerain(a ayjy jo (5C33) 30Ue32NpuU0d
[8OT1303[2 21y103ads {(stseq jybram Aip) juao 1ad ut "3
juajuod ainjstow :aie umoys ejeq -brersg nqy woly safoy Jabne

pue spram bnp-puey 1oj s3[nsal a[rjoid 33NTOS pue 9INISTOY *9t-T1¢ sainbr 4

oL JoL oL . oL
8 18 i &W 18
o (] ) O O [w) O
m m m m m m m
9 3 3 3 1° 3 19 3 3 19 3
xI T xI xI TI I I
7 o~ - - 17 ~ 17 -~ — 19 ~
. =2 = 3 e { = = =2
z . iz 1z : lz
O O O .llLan O O.. :...Lfo
v 2 0 7 2 0 KR 00z 00L 0 009 00€ 0 8 %5 0 oL ¢ 0
«n-Eony 901 (13) 907 (33) 901 (179w - Eon (791) 13 (WI/sw) 93 (%) °J°U

113M 39NA -GNVH Y 3710H

1




0L
{8
{9
1
1z
7 e 2 o
«n-fon) 901
oL
{8
{9
17
_JI
5z 0°
(n-Eon) 907

(W) HLd30

(W) HL43a

v 2 0
(12) 901

(13) 901

oL

L

(W) HLd430

Hld430

(W)

oL

S 7 £

(33) 301

N

S 7
(33) 301

£

oL

(W) HLd3d

(W) HLd43d

M 2
[II‘-ILO
00Z 001 0

(1/3W) Z-moz

;0L
{8
{9
{2
iz
olimmﬂ!nwo
(179 - on

HLld3d

(W)

(W) HL43A

oL 10U oL
] ]
i8 {8 {8
(=) 0
m m
{9 3 {9 19
I X
17 -~ 17 -~ 12
= 3
1S 12 12
| SN E—— rmeed O
003 00¢€ oo 8 7 mNoo oL S 0
(71739W) 113 (WJ/sw) =~03 (%) °0°U
J 310H
%3
70Ul 1 0L 10L
18 18 18
O o)
m m
19 3 19 3 19
I I
17 -~ 17 -~ 17
2 ° 3
ﬂ‘ 12 m 12 nJ 12
.
.I...x|.||HU O O rx.HHWFIL O
009 00€ O 8 7 mNo oL S 0
(71/79W) 113 (Wl/sw) =~23 (%) °2J°U
g 3710H
(3%

Hld430d

(W)

HLd3d

()




|

o
7
€ 2 0

(N-"0ON) 9201

12

7 S 0

(n-Fony 907

0

(W) HL43d

(W) HLd3a

]

4

(713) 301

oL
8

oL

7 ¢ 0

(13) 9201

(W) HLld43d

(W) HL43A

S 7
(23) 901

S 7
(33) 301

oL

8

ot

(W) HL430

Hld3d

(W)

1 0L

18

{9

Vi

iz

002 00L moo
(/79U N-ON
L0l

18

19

v

z

00z 0ot 0°

(179) N-Eon

(W) HLJ3A

(W) HLd3d

——

009 00€ O
(773U 113

ov

8

oL

<

0

009 00E O

(7179W) 13

HLd430

(W)

HLd3d

(W)

8 Vs
(L/sw)

8 7
(W2/5w)

T4

1 0L

18

0

a3

T4

a3

H1d430

(QAD

Hld43d

(QAD)

-

oL
(%)

S—
S 0

°J°W

3 3710H

(%)

SE

°J°W

g 310H

e

oL

8

ot

(W) HLd43d

(W) Hld43d



. 101 j0L 101 101 J0L 10l J0L
] ] 18 18 s 18 18
; : i s 8 o 8 s & s 8
1° 3 19 3 ! -3 3 2 7 2
| - ] - {v ~ 1y 4 - 17 =
E "3 "3 3 2 5 2
iz = lz ~ 1z 1z 1z 7 1z 12
N I vz 0° gy g0 002 00L moo 009 00€ 0O 8 7 0 oL s 0
©(n-Ffony 901 (12) 907 (23) 901 (179 N -Fon (/91 1D (W3/sw) ¢33 (%) °J°L
H 3710H
LE
10t 10t 10U 101
8 8 8 18
O (o) () Q O O (=]
i o 0 i o o i
-3 -3 -] w -3 Aw i |w It 1w 3
I I I I I I xI
~— o~ —~ nv — 1V —- 1V - LV -
u. = = = = =3 x|
12 12 12 12
v 2z 0o° ¢ v ¢° 00z oot 0° 009 00t 0° 8 v o ot ¢ o
(n-Sony 907 (13) 901 (23) 907 - - (7/9u) n-Con (1/9W) 19 (Wd/sw) %93 (%) °J°L
3 3710H
9%




.4--_ G G G T G & SN R S S U &) SR G Gy an m e e M

j0L q0L J0L 10L 10U 101 ,0L
18 18 18 ] ] ] ]
=) () @) 8 o 8 o 8 o 8 o
19 % lg % lg9 B lg g g g
7 T T T T T T
19 - 19 - 1y ~ 1y ~ 1y ~ 1o - v -
/U\ m m = = = =
vy 2 0 v ¢ 0 ' v ¢ 00z 00t 0° 009 008 0° 8 v mNoo ot ¢ 0o
(v -fony 907 (13) 907 (33) 907 (179W) N - ton (1791 19 (W3/sw) "3 (%) °J°U
H 3F70H
6z
10U L0 j0L . 401 J0L 0L 0L
{8 {8 18 18 18 18 18
O [®] [} (=) ] ] [w)
m m m m m m m
19 3 19 3 1° 3 19 3 19 3 19 3 19 3
T T T T T x T
17 ~ 1y - 1y -~ 1y ~ 1y - 1y - 1y -
=3 . = =2 3 = =2 =3
k {2 {2 w 1z . qwmlm w-m \‘N mm iz
[|O ] 1 O ||L|L|.O FILII.LO : oy WL — e . J0
7 c28 0 vy 2 0 . S v € 002 00L ~ 0 003 00€ O 8 7 0 oL S 0
(N-“ON) 907 (13) 907 (23) 907 . (7/9) N-ON (7/9W) 12 (W3/sw) *23 (%) °J°U
~ 3710H
e




J0L q0l J0L 1 0L S0l 10L S 0L
{8 18 ; . J ]
[m} () 8 jw) 8 [ws) 8 O 4® (o] 8 (]
9 i 3 L A i . 9
9 3 {19 3 {19 T 9 T {9 T {9 ® l\ {3 3
I I I I I I I
v - 1y -~ 1 - v A 1y -~ 1y - 1y -
m m W = _.,Ib.\.lw =3 = ﬂ_lv =2
Z 1z 1z : 1z 1z iz 7 iz~
: 0 0 0 r|||.||mo ’ [Ml.rlldo (SR —. Y Flllw,rlluwlo |
7.2 0 v 2 0 "8 v € 00z 00L 0 003 00€ 0 8 v 0 oL 6 0
(N-SoN) 907 (13) 907 (23) 907 (1791 N-FoN (179 1D (375w %¢q3 (%) ®7°y
N 3710H
1§ 4
10U 10L J0L J0L q0L L0l j0L
18 {8 18 i8 18 18 {8
() (] O O O [w] (=]
19 ® {9 3 E {9 3 {9 3 9 {9 3
I X xT xI xI T xI
..v -~ \v ~ ..V o~ v -~ 17 —~ 1V —~ 1v —~
U. = = =2 = = =3
1z 1z 1z 1z 1z 1z {z
V € z 0o 2 0° ¢ v € 002 00L 0 008 00t 0° 8§ % o° oL ¢ _oo
(N-°ON) 901 (12) 907 (23) 907 (1791) N -Con (179W) 1) (W/sw) %93 (%) °2°u
W 3710H
ob




10L
18
{9
{7
12
sz o°
(n-on) 907
;0L
{8
{9
P
1z
7 @ 0°
(n-Eon) 90

(W) HLd43a

(W) HLdJ3A

7 ¢ 0
(13) 301

v ¢ 0
(13) 907

oL

8

oL

0

Hid30

QD

(W) HLd3d

S 7
(33) 901

S Vs
(33) 301

ot

oL

(W)Y HLd3aA

(W) Hld43a

710l

{8

12

002 001l oo

(7791 N-on

00z 00U 0
(179 N - Eon

(W) HLL3d

(W) HL43A

]

009 00€ O
(7173W) 10
—b 4
009 00 O
(71/73uW) 12

oL

8

oL

Hld3d

(W)

(W) HLd3a

—.

8 Vs
(W3/5w)

| VSUSISUUPRIIDS Dot

8 7
(W3/Sw)

S¢

Sz

0

oL

8

J3

0

oL

J3

(W) HLd43A

HLd3d

(W)

10L

18

I
(%) "3°U
O 3"10H
134

— A O

oL S 0
(%) °J°U

d J710H"
144

(W) HL43d

HLld430

(W




;0L
{8
{9
{v
{z
B
(n-fony 90
0L
18
{3
{7
{2z
s lg
7 .G 0
(n-ton) 901

(W) HLd430

(W) HL43A

(712) 901

—_—h ]

7 ¢ 0
(713) 901

o N N W ©

(W) HL43a

(W) HLJ3a

S Vs €
(33) 901

—_—— ]

S 7 £
(33) 301

oL

oL

(W) HLd3d

(W) Hld3a

10U
{8
19
{17
1¢
....|L|./.UO
002 00L mo
(7/9W) N-"0ON
101
18
19
V4
1¢
00Z 00L mo
(179W) N-"ON

(W) HLd43a

(W) HLL3d

i
009 00€ O
(7179W) 12

| N E—

009 00€ O
(7173 13

oL

4

0

HL1d43d

QAR

HLd30

(uw)

oL

rlhuHUUVO

8 7 0

(Wa/sw) %93

oL

W S—
8 7 0

A:u\msvmmuu

(W) HL43d

(W) HLd3Q

12

Wlml'i[o
oL S 0

(%) °J°U
L 3J710H
SY

bt o

oL S 0
(%) “3°UW

S 3710H
b

(W) Hi1d3a

(W) HlLd430




101
18
{9
1y
1z
W) .
rhllllLO
v 2 0
(N-foN) 907

(W) HL43d

7 ¢ 0

(12) 3201

oL

(W) HL43d

S 7
(33) 301

oL

(W) HlLd3d

18

lg

1y

iz

—

r|“nuo

00z 00L O
(7791 N - foN

oL

Hld3d

(W)

P
— T
009 00 O
(7179W) 12

ot

HLd30

(W)

10L
18
19
{17
1¢
\H\'IJJ
r'lPIUO
8 4 mNO
(WJ/sw)y =03

H1d30

(W)

3

i
e

oL & 0
(%) °2°U
N 370K

7"

oL

HL1d434

W)




and gave 68 mg 1 1o (Dar es Salaam) and 850 mg 1 1 (Bir Kharbana). Mean
direct recharge values of 3 mm/yr and 0.25 mm/yr respectively for these two
sites were obtained. If 3 mm/yr proved to be genera%ly gpplicable, this
represents a regional estimate of recharge of 3000 m”/km“/yr.

The results from this preliminary drilling demonstrated that using simple
techniques recharge estimates could be obtained in this rather difficult terrain
having low summer rainfall. However, it was clear that the recharge rates were
very low. )

5.7.2 Solute profiles, 1983 survey

Results were obtained from two sources - a hand dug well at the site of the base
camp at Abu Delaig and from fifteen auger drill holes located within a 3 km
radius of Abu Delaig and sited in interfluve areas. _
Results from the field work included meoisture content and specific electrical
conductance for each profile. These were plotted as the project progressed
enabling an approximate estimate of recharge to be made on site (assuming a
constant ratio between SEC and Cl). Examples of field diagrams are shown in
Figures 29 and 30 (Appendix).

