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Synopsis

A methodology of assessment is presented of the groundwater
resources available in fracture zones, within the weathered mantle
of gneiss, migmatite and granite. A model of weathering is devel-
oped, and values of porosity, hydraulic conductivity and electrical
resistivity assigned to the different grades of weathering., A
geophysical technique is developed, based upon a combination of
electrical resistivity profiling and sounding, which allows a vol-
ume estimate of the various weathering grades to be made. A finite
difference algorithm is used for this estimate which enables the app-
arent resiétivity response of an inhomogeneous resistivity distri-
bution to be calculated. An iterative approach is then adopted, ad-

justing the resistivity model until the calculated response agrees

with the field data.

An analysis of recharge in a savanna climate is developed based
upon the Monteith equation for predicting evapotranspiration, and
upon a model of unsaturated zone soil moisture movement. The re-
charge function developed is included in a one dimensional catchment
water balance model. The results from this model are compared with

observed runoff and groundwater hydrographs.

The estimate of recharge is combined with the estimate of aquifer
storage to produce an assessment of available groundwater. Optimal
methods for the development of the resource are discussed. While
developed in Northern Nigeria, the methodology of assessment is

applicable to any similar geological and climatological environment.
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1. INTRODUCTICN

The object of this thesis is to make a general assessment of
the available groundwater resources from an area of Pre€ambrian
and Early Palaeozoic basement complex rocks in Northern liigeria.
The area of particular reference for this study is that of Bauchi
in North East Nigeria, however, the analysis is also believed to
be generally applicable to any region with a similar geological
and climatological environment. In the final section of the thesis
the results of the work around Bauchi are summarised and a general-
ised methodoleogy of approach described for the evaluation of ground-

water resources in this environment.

The location of Bauchi, and a number of other towns in Nigeria

mentioned in the text, is shown in Figure 1.1.

Bauchi is situated to the east of the Jos Plateau, on a large
area of crystalline basement outcrop. The areas of basement out-
crop are shown in Figure 1.2. The Basement Complex in Northern
Higeria consists predominantly of an undifferentiated suite of gneiss,
migmatite and granite which was mobilised most recently in the Pan
African orogeny (ca 600my). Relict meta-sedimentary pendants are

widespread throughout the area.

Groundwater is only found in this geological environment where
fracturing and weathering have occurred. It is therefore necessary
to understand the weathering mechanisms involved before the occurr-

ence and extent of groundwater can be predicted.

Bauchi lies within the savanna climatic zone. Climatic condi-
tions within this zone have a proncunced effect upon the groundwater
resources and are therefore discussed in detail. The socio-economic
conditions within the savanna are also of importance as they deter-
mine the optimum size of the groundwater supply required. These

conditions are briefly described below.

Geophysical methods, such as electrical resistivity and seismic
refraction have been used with varied rates of success to locate
areas of weathering on the basement. These methods are examined in
detail and the reason for their indifferent success rate examined.

A new electrical resistivity method is presented which is based upon
an interpretational method capable of analysing the complicated

geological conditions encountered within the weatnering environment.
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A general water balance model for aquifers developed in areas
of deep weathering is described as a part of the resource assess-
ment. The results from this model are compared with observations
from Bauchi and the results of a small catchment water balance

experiment conducted by Kowal at Samaru.



1.1 Research Location.

The field work for this research was carried out during the
period commencing in January 1976 and lasting until May 1979.
During this time a large number of relatively small hydrogeological
investigations were conducted located throughout Nortiern lNigeria.
The majority of the work involved siting boreholes in areas of
crystalline basement outcrop. However, a more general resource
analysis of groundwater on the basement was also undertaken (7ater
Surveys, 1978) and several engineering geology investigations for

major dam sites on the basement carried out.

More than 50% of the field work was carried out in the general
vicinity of Bauchi in Bauchi State, (see Figure 1.1). However,
the research that is presented below represents the compilation of
a large number of individual investigations, and for this reason
is not related to one particular locality. The research represents
an appreciation of conditions within a general geological and clim-
atological environment, for which the particular locality of Bauchi
is representative. In some of the discussions which follow, data
from other areas in Northern Nigeria are analysed and the assumption
is also made that these areas are representative of the same general

environment.

Wherever possible, the discussion is limited to that of the
particular area of reference, however, it is recognised that the
method of analysis presented here has a general applicability to
any area within the same general geological and climatological en-
vironment. Similar areas ar.: cind throughout the rest of Africa,
in South America, India and Northern Australia. Where information
for the particular area of Bauchi is insufficient or unavailable,
the discussion is presented in terms applicable to the general en-
vironment. For example, in Section 3, the geological environment
is discussed first in general terms and a model of weathering dev-
eloped which is then expressed in terms of examples from the Bauchi
area. Similarly, in Sections 5 and 6, the analyseks of recharge
and the water balance are first made in general terms for the savanna
environment and the results then compared with observations from

Bauchi and Samaru (see Figure 1.1).

It should also be noted that several components of the analysis

are applicable to environments outside those of the general analysis.



In particular, the geophysical methods developed for this study
have a general application for any complex geological environment.
Similarly, the lumped parameter water balance model developed for

this study may be applied, with appropriate modifications, to

climates other than the savanna climate.



1.2 Savanna environment.

Introduction.

The savanna environment, in which Bauchi lies, directly affects
the groundwater resource analysis in a number of interrclated ways.
The most obvious of these is the climatic veriability. However,
the combination of the climatic factors and the savanna ~rzssland
vegetation have far reaching effects upon the hydrological cycle,
which in turn determines the availability of recharge to ground-

water storage.

Throughout the savanna there is a rapidly increasing demand
for small scale Qilm3/hr) supplies of water for individual villages
(World Bank, 1976) and for larger supplies Cv10m3/hr) for schools
and hospitals etc. The preferred resource, for both these scales

of supply is groundwater (WHO, 1973).
Climatic characteristics.

The dominant climatic characteristic of the savanna is the

annual alternation between the wet season and the dry scason.

In Bauchi, the wet season lasts for approximately 5 months,
from May to September inclusive. During this time, an average quan-
tity of 1075mm rainfall is received from a relatively small number
of intense storms. This quantity of rainTall is equivalent to the

annual rainfall of large parts of N..W. Europe.

The dry season lasts from October to Anril. During this time
little or no rainfall occurs, Although from the annual quantity of
rainfall received, the savanna climate would not be clasified as
semi-arid, the evaporation and evapotransviration during the first
part of the seven month dry season are sufficiently high that almosti
all water lying at the surface, or in the soil zone, is exhausted.
The availability of wzter after this time becomes a major resiriction
to plant growth and human or animal movement. During the latter
part of the dry season and the first part of the wet season, ground-

water is often the only available source of water.

Although the average rainfall within the savanna is relatively
high, a dominant characteristic of the rainfall is its poor distri-
bution, both in time and space. Climatologists used to working in
more predictable temperate climates, have used values of mean annual

rainfall as representing conditions throughout large parts of the



savannha, however, it is shown in Section 2, that the d}cal dis-
tribution of rainfall for one year, and within a small area, can
vary by as much as 40%, Similarly, annual totals vary widely.

In a recent 6 ye.r period at Bauchi, the maximum and minimum ann-

ual totals varied by 36%.

Mn accurate assessment of the quantity of rainfall received
over a catchment area, together with an assessment of the actual
evapotranspiration within the area, form the basic components of
a water balance from which recharge to groundwater is usually cal-
culated. Actual evapotranspiration is a function of the available
moisture and the vegetation cover throughout an area. A brief des-

cription of the vegetation is also therefore required.

Savanna vegetation.

The vegetation around Bauchi corresponds to typical accacia -
tall grass savanna which is common throughout a wide belt of Africa
which stretches from Gambia in the west through to the south eastern
Sudan. The dominant plants are tussock grasses which form an almost
continuous cover over the ground, even beneath the trees. During
the growing season, the grasses attain a height of between 0.5 and

l.5m. The trees may be either deciduocus or evergreen.

During the early part of the dry season, transpiration by the
extensive cover of grasses rapidly depletes the moisture held in
the upper parts of the soil profilej; wit: the result that the grasses
wilt and die. It is the common practice of subsistence farmers
throughout the savanna to set fire to the dead grass cover, with the
result that extensive bush fires occur each year in December and
January. It has been argued (Eyre, 1968) that the practice of burn-

ing the grasses has had a dominant effect on the development of sav-

anna vegetation types.

After the burning of dead grass has occurred, the vegetation is
dominated by the remaining trees. The ground between the trees re-
mains bare until the following wet season when germination of the

grasses occurs rapidly following the first rains.

The changes in both the height and character of the vegetation
have a pronounced effect upon the quantity of evapotranspiration

which occurs.



1.3 The Hydrogeological Problem.

Introduction.

Groundwater is the preferred type of resource for small scale
supplies in the rural and the urban environment, however, it is
recognised that only limited supplies of groundwater are available
from the weathered profile developed upon gneiss, migmatite and
granite. The success rate of btoreholes or dug wells in the weather-
ed basement environment varies widely, and the yields of successful
boreholes also show a wide variation. Data from South Africa re-
ported by Brown (1975) are shown in Table 1.1. These results are
also typical of the Bauchi area but unfortunately no such detailed
results exist for Bauchi.

Table 1.1 Typical borehole characteristics from a granite area
of South Africa. (Brom, 197%).

Area Number Total Depth of Average Failure
of depth water yield rate
boreholes (m) (m) (m®/nr) %
1 62 40 21 5.0 14
2 497 47 34 5.0 25
3 130 61 51 3.9 50
4 404 37 26 5.9 10
5 202 51 35 4.6 35
6 136 48 35 3.7 27
7 16 56 43 1.0 31

a

Whether a borehole is a success or a failure depends in many
cases upon the purpose for which the water supply is required. To
this extent, the failure rate of boreholes is partly subjective.
However, it is clear that a considerable potential exists for im-

proving the success rate of boreholes.

Although the cost of a dry borehole is far greater than the
cost of a dry dug well, the social impart of the latter is probably

the greater.

The failure of boreholes or wells is principally caused by
siting them where an insufficient depth of weathered material ex-
ists. However, in both cases, an initially encouraging yield may

later become significantly reduced or may dry up completely.
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The hydrogeological problem in this geological and climatol-

ogical environment is two fold, vigz,

1) The groundwater must be located. The occurrence of a
large number of dry boreholes and wells indicate that groundwater

does not exist everywhere in the weathered profile.

2) Once the presence of groundwater has been established,

some estimate of the available quantity of water must be made.

Méthod of analysis adopted.

The method of analysis adopted for this thesis may be broadly
divided into 5 sections. These sectiong form the subsections of

the thesis and are as follows :

a) A study of the climatic environment of the savanna.

b) A discussion of the development of the weathered profile
on crystalline basement rocks.

c¢) The development of geophysical techniques with which to
locate areas of deep weathering.

a) A study of the hydrozeological characteristics associated
with areas of deep weathering.

and e) An analysis of the groundwater resources available on
areas of crvstalline basement.

In Sections 3 and 4 a method of analysis is developed from
which a volume estimate of the aguifer can be made. In Sections
2 and 5, the necessary inputs to a lumped parameter water balance
model are analysed. From the water balance model, an estimate of
annual recharge is made. In Section 6, the two estimates are com-
bined to produce a value for the safe yield of three weathered zone

aquifers close to Bauchi,
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1.4 Previous Research.
General.

A multi disciplinary approach is required for the hydrozeologi-
cal analysis of groundwater in the weathered envircnment. Previous
research in many interrelated disciplines it therefore of signifi-
cance to the present analysis. However, the author is not aware of
any previous attempt to present an analysis along the lines described

in this thesis.

Sections 2, 3, 4 and 5 of the thesis eich contain references to
previous work in the respective fields covered by these sections,

and references are given in the text where appropriate.

In Section 2, the recent work by the World Meteorological Organ-
isation has been particularly useful in explaining the distribution
in time and space of the rainfall within the savanna. The calcul-
ation of evaporation data for Bauchi is based on the original analysis
by Penman (194°), however, the work of Monteith, (1965), has also
been used to provide a method of calculating actual evapotranspiration

for the climate data from Bauchi.

In Section 3, results from a large number of studies on granite
weathering have been consulted. The weathering model detailed by
Dearman (1978) and based upon the weathering of granites from the
Cornish Peninsular in the U.K. has been used as a basis for the des-
cription of weathering profiles on granites + gneiss in general, and

around Bauchi in particular.

In Section 4, geophysical research from a number of authors has
been consulted, but, by far the most important has been the work of
Dey + YMorrison (1976b) who have produced a mathematical model for

the analysis of the electrical resistivity response over inhomogeneous

resistivity ground.

In Sections 5 and 6, the results of work by Kowal (Kowal + Kassan,
1978) at the Institute of Agricultural Research in Higeria, are gen-
erally referred to. In particular, the results from a small catch-
ment water balance study have been invaluable as a comparison for the

lumped parameter water balance model developed for this study.
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1.5 Available Information.
General.

In general terms very little data are available concerning
this environment. In addition, the records which have been kept

are often uncorrelated and therefore of little use.
Specific sources of data are described below.
Remote sensing data.

Laudsat IT and III products are readily aveilable for all
areas. Although computer interpretation of these products is not
generally availlable, an examination of the colour and false colour
images at a scale of 1:250,000 provides a very useful basie refer-
ence for an area. Geological and land use factors can be inter-—

preted from the imagery.
Side Looking Airborne Radar (SLAR).

SLAR images for Nigeria at a scale of 1:250,000 are available
for interpretation at the Federal Forestry Research Station at
Ibandan. The SLAR products are particularly useful for geoclogical
interp.etation and fracture analysis. In addition, the products

give a clear indication of the geomorphology.

Aerial photography.

Various scales of aerial photography are available for inspect-
jon at the State Survey Department. The w.ole of Northern Nigeria
has been flown at a scale of 1:40,000, although larger scale photo-
gravhy is usually available around towns. Bauchi, for instance has

been flown at 1:4000, 1:10,000 and 1:40,000,

Contour maps of the majority of the area around Bauchi are

available at a scale of 1:50,000, produced from the available aerial

photography.

Climate Data.

A meteorological observation station has existed at Bauchi
Airport since 1940, and monthly rainfall data is available from 1916.

The records of parameters other than rainfall are o"ten incomplete

however.

Daily observations of maximum + minimum temperature, relative
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humidity, observed sunshine hours, daily wind run and rainf=all
were obtained for this study, for the period 1969-1974 and 1978-
1979 from the Nigerian Government Federal Meteorological Station

at Bauchi. During 1978-1979 the station was manned on a 24 hour
basis and all measurments‘where applicable,are averages of at least
8 daily readings. In addition, measurements of ground tempera-
tures, piche evaporimeter, gunn-bellani radiometer and type A pan

evaporation data were obtained.

Geological Data.

Very little published geological information exists for the
basement areas. At Bauchi, several occurrences of a fayalite quartz
monzonite have been described (Eborall, 1976). However, the majority
of the basement is listed as 'undifferential basement complex' on

existing geological sheets.

The drillers logs of a large number of boreholes are available
from the Government Geological Survey, or from the offices of in-
dividual drilling companies, however, these are usually of little

direct use as conditions change very rapidly within a small area.
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2, CLI"ATIC TIVIROITELT.
Introduction.

In order to assess groundwater recharge within the savanna regions,
1t is necessary to examine in detail the sivanna climate. !ost of the
research concerning groundwater recharge has been carried out in tem-
porate latitudes and it is important to assesz the effects of the more
extreme savanna climate upon the models of recharge commonly used in tem-
porate latitudes. The recharge assessment for thLe savanna is made in
Section 5 of this thesis, however, major climate elements such as rainfall

evaporation and evapotranspiration are discussed below.

The savanna climate may be divided distinctly into two seasons. Dur-
ing the dry season, which may last from the end of October through until
the following March or April, the wind blows predominantly from the NE.
The FE Trade over Vlest Africa has a very low humidity and often carries
considerable dust south west from the Sahara. The wet season, which char-—
acteristically lasts for five months from June to Cctober, is dominated
bt surface S winds which have a high humidity. During the wet season,
A00-1000mm of rainfall are received, almost entirely from cumulonimbus
storm cells. The intervening period at the beginning of the wet season
is characterised by an alternution beiween the two air mass types, which
can give rise to false starts to the rainy season. Such false starts to
the growing season (wet season) have particular significance to the agri-

cultural industry where early planting is encouraged.

The alternation between the twe air messes throughout the year can
only be understood in terms of the overall tropical circulation. As
the character of the air masses plays such a significant part in deter-
mining the various parts of the hydrological cycle within the savanna,

the tropical circulation is described in detail below.

The rainfall mechanisms which operate throughout the savanna are a
direct result of the tropical circulation. Localised cumulonimbus storm
cell activity is generated in the adiabatically unstable 57 trades.

As tropical storm cells have very intense air circulations within them,
and operate within moist air conditions, the energy released by the lat-

ent heat of condensation is very large. A result of this is that



15

rainfall from these cells is intense (,>.40mm/hour) and also, poorly
distributed bothin time and space.This is in complete c.ntrast to the
rainfall mechanisms which produce rainfall in temperate latitudes.

For this reason it is not possible to extrapolate rainfall totals from
point gauge readings in the same way in which the extrapolation is
possible at higher latitudes. This basic characteristic of the savanna
rainfall has important implications for factors such as interception,
infiltration and run off, which become especially significant during
recharge calculations. For this reason, the temporal and spatial dis-
tribution for a number of stations within the study area are examined

in detail below.

The radiation input within the tropics is the main source of energy
which drives the tropical circulation. The large amount of input is
responsible for the intensity of the storms and also produces high le-
vels of potential evaporation. Characteristically, the potential evap-
oration is double the annual rainfall. It is this imbalance which en-
hances the contrast between the wet and dry seasons. The change from
moist SW winds to dry NE winds causes a very rapid drying of the soil
and vegetation at the beginning of the dry season, and usually within
six weeks of the last rains, the crops have been harvested, all shallow
rooted vegetation has died and most smaller rivers are reduced to negli-

gible flows.

The quantification of evapotranspiration is essential if a mean-
ingful ground water balance is to be attempted. Therefore, the levels
of radiation input and output are examined in detail in the third part
of this section, as small changes in radiation input are reflected in

reduced potential evaporation.

As soil moisture is almost entirely depleted by the end of the dry
season, actual evapotranspiration falls considerably below the potential
evaporative demand of the air. The first rains of the wet season fall
on dried out ground and shallow rooted vegetation can only become est-
ablished as the soil moisture produced by these rains percolates down-
wards. As evaporative demand is also very high at the beginning of the
rains, a break of ten days between storms results in a complete drying

of the soil again and the death of any crops that have been sown.

These points are made to illustrate the differences between poten-
tial and actual evapotranspiration that exist between temperate and

savanna latitudes. The differences are highly significant and require
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considerable modifications to the methods of computing a water balance

that were employed in temperate latitudes.

In the fourth part of this section the Penman (1947) calcula*ion
is used to produce values for potential evaporation of the air. The
calculation is shown to be particularly sensitive to incoming radia-
tion and albedo variations. Data have also been calculated for the
Monteith (1965) evapotranspiration equation and it is suggested that

this model is more representative of conditions during the year for the

savanna.

Data for a number of years from the Bauchi climate station are
used to produce daily values of evaporation and evapotranspiration.
An algorithm is presented in Appendix A which performs the calculation
based upon the Penman and lonteith equations. This data demonstrates
that the actual evapotranspiration is a complex function of the vege-
tation height and soil moisture deficit and can only be calculated as
a part of a larger soil moisture and recharge balance. This balance

is described in section six of the thesis.
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2.1 ATMOSPHERIC CIRCVLATION OVER WEST AFRICA

General.

The atmospheric circulation within the tropics may be approxi-
mately represented for a stationary, or non-rotating earth, by the
Hadley Cell shown in Figure 2.1. The circulation approaches a simple
convective system driven by the unequal heating of the ground surface
at the equator. The air rises towards the troposphere and falls away
north and south to form the sub-tropical high pressure zones at approx-

. o)
imately 30" north and south of the equator.

The rotation of the earth, both about its own axis and around the
sun, considerably complicates the simple model. The inclination of the
earth's axis of rotation, (233%) to the plane of the elliptical orbit
around the sun, causes the apparent migration of the sun between the
tropics of cancer (233°N) and capricomn (233°8) during the year. This
has the result that the axis of greatest heating at the ground surface
also moves north and south throughout the year. This axis of heating

is known as the thermal equator.

The air which is heated at the thermal equator rises in the ascen-
ding limb of the convection cell towards the troposphere. The differ-
ence in angular momentum between the ground surface and the troposvhere,
associated with the easterly rotating earth, causes the rising air to be
deflected westwards, giving rise to the band of equatorial easterlies
shown in Figure 2.2. This easterly flow of air is dynamically unstable
and tends to form waves, moving first slightly north west then south
west., The waves have a significant effect on the temporal pattern of

rainfall distribution as will be discussed below,

The continued supply of air from low levels at the thermal equator,
to the belt of easterlies is compensated by a slow spread of air north-
wards and southwards at the top of the troposphere. As the air moves
away from the equator it is increasingly affected by the coriolis force.
The coriolis force is a function of the earth's rotation and may be

described mathematically as :-

F= 2w sing —_— 271

where F Coriolis force
angular velocity of the earth

latituile

1

o €
1
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It may be seen from Equation 2.1 that the coriolis force is zero at
the equator, increasing to a maximum at the poles. The force acts,

in the northern hemisphere, to deflect a northerly moving air mass to
the east and a southerly moving air mass to the west. The situation

1s reversed in the southern hemisphere (Harvey,1976).

The air moving northwards enters a zone of lower angular velocity,
where it tends to accumulate and form a high pressure zone. Air sub-
sides within this zone to form the sub-tropical high pressure zones

referred to in Pigures 2.1 and 2.2.

In the northern hemisphere, air in the lower troposphere moves
outward from an area of high pressure in a clockwise direction, the
result of the coriolis force. A component of this circulation moves
back at low troposphere levels towards the equator. It is deflected
westwards and approaches the equator from the north-ezst, forming the
north-east trade wind. A similar process south of the equator produces
the south-east trades. Figure 2.2 depicts a schematic north-south
cross section of the troposphere with the easterly and westerly air

motions indicated.

The north-east trades and the south-west trades converge at the
thermal equator in a zone termed the Intertropical Convergence Zone
(17CZ). Heating within the area of the ITCZ produces uplift and comple-

tes the basic pattern of circulation within the tropics.

The distribution of land and sea within the vicinity of West Africa
produces a further complication to the patterns described above, which
may be thought of as existing over a uniform rotating earth. The north
east trade wind originates over the eastern Sahara from subsiding air
at the edge of the sub-tropical high pressure zone. As subsiding air
is adiabatically stable, no rainfall occurs within this zone and the air
that arrives over West Africa has a very low humidity at all levels with
a large decrease in temperature with height (lapse rate). The humidity
at Bauchi during January is 35% at 06.00 and 10% at 16.00. The low
humidity results in a large diurnal temperature range, with an average
maximum of 21.6°C and an average minimum of 13.100 at Bauchi in January.
In addition, this air mass often carries dust caused by low level tur-
bulence in the Sahara. Satellite imagery has been used by Martin (197%)
to locate several areas of dust origin. The western slopes of the
Ahaggar in particular have been isolated as an area where dust tounges

are produced, typically in the hourc just after sunrise. The local
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name for the dusty air in West Africa is the Harmattan, and the air
mass is also sometimes referred to as the harmattan. Visibility can
be reduced to a few hundred metres with an associated reduction in

the net radiation received at the land surface. Plate 2.1 shows the

effect of harmattan dust on a day in February, 1980.

By contrast, the south east trade wind originates around the
South Atlantic high pressure zone, and has a long ocean path before
reaching West Africa. The air mass is deflected to the east, by the
change in sense of the coriolis force as it crosses the equator, and
approaches West Africa as a south westerly wind. This deflection is
well demonstrated by the low level wind stream lines shown in Figure
2.10., The south west air mass is saturated with water vapour, and
Warri, in the Niger delta, which lies under this air mass throughout
the year, has mean monthly relative humidities at 06.00 of 95-99% and
65-857 at 12.00., The relative humidity remains constant with increas-
ing altitude to about 2000m, but falls off sharply above this level.
The decrease in temperature with height (lapse rate) is small in the
saturated air, and the 2ir mass is therefore adiabatically unstable.
This instability gives rise to cloud formation and rainfall. The cloud
cover and high humidity reduce the radiation from the earth and there-
fore the diurnal temperature range is small compared to that which ex-

ists under north east trade wind conditions.

The ITCZ, the zone where the two air masses converge, moves north
and south across the geographical equator in response to the sun's
zenithal position. The ITCZ lags behind the passage of the overhead

sun by a period of from four to six weeks.

The Intertropical Convergence Zone (ITCZ)

The two trade winds converge within the ITCZ which runs around
the earth within the tropics. The nature of the meteorological con-
ditions prevailing within the ITCZ is very much determined by the nature
of the converging air masses. The ITCZ over the Pacific Ocean is less

well defined than that over West Africa, for this reason.

It is only as continuous coverage of the tropical weather condit-
jons has become available from satellite imagery that many of the major
features of the ITCZ have become established. Before this time, models

of equatorial meteorology were constructed based upon ground observations
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from widely separated positions.

From the position of an observer in Northern Nigeria, it was seen
that an intermittant belt of localised convective storms moves north into
the area during the period April to October, with a maximum of cloudi-
ness in August and September, This belt of storms lies to the south of
the savanna for the rest of the year, and hot dry conditions prevail
throughout the north., It was recognised from an early date that these
conditions could be related to the interaction of the two trade wind
belts and the existence of an intertropical front,separating the air
masses,or disturbance zone was proposed. The analogy of a front was ba-
sed on the observed conditions through a warm front in temperate lati-
tudes. The tropical front was thought to move north and south in re-

sponse to the sun, and as described above.

Figure 2.3 is a schematic vertical section through the Intertropi-
cal disturbance, or front after Kowal (1977). A number of zones were
thought to exist behind the front, and in gross forms these are still use-

ful concepts.

Zone 1 - At the actuzl boundary of the alr masses on the surface,
there is no rainfall because the air being lifted is too dry to cause
precipitation. The dry north east trade air mass rides over the heavier
meist south west trade to form a wedge which increases in thickness south
westwards. No rainfall occurs until the depth of moist air within the
wedge is greater than 2000m, some ssveral hundred kilometres to the south
of the interface between the alr masses at the ground surface. Although
no rainfall occurs, the presence of humid air at ground level causes a

rise in humidity from dry season values of 20 or 30% up to 70%.

Zone 2 - Purther south, a zone of 400-500 kilometres occurs where
the humid air is sufficiently deep for the development of localised cum~
ulonimbus cells. Rainfall occurs within the zone with storms of medium
intensity but limited extent, leading to widely varied times for the com-

mencement of the rainy season within comparatively small areas,

Zone 3 - A zone of about 1000km occurs to the south of zone two
where disturbance lines predominate. These are discussed in section 2.3,
Storm cells build to heights of £000-1000m and occasionally as high as
12000m (Burpee,1975). These cells are associated with areas of intense
rainfall and electrical discharge. It is these storm cells which provide

the main convective mechanism for lifting air from ground level towards
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the troposphere, and thus to drive the Hadley cell circulation.

Zone 4 - Lying to the south of zone 3 and beyond the limit of the
convergence zone is a belt some 300-400km wide, characterised by more
prolonged intermittant precipitation. This zone does not usually ex-

tend as far north as the savanna.
Recent Developments

The World Meteorological Organisation {"M0), as a part of its
global atmospheric research programme (GARP) carried out an extensive
series of observations over West Africa and the Eastern Atlantic in the
summer of 1974. The experiment is known as the GARP Atlantic Tropical
Experiment (GATE). Although Bauchi lies on the far east boundary of the
expverimental area (IOOE), the results are directly applicable to the sav-

anna as a whole,

During GATE, large numbers of upper air observations were made,
and it is the combination of these, along with the satellite imagery,

that has enabled a better understanding of the ITCZ.

The principal result of GATE is perhaps a more comprehensive view of
the three dimensional processes operating within the tropical atmosphere,
and in particular the significance of the upper troposphere easterly
winds. Wave disturbances in the easterlies are related in a complex
way to shallow cyclonic depressions in the lower troposphere.Where the
easterlies do not show wave disturbances, then low level disturbances
are also absent. It is the presence of low level cyclonic disturbances
which is most at variance with the simple sectional model discussed ab-
ove. PFigure 2.5 shows the satellite infra-red image and a number of wind
streamline analyses for September 7th 1974. A shallow cyclonic circul-
ation at 800mb can be seen to exist over the West African coast. Below
this are the surface south westerly trades, while above are the upper
easterly winds. The shallow disturbance can be seen to lie to the west
of the upper easterly wave, which is especially well marked on the T00mb
streamline. The SMS image shows the cloudiness associated with this
shallow disturbance. Bands of cloud can be seen converging on the dis-
turbance centre, which although would appear discrete to a ground ob-
server, can be seen to represent part of a disturbance covering a large

proportion of West Africa from the coast 1o the sahel.

Satellite pictures sometimes show two or three different shallow

cyclonic centres in front of a single wave in the 700mb streamline. The
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average period of the easterly waves during the GATZ was 3.5 days with
an average wavelength of 2500km and a typical speed of Bms—l. Consid-

érable variation was observed both in the wavelength and the periodicity.

The intensity, amount and latitude of the convective activity was
related to the passage of easterly waves. In general, the convection
wzs most intense before or at the time of the trough passage at TO0Omb.
The least amount of convection occurred about one day after the trough
passed overhead. This pericdicity can be seen in the rainfall totals
presented for the Gombe area in Table 2.14., Although the period is in
general longer than three days, there is a definite tendency for the

grouping of raindays with intervening dry periods.

Figure 2.4, by comparison with Figure 2.3, is a sketch of an actual
cloud system associated with the ITCZ on 10 July 1974. The sketch was
made by Weickman (1975), flying in an observation aircrafi across the
ITCZ. The high cirrus outflow to the north represents the flow in the
upper troposphere away from the top of the cumuleo nimbus towers at the
centre of the ITCZ. Smaller cumulus towers flank the two main towers
both to the north and to the south. Several different layers of stratus
are seen, indicating a complex situation with more than one cloud base
layer. This sketch was made in the East Atlantic when the converging
air mass conditions were possibly more uniform than over the savanna.
However, it does show an example of a cloud vertical section, whereas the
satellite imagery only shows the cloud tops. A layer of high cirrus out-

flow can often mask significant cloud forms below.