The fipal results for each well or hole including Cl, NO; data measured in UK
and corrected for moisture content are given in Figures 31 to 46; raw data are
included in Table 13 (Appendix 2). Results aje quoted both as elutriate
concentrations in mg/1 (NOz and Cl) or uS cm™~ (in the case of SEC), and as log
concentrations in the interstitial water after correction for the dilution
incurred during elutriation.

The moisture contents (plotted on a dry weight basis) range from 2% to nearly
11% depending upon lithology. The highest values occur in clay rich horizons,
e.g. hand dug well A and borehole K, lowest values are found in some gravels and
grits. The top metre of profile is usually of similar moisture content to the
remainder of the profile. Sampling took place within three months of the end of
the rainy season and so the uppermost zone which is above the zero flux plane
will have changing moisture content according to season. Lower moisture
contents are observed (hole P) in the pure sands (within the wadi section).

The SEC profiles are a reflection of the total mineralisation of the
interstitial waters (or elutriates) in the profile. After correction for
moisture content it is found that moisture SEC's range from 2190 to

79430 uS cm'l, equivalent to a total mineralisation from about 1300 mg/1 to
values somewhat above those of sea water.

Chloride generally mirrors the profiles for SEC suggesting that Cl is a major
constituent of the interstitial water. However there are likely to be other
anions, especially 50, and NOs contributing to the specific electrical
conductance value. The chloride concentrations range from 56-14310 mg/l.

Nitrate is present in significant amounts in borehole cores drilled south of the
main wadi (Figure 47) but_in holes to the north, e.g. A, B, C, D, K, background
values of around 10 mg 1% NO--N are found. The highest concentrations are
around 2800 mg/1 NOs-N in interstitial solutions, for example in borehcle E.

The reasons for the very high nitrate must lie in the past or present vegetation
and land use. North of the wadi there is grazing land with acacia trees and in
the area drilled there was no trace of recent or historical settlement. South




*81nj3stow [10S Ut
ajeajtu ybry yjTm S33TS Bae umoys os[y *sSa[Tjoid auoz pajeinjesun
40 UOT)IN[OS [BTJTISI3JUT UT 3PTIOTYI JO UOTIBIJUIIUDD UueB3I|y */t 2anbtr 4

v |egar oy N
imepeg :
yyreys onmoAa. :

$8110WO0| 1y

N
80z1V,
42
ocLLY
D
Q.
. N 029 - O s
WG s wz ) - ».y\.\.\.\\.mgq e
n'L's m:m\mwom.\.ﬂ.\.\..\ © R L
:\...QMQ@\ R
S A/
mmur LG
v
; 8gzeo
. gaciy8tLt
v, 1M bing) q
126
wnojIeyy 0]
fom
sabpu joaeIy i Bnp yoiseasay >
SUOIN[OS [BI1ISIBTUY Uy oouaJ0401 OMS
SUOI}BIIUSDUOD B)BINU yum ajoy sebny V,

ubiy yum sels N 19QWNU OIS YIM
(1-1 Bw) epuoyd v 19M 6np MmojiBys 0

(34NLSIONW 10S) SNOILNT0S
VILILSHILNI NI 3AIHOTHO
40 NOILVHLNIONOD NVIW

NURE

&

Q.G_OQ nay v Yy1eyg vurQiray g

1PUBYS o}




of the wadi, the land chosen for drilling was flat grassland but within a few
hundred metres of settlements. The most likely causes of the different nitrate
concentrations are therefore (a) a net removal of NO; by plant uptake and
harvesting to the north of the wadi or (b) a net input of NO3 to the south of
the wadi from domestic/agricultural products. This will be further discussed

below.

Chloride concentrations increase from the surface downwards but reach near
constant, steady-state values within the top two metres although often within
the top metre of the profile. Invariably the chloride.concentrations (and SEC)
at the top of the profiles are considerably lower than those at depth. One
explanation for this is that any salt accumulation at the top of the profile is
leached downward during periods of intense rainfall (the rainfall has a low
chloride concentration). Subsequently, the top metre or so of the profile dries
out first of all by upward capillary movement of water (and salts) but later by

the upward movement of water vapour only.

Table 14. Mean chloride concentrations in interstitial waters for profiles
at Abu Delaig and estimates of direct recharge. Mean chloride
values are obtained after correction for dilution resulting from
the elutriation method.

Borehole Interval (m) Mean Chloride No. of R, (mm)
Concentration Meas.

log (mg/l) . mg/l

Hand-dug well

'A' 1.0 -9.80 3.110 1288 39 0.88
B 1.05-2.85 3.240 1738 8 0.66
C 1.05-5.00 3.350 2239 20 0.51
‘D 2.24-4.20 3.348 2228 8 0.51
E 0.80-4.05 3.239 1734 13 0.66
4.05-6.95 2.520 331 12 3.45
0.80-6.95 2.894 783 25 1.46
G 2.05-8.80 3.224 1675 27 0.68
H 0.80-3.30 3.082 1208 10 0.94
J 0.15-2.80 3.049 1120 8 1.02
K 0.80-2.30 2.987 971 6 1.17
M 0.80-5.30 3.287 1936 18 0.59
N 1.55-1.80 - 3.595 3936 22 0.29
P 0.55-3.00 2.238 173 10 o.
Q 0.80-6.55 3.266 1845 23 0.62
S 1.30-4.30 3.221 1663 0.69
(T) 0.50-1.00 3.451 2825 0.40
¢1)) 0.60-1.10 3.572 3732 5 0.31
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In some profiles (D, H, Q) the chloride remains constant with depth, in others,
(e.g. E, G, S) there is a tendency for slight chloride decrease with depth; in
hole £ the decrease with depth is more marked than in the other two.

The mean chloride concentrations and recharge estimates have been calculated for
the steady-state sections of the profiles (Table 14). The intervals used range
from 0.50 to 9.80 m below ground level. Chloride concentrations in the
unsaturated zone are high and range from 1000 to nearly 4000 mg/l. The highest
value (profile N) occurs at the top of a sandstone ridge above the wadi where
surface runoff is expected to be highest; site M, also on the ridge has slightly
higher chloride. Nearly all other sites (Figure 44) on the plain have lower
chloride concentrations implying higher recharge. North of the wadi the lowest
chloride value (971 mg/l) is found (hole K) in a relatively clay-rich profile
and the highest (2239 mg/l) nearest the river. Within the wadi channel itself
much lower values (borehole P - 173 mg/l) are found indicating an added input of
fresh water from surface runoff.

These chloride values indicate a direct recharge component in the range
0.29-3.45 mm/yr.

5.7.2.1 Minor element concentrations in elutriates

Elutriate samples from three profiles (A, G, Q) were analysed by ICPOES
(inductively coupled plasma) for Na, K, Ca, Mg, B, Ba, Sr, Sy and Si. The
results (Figure 48) are included here for completeness but their interpretation
can only be tentative since they may be compared with the chloride profiles in
Figures 31, 36 and 43 respectively. The chloride profile shape in hole G, for
example, compares quite well with that of Na, K, Ca, Mg, B, Sr and S0, (5)
suggesting that the concentrations for these elements may be close to those of
interstitial solutions. Silica and barium on the other hand are more constant
in their composition indicating a likely buffering mechanism. Further
interpretation of this data would for example need comparison with (centrifuge)
extracted fluid compositions and this will form part of future studies.

5.7.3 Solute profiles, 1984 season

Two research dug wells were constructed by NAW staff during early 1984, the
first at Abu Delaig (AD 40), the second at Tomeid Haj el Tair. Samples were
collected in Kilnmer jars at approximately 1 m depth intervals during digging and

ABU DELAIG (AD40)
MoCe (G/KG WET) CL (MG/L) 02H D180 Loe CL (MG/L)
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Figure 49. Chloride soil moisture and stable isotope profiles of unsaturated

zone moisture from a dug well at Abu Delaig (AD 40).
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Figure 50. Chloride, SEC, soil moisture and stable isotope profiles of
unsaturated zone moisture at Tomeid Haj el Tair dug well, Wadi el
Hawad.

shipped to UK for analysis. These samples arrived safely (except two broken
bottles) and were then analysed for elutriate chemistry, moisture content and
stable isotope moisture composition. The results are given for all these
parameters in Figures 49 and 50.

AD 40. This profile was obtained from a dug well to the west of the Abu Delaig
-area (Figure 13) and was completed to the water table. Despite the rather
incomplete data from some intervals it nevertheless is the only profile from the
area with complete data, including isotopes, on account of the coarse grain-size
of the sands but this is offset by higher chloride concentrations in the
elutriates. The corrected profile for chloride is linear across the moisture
gradient to 10 m with a mean value of 1580 mg 11 Cl™. Belgw this depth, the
salinity decreases and there is also a shift in the § 80, §“H isotope

Table 15. Oxygen and hydrogen stable isotope results for interstitial
waters distilled from moisture profile of AD4O.

1o +217 ‘m -2 %
2 +26 -
3 +27 +18.5
4 -3 -
5 +43 +24.9
6 +36 +20.1
7 — -
8 +16 +10.7
9 +44 +22.8
10 +24 +17.3
11 0] + 4.2
12 -1 + 0.2
13 - -
14 - -
15 -12 - 0.1
16 - -
17 -11 + 1.1
18 - -
19 +2 4.0
20 -12 1.6
21 -8 - 1.3
22 -13 - 1.7
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compositions towards lighter values at around the same depth. The

interrelationships are discussed further below. However, the results may be
interpreted in two ways: (1) there is recharge similar to the other boreholes in
the Abu Delaig area of about 1 mm/yr but the deeper part of the profile is a
record of higher recharge sometime in the past, (2) there is a component of
upward movement of water from the water table accounting for the isotopic
similarity of the shallow groundwater and that in the lower part of the

prafile.

Tomeid Haj el Tair (Site 2). This profile up to 11 m was completed by NAW staff

B IR Gk =D A

in 1984. The exact site details are unknown and so also is the total depth in
relation to the water table. However, it is likely that this dug well did not
reach the water table. The interpretation of data is therefore tentative.

There appears to be_a steady state value of chloride which is reached below 7 m
of about 1500 mg 171 C1™, altbough there is higher salinity above this depth.
The stable isotope profiles also show a change towards lighter values with depth
and the significance of this is also discussed below.

5.7.4 Stable isotopes in the unsaturated zonme moisture, 1983 survey
5.7.4.1 Objectives

Unsaturated zone moisture was obtained from soil and rock material sampled at
various depths, chiefly in the Abu Delaig area but also near Tomeid Haj el Tair.
Water was extracted from this materlal by distillation (see 5.6.2). The object
of this was twofold:

(i) to examine the relationship, if any, between soil moisture and perched
water bodies beneath wadis and/or the deeper regional aquifer

(ii) to determine whether stable isotope techniques developed by workers such
as Allison & Barnes (1983), Allison et al. (1983), Barnes and Allison
(1983) and Sonntag et al. (1985) could be used to obtain estimates of
infiltration or evaporation rates.