Although the GATE data is still being collated and correlated,
when the work is completed, it is likely that there will be a signifi-

cant increase in the understanding of tropical meteorological processes.
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2.2 RAINTALL
General,

As discussed in the introduction, the nature of the rainfall mech-
anisms and the distribution of rainfall vary markedly from those within
temperate latitudes. As rainfall is such a basic parameter to any att-
empted water balance, it is of importance to examine the ways in which
tropical rainfall characteristics vary and to assess whether any allow-
ances or adjustments must be made to methods of computing the water bal-

ance.
Rainfall Mechanisms.

The most common rainfall producing mechanism is that of thermal
instability, produced by intense heating of the ground and near surface
air, initiating convective instability in the adiabatically unstable
low level south westerlies. The turbulence develops most fully where
the depth of saturated air exceeds several thousand metres. The tops
of the cumulonembus storm cells which develop as a result of the adia-
batic instability reach 10,000 metres in height, and upper tropospheric
conditions influence markedly the development of these cells. If ccn-
vergent conditions exist in the upper troposphere, the development of
the cells is effectively inhibited. If divergent conditions exist, how-
ever, then the necessary outflow from the cumulus tower can be accomo-
dated and the storm cell grows to maturity. The upper level conditions
are controlled by the waves in the upper easterlies described above.
Convergent conditions are created by the upper easterly {low tending to-
wards the north west, while divergent conditions are formed as this upper
flow moves towards the south west. The conditions are the result of ang-

ular momentum changes and have the opposite sense in the southern hemi-

sphere,

The dependence of storm cell formation upon upper air conditions is
shown in the series of Figures 2.6 to 2.9. Figure 2.6 shows the wind
streamline analyses for day 240 (August 28, 1974). The ITCZ can be seen,
from the surface wind streamline, to lie at approximately 2OON. The
700mb wind streamline indicates a series of well developed waves in the
upper easterlies. Shallow cyclonic disturbances can be seen located in
front of and at the crests of each wave. The satellite image presented
in Pigure 2.7, shows a major north south band of c¢loudiness associated

with the first wave, and more diffuse cloudiness associated with the more

westward wave.
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Figure 2-6 Streamline analysis Day 240
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Figure 2-7 Cloud cover Day 240 1974
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Figure 2-8  Streamline analysis Day 182
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By contrast, Figure 2.9 shows the streamline analysis for an earlier
period, day 182 (1lst July, 1974). The I.T.C.Z. can be seen at approx-
imately 159N over Northern Nigeria. The 700mb streamline analysis shows
no wave disturbance, while the surface streamline shows no shallow dis-

turbance. Correspondingly, the satellite image indicates very little

cloudiness (Figure 2,9).

FPigure 2.2f shows a histogram of rainfall at Bauchi during 1974.
An examination of this demonstrates that while day 182 and the period of

days around that time was also mainly dry, day 240 occurred in a wet

SpEll .

Satellite imagery has been used to demonstrate that the majority of
cloud clusters appear between 14.00 and 16.00 local time over West Africa.
This represents the time of maximum ground surface heating and associated
turbulence. The average lifetime of a cluster is less than 24 hours and
frequently, individual areas of active cumulus convection have lifetimes
of three to four hours. The analysis of radar echoes under cirrus cloud
shields or cloud clusters, indicates that individual areas of rain are
limited in extent, and that there is only a slight tendency for the aqéafs
of rain to move westwards, while all other directions of movement are
commonly encountered. Cloud systems which build up from a number of co-

alescing sterm cells frequently contain up to eight stratiform layers.

Squall lines,

The line squall or disturbance line is characterised by violent
thunderstorms and squall winds, resembling the phenomena associated with
a cold front in temperate latitudes. The squall line is the only rain

producing mechanism which brings rainfall to a large area at the same time.

Squall lines are formed between 7 and 170 North and are some 200 to
500 kilometres in length {Burpee, 1975). The life cycle of several
squall lines over West Africa was plotted during GATE, using the images
supplied by a number of satellites. There appears to be an initial per-
iod of very rapid growth of cumulus, often in isclation from the other
systems, and often in the late afternocon. Many thunderstorms develop
and coalesce with the development of a secondary system some 800km fur-
ther east. The cirrus outflow from all the convective storms merges in-
to an extensive cirrus shield by late evening. The squall lines have a

typical lifetime of 12-24 hours.
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24 Hour Total Rainfall (mm.)

Scale 1:300,000

Figure 210 Rainfall n the GOMBE
Area 22 April 1978

The rainfall associated with
a squall line
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Viewed from the ground, the passage of a squall line is impressive
and represents the most extreme weather type experienced in the savanna.

Reed (1975) and Ojo (1979) have both described the passage of a squall
line. i

The squall line approaches from the east. Ahead of the line, the
surface winds are normal scuth westerlies. As the disturbance line ap-
proaches, dark heavy cumulus clouds develop, extending up to 1000m.

As this low roll of cloud passes rapidly over, there is a very intense
fall of rain, associated with a 10°C drop in temperature and a squall
wind from the east. The rainfall intensity commences at lmm per minute.
This rate lasts for the first twenty minutes, after which time the rate

slowly diminishes. The disturbance line usually has a depth of 50 kilo-

metres.

The passage of a squall line was recorded by the raingauge network
in the Gombe area on 22nd April 1978. Although rain fell in most parts
for only two hours, the total fall was sufficient to produce early rainy
season flooding in many places. Figure 2.10 shows the isochyets for the

storm.

Line squalls are thought (Burpee,(1975)) to be generated in some way
by wave disturbances in the upper easterlies. If this is so, then they
move quickly ahead of the wave away from the area of genesis. The mech-
anism by which they are formed, and by which they maintain their intensity

and linear nature over great distances are not understood.

Rainfall distribution in space.

In March 1977, a report was submitted to the Gombe Agricultural Dev-
elopment Project (GADP) (GADP Water Resources Report, 1977), in which it
was recommended that rainfall gauges be set up at as many sites as poss-
ible throughout the project area of 6400 sq. km. This was acted upon,
and for the 1978 rainy season, rainfall records are available for twenty-
five stations within the area. The complete record for 17 stations from
April to October 1978 was analysed in detail by the author, in order to
examine the spatial variabilities suggested by the rainfall mechanisms

described above.
The gauge density, excluding some of the remoter areas, is one gauge
per 250 sq. km.

The area and gauge locations are shown in Figure 2.11. Although

Gombe lies 150 kilometres to the east of Bauchi and at an elevation some
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200m lower than Bauchi, the general pattern of rainfall distribution is

generally applicable not only to Bauchi, but to the savanna in general.

A cross correlation analysis was carried out for the 17 stations.

The results are produced in Table 2.1.

For rainfall area analysis and rain gauge network design, a value
of 'r' (the correlation coefficient) between two adjacent stations should
be greater than 0.85. To estimate rainfall over an area of 6000 sq. ¥m to
an accuracy of 10%, a gauge density of 1 per 250 sq. km. is Tequired
(Weisner, £5%., 1970). It may be seen from Fable 2.1 and Pigure 2.11
that this gauge density is entirely insufficient to predict rainfall
across the GADP area. Even for a storm event such as the passage of a

squall line, the rainfall totals vary markedly as shown in Figure 2.10.

In Table 2,2, the correlations for Gombe CAP are presented against
other stations. Although Gombe CAP is some 1000m from an area of hills
to the northwest, which are some 200m higher than the surrounding area,
the area to the south and east is predominantly flat. Gombe CAP has the
highest correlation with nearby stations as might be expected, however,

the degree of correlation is very poor.

The correlation coefficients strongly indicate that it is not poss-
ible to extrapolate rainfall from one station to a nearby station even
less than 1000m away. For the 300 m separation between Bogo FSC and
Gombe CAP there is a 15% difference in the annual totals.

Within the comparatively small area of the GADP, the smallest ann-
ual total is only 60% of the largest. This wide difference in total
rainfall, measured over a small area, and for any period of time from
an hour to a year is a dominant feature of the savanna climate. As the
period of time increases then the total rainfall over an area does become
less poorly distributed. However, for any one rainy season there are
very significant departures from long term averages, on a scale which
does not appear to have been comprehended previcusly. The departures from
average are so large, that water balance calculations can vary signifi-

cantly over a small area.

Table 2.3 is a record of the daily rainfall for the 17 stations dur-
ing the month of July 1978. The tendency for raindays to be grouped in-
to rainy periods of 5 to 6 days followed by shorter dry spells, is well
demonstrated, and reflects the fluctuation and intensity of upper ezsterly

waves as discussed above.



Stat-
ion No
Fig.2J1
1. A
9.J
11. L
3. C
124 M
10. K
5. B
8. H
6. F
15. Q
4. D
17. S
2. B
T.G
14. P
13. N
16. R

Name

GOMBE C.A.P.
KUMO C.A.P,
KEMBU F.S.C.
GOMBE G.R.A.
KURI F.S.C.
BULA F.S5.C.
KALSHINGI F.S.C.
TUKULMA F.S.C.
ZAMBUK F.S.C.
TOMU F.S.C.
STIRLING A.S.T.
TALASSE P.S.C.
BOGO F.S.C.
DEBA F.S5.C.
LAWANTI F.S.C.

DADIN KOWA F.S.C.

BILLIRT F.S.C.

Table 2.1

1.00
0.20
0.25
0.54
0.17
0.33
0.09
0.13
0.42
0.02
0.21
0.21
0.75
0.06
0.17
0.83
o.M

1.00
0.58
0.43
0.27
0.22
0.18
0.46
0.11
0.05
0.33
0.28
0.29
0.08
0.22
0.25
0.18

Cross correlation matrix for G.A.D.P. rainfall stations - 1978 rainy season

1.00
0.41
0.39
0.31
0.27
0.28
0.01
0.06
0.20
0.40
0.34
0.18
0.7
0.31
0.16

1,00
0.23
0.25
0.14
0.22
0.13
0.08
0.29
0.29
0.52
0.08
0.18

0.39
0.10

1.00
0.12
0.21
0.22
0.07
0.07
0.19
0.51
0.35
0.16
0.08

0.33
0.14

1.00
0.13
0.19
0.29
0.05
0.18
0.12
0.30
0.05
0.29
0.11
0.01

1.00
0.35
0.02
0.08
0.22
0.22
0.16
0.44
0.04
0.13

C.34

1.00
0.05
0.06
0.21
0.34
0.25
0.19
0.09
0.08
0.27

1.000
0.02
0.08
0.04
0.30
0.02
0.16
0.13
0.07

1.000
0.03
0.05
0.01
0.09
0.04
0.04
0.09

1.000

0.18
0.25
0.01
0.13
0.14
0.12

1.000

0.44
0.14
0.16

0.35
0.17

1.000
0.00
0.23
0.27
0.22

1.000

0.03 1.000

0.13 0.13 1.00
0.35 0.03 0.01

G¢

.00
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Table 2.2 Correlation between daily rainfall at Gombe CAP und other

stations -~ 197R April-October.
Station Distance Correlation Total annual
(km) (r) (mm)
1(A) Gombe CAP 0,0 1.00 1118.8
2(B) Bogo FSC 0.3 0.75 962.1
2(C) Gombe GRA 3.7 0.54 874.3
4(D) Gombe SA 5.6 0.21 1162.8
5(E) Xalshingi FSC 6.2 0.09 R90,8
6(F) Zambuk FSC 8.7 0.42 919.7
7(G) Deba FSC 10.7 -0.06 732.3
8(H) Tukalma FSC 11.2 0.13 T29.7
9(J) Kumo CAP 12,2 0,20 780.5
10(K) Bula FSC 13.5 0.33 1108.1
11(L) Kembu FSC 13,7 0.25 1061.6
12(K) Kuri FSC 14.7 0.17 710.3
13(N) Dadin XKowa FSC 16.6 0.33 871.,2
14(P) Lawanti FSC 17.2 0.17 1051.6
15(Q) Tumu FSC 18.4 0.02 706.4
16(R)} Billiri FSC 21.7 0.11 785.1
17(8) Talasse FSC 31.5 0.21 972.1

(Letters refer to later diagrams 2-12, 2-15 and 2-16)

The spatial variation between stations has been reported by other
workers in Southern Nigeria (Nwa, 1977) and East Africa (Jackson, 1978).
The extent of the variations appears to be more marked in the Gombe ares
than in either of the other studies. Jackson presents data for two sta-

tions 8km apart in Tanzania. This data is reproduced in Table 2.4

Table 2,4 Annual rainfall{mm) 1946-54 for two Tanzanian stations
(After Jackson (1978))
Station 1946 1947 1948 1949 1950 1951 1952 1953 1954 ‘verage
A 754.6 973.1 966.5 790.1 1069.6 1182.7 755.1 1108.7 930.7 948.6
B 859.8 1248.4 1420.9 619.8 1127.0 1127.0 564.5 859.8 869.8 966.4
(A + B) -105.2 —275.3 —454.4 +170.3  +61.7 +61.7 189.7 248.9 461.0 -17.8
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10.
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16.
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Table 2.3 Daily rainfall for July 1978 at 17 stations in the
Gombe area (mm)

Station

17.3
21.3

33.0

18.8
20.3

40.6 31,7
25.4 3,0

1.8
2.3

B.6 4.6

4.3
8.6
16.8

64.0

13.5

26.0

20,4
9.8

36.17

27.6

36.7
0.5

4.1

4.8
2,8
9.6

0.8

58.9

13.0

21.2

20.0
25.2

27.%

15.7

20.3
20.6

4.8

80.9
8.8

33.9

11.9
15.5

24.6
1.0

25.6
2.3
10.7

4.8

16.5

18.0

3.0

28.7

10.7

6-9

6.6

17.8

9.7

10.4

28.7

28.4
17.53

1.5

994

28.4

12.7

23.4

22.8

8.9
804

3.3
6.3

10.1

5.6

23.6

17.8
6.5

33.3

26.7
0.8

20.3

0 1 12
6.6 16.5 24.8

37.3 19.0 23,6

20.5 70.3

40.1 29.5 24.3

15.0 24,1 20.3

33,0 62.7
3.5 1.8
1.0
17.3 4.6
40.4
11.2 2.3
1.0 7.6

16.5 34.4 54.1

13

3.0
9.4
33.0

32.2

24.4

29.5

3.1
2.8
4.6

2.8

35.3

14
44.0

20.4

14.0
38.0

22.0

8.4
12,0
16.0

26.0
2.0
7.6

15
25.4

41.9

.7

8.6

37.6
25.6

6.3
7.9
3343

3.8
33.0
1.3

16

24.9

20.1

43.7

14.0

28.4

47.5
0.8

4.6

12.2
6.3

17

48.0
38.0

10.0

10.0

12.5

25.0

22.5
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The average of the nine year period for each station in Table 2.4

converges markedly, but mayks a very considerable variability.

Figure 2.12 indicates the annual totals for the GADP region and

represents clearly the local variability.

Rainfall distribution in time.

The daily rainfall records for the years 1941 to 1979 have been
obtained from the Nigerian Neteorological Service. With the exception of
the period October 1966 to September 1968, the time of the Nigerian civil
waT, the record is complete. This period has been completed by a con-

trolled data estimation method.

The data was summed to produce 10 day, monthly and annual totals,

of which the average monthly and 10 dajily data are presented in Table 2.5.

Table 2.5 Average monthly and 10 day rainfall for Bauchi, 1941-79.

1-10 0.0 K 1-10 69.8

January ~ 11-20 0.0 0.0 July 11-20  82.0 270.1
21-31 0.0 21-31 118.3
1-10 1.1 1-10 109.°

February 11-20 0.0 1.9 August 11-20 104.6 319.0
21-28 0.8 21-31 104.6
1-10 0.1 1-10  70.9

March 11-20 1.5 3.8 September 1120 64.8 177.5
21-31 2.2 21-30 41.8
1-10 4.8 1-10  26.9

April 11-20 11.0 30.7 October 11-20 8,0 38.7
21-30 14.9 21-31 3.8
1-10 24.4 1-10 1.0

May 11-20 25.2 85,2 November 11-20 0.0 1,0
21-31 35.6 21-10 0.0
1-10 44.0 1-10 0.0
June 11-20 49.4 148.0 December 11-20 0.0
21-30 54.6 21-31 0.0

The mean annual rainfall for the period was 1074mm (sd = 165mm).

Figure 2.13 shows the annual data, and the data filtered with a five point

running mean. There appears to be a declining trend evident although

Figure 2.14 indicates the data to be normally distributed,
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Tropical rainfall has been reported (Griffiths, 1960,1966) to have
a normal distribution in about 757 of cases and a log normal distribu-
tion in the remainder of cases. Kowal and Kassam (1975) report a normal

distribution for the 1905-1973 rainfall record at ¥Yano, Northern Nig-

eria.

The reliability of rainfall expressed in terms of confidence limits
or standard deviations about a mean can be in doubt if the observed
rainfall pattern is representative of a changing climate (Lamb, 1972).
The evidence for the Bauchi rainfall record is in conflict in that the
probability plot indicates a normal distribution, while the graph of
annual totals shows a declining trend. The 1972 low rainfall total of
730mm had a probability of 127 or a return time of once every 83 years.
Extrapolation of the annual rainfall plot suggests that 1984 may have a
lower rainfall than 1973, thus indicatins a much smaller return time,
However, in the aftermath of the sahelian drought of the early seventies,
Bunting et al (1976) carried out a statistical analysis of the available
long term records of the region. Their conclusion was that the success-
ion of drought years in the early seventies fell within statistical ex-
pectation and did not indicate a changing climate in the area., Figure
2.14 tends to confirm this, in that annual totals fall very closely about

a normal probability distribution.

Some concern has been expressed, particularly in view of the sahelian
drought, that various desertification procedures are causing a change of
climate (Howard, W.J., 1976). The lack of firewood in the savanna is
resulting in an increased rate of felling of the few trees which do exist.
Overgrazing is also leading to a marked deterioration in soil structure.
It is argued that both these factors result in a change of the albedo
(reflectivity of the surface) and that this results in a changed net rad-
jation budget. The loss of vegetation results in an increased albedo
which, in turn produces a decrease in the net radiation received at the
surface. This loss of net radiation produces less instability in the
lower troposphere and therefore less rainfall. The process is one of pos-
itive feedback. These topics are discussed further by Otterman (1974),
Charney (1975), and Walker-Rowntree (1976).

The variation of rainfall in the spatial dimension is reflected by
an equivalent variation in the time dimension. The Bauchi rainfall re-
cord indicates that raig&alls on an average for £l days each vear. A

rainday is defined as a 24 hour veriod, (usually 10.00 to 10.00) when
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measurable rainfall is recorded. The standard deviation arouni the mean
number of raindays is only 9.6. Years with low annual totals do not
necessarily correspond with years when a low number of raindays occurred.
In 1976, 81 raindays produced 1238mm rainfall, whereas in 1977, 80 rain-
days produced only 809mm.,

The daily totals for each rainday were ranked and cumulative per- s
centage figures calculated for each year. Fifty percent of the annual
rainfall falls on less than 17% of the raindays. Typically some 500mm
of rainfall falls in only 14 daily periods. These raindays may occur at

any time from April to October.

The poor distribution of rainfall can be traced to a small number
of intense bursts associated with individual storm cells., Within the
GADP area, two rainfall intensity gauges were set up. The locations of
the gauges are shown in Figure 2.11, One gauge was relocated at the
beginning of the 1978 rainy season. The gauges were of the 24-hour-tip-
ping bucket type and were operated by GADP staff.

The intensity gauge data correlate poorly with immediately adjacent
24 hour rain gauge measurements. This may represent the extreme varia-
bility of tropical rainfall, or considerable observer error. The prob-
ability must be that the gauges were incerrectly read on a number of
occasions, although it would seem unlikely that observer error is respon-

sible for more than a proportion of the dubious readings.

Two days have been selected from the 1977 and 1978 rainy seasons in
which the intensity gauge data is shown alongside the spatial distribution.
It is considered that this form of presentation* clearly demonstrates the
overall structure of the storm event. Figure 2.15 shows the data for
August 21 1978, while FPigure 2.16 represents data for October 27 1978.
These figures are largely representative of storm events throughout the

year,

As the temporal structure of a storm event has considerable signifi-
cance when calculating infiltratioﬁi?unoff (see section 5), the stru-
cture of a number of storm records was investigated further. The data
for a part of the 1978 rainy season was decomposed into fifteen minute
totals. Fifty events were recorded with a total rainfall of 710mm. The
total time during which rain fell was 93 hours, however, a large propor-
tion of this total time was the result of light rainfall at the end of a

¥lote. The contours have been calculated and drawn using 1 computer centre
software package called Ginosurf.
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storm cell passage. 317 of the total fall occurred in bursts of intensity
greater than 10mm in fifteen minutes, with a maximum fifteen minute in-
tensity of 16.3mm. The rainfall intensities shown in ¥Figures 2.15 and

2.16 are typical of the total record.

As the rainfall intensity gauge data for GADF headquarters in Gombe
was used, a comparison with the GADP rainfall gauge data for 1978 was
possible. An examination of the records suggests that only 15 events
were missing from the intensity gauge data. Assuming that the sample of
recorded data fairly represents the missing data, it may be calculated

that rain fell for a total time of 120 hours during 1978.

Energy Load of Rainstorms.

The bursts of high intensity rainfall which characterise the sav-
anna record, as discussed above, are caused by circulation within very
large cumulonimbus cells. The energies released by the latent heat of
water are sufficient to build up very strong air circulation within the
cells, The result of this is that the raindrops can attain a large size

before falling out of the system.

Kowal and Kassam (1976) have analysed a number of storms at Samaru.
recording parameters such as drop size distribution, instantaneous in-
tensity, energy load and drop number. Ellison (1944) demonstrated the
erosive nature of raindrop splashes and the effects of individual large
raindrops on the soil surface. These characteristics of tropical rain-
fall, and particularly the large drop size, result in the breaking up
of the soil aggregates, compaotion, and the sealing of the soil surface.
The sealing effect on the soil surface produces a decrease in infiltra-

tion and an increase in runoff and soil erosion.

Kowal (19700,1970d) describing the results from a small experimental
catchment at Samaru, found that out of an average of 85 rain days, 32
rainstorms (30%) produced runoff, The water from the remaining 53 rain-
storms was wholly accepted by the soil. All rainstorms producing more
than 20mm of rainfall caused some runoff, although the amount of runoff
was a complicated function of rainfall duration, intensity, and antice-

dent soil moisture conditions.

Kowal reported that natural vegetation had the lowest runof{ percent-
age of total rainfall, due to the more efficient root structure for all-
owing infiltration to penetrate, and the intercepting qualities of the

canopy and ground mat of decaying vegetation.
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The Institute of Hydrology (1977) in a regional study of the Gon-
gola River, which flows through savanna areas in Bauchi state, suggected

the use of a 10% runoff factor for Basement rock types in the savanna.
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2.3 SOLAR RADIATION BALANCE
General

Solar radiation is the single most important factor of the sav-
anna environment. The energy input is responsible for causing rainfall
and evaporation, and therefore has a dominant influence on the water
balance, on crop production and the whole ecology of the savanna. It
is important to quantify the radiation and to measure the net radiation
which is taken up by the surface as accurately as possible. Unfortunately,
measurement of net radiation is very scarce in *the savanna and the cal-

culation has to be approached from an empirical manner.

Solar Radiation.

The sun is assumed to act as a black body, with a surface tempera-
ture of 6,000% (Harvey, 1976.) The total electro-magnetic radia-
tion, per unit surface area, emitted by the sun is described by Stefan’'s

Law which may be represented mathematically as :-

E= o T" 2-2 oo
where o~ = Stefan's constant 5,07 7
L%
- =2
I = Energcy /”m _7
T = Temperature of surface “y

The electro-magnetic energy is spread through a wide range of wave-
lengths and is shown graphically in Figure 2.17. Approximately 99% of
the sun's radiation is of wavelengths between 0.15um and 4.0um . The
maximum emission is of a wavelength of about 0.5um (blue-green 1ight)

(Harvey,1976).

The sun radiates in all directions, and therefore the earth only
receives a small fraction of that energy. The amount of energy produced
by the sun in unit time is thought to be approximately consiant. It may
vary slightly due to sun spot activity, however the variation is too
small to measure with the techniques currently available. A variation
of five precent has been suggested however, and although this seems small,
it is demonstrated to have a measurable effect upon evaporation calcul-

ations discussed later.

A quantity known as the solar constant has been defined to represent
the amount of energy that a surface would receive, which is perpendi-
cular to the sun's rays and, exposed at the mean distance of the earth

from the sun, with no atmosphere to cause distortion. This quantity has
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Figure 217 Spectral distribution of incoming
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been found (S.M.T.,1958; Harvey, 1976) to be 1.36 k .

Three factors modify the amount ot radiation actually received at
a point on the earth's surface. The first is the position of the earth
in its elliptical orbit around the sun. The second is the inclination
of the earth's axis of rotation (231°) to the plane of the elliptic.

The third is the latitude of the receiving surface.

The theoretical incoming radiation above the atmosphere may be

calculated as follows (S.M.T.,19583 H.M.S.0., 1973).

diRg) _ J, cos z 23
dt r# .
where Ra = incoming radiation Zﬁm-.7
Jo = solar constant 1.36 [E;m'?]
z = sun's zenithal distance
r = radius vector of the enrth
C0s Z = sih@ sIind + cos ¢ cosd cosh 2-4

where latitude of the ob-erver (rads?

o &
I

= declination of the sun (rads)

h = sun's hour angle, the angle
between the sun's zenith for
the observer and the

horizon.
replacing 2.4 in 2.3 and rearranging
—3—;8‘3) = ':_: sSNg  sing + "{: cos¢ cosd cos h
Integrating w.r.t. t [h=f(t)]
.Ra ==ht?%-sn1¢ SINg) + %?cosq>cosa sin h
Ra = :_:[hx Sing siInNd + cos¢ cos § sin h ) 2-5

The value of h may be found by considering the sun's altitude for a given

observer.

sin{a}) = sing siINd + cos¢e tosd rosh

{cos z = sin a)
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Longitude of
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€ Declination of
! the sun
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Nadiation
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/ Ladiation
foer U.K.

(2]

Table 2.6
Mar Apr
21 13
80 103
o° 22.5°

-0.1° 8.8°
430 439
259 342

Seasonal variations of solar radiation outside the atmosphere at latitude 10!

- Bauchi.

Hay Hay Jun
6 29 22
126 149 173
450 67.50 900
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Data computed using algorithm described in appendix A.
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When the sun's altitude is zero,sina = O

and therefore :

h=cos '-sing sind/cosgpcosd] = cos [-tangtand]l ——— 2-6

From Bquations 2.5 and 2.6, Ra may be computed from known terms.
The daily value of declination (&) and the radius vector (r) may be
tabulated from observations. Tables of these constants have been pro-
duced by the Smithsonian Institute (S.M.T., 1973), and the algorithm
that has been written to calculate daily evaporation, uses daily values

of these two variables (Appendix ).

Table 2.6 summarises a number of solar variables and includes values
of Ra in Wm_z for Bauchi and for comparison, a U.K. station. To convert
these values in Wm_2 to the more familiar units of mm equivalent evapor-
ation per day, a factor of 3.4979)(HT2 is employed. This data has been

calculated using the algorithm presented in Apvendix A.

Dispersion of Solar Radiation.

Only a portion of the incoming radiation is received at the earth's
surface as direct radiation, the remainder is reflected, absorbed or
scattered by the earth's atmosphere and surface. About one third is usu-
ally reflected back to space, mainly from clouds. Table 2.7 after Weisner

(1970) indicates the dispersion of solar radiation.

Table 2.7 Dispersion of solar radiation.

Type of Day
Clear Overcast Cloudy
Reflected and scattered
2
back to space. 21 [ 4
Absorbed by water vapour 11 3 11
Absorbed by gases 2 4

Direct and scattered
radiation reaching the 66 22 43
earth's surface

100 100 100

The amount of depletion also depends upon the solar air mass (the
length of the beam's path through the atmosphere) since the highest

concentration of dispersing and absorbing materials are found near the
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ground level (Kowal - 1978).

Water vapour and carbon dioxide, both highly variable components
of the atmosphere, absorb varying quantities of radiation depending
upon the amounts present in any one day. The radiation during the dry
season is more effective, due to the very low humidity of the north east

trade wind, than the radiation during the wet season.

Assessment of Albedo.

A proportion of the direct or scattered radiation that reaches the
earth's surface is reflected back to space. This proportion is known
as the albedo of the earth's surface, and is strongly dependent upon the
nature of the surface. Typical albedos for surfaces in Nigeria are re-

ported by Kowal (1978) and are presented in Table 2.8.

Table 2.8 Albedo of some typical surfaces. o
Fresh green tropical vegetation 0.20
Dry soil during the dry season 0.35
Wet bare soil 0.10
Water-depending upon the angle of
incidence and colouration 0.04-0.39

Dark forest 0.05
Short grass 0.25

Kowal (1978) reports further significant changes in the albedo of a
crop as the crop grows and matures. These measurements are especially
important as the radiation balance during the wet season has a particu-
larly marked effect on the evapotranspiration, as discussed later.

Kowal's values are presented in Table 2.9.
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Table 2.9 Albedo (@) of maize and millet crops at Samaru - liorthern
Nigeria (After Kowal.(1978))

Period Maize Millet
21-31 May 0.26
1-10 0.25
11-20 June 0.26 0.26
21-30 ‘ 0.21 0.23
1-10 0.19 0.15
11-20 July 0.18 0.15
21-31 0.17 0.13
1-10 0.16 0.14
11-20 August 0.16 0.13
21-31 0.15 0.4
1-10 0.15 0.17
11-20 September 0.14 0.15
21-30 0.14
1-10 October 0.13

Calculation of let Radiation.