5.7.4.2 Dug well samples

Two isotope profiles were obtained down to a depth of 22 m at Abu Delaig
(AD 40), Table 14 _(Figure 49), and 10 m near Tomeid Haj el Tahir (B) (Figure
50). When both 6“H and 6'°0 results are plotted on a conventional é-diagram
(Figure 51), it is apparent that they lie on lines of similar slope, though with
different intercepts. This results in the two regression lines reaching the
meteoric line at different points and therefore suggests that the evolution of
each profile has been somewhat different. Dugwell AD 40 at Abu_Delaig has a
slope whigh intercepts the local meteoric line at about -15 % 64H and

3.6 %9 This corresponds almost exactly to the composition of water
sampled from shallow dugwells in Abu Delaig, which are themselves recharged
predominantly from wadi flow. A 'steady state' isotopic composition is only
reached at 15 m below surface, while the water table was at about 25 m. The
shape of the isotope profile, coupled with chloride evidence (i.e. slightly
decreasing salinity with depth) suggest that this may be the result of discharge
rather than recharge. This is also believed to occur for example in parts of
Algeria (Fontes et al., in press), albeit from somewhat shallower depths;
however given the right temperature and humidity gradients upward vapour
movement might be possible from this order of depth. Using expressions
developed Yy Allison and Barnes (1983) a tentative discharge figqure of
0.8 mm yr™* has been calculated.
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Figure 51. Isotopic plot (62H Vs 6180) of soil moisture in profiles AD 40
(profile A) and Tomeid (profile B) and also shallow pit samples.

The profile of dggwell B lies on a gegression which cuts the meteoric line at
about -40 9/00 §“H and -6.5 °/oo §180 near to the composition of
palaeogroundwaters (Figure 51). Its slope of 3.4 is again indicative of
evaporation, though less so than for profile A. Local pumped groundwater has a
similar isotopic composition and it is considered that this profile could also
be the product of evaporative modification. Although it does not become as
enriched as profile A (even with a thinmer unsaturated zone) it is almost
impossible that present day recharge could result in such isotopically light
recharge. It is possible however that it represents a basically discharging
profile modified by infrequent recharge events. If there is discharge then it
is occurring at a very low rate, well below the 0.8 mm calculated for profile A.
The only other explanation for this profile is the possibility of extremely slow

recharge to the aquifer, such that the lower parts of the profile represent
palaeorecharge rather than present day infiltration. Assuming an unsaturated

zone of 10 m, a porosity of 30% and a time of 5000 years, infiltration would
have to be occurring-at a rate of 0.2 mm yr~-.

5.7.4.3 Shallow pit samples

Three shallow pits (maximum depth 2 m) were dug in the Abu Delaig area. These
were sampled over 5 cm intervals to 20 cm below surface, and over 10 cm
intervals thereafter. Results are given in Table 15 and values (5%H only) are
plotted against depth in Figure 52. These plots reach a peak just below surface
and are typical of arid and semi-arid zone isotope profiles, though the size of
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11
12
13
14
15
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17
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21
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Depth (cm) Field m.c. (% dry wt) (% dry wt)
0-13 0.49 3.28
15-30 1.30 4.65
30-55 - 4.93
55-80 2.92 5.75
80-105- 2.92 5.98
105-130 3.59 6.26
130-153 3.43 6.27
155-180 3.80 6.74
180-205 3.70 6.71
205-230 3.86 6.72
230-255 3.77 6.47
255-280 3.91 6.14
280-330 4.14 6.05
330-380 3.64 6.22
380-430 2.76 4.57
0-5 - 2.81
5-10 - 4.30
10-15 - 5.19
15-20 - 5.49
20-30 - 6.05
30-40 - 6.18
40~-50 - 6.24
50-60 - 6.29
60~-70 - 7.17
70-80 - 6.92
80-90 - 7.18
90-100 - 7.69
0-5 2.36 2.62
5-10 2.98 4.53
10-15 6.238 7.43
15-20 6.93 9.27
20-30 7.40 9.58
30-40 5.37 8.66
40-30 6.51 8.05
50-60 5.71 8.51
60-70 6.77 8.33
70-80 7.42 9.36
80-90 7.65 9.86
90-100 8.55 10.06
0-5 0.90 2.96
5-10 2.07 1.35
10-15 3.10 4.54
15-20 2.19 5.31
20-30 1.49 6.10
30-40 6.67 6.56
40-50 5.12 6.64
50-60 R 6.54
60-70 .88 6.68
70-80 5.20 7.33
80-90 5.52 7.57
90-~100 3.98 7.96
100-110 5.04 7.78
110-120 - 7.55
120~-130 - 7.91
130-140 - 8.28
140~-150 - 8.40
150-160 - 8.57
160-170 - 8.09
170-180 - 7.81
180-190 - 5.11

190-200 - 3.7

11.60 a 9 94
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Isotopic and soil moisture results for shallow pits samples
(s, t, u) and for borehole S.
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Figure 52. Plot of 62H with depth - shallow pits (s, t, u) drilled south of
Wadi Abu Delaig.

the peak and its depth below surface can vary greatly according to local
conditions. If the peak represents a drying front developing after the previous
wet season it may be expected to move steadily downwards during the course of
the dry season. The magnitude of the peak would be related to the amount of
evaporation undergone by the near-surface soil moisture, which is governed
principally by the average soil temperature and by the relative humidity of the
overlying air.

A delta plot of all samples (Figure 51) shows that they fall along a line of
slope of about 2.5; such a low slope is additional confirmation of extreme
evaporative effects. This slope would intercept the local meteoric line in the
general vicinity of local shallow dug well composition, but is difficult to
relate to weighted mean local precipitation (1982-1985) at +14 %/aco §2H and
+1.6 9/00 §°0. It would however be quite similar to the long-term weighted
average recorded for Khartoum, which is about 100 km away.

As mentioned above, the characteristic shape of isotope vs. depth profiles in
arid areas can in principle be used to estimate evaporation. The difficulty in
this case is that in contrast to the chloride profiles no apparent steady state
condition is reached and the porewater composition is greatly enriched in heavy
isotopes compared to local rain or groundwater. It is also not clear how
recently and to what depth, the profiles have been wetted. There is also the
possibility (already mentioned) that such profiles can be developed not only by
intermittent recharge and evaporative loss, but also by a process of vapour
phase movement from deep groundwater. However, using the expressions developed
by Allison and Barnes (1983) a tentative average evaporation figure of 76 mm has
been calculated to have taken place since the last wetting of the shallow
profile in September-October by about 175 mm of rain. This, plus any
transpirational (i.e. non-fractionating) effects must therefore have occurred in
less than two months and accordingly represents a high rate of evaporation.
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Presumably the downward movement of the drying front and lessening amounts of
transpiration would cause a marked decline in soil water loss during the course
of the dry season. Ideally isotope vs. depth profiles would be most useful if
collected at the end of the dry season, at which time the calculated amount of
evaporation could be compared with the previous season's rainfall input.

5.7.4.4 Summary of stable isotope results

Porewater isotope profiles in the unsaturated zone are developed on two scales
and may be the product of complex interactions between processes of recharge and
discharge. Even in a profile believed to be discharging, such as is represented
by dugwell A at Abu Delaig, the very top of this profile is bound to be modified
by at least the previous wet season's infiltration. Therefore two rates of
evaporation may be calculated from isotopic values: one for the deep profile as
a whole, and the other for the near-surface section. The former represents a
very long-term average, while the latter is on a much shorter scale. The
possibility of a general discharge from deep groundwater punctuated by
infrequent recharge events may be responsible for the shape of the isotope
profile. On the other hand, there is the possibility that very low rates of
recharge could lead to a situation where the isotope profile represents a record
of changing climatic conditions modified only slightly by diffusion. The
problem with the latter interpretation is that to calculate the possible age of
a profile it is necessary to know the infiltration-rate independently.

It is clear therefore that while the stable isotopic composition of unsaturated
zone water can be used for estimating discharge, it must be considered in
conjunction with other data such as chloride in order to constrain the number of
different interpretations.

6. DISCUSSION: RECHARGE HISTORY AND HYDROGEJCHEMICAL EVOLUTION OF THE AREA

Various lines of evidence from this study may be used to examine the recharge
history, including active (present day) recharge. The palaeoclimatic history aof
the region shows that during the early Holocene much higher rainfall (at least
400 mm/yr) occurred in the vicinity but that by 4500 BP the rainfall was as low
as 100 mm or even lower than at the present. Throughout the Holocene the Nile
Valley has been the main reliable source of freshwater in the region which has
also replenished groundwaters both north and south of the river throughout this
period. Uncertainty exists as to the amount of recharge that might have
occurred regionally during the Holocene, particularly whether this recharge was
continuous (even to the present day) and whether the recharge was extensive
throughout the area. Permanent settlement and/or nomadic grazing must bhave
occurred in the Wadi Hawad basin for at least 2000 years before the present.
Deep dug wells, some with Roman markings, are found at strategic points in the
area. It should be possible with further archaeological studies to plot the
decline of the regional water table over this period; certainly the past 2-4000
years has been a period of declining water levels. Different lines of
geochemical evidence presented in this study shed some further light on the
recharge history. The over?él picture is summarised in three diagrams - major
cations, stable isotopes (8 , 8D, Figures 53 and 54) and a conceptual Cross
section through the area (Figure 55).

The deep groundwater in the Wadi Hawad basin (with the exception of three sites
east of the valley) has a uniform geochemistry (major ions, minor elements,
carbon and oxygen isotopes) which suggests that it is part of one aquifer
system. The radiocarbon results indicate that the water must be younger than
8000 yrs and stable carbon isotope ratios indicate a common recharge evolution
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Figure 53. Summary hydrochemical diagram of principal water types in the Wadi
Hawad area.

for all waters. The enrichment in lighter oxygen and hydrogen isotopes show
clearly that the recharge regime during the mid-Holocene differed from that of
the present day. To the east of the Wadi Hawad the groundwater is geochemically
different (isotopic and incrganic parameters) and implies a different reservoir
(although still palaeogroundwater) to that in the west. It seems reasonable to
conclude that the regional Nubian aquifer in the Wadi Hawad area was recharged
until the mid-Holocene and that the water contained therein is essentially a
fossil system.

There is no evidence for recharge of the deeper regional aquifer by the present
day rains or shallow groundwaters except in the Nile Valley. In the Nile Valley
the adjacent groundwaters have a distinctive chemistry which bears resemblance
to the river itself. The range in radiocarbon results suggests that the
abstracted groundwater could be a mixture of relatively recent Nile recharge of
different ages and from different depths. It is isotopically distinct from the
regional Nubian groundwater and there is no evidence of any mixing of these two
sources. The evidence available indicates that the river Nile has only recharged
the aquifer some 10 km south of the river. It-is possible that this has been or
could be induced further by pumping. :

Superimposed upon the deeper groundwater body in Wadi Hawad and adjacent areas,
there exists a shallow aquifer system which on the basis of isotopic evidence is
being replenished at the present day. This aquifer system is that which
sustains vegetation, the traditional nomadic life in some areas and shallow
wells in towns like Abu Delaig. The development of deep wells in the Nubian has
forced a more recent reliance on the fossil system which is being mined at the
expense possibly of the shallow aquifer system.

.|
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Figure 54.  Summary diagram of all isotopic data - rains, surface and
groundwaters including soil moisture from pits and dug wells.

Recharge studies show that one mm or less water is entering the shallow system
via the interfluve areas where clay soils predominate. Even where sandstone
ridges outcrop and on sloping ground, the same situation exists and recharge is
negligible mainly due to the clay matrix of the sandstone regolith. Direct
recharge may occur more extensively if blown or loose sand forms the main
surface deposit, for example east of Kaboushir, and also along former and
present wadi channels.

The only certain replenishable resource in the area away from the Nile therefore
is that recharged via the wadi system during floods. Chemical and isotopic
evidence show that water can rapidly recharge the shallow aquifer, e.g. at Abu
Delaig and that water must flow laterally from the wadi up to a distance of a
few kilometers in some cases demonstrated by the high tritium values found in
this water up to 1 km from the wadi. This water is of good quality
(inorganically) and appears to be little contaminated by the urban settlement
(at Abu Delaig) as indicated by low K¥ and NOs- concentrations. Individually
some wells may be slightly contaminated due to the open well construction, and
it has not been possible in this study to check for microbiological pollution.
Risks of local pollution would be reduced greatly by improved well
construction. '
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resources and likely recharge sources.