There are no measurements of actual incoming radiation at Bzuchi,
and for the assessment of incoming radiation received at the surface,
the Angstrom (1924) empirical formula is used. This takes the form

Rc = Rglt0-alxla+ b(n/N}] — 2-7
where Rc = radiation received at surface Wm
o = albedo
n = observed sunshine hours
7 = maximum possible sunshine hours

a and b are regression constants

The value of observed sunshine hours is taken from measurements made with
a Campbell-Stokes sunshine recorder. These measurements are made in Bauchi,
and the recorder can be seen in Plate 2.1. The recorder does not measure
diffuse light, under cloud cover, or dust haze, and also underestimates
sunshine at low solar altitudes, however, the recorder is simple to oper-

ate and is widely used throughout the savanna.

The value of I may be calculnted from the following relationship :
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(Chidleyq Pike, 1968).

240
o= 22 x 2n o+ 0.1

2.8

where h is the sun's hour cnle in
radians from eguztion 2.6,

The calculated values tabulated by the Smithsonian Institution are
based on the daylight commencing when the disc of the sun first appears
above the horizon and ending when it disappears below the horizon.

The above Ejuation (2.8) is based on the sun's centre. It is necessary
to add a correcting factor which will vary with latitude. Tor instance,
in the limiting case when the latitude is greater than 660, the sun's
disc may appear over the horizon for several hours without the centre
appearing. A figure of 0.17 hours is found to be appropriate for the
latitude of Bauchi.

Kowal (1972a) has compared incoming radiation measured by a Kipp
solarimeter and integrator with calcul=ted radiation using the Angstrom
equation. The results are presented in Table 2.10. Two sets of values
of a and b, the regression constanis in Eguation 2.7 were used. The
values a = 0.15 and b = 0.55 are those recommended for use at Hothamp-
stead in U.K. TUntil recently, these values have been used in Nigeria
to compute the Lc term. As can be seen from Table 2.10, a considerable
error is introduced. McCulloch, working in Bast Africa, proposed a

general form for a and b viz :

a =029 cos ﬁ
b =055

For the latitude of Bauchi the value of a is 0.285.

Kowal (1972a) recommends the use of a = 0.235 and b = 0.535 for
Samaru. These values provide a good assessment of Rc as measured at
Samaru. Davies (1966) measured Iic at Ibadan and arrived at twelve diff-
erent monthly values of a and b. The average values were a = 0.125

and b = 0.733 (see Fable 2.10).

It can be seen from Table 2.10 that approximately half of the solar
radiation is absorbed or reflected by the atmosphere. The large error
bounds for the mid rainy season month of August are due to the effects

of cloudiness on the measured value. O0ften, after a storm, the atmosphere
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has low humidity and the absorbtion of solar radiation is less than
usual. In addition, the atmosphere is less dusty and therefore a great-

er percentage of the radiation is transmitted.

Table 2.10 Average daily radiation at Samaru (After Kowal, 1972a)

Month Meagurgd Ra Calculated wm-Q

Radiation wm—2 Radiation

i a =0.18 b = 0.55 a=0.235 b = 0.535
J 229 X 19 367 217 223
i 258 = 7 397 245 262
¥ 265 £ 5 425 237 256
A 248 T 10 437 229 249
M 249 T ¢ 433 228 247
J 235 t o4 426 218 237
J 216 ¥ 10 427 198 217
A 213 I 3¢ 432 175 196
S 230 ¥ 13 427 208 227
0 245 T 7 405 235 252
X 234 2 7 375 230 246
D 202 I 21 356 214 229

NHote. A value of a= 0.25 is assumed although this is not stated by Eowal.

The effect of varying the albedo (a), causes a large change in the
calculated Rec term. It is of great importance to estimate the albedo
correctly if a reliable value of Rc is to be obtained. In certain cir-
cumstances the albedo remains constant throughout the year, notably for
a water surface (a= 0.05). If Rc is to be estimated for a land surface,
then a variation of from 0.10 to 0.35 should be allowed for. DPlate 2.1
shows the dry season ground surface at the metveorological station in Bauchi.
The dust haze of the North BEast trade (Harmattan) is evident.

The earth is warmed by the receipt of radiation from the sun and
radiates energy itself in much the same way as the sun. The earth is
assumed to radiate energy as a black body at its mean air temperature at
the surface. The energy emitted from the earth is also at a longer wave-
length than that from the sun. The long wave radiation is reflected by
cloud cover and to a lesser extent absorbed by water vapour. Figure 2.18,
after Harvey (1976), indicates the nature of the back radiation. Apart

from low absorption within the 0.8 - 1.4um wavelength, which escapes
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freely into space, about 90/ of the earth's radiation is absorbed by

the atmosphere,

The effective back radiation may be estimated using the empirical

equation derived by Brunt (1941).

Ry =0Tu‘* [ 0-56 +0-08(ed)]61><[O'1+0-9(n/N)] 2-9
20

-8 -Do. -
stefans constant 5.67 x 10 ~ Vm ~ kK 4

N

whexre o
. o)
T, = air temperature %

= vapour pressure mb

&
B = ratio of observed sunshine hours to
total possible sun hours

Although Fhuation 2.9 is an empirical relationship, it does estimate
the Rb term to a reasonable degree of accuracy and is in general use.
The occurrence of the vapour pressure term provides an explanation of
vhy the land surface cools more efficiently on a clear night in the dry
season than during the wet season. TFrost damage occurs about once every

ten years on exceptionally clear dry nights in the dry season.

The net radiation received at a surface is described as the diff-

erence between the upward and downward fluxes

Rp = R (1:0-a) & Ry 2-10

The concept of net radiation (Rn) serves as a convenient measure of
the energy available for evaporation, evapotranspiration, heating of the
soil and rock surfaces, and photosynthesis. The use of the net energy

varies throughout the year and is examined in more detail below.

There are few measurements of En applicable to the savanna. Kowal
(1972a) and Kassam and Kowal (1975) report measurements made with a Funk
ventilated radiometer over short grass or crops at Samaru. The results

are presented in Table 2.11.

The values of Rn (calculated) overestimate the values of Rn (meas-
ured) by varying proportions. No values of Rn were obtained for the dry
season. However, as a result of the pronounced aridity and changes in
the land cover that produce bare soil or dried grassland with isoclated
trees, the albedo and the Eb terms increase substantially, resulting in

very low dry season Iin values.
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Table 2.11 lezsured and calculated value- of net radiation
(after Lowal 1972a)

Month Measuredq Calculated

e e e om, whw
1 229 223 23 144
2 258 262 37 159
3 265 256 67 125
4 248 87 249 105 81 -18
5 249 111 247 117 68 -6
6 235 119 237 117 60 + 2
7 216 113 217 114 48 -1
8 213 101 196 106 41 -5
9 230 109 227 116 54 -7
10 245 93 252 107 82 -14
11 234 246 53 131
12 222 229 31 140

thes.' The values of Re calculated have been obtained using a = 0.235
and b = 0.535 in the Angstrom equation. A value of the albedo for short

green grass is used in Equation 2.7 to calculate Ekc.

Various instruments have been designed to measure net radiation
directly, or in terms of some parameter which can be accurately correl-
ated with net radiation. One such instrument which is widely used in
Nigeria is the Gunn- Bellani distillator. Davies (1965) established =z
good linear relationship between Gunn-Bellani data and flux radiometer
data for Ibadan and Benin., Both these stations are at approximately 70
latitude.

The Gunn-Bellani distillator installation at Bauchi is shown in Plate
2.2. The black sphere is heated by incident radiation which passes through
the hollow glass sphere. The glass sphere sits on the black metal ring,
at ground level. The heating causes water to be evaporated from a res-
ervoir beneath the surface, which is condensed and falls to the bottom
of the lower glass tube. A daily measurement of quantity of distillate
is correlated with net radiation during an initial calibration. TUnfor-

tunately this calibration was not available at Bauchi.

To investigate the relationship between calculated net radiation

using equations 2.7 and 2.9 (a = 0.235, b = 0.535), and Gunn-Bellani dis-

+illzator measurements for Bauchi, a correlation analysis was carried out
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Plate 2.1 Nigerian Government Meteorological Station, BAUCHI.
Note thick harmattan dust haze. No sunshine recorded by Stoke

Campbell recorder.

Plate 2.2 Gunn Bellani distillator - Bauchi.
Note very dry ground surface in early February.
Albedo = 0.35.

-~ S
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between the two variables. The results were unfortunately poor, being
significantly better during the rainy season than during the dry season.
The results are presented in Table 2.12.

Table 2.12 Monthly correlations between calculated net radiation
and Gunn-Bellani data for Bauchi.

Month 1978 1979 a
1 0.47 -0.49 0.35
2 0.45 0.15 0.35
3 0.08 0.19 0.325
4 0.88 0.25 0.15
5 0.89 0.94 0.25
6 0.84 0.82 0.25
T 0.84 0.87 0.20
8 0.73 0.84 0.15
9 0.62 0.83 0.15

10 0.88 0.85 0.25
11 0.47 0.39 0.30
12 0.11 -0.35 0.35

The lack of correlation during the dry season is perhaps indicative
of the significance of the albedo term (@). However, considerably
greater correlation is required before distillator measurements can be
used to accurately reflect net radiation. In the absence of radiometer
measurements the theorectical net radiation calculation based on Equations

2.7 and 2.9 is preferred.

Equations 2.7 and 2.9 may be combined to form :
1
Rn = Re(10-alx[a+b(n/N) - UT&‘[0-56+0‘08(ed)!2]x[0'1 + 09(n/N)] ————2-1
with notation as above.

When @ is held constant, the main variables are n,eq, and Ta. The
temperature does not vary greatly throughout the year and therefore the
variations of Rn should be explained by changes in n (observed sunshine
hours) or ey (vapour pressure). A cross correlation analysis was per-
formed for data from seven years to investigate the nature of this inter-

relationship. The results for 1978 are presented in Table 2.13.
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Table 2.15 Correlation between net radiation, sunshine hours and
vapour pressure for 1978 (a = 0.235, b = 0.535)

Month Rn vs n Rn Vs(e,- e} a
1 -0,05 0.71 0.35
2 0.27 0.05 0.35
3 0.20 0.56 0.35
L 0.98 0.45 0.15
5 0,96 0.54 0.25
6 0.99 0.55 0.25
7 1.00 0.82 0.20
8 0.99 0.87 0.15
9 0.98 0.51 - 0.35

10 0.93 0.46 0.25
11 0.06 -0,76 0.30
12 0.27 ~0.03 0.35

Note. (e,~ey) represents the vapour pressure deficit and therefore includes

a dependence on Ta.

A high correlation between observed sunshine hours and net radiation
for the rainy season months April to October is shown in Table 2.13%. By
contrast, the correlation between net radiation and vapour pressure defi-

cit is low throughout the year.

In Table 2.14, the albedo is varied between 0.07 and 0.35, while the
net radiation for each month is calculated. It may be seen that the change

of albedo causes a very significant change in the calculated net radiation.

For any particular period over which Rn is calculated, a simple lin-
ear relationship between Rn and (a) may be found. For high values of a,

the net radiation becomes negative.

For the calculation of Rn over an open water surface, a value of a
= 0.07 should be used throughout the year, Similarly, for the calcul-
ation of Rn over an irrigated crop surface, a value of « between 0.18
and 0.25 should be used depending upon the growing cycle. For the calcul-
ation of Rn over a ntaural vegetation surface, values varying as in Table
2.15 could be used. The annual variation of albedo over a natural veg-
etation surface is complicated, and the assessment of the change will have

a significant effect on evapotranspiration calculations presented below.
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- -
Table 2.14. Calculated monthly net radiation for varying albedo /im _/
a = 0.235, b = 0.55

Month = 0.07 = 0.10 = 0,20 = 0.25 = 0.35
1 75 70 52 bl 12
2 88 82 63 53 33
3 104 97 80 71 55
4 125 119 100 91 71
5 127 122 103 ok 75
6 138 133 114 105 86
7 131 126 108 100 82
8 120 115 99 91 76
9 118 113 96 88 71
10 122 119 99 N 75
11 101 96 79 70 53
12 75 70 55 L6 31

Total 1324 1260 1048 oLL 716

However, the values shown in Table 2.15 represent a more accurate assess-
ment of the natural situvation than holding the albedo fixed throughout

the year.

Table 2.15 lionthly variation in albedo (a).

Month 1 2 3 b 5 6 7 8 9 10 11
0.35 0.35 0.35 0.15 0.10 0.25 0.20 0.15 0.15 0.25 0.30

The values suggested in Table 2.15 reflect the changing ground sur-
face conditions throughout the year. Commencing in January with bare,
burnt ground with isolated trees, the change to young vegetation in April
and May will be determined by the timing of the early rains. The ground
surface changes very rapidly after the first rains, with new grass becom=~

ing established within seven days. The albedo of bare wet soil is only

12

0.35

0,170, implying a rapid drying of this surface at the beginning of the rains,

The fluctuations of albedo during the wet season are based upon Kowal's

work described above. Finally, the change from wet season albedo to dry

season conditions is also determined by the timing of the end of the rains,

and a fixed monthly discretisation must involve error in any particular year.

The assessment of albedo within the savanna is an area that requires
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considerable research. The importance of the correct assessment is de-

monstrated by the figures presented in Table 2.1k,

The choice of the regression values 'a' and 'b' in the Angstrom equa-
tion also significantly effect the net radiation calculation, but not
as strongly as the choice of albedo. The values that are recommended by
the author, are also those presented by Kowal (1972). These values are
a = 0.235, b = 0.535, and are the values used to calculate net radiations
presented in Tables 2.10 and 2.711. Various other sets of values have been
used and Table 2.16 shows their relative effects on the net radiation

value,

Table 2.16 Rn for different Angstrom equation values IWm-%_Data for
Bauchi, 1978. (a= 0.25 throughout)

Month (1) (2) (3) (4) (5)
a=0,180 a =0.285 a = 0.235 After a = 0.123
b =0.550 b=0.520 b = 0.535 Davis b = 0.732
1 38.3 54.3 46.8 Ls,2 54.9
2 54,3 7246 64.0 63.2 74.0
3 63.2 84.6 74.6 76.3 79.2
4 78.3 102.3 9C.9 83.5 8%.5
5 98.3 120.3 110.0 113.5 113.5
6 86.9 108.6 98.3 98.3 96.9
7 72.5 94.9 84.0 86.3 75.5
8 87.2 108.6 98.6 99.8 96.9
9 30.0 110,9 101.2 100.6 103.2
10 94,3 118.8 104 .6 104.1 111.8
11 60.0 76.9 68.9 63.3 78.6
12 L 6 60,0 52.9 58.0 63.2
Totals 867.7 1107.8 994.8 997.1 1031.5

Notes.

1. Constants originally devised for Rothampstead U.K., and used by Pen-
man (1948). These values have been used in a number of studies,
notably by Kowal and Knabbe (1972).

Constants from McCulloch (1965)

Constants from Kowal (1972a)
Twelve different monthly sets of constants devised by Davis (1966)

Average values from (4).

oW
* & a

The two experimentally verified sets of values after Kowal (3) and

Davis (4) show very good agreement both in their distribution and in their
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annual totals. The values which have previously been generally used,
(set 1), show a 12.8¢ underestimate of net radiation. The values of
a and b after McCulloch (set 2) show a 10.2% overestimate. These per-

centages are calculated assuming set 3 values to be the most accurate.

Using values of 'a' and 'b' as recommended above, values of al-
bedo as shown in Table 2.15 and the sets of daily meteprological data
for Bauchi, values of monthly net radiation were calculated for a num-
ber of years. This data is presented in Table 2.17. The degree of

annual variation is not insignificant.

Table 2.17 Average monthly net radiation for Bauchi (a = 0.235, b = 0.535,
distributed as in Table 2.15)

Month 1969 1970 19773 1974 1978 1979
Wm_2 Wm-2 Wm-z Wm-z Wm“2 wm'2
1 27.7 33.2 26.6 3142 29.7 28.5
2 33.4 3Lk.9 33.7 31.4 44,0 36,0
3 70.6 45,6 43,7 43,7 54,9 Sh.6
4 117.8 105.5 109.8 115.2 107.2 112.3
5 117.8 116.3 108.1 111.8 119.8 105.8
6 105.8 112.9 104.9 101.8 98.3 106.9
7 107.5 102.9 108.1 91,2 1.2 110.6
8 109.5 9.1 106,71 106.1 115.5 109.5
9 13,2 108.1 12241 14,3 118.9 106.5
10 105.5 91.5 96.9 101.8 104.6 92.9
11 67.2 57.5 50.0 55.2 60.0 63.5
12 L0.6 34.6 32.0 30.0 35.2 32.6
Total 1016.6 940, 942.0 933.1 979.3 960.1

The average annual net radiation is 962 wm-a with a standard deviation
of 31 Wm-a. The conditions in 1969 appear to have been exceptionally
clear, particularly during the dry season months. The incidence of har-

mattan must have been low.

Temperature Distribution.

The energy available at ground level from the net radiation, is ab-
sorbed by a number of different processes which vary significantly through-

out the year.

The use of net radiation may be described by the equation
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Rn = G + H + L + P [Wil—2.12
where G = ground heat flux [Wm_al
H = atmospheric heat flux [Wm-zl
L = evaporation heat flux [Wm_al
P = photochemical heat flux [Wm_zl

Kowal and Kassam (1973%a) report seasonal values for the components

of the energy balance as follows :

Table 2.18 Distribution of net radiation components.

Win~° % of Rn
Rn 154 100
Transpiration Ep 8L 54,5
Evaporation from soil (Es) 35 22.7
Evapotranspiration (Ep + Ep) 119 772
Adirflux (H) 26 16.9
Soil heat flux (G) 6 3.9
Net photosynthesis (P) 3 2.0

This data was gathered over a crop of maize during the periocd &

June to October at Samaru.

It may be seen that during the rainy season, three quarters of the
net radiation is required by the processes of evapotranspiration and only
20! is expended by heating the air and the ground. Consequently, the
day temperatures during the wet season do not show much fluctuation.
There is also little cooling at night because the Rb term is kept small

by cloud cover and?relatively low surface temperature,cooled by rainfall.

During the dry season, vegetation dies and is burnt by the local
villagers (see Plates 2.3 and 2.4). Therefore little of the net radiation
can be expended via evapotranspiration and the majority of the energy is
used to heat the air and soil. Since the skies are clear and daytime air
and soil temperatures are high, there is a large component of back rad-
jation (Rb) at night with a consequent drop in night temperatures. Plates
2.3 and 2.4 show typical surfaces which exist throughout the dry season.

The albedo in each case will be high.

The varying use of net radiation during the year is of practical
significance during the calculation of evapotranspiration discussed below.

Within temperate climates the values of H, G and P are assumed to be
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Plate 2.3 Crop residue and nearby grass has been burnt off
in November to reduce the risk of major fire damage to
woodland by a fire started at the end of the dry season.

Plate 2.4 Woodland in December showing the results of firing
the grass during the early dry season.
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zero and all the net radiation is consumed by evapotranspiration. Vith-

in the savanna this assumption must cause considerable error, most esp-

ecially during the dry season,
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2.4 EVAVCRATION ALD EVAPOTRANSEIRATION.
General.

Evaporation and evapotranspiration are usually considered together
even though they relate to two distinctly different elements of the
climate. The combined effect of the two processes has a dominant in-
fluence on the water balance of the savanna. For example, the annual
evaporation from an open water surface is a;proximately double the annual
rainfall, and it is this basic imbalance which causes the marked season-

ality ol the climate throughout the year.

Evaporation, often denoted by the symbol Eo, and synonymous with
'open water evaporation' relates to the evaporative power of the air.
Eo serves as a standard yardstick for the comparison of the evaporative
power of the air within different regions, and as such is regularly mea-
sured or computed during climatoﬁzcal work. The measurement of Eo,
particularly in the tropical environment has not been found to be very
reliable and as such ZTo is calculated from standard meteorclogical ober-

vations.

mvapotranspiration, often denoted by the symbol E;,is the combined
transfer of water by evaporation from the soil and by transpiration from
plants. The quantity of evapotranspiration depends upon the availability
of water in the soil, evaporative demand of the atmosphere, crop density
and cover, and the stage of growth of the crops or vegetation. Evapo-
transpiration is therefore a difficult quantity to calculate. Lysimeters
have been used to measure evapotranspiration from areas of srowing crops

however, it is more often calculated using a theoretical approach.
The Calculation of Evaporation.

Evaporation commences and continues as long as there is a supply
of moisture, a vapour pressure gradient between the water surface and the
atmosphere and a supply of energy. The energy required to supply the
latent heat is withdrawn from the most convenient source, which may be
the sun, the overlying air, the gr-ound, or from the water itself (Weginer,
1970). The principal independent source of energy for evaporation how-
ever is net solar radiation, and the derivation of this quantity has
been discussed in detail above. The input of net radiation reaches an
equilibrium with an appropriate rate of water diffusion. If the net

radiation input changes, for example, if the sun is obscured by clouds,
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there is an immediate drop in net radiation received, but the evaporation
flux changes more slowly as the existing vapour pressure gradient per-

mits the continued diffusion of water vapour into the air.

Evaporation may also occur when there is no available net radiation,
by the turbulent transfer of energy from the airmass. Such evaporation
is determined by the humidity and wind speed of the air passing over the
water surface. This advective form of evaporation is especially signi-

ficant during the dry season.

The combined energy-balance vapour-transfer method of Penman (1948)
is widely used for the calculation of evaporation. Since 1948, when
Penman published the first theoretically sound treatment of the evapor-
ation process, there has been continued research into the subject and a
number of significant modifications have been suggested. Thom and 0li-
ver (1977) have reviewed the evolution of the Penman equation and Weisner

(1970) gives an anlytical treatment of the combined approach derivation.

Penman's original formula may be written as :

Ea = AxH VXEH .
° PeA- * TPLA 213
where E, = evaporation in mm water per
day
H = net available energy in mm
equivalent evaporation per day
Eqa = aerodynamic term (discussed
below)
A = slope of the vapour pressure

vs temperature curve for

water at the air temperature
Ta

y = thermcdynamic value of the
psychrometric constant

The equation consists of two terms, the first is commonly referred
to as the radiation term, while the second is called the aerodynamic term.
The two terms represent the contribution to Eo from the energy derived

from net radiation input and the energy derived from the drying power of
the air.

The net available energy consists of the available net radiation (Rn)

calculated from equations presented in Section 2.3., less the energy ex-

pended in heating the water. The latter term is usually considered to be

insignificant.
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The aerodynamic term is calculated from a number of formula of the

type :

Eq = flu)x (e-e)

where u = windsneed

214

(eq -e) = vapour pressure deficit

The original Penman relationship was :

Ea = 0.26 (es—e)X(l + 0,006214 x u) Zﬁm day_if 2.15
where e, = vapour pressure[mb]
e = saturated vapour pressure [mb]
at Ta the average air temper-
)
ature |°C]
u = wind run per day [km]

The constants have been adjusted to
conform to the metric system.

y = 6.514x 104 x p

2.16

where p is the average ambient pressure [mb)

A = slope of the saturation vapour pressure curve at Ta.

Appendix A contains detailed notes on the algorithm that has been

written to calculate evaporation. The use of a wide range of units has

led to some confusion in the literature and recent results (Slabbers,

1977, Bevin, - 1979) have been presented using S.I. Units.

The daily evaporation for a water surfade with an albedo of O.

has been computed for the years 1969, 1970, 1971, 1973, 1974, 1978
1979, based on the daily climate data available at Bauchi. Values
daily wind run at 2 metres height (km), relative humidity (average
daily readings), average temperature (maximum and minimum readings

and sunshine hours as measured by a Campbell Stokes recorder, have

07
and
of

of 8
in °c)

been

used in the analysis. Of these data inputs, only the temperature estima-

tion of a 24 hour average from maximum and minimum data is likely to be

in error, and this has been found to be less than 2OC from an examination

of hourly measurements. The effect of a 10% error im Ta is described be-

low.

The average monthly totals, calculated by summing daily values are

shown in Table 2.19.
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Table 2.19 Evaporation totals for Bauchi (mm day_1)
= 0.07’ a = 00235, b = 0.555

Month 1969 1970 1971 1973 1974 1978 1979 Average
1 161.4 163.8 158.9 166.2 149.5 160.1  161.1 160
176.2  169.7 169.5 173.5 16,5 172.2  167.5 170
225.6  213.4  21h.6  211.4 0 205.1  213.4 205.3 213
208.6 211.3  214.0 220.1 213.8 185.5 207.5 209
206.8 213.2  218.0 215.8 197.5 206.4 202.7 209
180.7 200.0 180.2 193.7 179.5 163.8 181.2 183
162.6 158.8 151.9 171.8 138.9 13%36.7 165.9 155
150.8 128.0 141.8 148.3 44,2  155.5  155.4 146
9 152.1  1h45.2  159.7 166.3 153.2 158.1  160.9 156
10 178.5 171.6 178.9 184.0 176.5 175.8 167.9 176
11 161.2  163.4  159.8 160.3 163.7 157.8 158.2 161
12 166.0  156.4 153.8 160.5 149.9 153.7 148.3 155

Cco 3 O \n & W M

Totals 2124.4 2094.7 2101.1 2171.8 2036.2 2038.9 2082.0 2093

The effect of using the Rothampstead values of a = 0.180 and b = 0.550
in the Angstrom equation rather than the recommended values is to reduce

the total evaporation for the year by approximately 8%.

The proportion of the total evaporation that is contributed by the
aerodynamic term varies throughout the year. 1In general, as the dry sea~
son progresses, the vapour pressure deficit increases substantially and
therefore the quantity of water that the air can absorb also increases.

For the mid dry. season months the aerodynamic term contributes more than
half of the total evaporation. The radiation term is strongly dependent
on the observed sunshine hours. During the wet season, the vapour pres-
sure deficit is very low and the aerodynamic term is correspondingly small,
Total evaporation during the wet season is therefore strongly influenced

by sunshine hours.

A double peak in the total evaporation graphs is the result of a
double peak in the net radiation term corresponding to the sun's zeni-

thal position.

The components of total evaporation and their interrelationship may
be best shown diagrammatically. Figures 2.19, 2.20 and 2.21 show total
evaporation for the years 1973, 1974 and 1979 respectively. Daily rain-

fall is shown as a histogram beneath the plots of daily total evaporation,
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the aerodynamic contribution, and the radiation term contribution.

The evaporation calculation has been conducted for daily and monthly
periods. The results obtained by summing the data calculated on a daily
basis and the results obtained by using averaged daily data on a monthly
basis show very little variation. An error of less than 1.57 in the
monthly total during the dry season months is found to occur. This
error is reduced during the wet season. Penman (1948) originally re-
commended that the evaporation calculation be carried out using data av-
eraged over a ten daily period. This precaution was introduced to com-
pensate for the diurnal variations in evaporation which the empirical

form of the equation, especially in the aerodynamic term, may wrongly

estimate,
Sensitivity of the Evaporation Calculation.

Bquation 2.13 is comprised of a complex association of measured and
estimated parameters, all of which affect the accuracy of the evaporation
estimate. The estimated parameters are contained wholly within the net
radiation term and the highly significant effects of using poor estimates
of these parameters has been demonstrated in Section 2.3. The measured
parameters consist of sunshine hours (n), wind speed (u), average temp-
erature (Ta) and relative humidity, usually derived from wet and dry

bulb measurements.

The effect of errors in the measurement of these parameters has been
studied for a U.K. climate by Howard and Lloyd (1979), who reported that
calculation of evaporation using the Penman eguation is most sensitive to

wet bulb data.

A sensitivity analysis has been carried out for the data available
at Bauchi to investigate the effects of errors in measured parameters on
the evaporation calculation in a savanna environment. The measured par-
ameters have been varied by 2, 5, 10 and 20”, with the results presented
graphically in Figures 2.22 (vzriation in n), 2.23 (variation in Ta),
2.24 (variation in relative humidity), and 2.25 (variation in windspeed,u),
A five point running mean filter has been used to smooth the data so that
the considerable daily variations shown earlier do not mask the sensiti-
vities.

It may be seen from Figures 2.22 to 2.25 that the most sensitive
measured parameter is the average temperature. The maximum 10% error in
average temperature produced by averaging the daily maximum and minimum

,

temperatures, will produce a 5.8 error in the calculated evaporation.



EVAPORATION  (HR)

- e s

D e A D LA D R & -ﬂ“"‘:‘*‘-’,""‘}l"‘f‘:{'"fg
~ AGS LN LA G LN e LA & =3

S IR R LI LI LY & e a A ALACLA LA 0 ) 00 =) =) =] =) 00 0D 60 &0 0 0 (D L0 @
Pl L1 B P L) 8D R LA =3 6D 1
e aR

§ ESSRNL R
0 P S ) 0D P L = 8D
o LN & LN &5

;

3 )0
S
= o

I\ N S V1 AR |

(5]
{

)
C
iy

AR=CHEAR - "

S LA o

1

DAY NUMBER

T TTE NPT IBTTE T LTRTTET L TR T2 T ToTRTATIEIY CLEASETE LRI EIRY S0t b LS00 L0 18 ot i ot b Cdcd (=8 £ 4 0 L 1] P B P18 LR 1 Cled i 2it 1a s b e T TS LI TTeT= TS AT TTeT ETITTITETETTT oI LI,
2 10 20 3@ 4@ S0 50 TR B8 99 100 118 120 130 14@ 158 160 178 160 19¢ 200 219 270 230 740

Siiion Nome (R INPUT PARMMETER HULTIPLIED BY

BALCH] AERORIE ISERIA 197 FALTORS 1%
EVAPORATION SENSTTIVITY ANALYSIS 5

EASIRED INPUT PRMETER B
Figure 227 Evaporation sensitivity to observed sun hours.