Figure 55.

The only significant active

The

recharge sources are the River Nile and the wadi system.

situation at Abu Delaigq is shown in more detail

direct recharge

via the predominantly clay interfluve surfaces is negligible but
recharge from wadi bed extends laterally beneath interfluves and

during seasonal fluctuations gains some geochemical characteristics

from the capillary fringe.

It is uncertain whether water from

these 'freshwater ‘lenses' actually recharges the deeper groundwater

systems due to presence of aquicludes in the Nubian series.
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On the basis of available evidence there appears to be little interconnection
between the shallow and the deep aquifer systems. The reasons for this are not
yet clear, but it is likely that stratification in the basal facies of the Nubin
sandstone create a perched aquifer of unknown lateral extent. This shallow
aquifer is also continuous longitudinally along the lines of wadis which may
provide an active hydrogeclogical system with high transmissivity and the
resources available can be estimated by taking the Abu Delaig area as a type
cross-section area and multiplying this by the length of hydaulically effective
wadi lines. Assuming a saturated thickness of 10 m, a porosity of 30% and a
lateral extent of 1 km from the wadis, a resource of 300 Ml is available per 1
km length of wadi. Further estimation of available resources in the shallow
aquifer system will be made in the hydrogeological and summary reports.

It is also possible that there could be lateral recharge from the basement to
the south, where higher rainfall occurs across the 'feather edge’' of the Nubian
sandstone. Shallow groundwater is exploited in the basement in much the samg
manner as in the Nubian, along wadis and also in certain other areas such as
Jebel Qeili. There is however no geochemical evidence which shows one way or
the other whether such lateral recharge is occurring.

The only evidence of possible connection between deep and shallow groundwaters
is to be found in the fewdug wells of intermediate depth for example near to Abu
Delaig. These probably exploit the intersection of the Nubian shallow system
overlying the granite basement with the deeper aquifer. Further careful work,
involving geochemical sampling beneath wadi systems would be needed to confirm
this possibility.

There are therefore three distinct types of groundwater water in this region of
Sudan - Nile valley groundwaters, deep Nubian palaeowaters, shallow aquifer of
the Wadi system. The recharge to the first of these systems comes from the
Nile, and to the third via wadi floods. A little, effectively negligible
recharge may be taking place by direct regional recharge in favoured areas as
well as some lateral flow from the basement sustained by higher rainfall belts
to the south.

REFERENCES

ACSAD (Arab Centre for Semi-Arid Zones and Dry Lands) 198l. General

investigations of water resources in Lower Atbara River in Sudan. Project
Document. ACSAD/HS/PD/21, Damascus.

Allemoz, M and Oliver, P 1980. Recharge of groundwaters in arid -areas; case of
the Djeffara plain in Tripolitania, Libyan Arab Jamahiriya, pp. 181-191 in
Arid Zone Hydrology: Investigations with Isotope Techniques. IAEA Vienna.

Allison, G B and Hughes, M W 1974. Envirommental tritium in the unsaturated
zone: estimation of recharge to an unconfined aquifer. Proc. Symp. Isotope
Techniques in Groundwater Hydrology, Vol. 1, 57-72. IAEA Vienna.

Allison, G B and Hughes, M W 1978. The use of environmental chloride and

tritium to estimate total recharge to an unconfined aquifer. Aust. J.
Soil. Res., 16, 181-95.

Allison, ?88, Barnes, C J and Hughes, M W 1983. The distribution of deuterium
and 70 in dry soils. 2. Experimental. J. Hydrol., 64, 377-397.



Allison, G B and Barnes, C J 1983. Estimation of evaporation from
non-vegetated surfaces using natural deuterium. Nature, 301, 143-145.

Barnes, C J and Allison, G B 1983. The distribution of deuterium and 180 in
dry soils. 1. Theory. J. Hydrol., 74, 119-135.

Cook, J M and Miles, D L 1980. Methods for the chemical analysis of
groundwater. Rep. Ser. Inst. Geol. Sci. 80/5. HMSO, London.

Dincer, T, Al Murgin, A and Zimmérman, U 1974. Study of the infiltration and
recharge through the sand dunes in arid zones with special reference to the
stable isotopes and thermonuclear tritium. J. Hydrol., 23, 79-109.

Edmunds, W M and Wright, E P 1969. Hydrogeological studies in central
Cyrenaica, Libya. Supplement 1. Distribution and origin of nitrate in
groundwaters. Report to Govt. of Libya (unpublished).

Edmunds, W M 1980. The hydrogeochemical characterisation of groundwaters in
the Sirt Basin, using strontium and other elements. pp. 703-714 in 'The
Geology of Libya' eds. Salem, M J and Busrewil, M T, Academic Press.

Edmunds, W M 1982a. Use of geochemical methods to determine current recharge
and recharge history in semi-arid zones. pp. 282-301 in, Ileme symposium
arabe sur les ressources en eau; Rabat 1981. Arab Centre for Semi-Arid
Zones and Dry Lands (ACSAD), Damascus.

Edmunds, W M 1982b. Lower Atbara River Project. Progress Report to ODA.
WD/0S/82/6.

Edmunds, W M and Walton, N R G 1980. A geochemical and isotopic approach to
recharge evaluation in semi-arid zones - past and present. pp. 47-68 in

'Arid Zone Hydrolegy: Investigations with Isotope Techniques'. IAEA =~
Vienna.

Edmunds, W M and Wright, £E P 1979. Groundwater recharge and palaeoclimate in
the Sirte and Kufra Basins, Libya. J. Hydrol., 40, 215-241.

Edmunds, W M, Walton, N R G, Howard, M P and Jacovides, J 1981. Geochemical
estimation of aquifer recharge. Final Report of Semi-Arid Zone Aquifer
Recharge Project, Cyprus. Internal Report IGS, WD/0S/80/17.

Edmunds, W M, Miles, D L and Cook, J M 1984. A comparative study of sequential
redox processes in three British aquifers. pp. 55-70 in Hydrochemical
Balances in Freshwater Systems. IAHS Publication No. 150.

Eriksson, E 1976. The distribution of salinity in groundwaters in the Delhi
region and recharge rates of groundwater. pp. 171-178 in 'Interpretation
of Environmental Isotope and Hydrochemical Data in Groundwater Hydrology'.
IAEA Vienna.

Fontes, J C, Yousfi, M and Allison, G B 1986. Estimation of the long-term
diffuse groundwater discharge in the northern Sahara using stable isotope
profiles in soil water. J. Hydrol., 86, 315-327.

Foster, S S D, Bath, A H, Farr, J L and Lewis, W J 1981. The likelihood of

active groundwater recharge in the Botswana Kalahari. J. Hydrol., 55,
113-136. :

~

ms am

-’ - - ‘



- aE eN

) - 9 oA e

4

\
v

Gasse, F 1977. Evolution of Lake Abhé (Ethiopia and TFAI) from 70000 BP.
Nature, 265, 42-45.

Gasse, F, Rognon, P and Street, F A 1980. Quaternary history of the Afar and
Ethiopian Rift lakes. pp. 361-400 in. The Sahara and the Nile, eds.
Williams, M A J and Faure, H. Balkema, Rotterdam.

Hassan, f A 1980. Prehistoric settlements along the main Nile. pp. 421-450
in, The Sahara and the Nile, eds. Williams, M A J and Faure, H. Balkema,
Rotterdam. :

Heaton, T H E 1984 Sources of the nitrate in phreatic groundwater in the
western Kalahari. J. Hydrol., 67, 249-259.

Kitching, R, Edmunds, W M, Shearer, T R, Walton, N R g and Jacovides, J 1980.

Assessment of recharge to aquifers. Hydrol. Sci. Bull., 25, 217-235.

Maley, J 1973. Mécanisme des changements climatiques aux basses latitudes.
Palaeogeog. Palaeoclimatol. Palaececol. 14, 197-227.

Maley, J 1982. Dust clouds, rain types and climatic variations in tropical
North Africa. Quatern. Res., 18, 1-16.

Mawson, R and Williams, M A J 1984. A wetter climate in eastern Sudan 2000
years ago? Nature, 309, 49-51.

Mook, W G 1980. Caron-14 in hydrogeological studies. Ch. 2 in, Handbook of
Environmental Isotope Geochemistry, eds. Fritz, P and Fontes, J Ch.
Elsevier, Amsterdam.

Nicholson, S E 1980. Saharan climates in historic times. pp. 173-200 in, The
Sahara and the Nile, eds. Williams, M A J and Faure, H. Balkema,
Rotterdam.

Pachur, H-J 1975. Zur spatpleistozanen und holozanen formung auf der
Tibestigebirges. Die Erde, 106, 21-46.

Pachur, H-J 1980. Climatic history in the Late Quaternmary in southern Libya
and the Western Libyan Desert. pp. 781-788 in, The Geology of Libya, eds.
Salem, M J and Busrewil, M T, Academic Press, London.

Pachur, H-J and Roper, H-P 1984. Die Bedeutung paldoklimatischer Befunde aus
den F.achbereichen der ostlichen Sahara und des nordlichen Sudan.

Z. Geomorph., 50, 59-78.

Peck, A J, Johnston, C D and Williamson, D R -1981. Analyses of solute
distribution in deeply weathered soils. Agr. Water Manag., 4, 83-102.

Penman, H L 1948. Natural evaporation from open water, bare soil and grass.
Proc. Ray. Soc. London Ser. A 193, 120-

Reardon, £ J and Fritz, P 1977. Computer modelling of groundwater L3¢ and 14
isotope compositions. J. Hydrol., 36, 201-224.

Ritchie, J C, Eyles, C H and Haynes, C V 1985. Sediment and pollen evidence
for an early to mid-Holocene humid period in the eastern Sahara. Nature,
314, 352-355.




Rognon, P 1976. Essai d'interprétation des variations climatiques au Sahara
depuis 40000 ans. Revue de Geog. Phys. et de Geol. Dynamigue, 18,
251-281.

Rognon, P and Williams, M A J 1977. Late Quaternary climatic changes in

Australia and North Africa; a preliminary interpretation. Palaeoggeogr.
Palaeoclimatol., Palaececol., 21, 285-327.

Servant, M and Servant-Vildary, S 1980. L'environment quaternaire du Bassin du

Tchad. pp. 133-162 in The Sahara and the Nile, eds. Williams, M A J and
Faure, H. Balkema, Rotterdam.

Shahin, M 1985. Hydrology of the Nile Basin. Developments in Water Science
No. 21, Elsevier, Amsterdam, 575 pp.

Shinnie, P L 1967. Meroe. A civilisation of the Sudan. Thames and Hundson,
London 1967, 229 pp.

Smith, D B, Wearn, P L, Richards, H J and Rowe, P C 1970. Water movement in
the unsaturated zone of high and low permeability strata by measuring
natural tritium. pp. 73-87 in, Isotope Hydrology 1970, IAEA Vienna.

Sonntag, C, Christmann, D and Munnich, K 0 1985. Laboratory and field
experiments on infiltration and evaporation of soil water by means of

deuterium and oxygen-18. pp. 145-159 in, Proc. IAEA-GSF meeting, Vienna,
1984. IAEA TEC/DOC, 357.

Street, F-A and Grove, A T 1976. Environmental and climatic implications of
late Quaterrmary lake level fluctuations in Africa. Nature 261, 385-390.

Sukhija, B S and Shah, C R 1975. Conformity of groundwater recharge rate by
tritium method and mathematical modelling. J. Hydrel., 30, 167-178.

Vogel, J C, Talma, A S and Heaton, T H E 1980. Gaseous nitrogen as evidence
for denitrification in groundwater. J. Hydrol., 50, 191-200.

Wellings, S R and Bell, J P 1980. Movement of water and nitrate in the

unsaturated zone of Upper Chalk near Winchester, Hants, England. J.
Hvdrol., 48, 119-136.

Williams, M A J and Adamson, D A 1980. Late Quaternary depositional history
of the Blue and White Nile rivers in Central Sudan. pp. 281-304 in, The
Sahara and the Nile, eds. Williams, M A J and Faure, H. Balkema,

Rot terdam.

]
- " -

" eu o

- - ‘- ‘-’;

-l oS e  um .



{

-t ek N e MM U am W

Appendix 1

Appendix 2

Appendix 3

APPENDICES

Chemical analyses of rain, surface and groundwaters
(Tables 2, 3, 5, 6)

Chemical analyses of elutriated samples (Table 13)

Field data sheets for holes D, G (Figures 29, 30)
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Table 13.

APPENDIX 2

Solgte»profile data for 1983 field season.
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- DEPTH ELUTRIATE soiL MOISTURE
o _ e % ™.C. .
BGS Pl (cm) | omeshd ECys | CL [NOy-N "gswhr Orlubion |dy veignt| ECos | CLT | NOg-N
No I No Top  Boltom. |(wet weigh . added Factor OVQ:\Od"S 7
33/121 A © . 5. 2.83 157. 7.5 3.3 30.16 14.09 4.33 3.345 2.026 1.0667
337122 A 1 . 30, 4.21 543, 73.0 0.3 30.16 19.77 6.58 3.769 2.907 0.731
33/123 & 2 30. 60. 4.39 1120. 175.0 0.5 30.16 10.21% 7.01 4.058 3.252 0.708
337124 & 3 00. 50. 4,56 1560. 1581.0 2.6 30.1¢ 10.12 7.08 4.198 3.263 1.420
33/125 A & 0. 100. 5.585 1720. 190.0 - 7T.3 30.16 9.02 8.14 4.191 3.234 1,21C
33/126¢ A 5 109. 125. 4.32 2018, 184.0 1.6 30.1%8 9.90 7.27 4.301 3.261 1.142
D337127 A & 125. 155. 4429 2730, 163.0 13 30.16 10.65 6.67 a.464.3.260 1.141
337128 5 7 155. 155. 6.395 2640. 211.0 1.3 30.16 8.25 .$.03 4.338 3.241 1.030
83/129 A &8 155. 215. 7.32 £670. 227.6G 1.0 30.16 7.48 10.26 4.301 3.230 0.874
23/130 A 9 215. 235. 4.82 2310, 252.0 5.0 30.00 10.12 7.04 4.405 3.407 1.704
33/131 A10  235. 270. 4.97 2230. 237.0 1.1 30.00 9.67 7.44% 64334 3.360 1.027
237132 A11 279, 285. k.94 1930, 209.U 11 30.00 9.71 7.40 4.284 3.307 1.028
D 33/133 A12  285. 30%5. 4.31 1990, 190.8 0.5 30.00 10.57 6.69% 4.303 3.303 0.723
L 33/136 &13  205. 330G. 4.44 1610, 147.0 0¢5.30.00 10.38 6.96 4.223 3.183 0.715
. 33/135 Al4  333. 300. 3.36 1250. 114.0 6.5 30.00 12.39 o581 44187 3.147 0.789
“$3/130 415 32C. 333. £.71 1530. 1374.8 Je5 30.00 7.79 9.70 4.076 3.034 0.590
C83/137 Ale 385. 400, 4.87 1240, 111.0 0.5 30.00 10.06 7.10 4.096 3.048 0.70%
L 33/133 A7 400, 421. 3.C0 15320. 125.0 1.2 29.5C 12.86 5.26 4.294 3.206 1.188
P 835/13% a13  &21. 443, 3.59 1550. 130.0 1.1 29.50 11.61 5.39 4.253 3.179 1.106
FB3/140 219 443.  604. 2,85 1460, 113.0 0 0.5 29.50 11.438 5.96 4.224 3.113 0.759%
S 33/161 A28 4ob.  48%5.. 3.20 1473, 119.C J.5 25.50 12.28 5.52 4.258 3.165 0.788
P R3/142 A21 435. 507. 3.30 154C. 113.0 0.5 29.50 11.23  5.12 4.227 3.104- 0.749
§ 337143 A2¢ 307. 52%. 3.42 1475. 127.C 3.5 26.50 11.95 5.70 4.246 3.181 0.77%
L 33/164 A23  S29. $30.  4.33 1590. 118.0 0.5 29.50 10.32 %.71 4.192 3.088 0.715
1 33/145 A24 550. 572. 3.95 11720. 923.5% G.5 29.50 10.98 6.29 4.116 3.034 0.73%
P 33/140 A25  572. 593. 4.21 1330.°112.0 0.5 29.50 10.56 6.53 4.148 3.073.0.723
13571647 A26 5%3. 615. 4.75 1260.. 113.0 3.5 22.50 9.7 7.22 4.090 3.061 0.088
335/140 A27 £15.° &2&.  4.95 1320. 13640 5.5 26.50 9.55 7.41 4.100 3.1713 0.679
CB3/149 425 636. 058. 4.%6 1322. 123.0 G5 29.50 2.56 7.43 6.100 3.069°0.678
S 83/150 429 558. 675. 3423 1475. 164.0 0.5 29.5C 2.22 7.73 4.133 3.130 .0.06664
P 557151 A30 £79. 701. 3.23 1370. 190C.C D03 29.50 9.22 7.73 4.151 3.243 0.664
S 23/152 A1 701, 722. 5.37 13a0. 182.¢0 0.5 29.50 8.55 8.47 4.059 3.192 0.631
337153 32 722. 744. 5463 1234, 155.0 0.5 29.50 8.79 8.19 4.053 3.134 0..643
L 357154 A5 7ad.  785. 3.3% 1185, 141.0 0.5 29.50 9.05 7.91 4.0%% 3.106 0.65¢
335/15% A34 7¢5. 7E7. 43¢ 1036, 15%.0 Ze1 27.50 7.74 9.5y 3.903 3.090 1.211
35/7155 a335 737. 8U2. 3.5Y 10535. 133.48 1.0 29.50 B8.73 8.25 3.943 3.065 0.941
33/15¢ A3c 208. 8#30. 3.15 3%3%. 117.0 G.5 29.50 9.31 L84 3.902 3.037 Geo6d
C33/156 a37  230. 851. 3.77 7Ta4. 1G0.0 0.3 29.50 11.29 6.0Y 3.924 3.053 0.751
637159 A3d #51. B873. 2.23 452. 48.0 Ge5. 29.50 15.00 4.40 3.341 2.857 0.873
55/160 A39 573. $¥a.  1.32 420, 49.3 0.5 29.50 14.25 4.02 3.834 2.818 0.910
35/151 A40  3%4. Jie. 4H.71° 67%. B5.0 1.1 29.50 9.35 7.14 3.825 2.923 1.035
55/162 a6l $1&. 937, 1.38 387. 46.0  G.5 29.59 18.59 3.47 3.3857 2.932 0.964
83/163 A42 937. 959, .53 293, 2.0 J.3 29.50 23%.42 2.70 3.836 2.847 1.069
© 337154 A43  $3%. 930, 0.37 127. 22.5 J.5 29.50 22.09 2.74 3.635 2.716 1.062
© 8374165 3 1 3. 15. 2.21 144, 7.5 8.6 29.76 15.19  4.33 3.346 2.057 2.001
33/160 8 2 15, 35. 2.3%9 182, 4.5 5.5 29.75 16.61 64.57 3.425 1.818 1.9G5
$3/157 & 3 3. $55. 2.72 257. 15.5 4.7 292.75 12.487 4.93 3.546 2.325 1.803
25/15¢ 3 & 55.  8D. 2,54 530. 64.0 2.3 29.75 11.3C 5.83 3.835 2.878 1.434
35/1¢% & 5 2. 105. .25 7IB. 2?7.0 1.5 29.75 12.44 5.69 3.963 3.082 1.271 -
33/174 8 6 105. 13C8. 4.22 1230G. 127.0C 1.2 29.76 10.63 6.59 4.123 3.130 1.100
$3/171 & 7 130. 155. 3.03 136C. 124.0 1.2 29.75 9,53 7.51 4.172 3.194 1.05%
83/172 5 & 135. 180. 3.%0 1230. 1856.0 1.2 29.75 S.83 8.23 4.158 3.215 1.025
237175 2 5 150. 295. 3.77 13%0. 209.0 1.5 ¢9.7& 3.72 B3.36 4.217 3.261 1.145
33/174 310 20G5. 230. £.22 1590. 236.0 1.6 29.75 2.30 8.83 4.218 3.292 1.123
25/175 511 230. 248. 3.12 2970. 204.0 1.1 29.75 2.39 28,75 4.24G 3.233 §.965
12 23, 206. 413 ¢620. 251.90 1.4