T ;|-:.-.|.u;l.h..-.,.|-.:lrﬂh.._||.ﬂﬂ1'r!11.|.|=|.u!l|.|l|:|.|L.|u_|-5..||-||||:||.|--.-..|I'!1'I1'I'EI'I'EI11'I'!1'I*
250 268 278 280 290 @@ 318 320 330 349 358 360

J0TALS
Ji11.80

11389
113866
AR
233,41

9L



EVAPORATION  (AR)

-——-—-—-Mmmmmuuua.ﬁiammmmmmﬂﬁtﬁﬂ"-J"'-"“-‘F"f-n

] L ] * L] L ] * ] L]
D P G = 8 P U =0 G P
= = o = =

momwoweows
D L ) — 6D R LA
R AR EGS

w@rum'-..n_-mmq-mmu-.«mm-q B
= . n N-= fl &5 - & - G (N &9 =,

DAY NUMBER

0 10 20 30 40 58 £8 70 88 38 100 118 120 130 148 158 158 170 180 130 200 210 220 230 248 250 260 270 250 238 300 310 320 330 340 350 360
Station Nome (EAR Hﬂlﬂ PARMETER HULTIPLIED BY
ONEH] ACRORDE WGRIL 197 -

FVAPORATION SENSITIVITY ANALYSIS %

9
HEASURED INPUT PARAMETER i 8
Figure 2-23 Evaporation sensitivity to average temperature

TOTALS
R

6.4
188.3
6.8
192,99

LL




FVAPORATION  (fH)

._._.--mmmmwuwu.n....-.mmmmmmtﬁmﬂ"-‘_‘"‘“"f':'m

& P LA~ O e LA =) 8
= LA oo =

mmmmmmm
: :-|_..-\'|I‘l-ul._.|"l--.|
:{\. o LN & 12

. . . . 1 - - & . . - - L ] ¢
Fa LA =) & R - D R LA = D R L =) O R = & = &
o LA D oo = LN B LN B LA L = LN 6 U G U G L G

DAY NUMBER

Station Nome
BAUCH] AFRODROME NIGERTA

(EAR
1973

EVAPORATION SENSTTIVITY ANALYSIS
HEASURED INPUT PARAHETER b

Figure 2-24

Evaporation sensitivity

FACTORS OF .

to

relative

=

08

| humidity

=TT AL LR L3 TP L L L0 L EL B LS L E LA P el g 1 1 P ol s L a1 LB B P e L L S 1 L B b b P P | AR L L B L P LR L BRI e o o bl LB LR L R B0 e 11 L B b b L B O R 2 L LSS 1 L PR T 8 R DL R e 2 ke L B S LR L h L UL R LR L b LA E LB Rl 0 UL E L B b LR LRI E L]
2 2 3@ 49 S50 68 70 Eﬂr 99 190 11@ 120 130 49 150 160 170 180 9@ 200 219 220 230 240 258 26@ 27@ 280 250 0@ 3.9 320 330 34@ 350 168

INPUT PARMHETER MULTIPLIED B

TOTALS
2iT1.80

JATARS
2180.59
2188.11
103,56

8L



D Wm D WwE

EVAPORATION  ¢nf)

FEEERRRRL LWL -- .. ANANMO O OO~ === @@ ®

. % = = 5 W 5 o & W ' e ¢
5 P L) D S LA O Pl £ =3 3 s (] e BB s L] ) 6 Pl L =3 6 P L1 =) G2 P LA =D D r L) = G
=S (A & LA S LN D A &g o o o al== N LN & LN 5 LN 0 LA — A e L] O LG G = S
f -
-

o P o -..8

DAY NUHBER

P As 1 P TR ) et A B At 1)) LT LR R e B L 1 b O R LR L P R R S e L e S I LR LR LR Ll L CLCLE LS LU LU UL LSl TETETETETTa L 10 LR LB IS 1P R T Lo b 808 8 L8 L G S IR L B L (P E P LS R R R R A L LS L e R C U R R LR L L A LR R L L
2 i@ 20 3@ 48 50 6@ ?ﬂn @ 99 @@ 11@ 120 138 149 158 168 170 180 192 200 210 220 230 240 250 6@ 279 292 29@ 0@ 3id 320 338 349 350 360

Station Noge TER NPT PARMETER MATIPLIED BY 10TALS
BAUCHY AERODROME NIGERIA 1973 FCIORS OF 1.0 1.9

k! 11653
EVAPORATION SENSITIVITY ANALISIS

21%.5
HEASURED INPUT PARAMETER #

1313
2106.%
Figure 2-25 Evaporation sensitivity to wind spe

D ===

6L



80

The seasonality of the sensitivity of the other parameters is
well demonstrated. The wind run is the most sensitive parameter in
the dry season. The relative humidity is by contrast most sensitive
during the wet season, when a small change in vapour pressure deficit
can cause considerable evaporation to occur. The measured sunshine

hours have an even sensitivity throughout the year,

The sensitivity calculations have been worked assuming a constant
albedo, It is propable that algal growths during the dry season, and
the extensive development of vegetation, both floating and peripheral,
will alter the albedo and thus cause significant departures from the

estimated values. These effects remain completely unquantified however.

As the radiation inpit is the controlling factor behind the evap-
oration, the same sensitivity analysis was run for incoming radiation,
the Ra term in Bquation 2.5. In the light of the possible 5% error in
estimating Jo (Bquation 2.3) (Lamb, 1972), it may be seen from Figure

2.26 that the associated error in evaporation is 5%.

From the above analysis it may be seen that the measurement of temp-
erzture is the most significant parameter in which lack of accuracy can
lead to error. An average daily temperature computed from three hourly
readings at least is required to maintain accuracy. In addition, a vari-
ation of Ra is seen to significantly influence the evaporation calcul-
ation. If Jo varies by & 57 as is thought possible {Lamb, 1972), then
a variation of evaporation by as much as 220mm between different years
could occur. This tends to support the argument that variations of the
solar constant can influence climate significantly. However, that subject

is treated extensively by Lamb (1972), and will not be entered into here,

Estimation of Evaporation.

Very little direct work has been carried out in savanna regions to
measure evaporation losses from surface water bodies. For this reason,
there is no direct comparison between actual evaporation loss and the
predicted loss based on Penman type calcula*ions. ZIstimates of evapora~
tion show a variation which mainly reflects the use of different Angstrom
equation constants. The lowest estimate of yearly evaporation at Rauchi
is provided by Xowal & Knabbe (1972). The Agroclimatological Atlas of
Northern lligeria gives a figure of 185lmm per year. The highest figure
suggested in the literature is one of 2443mm per year (Consulint, 1976),

The results provided by the above analysis indicate a figure between hese
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two extremes of 2093mm per year (Table 2.18).

In temperate latitudes, the evaporation from pans has provided a
useful guide to Eo. The Bauchi data for 1978 and 1979 includes evap-
oration for a class A pan shown in Plate 2.5. Unfortunately the co-
rrelation analysis carried out for monthly data indicated very low corr-
elations between Eo and the pan data. It is not clear why these results

were S0 poor.

Piche evaporimeter measurements have been taken for several years at
the Bauchi station. The Piche evaporimeter is installed in the Stephen-
son screen beside the maximum and minimum thermometers. A paper filter
is attached to a water reservoir and advection of water occurs through
the filter from the reservoir. A daily measurement of water loss from
the reservoir provides an estimation of the aerodynamic component of the
evaporation. The Piche evaporimeter has been used to estimate Eo for a
number of stations in Israel (Stanhill, - 1963), where the data is used
in the absence of wind speed measurements. A high correlation between
measured evaporation for a large open area of water and calculations of
the evaporation based on the use of Piche data to estimate the aerodyn-
amic component is reported. In Table 2.20, the correlations between Piche
data and the aerodynamic term for the Bauchi data are shown. It can be
seen that throughout the year the correlation is high for a well kept

instrument. Low correlations tend to occur due to dust, insects or other

material clogging the filter paper.

Table 2.20 Correlation between Piche data and the aerodynamic term
in Penman's equation.

Month 1970 1971 1973 1974 1978 1979
1 0.85 0.6k 0.78 0.74 0.83 0.91
2 0.76 0.77 0.88 0.75 0.71 0.88
3 0.85 0.83 0.87 0.83 0.62 0.85
L 0.82 0.93 0.82 0.63 0.86 0.87
5 0.88 0.92 0.85 - 0.84 0.71
6 0.90 0.86 0.90 - 0.88 0.58
7 0.93 0.79 0. 0.92 0.85 0. 94
8 0.88 0.N 0.88 0.95 0.92 -

9 0.72 0.92 0.74 0.82 0.92 -
10 0.94 0.88 0.87 0.88 0.8 -
11 0.68 0.63 0.72 0.63 0.70 0.9

0.85 0.45 0.90 0.79 0.59 0.86

-3
AY
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Plate 2.5 Type A evaporation pan at Bauchi.

Plate 2.6 Dry season land surface close to Bauchi.
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The results of work conducted at the Makwaye Lake, Samaru (Kowal &
Kassam, 1978) indicate that the average evaporation loss during the dry
season is about 7 to 8 mm day-1. The estimated rate of evaporation using
the Penman formula and meteorological data collected over the lake was
6 « 9mm day-1. The additional evaporation is thought to occur as a result
of the advective transfer of energy from the ad jacent dry, hot land sur-
face. Kowal & Kassam report that a fetch of 60-75m is necessary before
the evaporation over the water surface ceases to be influenced by this
additional energy input. It is this factor which is also the major cause

of error in evaporation pan measurements.

No allowance was made in the above experiment for the loss of energy
due to the warming of the lake water. It is assumed that due to diurnal
convective transfer within a shallow lake that this energy change is in-

significant.

The Calculation of Evapotranspiration.

The original form of the Penman system given in Equation 2.15 was
modified by Penman (1956) to give a value known as potential evapotrans-
piration. This was defined as the following. 'The amount of water trans-
pired in unit time by a short green crop completely shading the ground,of
a uniform height and never short of water.' The same equation was used to
compute this value but the albedo was altered from 0.05 to 0.25., This
modification, assuming all other parameters were held constant, produces

a value of evapotranspiration (Et) which is 207 (¥ 1%) lower than Eo.

The definition of the potential evapotranspiration term is too lim-
ited for the savanna environment. In particular, the crops are not short
green, growing on average to 2 metres in height, and the ground is not
often completely covered. Apart from these limitations, a basic incom-
patability exists between the energy balance term and the aerodynamic term

(Thom & Oliver, 1977) in the Penman equation.

Monteith (1965) showed from first principles that the latent heat

flux from an unsaturated surface can be represented more accurately by

Equation 2.17.

- AxA _PKCQX(Gs-E)/Fq [Wfﬁzl 2-97
AE A+ P{1-0+rg/rq) Y oa +¥x{10+nr5/rg)
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where E = evaporation [kg m?s']
A = 1latent heat of vaporisation [2.47 x 106 kg-1]
= available energy [Wm—al
(A = Rn~-G-H-P, as in equation 2.12)
p = density of air [1.2 kg m-Z]
Cp = specific heat of air [1.01 x 103 kg—1OC-1]
e¢ = saturated vapour pressure at Ta [mb)
e = vapour pressure [mb]
To = average air temperature at reference level z [°c)
A = slope of the saturation vapour pressure curve [ mb°% ]
y = psychrometric constant [mbok_1]

fq = aerodynamic resistance to the trasport of watgq vapour
from the surface to the reference level z [sm ]

g = canopy resistance to the transport of water from some
region within or below the evaporating surface to the
surface itself. Under wet canopy conditions rg =0-0

It may be appreciated from Egquation 2.17 that for wet canopy condit-
ions, the condition for which the Penman eguation is limited. This equa-
tion resembles the Penman equation as rg = O, The radiation term be-

comes identical, but the aerodynamic term is altered somewhat.

The net radiation measured at the reference level has been described

previously.

One form in which rq may be calculated is as follows (Bevin,l979)

2, ,2 .
rq = [tnllz-d)/zg)l Kxu [sm!) 7-18
; =
where u = mean wind speed [ ms ']
z = reference level of the anemometer (2.0m) [m]
d = =zero plane displacement [m]

2z, = roughness length (Zg= h/100) [m]
- Von Karman's constant 0.4

h = vegetation height [m)

This form was originally used by Penman and Long (1960). There is
evidence (Bevin, - 1979) that d and z; are both functions of the wind
speed u. However, for the purposes of the present study, where an accur-
ate assessment of regional evapotranspiration is required, Ejuation 2.18
has been used as modified by Thom and Oliver (1977). The zero plane dis-
pl:icement 1is considered insignificant and Z is estimated by h/10.0 where

h is the vegetation height in cms,
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The value of r_ represents a complicated interaction of factors,

)
and it is in this term thut there is scope for representing the sav-
anna environment more accurately. Slabbers (1979) suggests an equation

of the form :

fs = Pl + Pc + Iy [s ml] 2-19
where fl = stomatal resistance [Sﬂfl
= Tresistance depenent upon the degree

of soil cover [sn')

' = Tesistance dependent upon the
avallability of soil moisture and
on liquid flow in the plant (sl

Slabbers, working in northern and southern Iran, the Lebanon and

Tunisia reports values of r, as follows

Table 2.21 Relation between soil cover % and diffusion resistance to

water vapour dependent upon fraction of soil covered [sm“ J

Soil cover % 10 20 30 40 50 60 70 80 90 100

T, — 250 180 120 80 50 30 20 10 0 0

The r, parameter is naturally important in the savanna environment,
especially at the beginning of the rains and during the dry season. The
value of 1, is difficult to quantify but is thought (Slabbers, 1797) to
be of an order of magnitude less than r, or r . Bevin reports r to
vary diurnally, and Monteith reports values of r, of only 107° smt

-1
for leaves in contact with moisture and values of 50 sm = for forest.

It has been found during runs of the evapotranspiration algorithm
described in Appendix A, that values of re of several thousand are re-
quired in EBquation 2.19, to reduce dry season evapotranspiration to lev-

els of less than 0.5mm day_l, the levels that are probably operative

during the dry season.

The complexities inherent in Ejuation 2.17 were readily recognised
by Thom & Oliver (1977) and they suggested a modified form of the aero-

dynamic term in the Penman equation, vis

E, =138 (ese)x(1:0+ 0006214 xu) /[In(z/2,N°  [mm day 2-20
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Identity with Equation 2.15 occurs for z = 2m when 2z, = 1.37mm.
This represents a very small value of the vegetation height corresponding
to Penman's original emphasis on short green grass. The vegetation

height in this case would be 1.37cms.

Evapotranspiration Results.

Penman evapotranspiration, using an albedo of 0.25 in equation 2.13
has been calculated for the year 1979. To investigate the effects of
varying the albedo within the context of the more familiar Penman equa-
tion, the same algorithm was run with albedos varied as presented in
Table 2.15. Although the annual total of evapotranspiration remains
almost unchanged, the distribution within the year is significantly al-
tered. Of a total of 1660mm, 75mm extra evapotranspiration occurs dur-
ing the rainy season, compensated by 75mm less during the dry season.
Such a change of balance will naturally effect the ground water balance.

The results are presented in Table 2.22.

The figures presented in Table 2.22 reprezent the potential Penman
evepotranspiration, or the evapotranspiration which would occur if the
g0il moisture held in the root 2zone was never depleted, and the crops

were of a constant, small height.

Use of the modified Penman equation (Thom & Oliver, 1977) for the
1979 data set indicates a figure of E; that is approximately double the
value cbtained using the Penman equation. This difference is accounted
for by the fact that the vegetation height is always greater than that
jmplied by the Penman aerodynamic term. Using monthly values of Z, as

indicated in Table 2.2%, the annual total E4 is 3093mm.
Table 2.23 Modified Penman equation 2o values

J F M A M J J A S 0 X D
4.0 4.0 8,0 12.0 20.0 50.0 100.0 150,0 180.0 150.0 70.0 20.0

The values of Ze reflect the seasonal vegetation changes. However,
as the dry season values are still higher than the Penman values, and
the aerodynamic roughness of a dry landscape should still be greater than
thzt of a short grass Crop (z, = 1.37mm), this modification does not
provide a useful improvement to the E; calculation for a savanna environ-

ment. The equation is recommended for use in a temperate environment

howeverT.
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Table 2.22 Penman evapotranpiration for a surface with constant albedo
compared with an albedo varied to reflect the seasonal changes.