§3/170 31 29.75 3.33 3.33 4.330 3.320 1.067
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|
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DEPTH ELUTRIATE sSolL MOISTURE
: 9 ; Weight . % ™M.C.
BaS  Rofre| (T | IR BCas | CLNOSN| p A Celen I EC5 | CLT NogeN
i No +No Top  Boltom |(wet weigh) added Cror oven dry
"33/177 213 2o0¢. 285. 5.82 2200, 213.0 Tel 29.786 8.67 R.42 4.280 3.276 0.979
- 83/178 C 1 Oa 15. 1.37 323. DeS 2.5 29.%4 16.52 4.01 3.734 2.031 T.o1¢
337179 C 2 15. 30. 0 2.03 340. 11.3 5.9 29.94 15.91 4213 3.733 2.262 1.973
L 23/180 C '3 30. 55. 2.23 510. . 34.5 12.4 29.94 15.21 4,60 3.390 2.720 2.276
3377131 C & 55. 3C. 2.25 885. 115.0  26.3 29.9%% 15.14 442 4.127 3.245 2.600C
8377132 C 5 30. 105a. - 2.83 1120, 140.0 20.9 29.94 132.91% 4,88 44,192 3.289 2.463
53/133 C 6 10¢%. 1T30.. 2.30 2020.:236.0 12.8 29.9¢ 14.36 4.69 4.463'3.530 2{264
35/184 C 7 130, 15Q. 179 2010. 21340 17.9 29.9 16.85 . 3.93 4.530 3.555 2.479
3371853 C 8- 153, 173+ 1.39 1840, 234.0 11.7 29.946 1A.44 4.03 4,431 3.585 2.284
. 83/18¢. C 9 170. .19C. 1.75 1890Q. 247.0 Pe7 29.94 17.01 3483 4486 34623 2.218
337137 C10 0 190, 2100 129 1480, 190.0 32 29.94 20,40 3.19 4.474 3.588 2.223
23/123 C11 210. 230. 1.20 1150.~152.0 7.2 29.94 20.97 3.09 4.382 3.504 . 2.179
3371329 C12 23C. 255.. 0.26 926, 112.0 7.2 29.9%% 27.43 2.32 4.405 3.514 2.295
837160 C13 235. 230. 0.51 921. 116.0 Teld 29.94 24,83 2.58 4.359 3.459 2,253
C83/1%1 C14 20, 305. 2.39 670. 87.5 6.0 2%2.946 26.01 2.45 4,241 3.357 2.1932
;33719 €15 305, 33C. .33 640, 23.5 Se2 29.94 21.45 3.92 4.151 3.253.2.09¢
2 35/1%3 C16  330. 348, 0.N 472. 3545 Se5 29.94..21.5% 3.00 4..75%82 3.266-2.075
3537194 C17 . 3an, 353, Tel4. 873. - 387.5. 5.3 29.94% 22.71 3.13 4.144 3.258 - 2..08C
353/71¥5 C13 302, 330 0 1.08 710. ©1.5 6.0 29494 20,46 3,17 4.162 3.272 2.089
33/19c C19 . 350. 396. 1423 650. - 85.9 545 29.94 19.57 3.33 4,104 3.221 2.032
354157 C20 3356, 413, 1.95 ZZ?. 9%.5 643 29.94 17,45 F.78 4.133 3.222 2.053
253/193 C21  413. $3C. 1.33 9$31-113.0 7.2 29.94 16,68 3.97 4.185 3.275:2,08C
33/199 (22 430.. &353. 2.18 - 339, .106.0 el 29.%4 15.33 4,35 4,111 3.212 1.99:
. 337200 €23 433, 476. 2.39 932, T19.ﬂf Ge7 29.94 14,70 4,57 44137 34243 1,997
©33/201 C24 . a7c. .438. 2.53 334. 105.0- 6.2 29.94¢ 14,13 4.78 4,082 3171 %.94:
33/2Q2 €25 488. 50C. 3.52 -83%4. 100.0 Seb 29.94 1T1.72 5.92 4.000 3.094 1..87¢
33/233 0 1 g.. 15 T1.40 ‘133.  11.0 245 29.592 18,583 3.51 3.394 2.312 1.66¢
" 33/¢04 0O 2 15. 3C. Q.93 142. 2.0 2.6 29.92 21.43 3.02 3.483 1.632 1.74¢
§3/205 D 3 30, 65, 1.26 153, 3.5 3.5 29.92 20,57 3.15 3.512 1.857 1.857
337206 0 4 45, 5¢. 0.é9 . 232, 13.5 7.0 29.92 23.24 2.77 3.732 2.496 2.211
237207 0 3 5¢., 7. 0D.70 273, 20.0 10.0 29.92 23.15 2.73 3.3801 2.666 2.36¢
- 3372035 D o 74, 3. Je64 332, 310 12.9 29.92 23465 2.71 3.895 2.365 2.48:<
33/0y 007 e35.. 103, Q.44 209, 31.0. 745 29492 25.48 2.51 2.8336 2.898 2.28:
33/215 20 5 133, 116. Q.31 270, 36.0 560 2992 26.8¢ - 2.37 3.850 Z2.985 2.177
35/211 0 % 11s. 132. D49 333, 49,5 3.0 29.92 25.00 2.56 3.927 3.093 2.301
33/212 10 132. 148 .50 372¢. 54.0 Be7 29492 26,90 2.57 3.9487 3.129 2.33¢
337215 o1 146. 172. Qeo0éd 410, 1.0 3.4 29492 23.63 2.71 3.987 3.159 2.29:
337214 D12 172, 19%. 1.32 A18. 90.0 12.5 29.92 19.0¢6 3.463 4.071 3.234 2.38¢
S 353/213 €13 1923, 224, 2.30 11350, 1435.0 1G5 2?.?2 14.78 4.3534 4,230 3.325 2.19¢
1334270 214 224, 2504 1435 300. 120.0 1149 29.92 1659 3.99 4.123 3.299 2.29¢
S 33/217 .15 25C. 275, 240 1200, 14040 848 29.92 14,47 4.55 4,264C 3.307 2.10Q¢
é53/216 016 27¢. ~29%92. 2.77T 1520, 161.0 7.5 2%.92 12,76 4.92 4.348 3.346 2.01¢
L R3/219 017 292, 312, . 2.70 173C. 147.0 e? 29.92 123.79 4.91 4.378 3.307 1.97¢
35/7220 0148 3183. 344, - 2494 1525, 181.0 5.4 29.92 13.17 517 44303 3.377 1..85:¢
1 835/221 D19 344, 370. 2.6 1760, 176.0 Bed 29.92 13.12 5.19 4.3646 3.364 1.92:
337222 D22 370. 39¢. 2.35 1750. 195.0 7% 29.92 12.91 5.29 4.356.3.401 1.98¢
357223 D21 395, 4203, .25 1720, 183.0 5.7 29492 12.46 S.51T 4.348 3.370 1.92¢
3x/cde £ 1 Ja 1. 2.2 213, 15.8 6.5 29475 15.02 4.43 3.509 2.353 1.99¢C
337225 & & 15. C. 2.43 1920, 34 .U 2.3 22.75 16.34 4,87 4.165 2.963 3.02¢
357226 £ 3 3C. 55. 2.26 1790, 100.0 155.0 29.75 13.88 4.84 4.373 3.168 3.31¢
33:/227 £ & 55. 5Q. 2.42 20640, 126.0 195.0 29.735 14.52 4.60 4.472 34262 3.45:¢
L 3i5/22% £ 5 80, 105. 2.3¢ 20080. 127.0 198.0 2%9.75 14.64 4,50 44479 3.259 3.46¢
33429 E 6 135, 139, 2.50 1330, 125.0 171.C 2975 13.99 4.80 4.408 3.243 3.37¢
834230 & 7 130. 155, 2.40 12300, 147.0 155.0 29.75 14.58 4.58 4.419 3.331 3.381
350231 £ 083 135, 13C. 2454 1620, 13240 122.0 29.75 13.88 4.84 4,352 3.276 3.257F
33./232 = 9 1¢0. 205, 2.35 1350. 131.C 1C1.0 29.75 14.13 4,75 4.281 3.268:3.15%
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. O, 7 . Weight 4 ar % MC .c
8GS  Rufie (cm) é:\amf ECos CtL NOy-N D.S;N_ DF:u:on g;y":é- nt Ec;s CLS- :Nos—f“
No ' No Top Bottorm |(wet wes . added ctor overddrg |

337233 E10  205. 230. 2.35 12200 144.0 7343 29.75 14,73  4.53 4.255 3.327 3.0406
33/234 E11  230. 255. 2.00 1130, 158.0 69.2 29.75 15.71 4,22 4.272 3.3935 3.03%
837235 €12 255, 230. 1.73 312.°117.G 40.3% 29.75 17.00 3.86 4.143 3.299 2.847%
8357235 13 28G. 30G3. 1.73 $63. 90.5 29.7 29.75 17.00 3.86 4.0355 3.187 2.703
337237 €14, 3GS5. 333. 1.53 €05. 80.5 2449 29.75 17.85 3.63 4,034 3.159 2.649
33/233 €15 33Q. 355. 1.54 621. 79.5 23.3 29.75 17.85 . 3.66 4.045 3.152 2.019
53/239 16 355. 380.  1.25. 539. 66.5 17.4 29.75 19.34 3.35 4.018 3.109 2.527
83/24C €17 330. 405. 1.15 300. 63.5 15.1 29.75 19.91 3.25 3.998 3.081 2.478
83/241 18 405, 432, 1.12 352. 44, 1C.3 29.75 20.09 - 3.22 3.896 2.951 2.336
33/242 E19 430, &35, ©.90 397. 32.C 7.2 29.75 21.53 2.99 3.820 2.8338 2.190
33/2643 £20 455. 4£50. 0.90 250.° Z24.5 4.7 29.75 Z1.53 2.99 3.731 2.722 °2.005
83/244 221 .44é0. 3505 B.%c 154, 19.5 2.5 29.75 21.11  3.05 3.617 2.542 1.723
33/245 €22 50>. £30. L2000 15%. 0 1205 2.0 29.75 20.85 3.09 3.531 2.416 1.0620
35/2a406 2% 5330, 5533, 1.25 195. 1lo.d 3.3 29.75 19.34 3.35 3.576 2.490 1.805
"83/247 ZZ24  555. S5&C. 1.47 259. 24.5 o 29.75 183,18 3.59 3.5673 2.649 .2.066
.383/243 €25 S280. 5405, 1.74  21C0. -719.0 4,0 29.75 18.95 3.87 3.551 2.508 1.83%1
33/247 €2o  £585. 53C. 1.722 212. 18&.5 4eZ2 29.75 15,23 4.07 3.537 2.477.1..833
337250 £27 63G. 6533, 1.92 148, -19.5 . 1.7 29.75 15.96. 4.14 3.367 2.493 V.434
33/¢51 E28 635. &E0. 1.39 -140C. 7.0 1.2 29,75 17.81  3.71 3.392 2.091 14360
83/252 £2Y 530.  &693. <¢.07 158. - 7.3 el 29.75 15467 4.23 3.394 2.070 1..575
337253 6 1 Q. 13 4.0& 139, 3.5 1.3 29.73 10.91« 5.39 3.314 1.532 1.7152
33/254 G 2 15. 30. 3.72 1%7. 2.3 1.3 292.73 11.486 6.03 3.353 1.360 1.173
33/¢55 5 3 - 30. 35. 4.°0 7. 21.C 257 29.73 9.63 7.36 3.550 2.3038 1.417
33/2%0 & & 53. 20. 5.11 -53C.  €o0.1 4.0729.73 92.462 7.50 3.738 2.794:1.576
337257 G 3 204 10%. 4495 943, 127.0 12.2 292.73 9.61 7.41 3.957 3.087.2.069
"837/253 G 6  1DS. 130. 4.92 1280..181.0 26.%9 29.73 9.65 7.38 4.092 3.,242:2.381
43/259 6.7 130. 153. 4435 1560, 227.0 34.7 29.73 9.70 7.33 4.180 3.343 2.527
33/250 ¢ & 1S53. 180. S5.70 21710, 276.0 44.3 29.73 8.73 8.23 4.268 3.384 2.590
33/261 G ¥ 180. 205, 64.57 24900 293.0 46.0 29.73 9.59 7.44 4.378 3.456 2.645
33/262 510 205, 230, 5.47 2000. 264.0 35,7 29.73 - 9.0¢ 8.01 4.256 3.346 2.5038
33/263 G611 230. 255. 4452 1713. 190.0 25.7 29.73 10.04 7.04 4.235 3,281 2.423
35/2¢4 G612 255¢ 280, 4.57 1810, 195.0 2546 29.73 9.97 7.10 4.257 3.289 2.424
337265 G132 2230, 305. 4.57 1370, 204.0 27.46 29.73 2.71 7.32 4.259 3.297 2.425
33/¢0n 614 3035, 330, 4.85 1720, 136.0 23.9 29.73 9.59 7.08 4.235 3.269 2.378
337257 615 330+ 335.  3.72 174%0. 1935.0 26,0 29.73 11.46 6.03 4.300 3.351 .2.474
33/26% 616 335. 335, F.?2 1500. 163.0. 21.6 29.73 11,10 6.25 4.222 3.271.2.380
337259 617 3280. 405, 3.70 1373, 144.0 17.1 29.73 11.49  6.01 4.197 3.219 2.293
337270 613 405. 430, 3.37 1430, 143.0 123.3 29.73 12.13  5.54 64.248 3.296 2.358
23/7271 G61% 530. 435. .51 134C. 154.9 17.9 29,73 11.86 5.971 4.194 3.254 2.320
$3/27¢ G20 435. 4300 2.9% 12800 143.0 15,3 29.73 13.00  5.21 4.214 3.269 2.331
33/273 621 480. S5D3.  2.%2 1130. 131.0 15.3 27.73 13,14 5.15 4.191 3.236 2.303
33/274 522 5305, S530.  2.47 1010, 1180.0  12.9 29.73 14.35 4.60 4.161 3.198 2.268
33/275 623 S390., 353. 2465 1020. T1&.0 14.3 29.73 13.86  4.35 4.130 3.198 2.297
33/275 624 553. 320. 2.52 932, 104.0 13.& 29.73 14.21  4.71 4.125 3.170 2.2%6
337277 G625 320. 5035, 2.0% 284. 95.0 13.1 29.73 15.77  46.19 .4.1464 3,176 24315
83/278 GZb  €0G3. 636, 1.dc 734. 74.0 11.5 29.73 17.29 3.79 4.105 3.130 2.293
3372739 G627 e¢30. 5533, 1,00 534, 315 9.2 29.73-22.83 3.09 4.023 3.026 2.283
33/250 G285 5535. 0dQ. 3,79 4350, 47.0 11.0 29.73 22.31 2.87 4£.002 3.021 2.390
337281 329 680C. T03. D.81  2WZ. 33.0 10.2 29.73 23.76 2.68 3.953 2.950 2.385
35/¢252 G300 70%5. 730. D.s1 331. 3.5 11.0 29.73 23.75  2.58 3.921 2.914 2.417
33/é33 631 738, 7353, G.4%c 324. ZG.C 9.4 22.73 25.13  2.53 3.911 2.877 2.373
85/¢834 632 T735. TEG. 9.3% 318, 390.C V.7 29.73 26.32 2.61 3.390 2.864 2.374
¥3/265 G335 75G.  335.  G.%% 0 323, 29.5  10.1 29.73 24.02 2.65 3.836 2.350 2.385
83/256 534 BGS.  330. 2.75 310, 29.5 10.4 29.73 22.62 2.33 3.840 2.824 2.371
337287 633 330, 85%. 0.81 385. 3&.0 12.3 29.73 22.1% 2.39 3.833 2.877 2.453
33/¢283 53¢ 555, 328. 5.7 :0Z. 2%.0 11,7 29.73 23.81 2.73 3.351 2.824 2.430
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i : o, \ . %N..C- : ' 3
Cacs meie| ™ | Eas| CU foow M fonan ot ecs | cic [noyn
.  No \ No Top  Boltom |(wer weigh , added | Factor oo drg .
- 83728y G37 &¢0. 905. 0.685 232. 24.0 9.9 29.73 23.42 2,72 3.820 2.750 2.365
" 83/290 1 2 15. 30. 32,29 237. 9.5 9.3 30.00 12.40 5.55 3.560 2.071 2.G62
837291 H 3 30. 0 55.7 5.50 522. 493.5 17.7 30.00 9.06 8.064 3.5380 2.565.2.205
837292 H & 55. 80« 3.50 780. 063.5 36.2 30.00 11.73 5.90 3.943 2.874 2.630
$8371293 H 3 8C. 105. 4.17 1150, B9.0 55.3 30.0C 10.79 £.53 4.097 2.982 2.779%
i83/294 6 105. 130. 4.48 1300. 107.0 70.7 30.00 10.32 - 6.38 4,147 3.043 2.863 ‘
83/2Y5 H- 7 130. 155. 4453.1510. 111.0 73.7 30.00 10.25 5.94 4.190 3.056 2.878 '
F83/296 H 8 155. 130. 5.31.1590. 103.0 63.&6 30.00 9.27 7.83 4.168 2.930 2.803 j
‘ 837297 H 9 1&0. 205+ 4499 1750. 107.0 69.6 30.00 9.64 7.46 4.225 3.014 2.3827
:83/298 H10 205, 230C. 35.26 2440. 175.0 120.0 30.00 9.32 7.77 4.357 3.213 3.049
- 837299 H11 230. 235. 4,62 1940. 131.0 80.35 30.00 10.12 7.04 4.293 3.123.-2.911 '
33/35C0 H12 &55. 280. 4.05 1856, 11870 71.5 30.00 10.08 7.07 4.273 3.068 2.858
837301 H13  230. 305+ 4430 1960, 131.0 8%.4 30.00 10.49 5.75 44313 .3.138 2.957
83/302 H14 .3G5. 330. 4.08 1975. 147.0 93.0 30.00 10.96 6.41 4.335 3.207 3.00%8
V837303 4 ¢ 15, 30 - 3.50 1240. 101.0 90.0 30.00 11.85 5.385 4.167 3.078 3.0238 l
S %3/304 J 3 30. 55. 4.02 1390, 112.3 91.2 30.00 17.03 6.36 4.136 3.092 3.002
£33/305 4 4 55. 80. 4.33 1530, 114.C 70.4 30.20 10.54 6.71 4.208 3.080 2.870
+33/3C0 4 5 30. 105« -4.39 1330 111,00, 4€.¢€ 30,00 9.77 7.35 4.114. 3.035 2.658
£83/4307 J o 105. 120, 4.03. 954. 33.3 34.0 30.70 11.01 6.38 4.021 2.989 2.573
1837306 J 7 130. 18C.  2.47 1230. 107.0 46.%4 30.00 12.03 S.75 4.170 3.110 2.749 ‘
837309 J 8  180. 230. . 4.31-1015. 93.0 40.2 30.00 10.57 6.69 4.031 3.015 2.628
837310 J05  230. 280. 3.12 882. 76.0 31.3 30.00 12.73 5.37 4.052 2.987 2.602 l
"33/311 Kk 1 0. 15.° 2.52 2¢4. 3.0 0 2.2 29,48 14,10 4.771 3.499 1.626. 1..492
183/312 K 2 15«  30. 7 3.406 -25%.. 225 (1.0 29.48.11.86 5.74 3.487.1.472 1.074
1834313 x 3 30« 5547 40750423, 11.0 2.0 29.48 9.79 719 3.617 2.032 1-.292
;834314 K 4 55. BCe  S.97 . 7380. 73.5 - 2.2 29.48 8,45 8.59 3.918 2.793-1.269 .
"83/315 K 3 30+ 105. £.27 13490. 1Q07.0 0.0 29.48 8.18 8.94 4.040 2.942 T.6917
33/7315 K 6 1G5. 130.  5.55 1590. 126.0 6.7 29.48 7.87 9.39 4.097 2.996 1.72¢
383/317 K 7 130. 155. 7.2% 2630. 142.0 7.1 29.43 7.40 10.15 4.255 3.021 1.720 '
83/313 K ¢ 1535, 183. 7.36 4570. 124.0 5.9 29.4%3 7.35 10.23 4.536 2.993 1.637 l
853/319 K 9 130. 2C5. 7.03 4930, 120,90 4e7 29.48 7.55 9.90 4.572 2.957 1.563
S 83/320 K130 205. 230. 7.72 5280C. 144.0 3.4 29,42 7,12 10,67 4.5%3 3.011 1.384
2837321 4 1 « Q. 15. 0.95 144, 4.0 3.1 29.52 21.02 3.06 3.6431 1.925 1.814
837322 M ¢ 15. 3C. 1.57 133, 5007 5.1 29.52 17.58 . 3.69 3.369 1.944 1.953 l
337325 ™ 3 50, 55. 1.73 449. S7.0' 13.7 29.52 15.60 3.92 3.8374 2.978 2.494
"33/324 M 4 35, 80, 2433 272, 133.0 37.0 29.52 14,69 4,51 4.111 3.291 2.758
1334325 M5 sO0. 105, 2.03 934. 137.0 4043 29.52 15,70 4.18 4.166 3.333 2.807 '
'33/326 M 6 105, 13C.  2.50 1330. 214.0 6242 29.52 14.12  4.69 4.297 3.482 2.945
337327 n 7 130. 153. 2.33 1240C. 190.0 53.3 29.52 16.69 4.51 4.260 3.4406 2.3894%
23/3¢5%5 M & 155, 180. 2.49 1000. 102.0 48.0 29.52 14.21 64.68 4.173 3.378 2.834
233732y M % 180. 205. 2444 12100 179.0 4848 29.32 14.35 4,63 4,240 3.410 2.845 '
$%3/333 M1C 20S. 233. 2.20 1233, 195.0 48.2 29.52 1511 4.37 4.271 3.469 2.86¢2
33/531 M1 230. 255. 2.36-10380. 173.0 39.5 29.52 14.60 4.54 4.1938 3.402 2.761
337332 mM12 235, 28C. 2411 957. 150.0 30.1 29.52 15.42 4.27 4.169 3.364 2.667
357323 M13  230. 305. 1.97. 8228, 135.0 23.1 29.52 15.92 &.12°4.120 3.316 2.56¢ .
B3/334 M14  30S5. 330, 1,90 74682, 106.0 156.0 29.52 16.19 4.04 4.043 3.234 2.413
33/335 W15 33d. 355. 1.42 652. 99.5 13.2 29.52 18.30 3.53 64,077 3.260 2.38:
83/330 Mlo 335. 340. 1.47 532. 79.5 «3 29.52 1%.05 3.59 4.021 3.157 2.089%
:853/337 M17  380. 435. 1.51 3529. 73.3 5.6 29.52 17.86- 3.63 3.968 3.147 2.00C '
"B83/338 M13  435. 430. 1.463 S521. 79.5 4.b 29.52 17.31 3.70 3.955 3.139 1.901
83/339 M19 430, 435. 1.51 529. 8.5 4.1 29452 17.40 3,74 3.9¢4 3.146 1.853
834340 M20. 455. 4380. 1.7Z2 330. 380.5 3.5 29.52 16,92 3.85 3.953 3.134 1.772 .
83/341 M21  480. 505. 1.74 577. 37.5 3.7 29.52 16.83 3,87 3.932 3.1%8 1.794
33/3642 me2  505. 5380. 1.39 S35. 32.0 4.0 29.52 12.45 3.50 3.994 3.130 1.868
33/343 N1 C. 15, 0.59 131, 7.5 0.5 29.52 23,77 2.66 3.634 2.251 1.075 '
833/344 N 2 15. 3C. 0.37 247. 23.5 1.7 29.52 21.58 2.95 3.727 2.789 1.564 l




: DEPTH ELUTRIATE . | sew MOISTURE

L CemY | omaned ECrs | CU [NON | MG | Diution [t | ECE_ | CLE [nopn®
B8GS. Foohile * Content] 23 S PR O Fack e | EC2s | CLT |NOg- )
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837345 N 3 30. 55. 0.83 869. 237.0 12.2 29.52.21.86. 2.91- 4.279 3.214 2.426
'83/346.N 4 - 35, 30. 0.82 2660. 632.0 38.7 29.52°27.94. 2.90 4.766 4.142 2.929
83/347 N.5S.  80. 105. 0.82 207C. 468.0. 23.0 29.52 21.94 2.90 4.657 4.011.2.788:
0 33/348 N 6 1G5.. 130. 0.87 °1640. 369.0 19.0°29.52:23:10.° 2.74 ; 2ab
33/349°N. 7 130. 155. -'0.64 1440, 308.0° 715.6 29.52 23.35 2.71"

- 33/350 N 8 155.. 130. 0.83 1380. 300.0° T14.0-29.52 21.86 2.971

837351 N9 180. ° 20S. 2.20 1790. 404.0  15.7-29.52 15.11 4.37

83/352 N10. 205. 230. 4.53 2310. 544.0 . 18.6 29.52 10.10 6.94 4.

83/353 N11  230. 255+ 4.72 2330. 568.0- 18.8:29.52 9.84 7.15,

837354 N12 255. 230. 5.43 1720..434.0 13.1 29.52 9.00 7.96

33/355 N13 280.  305. 5.67 1310. 448.0 13.0 29.52 8&.75 8.24

83/356 N14 305. 330. 4.37 1460. 404.0° 10.9 29.52 10.33. 6.7

83/357 N15 330. 355. 3.15-.508. 304.0 ~ 6.0-°29.52 12.52 5.40

837358 N16 355.- 380.. 2.72 1560. 295.0.  5.3729.52 13.57 4.93°

83/359 N17 . 380. 405. '2.40-1470..277.0.  3.9-29.52 14.47 4.58

83/350 N18 40S.  430. '3.02 1563. 300.0 ~4.1°29.52.12.82 5.26

33/361 N19  430. 455. .3.71 2070. 377.0 - 4.2 29.52 11.40 6.02

- 833/362 N20. 455. 4&0. 2.53:1650..283.0 . 2.9 29.52 14.09 4.72

33/363 N2t  430. 305. '1.94.1660. 267.0 2.8 29.52 16.03 4.09

. 83/366 N22 505.: 330.- 1.65 1280: 235.0 2.9 29.52 17.22 3.73

83/365 N23  530. 55Q0. "1.47 1710. 185.0. 1.7 29.52 18.05 3.59

83/366 N24  550.. 530. 1.65 3690..178.0 1.0:29.52 17.22 . 3.78.

' 83/307 N25 530. 605.  1.60-3315. 187.0  1:3729.52.°17.44 .3.72

83/368 N26 605. 630. L 1.3622376. ¥564.07 1.0, 29.52 18.60 3.47°

. 83/369 N27 ~ 630. 455. -1.03 1700. ¥62.0"  1.0:29.52.:20.50  :3.12 4
83/370 N28. - 655.. 680..71.18 1484+ 1420 - 1..0:29.52. 19.59°. .3.28

33/371 N29 ~630. 705. 1.06 1275. 140.0. 1.0°-29.52 20.3% 3.15 _ - 1:0.308
83/372 7 1 0. 15 .0.183 101. 6.5 2.2 29.46 27.94 2.24 3.653 2.259 1.893
33/373 P 2 . 15.° 30. 0.23 142. 1.5 4.8 2%9.46 27.35 2.2% 3.589 1.613 2.118
83/374 P 3 30.7 55. 0.30 231« 3.5 1208 29.46 26456 - 2.36 3.788 1.968.2.531
83/375 P 4  55. 8C. 0.30 309. 6.0 19.7 29.46 26.56 2.36 3.914 2.202.2.719
33/370 P 5 60. 105. 0.36.3480. . 7.0 25.0 29.46 25.91 2.42 3.970 2.259-2.811
83/377 P o 105. 130. 0.41. 419. . 9.5 30.0-29.46 25.40 2.647 4&.027 2.383 2.882
33/373 2 7 130. 155. 0.58. 413. 9.5 29.2 29.46 23.32 - 2.65 3.993 2.355 2.842
83/379 P 8 155. 130. 0.49% 361, 8.5 25.1 29.46 24.63 2.56 3.949 2.321 2.79%
83/380 P 9 180. 205. 0.52 277. 6.5 13.6 29.46 24.35 2.59 3.829 2.199 2.651
33/381-P10 205. 230. O0.66 278, 6.0 17.2 29.40 23.14. 2.73 3.808 2.142 2.600C
83/382. P11 23C. 252. Q.29 -223. 4.5 13.8 29.46 26.67 2.35 3.774 2.079.2.566
33/383 P12 252.. 275. Q.32 224. - 5.5 13.6 29.406 268.34 2.33 3.777.2.161 2.554
83/384 P13 275. 300.. 0.40 295. 7.5 1T9.9 29.46 25.50 2.46 3.878 2.282.2.705
8373385 Qe 3. 3.26 682, 25.0 42.0 29.52 12.28 5.52 3.923 2.537 2.713
337336 30. 55. 3.20.1540. 1290 76+5 29.52-11.246 6.12 4.232 3.161.2.923

837337
337388
837389
83/390
83/391
837392
33/395
33/394

55. 8C0. 4.22 1640. 152.0 28.0C 29.52 10.55 6.59 4.238 3.205.2.968
30. 105. 4.59 2260. 234.7 111.0 29.52 10.02 7.07 4.355 3.370.3.046
448172320, 229.07 86.9°29.52 9.73 . 7.25 4.354 3.348 2.927
130.. 155. 5.01 2690. 246.0 466.6 29.52 9.48 7.43 4,407 3.368 2.300
155.. 180. 5.27 2440. 243.0- 53.7 29.52 9.16 7.80 4.383 3.347 2.692
180. 205. 5.67 2690, 247.3. 50.5 29.52 3.75 8.24 4.372 3.335 2.640
2G3S. 230. 4.69 2440. 230.0 46.5 29.52 9.88 7.12 4.382 3.357 2.662
255. 4.387 2180. 191.0 43.4 29.52 9.65 7.32 4.323 3.266 2.622
837395 255. 23C. 4.88 2220. 202.0 47.3 29.52 9.64 7.33 4,330 3.289 2.659
83/396 ¢ . . 4.80 2120. 182.0 40.5 29.52 9.74 7.24 4.315 3.249 2.596
33/397 €13 3G5. 330. 4.31 1970. 165.0 33.6 29.52 973 7.25 4.283 3.206 2.514
837398 Q14 33C. 355. 4.44 1350. 172.0 30.9 29.52 10.23 6.84 4.277 .3.2645 2.500
1837399 G15 355. 380. 4.43 1900. 172.0 29.0 29.52 10.17 6.88 4.286 3.243. 2.470
83/74C0 Q16 380. 405. '4.74 1830. 133.0 29.2 29.52 10.68 6.50-4.291 3.2912.494
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DEPTH ELUTRIATE SolL MOISTURE i
L) ’ 1 E . % ™.C. ’ C
8GS  Profile (cm) %ogusad ECps | CL  NOwN | "S35F |Oubion |aryweigt | ECS_ | CLS | NOg-NS
No \ No Top  Boltom [(wet weight added Factor ove:odrg : :
v 3
& 8)/4”1 Q17 405. 43C. J.Qé 3” 173.0 26.2 29.52 10.97 6.30 4.303 3.278.2.4681%
:A5)/»02 G133 430. 455. 3.30 1550. 149.0 23,8 29.52 12.20 5.56 4.3064. 3.2560 2.463%
283/4035 Q19 435. 430e 2415 15304 160.0 .26.1 29452 1252 5.40 4.29%2. 3.302 2.4804%
| 83/404 G20 430. S535. 3.13 1830, 143.0 . 23.4 29.52 12.46. -5.43 4,308 3.266 244655
33 503, 530, 3.11.1550} 140.0 20.0. 29.52 12.461 536 4.299.3.247 2.402¢%
530 555. <28 11604 99.0 1144 29.52 14485 " 4.45 442362 3167 2.236
23, 535. 530. 2._. 1250. 100.0 14.3 29.52 14.95 4.42 4.271 3.175:-2.330
7 §3/4Q08 Q24 530. $I3. 219 1180010143 12.0 29.52 15.14  6.36 44252 3.185 2.259:
837409 Q25 €05, 535 2.19 1160. ¢3.0 10.7 29.52 15.14 4.36 4.2‘5A3r142"232T0
834410 Q26 . 630. .655. 196 1150.  95.0 9.6 29.52 15.96/ 4;?¥_4.266 3.181?23535-
337411 S 1 C. 15 D.49 1T070. 82.0 4644 29.52 26.68 2.56 4.422 3.185 3.2%4
g 8374712 5 2 15. 3C. 1.50. 1332, 13¢6.0 123.0 29.52 17.97 ° 3.62 44515 3387 3.343
1 33/413 S 4 55, 30. 2417 2140.. 20040 115.0-29.52 15.21° 4.33 4.513 3;683ﬂ3}24$
T 33/414 S5 20. 1054 7 2684 3910v-222.0 33,2 29.52.13.26- 5.006. 4.715 3.469 3.043%
#83/415 5 67 105, 130, 3047 4300.-171.0 4943 29452 11.85 '5.75 4475 f*:_”52"767
- S 7 133. 155. -3.32 4350. 1561.0 4042 29.52 1216 5459 4.72 6292, 2,689
$ 8. 155. 140. 2.65°4300. 174.0 33.8 29.52 11.49° 5.96 4.69 01:.2. 589{
S 9 "1&80. 2G5. 3.57 4220. 193.0 33.2 29.52 11.66. 5.86 4.69 22245888
$1G -2G3. 23C. 2,72 4330, 149.0  23.5 29.52 11.38 6.03 4. . 9 2.427%
5 3 S11 2300 255+ 3.83 49304 18440 251 29.52 11455 5493 4..753 3.277 2.462 %
1 83/421 312 2535, 2230, 3.76 53180. 159.0 - 2344 29.52 11,31 6.07 4.768 3.255 2.423:
4 53/422 513 2e0. 33G. 2.9% 4950, 130.0 16.9 29.52 10.93 6.32 4.734 3.153 2.267¢
334423 S14  330. 323Ce 2.51 4790. 10540 14.2 29452 11.73 5.80 4.743 3.092 2.2471:
i 33/424 ST15 380, 4304 2.59 3990. . 80.C 12.9 29.52 13.65 4.90 4.736 3.038 2.2406%
i 8337425 T 1 0. s, 2.31 - 392. 15.0 o2 29.50 14.746 4,49 3.762 2.169'1.792?
T 2 S. 1G. 2.9 274Q. 7.5 3.5 29.50 13.12 5412 3.549 1.993 1.662%
T3 1. 15.. 6.0C 325. 3.0 3.1 «50 8.43 8.462 3.438 1.403 1.417;
T & 15. 204 448 442. 11.5 5.2 29.50 8.01 9.79 3.549 1.964 1.667;
X T 5 20. 30, £.29 38385. 95.0 12.53 29.50 7.69 9.67 3.833 2.864 1.583:
33/43u T o 30. «C. 210 1430. 23640 2747 2950 9.37 . 7.59 4.127 3.345 2.414:
+33/431 T 7 40, 30. €.11 2010. 323.0 36.7 29.50 8.33 8.75 224 3,430 2.485:
1 3344632 T & 59. 60e 5.40 2550. 412.0 44.1 29.50 9.03 7.93 4.362 3.571:2.600:
, 337433 T ¢ 60. 7Q. 5234 2720. 412.0 43.0 29.50 8.13 9.02 4.345 3.525 2.544§
33/6434 T10 70, 3G. 4,91 3160. 619.0 45.9 29.50 7.68 9.70 4.385 3.507 2.556.¢
337435 T11 20. s0. 7.11 5410, 393.0 42.0 29.50. 7.53 9.93 4.610 3.471 2.553;
33/436 T12 90. 100 7.96 49204 400.0 55.4 29.50 6.97 10.96. 4.535 3.452 Z.SB?E
33/437 U T 0. S. .0.3%9 333. 4.5 8.2 29.44 21,33 2.97 3.859.1.983: 2.163%
33/432 U 2 S 10. 2.03 3735, 4.0 Se%4. 29,44 15.66 4418 3.769 1.797 2.119:
B v 3 10. 13. 2.01 817. 13.03 26.5 2%9.44 12.81 S.25 3.398 2.284 2.5312
u 4 15, 20e 214 593, 2640 17.2 29.64 15.27 4.30 4.025 2.599 2»419?
: U 3 20 3C. Te4? 2292, 2153.0 90.0 29.44 18.01 3.5% 4.6106 3.588;3.2T0§
83/442 U o :9. 40, 5.25 2835. 233.0 132.0 29.44 8.19 8.92 4.366 3.365 3.034:
837443 U 7 I 5C.. 4.87 3405. 3646.0 153.0 29.44 9,63 7.32 4.516 3.545;3.168%
33/444 U Y 0. 7C. 5«35 3763. 415.0 76.0 29.44 8.80 8¢T0-4.52313}565;2.828§
3374435 U193, 70, 30. 4.94 4755. 397.0 39.1 29.44 9,54 T7.40 46.657 3-573'2.5725
1 33/7440 UTYT 30. 50, 4.90 7650. 373.0 29.0 29.44 9,52 7.43 4.862 3.556 ZkaTﬁ
?"33/447 ute 70 13”. 2.81 7530.. 353.0 24.6 29.44 11.19 4.13 4.926 3.593 2.440%
4837448 ul3  190G. 11C. 4.30 6900. 379.0 27.0 29.44 9.72 7.24 4.826 3.566 2.4195

.‘.,.-7
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Figure 29. Field data sheets - auger hole 'd', Abu Delaig.
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Figure 30.

Field data sheets - auger hole 'g', Abu Delaig.