Decade Albedo Ey, Albedo B, Ey.-Ev,
o, o
1 29. 1 32,2 -5.9
2 January 0.25 40,0 0.35 34.0 -6.0
p) 48.6 41.4 -7.2
4 45.6 28,6 ~7.0
5 February 0.2% 48.7 0.35 1.6 -7.1
6 38.3 33.0 -5.3
7 54.1 48.0 ~-6.1
8 March 0.25 53.4 0.3%5 45.8 -7.6
9 61.5 55.0 -6.5
10 55.5 61.8 +6.3
11  April 0.25 62.1 0.15 70.0 +7-9
12 53,2 59,4 +6.2
13 52.5 55.6 +3.1
14 May 0.25 50.4 0.20 53.6 +3.2
15 62.9 66.9 +4.0
16 42.5 48.5 0.0
17  June 0.25 45.6 0.25 45.6 0.0
18 51,1 51,1 0.0
19 40.7 43.6 +2.9
20 July 0.25 41.9 0.20 A5.0 +3.1
21 48.9 52.4 +3¢D
02 40.6 46.5 +5.9
23  August 0.25 40.7 0.15 26.6 +5.9
24 A2.6 48.3 +5.7
25 aA1.4 AT.0 +5.6
26 September 0.25 42.7 0.15 48.6 +5.9
27 44.6 51.0 +6.4
28 43,2 41%.2 0.0
29 October 0.25 43.8 0.25 43%.8 0.0
30 45.9 45.9 0.0
31 42.8 30.8 -3.1
32 November 0.25 40.7 0.30 37.6 -3.1
33 41.6 33.6 ~3.0
zA 37.1 31.6 -5.5
35 December 0.25 36.4 0.35 30.8 -5.6
26 43.% 371 6.2

Total 1662 1659
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In a similar manner to the sensitivity analysis of the measured
parameters of evaporation, the sensitivity of Ejuation 2.17 to v:uriations
in albedo (@), r; and z, has been investigated. To achieve the low val-
ues of E, in the dry season that are likely from surfaces as indicated
in Plates 2.1 and 2.2, the R, term in Ejuation 2.19 is increased to
several thousand, and completely dominates the calculation of R¢ . This
is not unreasonable as the resistance dependent upon the availability
of soil moisture will approach infinity as the soil becomes completely
dry. It is probable that some deep rooted plants tap the water table
and that some evaporation occurs direct from this zone even during the

dry season. For this reason, it is unlikely that E; ever becomes zero.

During the wet season, the crops grow to approximately 2 metres in
height. The effect of increasing the Z, term to reflect this increase
in aerodynamic roughness (Table 2.21), and of increasing Rs to 50 ms—1

is to indicate considerably greater Er during the wet season.

To demonstrate these changes, the values of Ey for the Penman and
¥onteith equations are shown in Figure 2.27. A five point running mean
has been used as a smoothing filter to afford a clearer comparison.

The Penman value for a fixed albedo of 0.25 is shown on the least vari-
able functicn (annual total 1669mm). The Penman modified function var-
ies reflecting the changing vegetation height. It is always greater
than the Penman function. The Yonteith value approaches zero during
the dry scason months and increases tc become grezter than the Penman
function during the wet season. The values of Ry used are presented

in Table 2.24.
Table 2.24 Vglues of R¢ used in the Monteith calculation.

Yonth J P ¥ A ¥ J J A S O N D
R 3000 8000 700 200 100 60 50 50 50 70 100 800

The effect of changing R; during the wet season when ko, is large is in-
significant. Similarly, the effect of altering k, in the dry season

when R is large is unimportant.

Figure 2.28 shcws the contribution of the Monteith aerodynamic and
radiation term to the total evapotranspiration function shown in Figure

2.27. The 1979 rainfall is included for comparison.

Considerable error can occur at these transitions between the seasons.

The values of albedo, k, (vegetation height) and Ry are all dependent
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upon the rains or more directly, upon the soil moisture balance. A
monthly discretisation of these values is insufficient and a model
whereby these functions are in some way linked to the soil moisture

balance is suggested. Possible relationships will be discussed in

section five.

It is evident from the above that the sensitivity of the By cal-
culation to the -measured climatic parameters is of an order of magni-
tude less than that of the estimated parameter, particularly the R, fun-

ction.

Lastly in this section, it is worth noting that the calculated E-
function will be reduced further in the dry season as the use of the
available net radiation is changed. This point has been discussed in
Section 2.3, although no allowance has been made for it in the calcul-
ations presented in this section. In temperate latitudes, the complete
net radiation is assumed to be available for evapotranspiration, and it
is not likely that this causes a significant overestimate of E.. In the
savanna however, it is not reasonable to make this assumption. Equation
2.12 expresses the possible different ways in which net radiation can be
absorbed, and Table 2.18 presents the results of experiments at Samaru

(Kowal &Kassam, 1973a).

From Table 2.18 it may be seen that even in the wet season, only
approximately 75% of net radiation is used to produce evapotranspiration
(E),the remainder is used to heat the soil (G), the air (H) and to drive
the photosynthesis mechanisms (P). During the dry season, most veg-
etation is dead and therefore evapotranspiration must be small, although
some direct evaporation from the soil still occurs (as discussed in sec-
tion five). It seems probable therefore that there is a large redistri-
bution of the use of net radiation during the dry seascn. The increase
in albedo causes a higher percentage of incident radiation to be reflect-
ed and therefore net radiation will be less in the dry season. Of this
reduced net radiation it is suggested here that only 25% is used for

evaporation, the remainder is used to heat the ground and the air.

In the wrater balance algorithm, described in section five, and
presented as Appendix E, the net radiation available for evapotranspir-
ation during the year is modified as described above. The change bet-
ween the 75% available during the wet season, to the 25% available dur-

ing the dry season is a function of the increasing soil moisture deficit
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(see section five). While it is accepted that this is not the conven-—
tional approach, it is felt that the error produced by any inaccuracy
in the empirically guided choice of conditions, is more than offset by

the more realistic approximation of the actual environment.
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2.5 SUMMARY

Research in the whole general area of tropical meteorology has re-
ceived a considerable impetus from the general availability of satellite
imagery. Before this time, the network of meteorological stations
throughout the tropics was very sparse and the lack of upper troposphere
observations was a particular restraint to understanding the tropical
circulation. In addition to the general availability of satellite imagery,
the results of the world meteorological observation programme directed at
the West African and Eastern Atlantic area has provided a wealth of de-
tailed observation of upper and lower troposphere data. When this data
is finally completely analysed, it is likely to provide a complete re-
assessment of tropical weather systems in general, and perhaps the Inter-

tropical Convergence Zone in particular.

It is of use to summarise some of the major ways in which the tropi-
cal climate differs from that at temperate latitudes however, as there are

direct hydrogeological implications arising from these differences.

1. There are no frontal systems producing fairly uniform rainfall
over a wide area.

2. The high net radiation input creates a large number of localised
storm cells which are characterised by very high intensity rain-
fall over limited areas. Iateral extrapoclation of rainfall from
a recording station is therefore not possible in time scales of
less than five years if any order of accuracy of the extrapol-
ation is required.

3. The high net radiation input combined with the very marked sea-
sonality of the climate produces greatly varying albedos through-
out the year. A background variation of between 0.710 and 0.35
probably occurs. This variation produces a range of evapotrans-
piration values which are not experienced in temperate latitudes.

4, The concept of potential evapotranspiration based upon Penman's
equation cannot be applied throughout the year. A more sophis-
ticated model based on an analysis after Monteith is required,
with particular emphasis being placed on the evaluation of the
aerodynamic and canopy resistance terms.,

A considerable research programme is required before a systematic
method of calculating actual evapotranspiration can be finalised. However,
the methods suggested in Section 2.4 indicate a definite path of approach.
In section six a groundwater balance is presented which attempts to explain
several features of the groundwater hydrograph. The concepts presented in
this section are used to control the evapotranspiration function in the

general water balance. The effect of the variability of rainfall is also
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investigated by using a number of different years of data from the Bauchi

record with the same general evapotranspiration function.

It is necessary to describe the nature and evolution of the weather-
ing basins and the rocks which are acted upon by the climate before a

water balance can be attempted however, and the next two sections are

concerned with this analysis.
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3. urCLOGICAL =HiVITC M ONT
Introduction

The Cambrian and Pre-Cambrian gneisses and granites which compc.e
the majority of the Basement Complex of Nigeria are essentially sim-~
ilar to those which occur throughout the rest of Africa, and also over
large areas of the continents of Asia, Australia and %ﬁg Americay.

In addition, the climatic conditions discussed in section two of the
thesis, represent the same general conditions which occur throuchout
the szvanna regions of the world. The geological angd climatological
ervironments of Central South America, India, lorthern Australia nnd
large parts of Africa south of the Sahara, are sufficiently sirilar
to those of Northern Nigeria that the general discussions in this sec-
tion are valid throughout these areas. For this reason the first rart
of this section is discussed in general terms before specific examples

from lorthern Nigeria are described.

It is the rurvose of this section of the thesis to examine the
geological environnent, and in particular the weathered zone, in order
that a si~ple model of the groundwatsr resources may be constructed.
This model will then serve as a basis for the development of the _eo-
physical technicues designed to locate groundwater reservss in a spec-
1fic area, and will also be used as a basis for the resource asise-s.ent

in section six.

Crystalline rocks such as granites and gneisses, when in the un-
weathered and unfractured state, exhibit very low porosity and are com-
pletely impermeable. By contrast, the w:isthering residues of threse
rock types are predouninantly silty clays and guartz particles, The
residue therefore has a high porosity, comprised of a large number of
very small intertices between clay laminae, and negligible perumeability.
At some intermediate stage in the weathering process, a stage is reached
whereby the crystalline matrix is compietely ruptured and yet chemical
weathering reactions have not produced large amounts of clay minerals.
These horizons within the weathering profile have porosities of 10-20;
and permeabilities of 50 0’ day“1m'1. It is the latter horizons which
constitute the groundwater resource. Unfortunately, the combination of
weathering processes which produce these zones is not well understood.
In the majority of locations the weathered profile is only approximately

10m thick, and the zone of higher porosity and permeability is not
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sufficiently thick to form a u=eful rosourze. In ailition, thi; -une

lies often above the dry season water table 1:-vels.

The existence of areas of deep weathering, where the degth of
the weathered profile exceeds 30 metres, h=s been rzcognirced for some
time (Ruxton & Berry, 1957, Thomas, 1966, Faniran, 1975). Ilowever,
as information concerning the depth and extent of this decper weather-
ing is intrinsically difficult to obtain, very little rersearch work
has been devoted to the problem. The weathering mechanismus that pro-

duce these weathering basins or troughs are ndt well understood.

Deep weathering in the tropics has played a considerable part in
the protracted geomorphological discussion concerning the origin of
inselbergs (Ollier, 1975), and has been studied from the civil engin-
eering approach where deep weathering encountered in tunneling may be
problematic (MNewbery 1971; Irfan & Dearman, 1978). However, no con-
census of opinion has been developed, especially with regard to the

nature of weathering beneath the permanent water table.

In the following section, various aspects of deep weathering are
examined with the aim of identifying the significant hydrogeoclogical
processes. 1t is recosnised that the treatment is in no way co~plete

and that a great many queztions remain unanswered,

In the first part of the section, the petrographical and chemical
nature of the granites and gneisses are described with a discussion of
the tectonic setting in which they have been formed. This may seem of
little hydrogeological significance, however, the work in "igeria has
concentrated almost entirely on S-type (see section 3.1) granite and
surrounding gneisses, and there is some indication that the I-type
granites do not weather in quite the same way to produce basins of deep

weathering.

The locus of deep weathering is protably a fracture or dyke in-
trusion related to a fracture system. 1If the tectonic style of an area
can be understood then orientation and location of areas of deep weather-
ing may be predicted. These predictions, usually based upon an analysis
of the remote sensing data, are of considerable use in restricting the
areas that are investigsted using geophysical techniques. For this
reason the second part of this section contains a description of the

various fracture types which may control deep weathering.

The third part of the section contains a discussion of the weathoring

processes and reactions that may occur within the deep weathering



environsent, A large ;ort of this discuasion is conjecturil nod tlare

13 nwmple scope lor rore detailed research in this aron.

The crzineering and peliological approaches have Leen corbined in
the fourth part to produce a geological molel of a typical area of deep
weathering. The concept of engineering grades (Deurman et al 1978)

are of particular use in this respect.

The application of the geological model to areas of Northern ¥i .-
eria is described in the fifth part of the section. The results of
diamond core drilling through shallow weath:red zones and the logs of

a number of water well boreholes are used to substantiate the wodel.

lastly, the physical properties of the soil are described in a
final section as these are of great importance when the wat.r balance

is considered in section six of the thesis.

Tt is recognised that the development of a water table within the
weathered zone is inextricably linked with the chemical reactions which
occur within the zone, and that the two cannot be separated for hydro-
geological purposes. However, in order to impgrove the clarity of the
discussion, the description of the hydrological and hydrogeological
implications are delayed, 2s much as possible, to section five of the

theSiSo
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3.1 Genoral s nlogy
The geo’opical enviro.ment which is corwon to the stsble crz-
tonic areas consists of a complex z:ssociation of hijh ride wita-

murphic rocks, gneisses, migmatites and _ranites. The rock associa-
tions are generally the result of a number of little under:tood ;eo-
synclinal periods, of Cambrian or Pre-Cambrian ajse. ohe last such

orogenesis to effect large parts of Africa was the Tan African (650-

850 ta).

As the petrogenesis of these rocks hzs such a long history, it
is not surprising to find a highly complicated association of rock
types resulting. The following discussion is restricted to the w.oather-
ing of migmatites and granites produced by anatectic processes. ZJuch
granites are referred to as S-type granites (“hite & Chappe1,1977),
indicating that they have originated from the partial melting of anc-
ient sediments. I-type granites are the products of differentiation
of gabobroic magmas.‘ The differentiation is sigmmificant in hydrogeo-
logical terms.as the s~type granites show more compusitional irregular-
ity than the I-type znd are therefore subject tc more v riable forms

of chemical weathering (see bzlow).

S-type granites have a rumber of compositional features which it

is useful to summarise.

1. They are strongly peraluminous Al/(Na + k + (Ca/2)) =3
s 007 1
2. They have high initial Sr '/ Sr

3. Complex zoned plagioclases

In addition the magmas are more viscous and tend to move as dia-
pirs in such & way that the restite is cerried along with the magma
producing numbers of xenoliths which are still mostliy recognisable as

meta-csedimentary types.

The s-type granites have not generally moved very f~r from the
place of origin, and complicated suites of migratites are seen in
close proximity to the granites. A migmatite is simply & mixture of
high grade metamorphic rock {gneiss) and granite. Migmatites have
light coloured layerswith portions composed of quartz and feldsi:r,
often showing enhedral crystal shapes, and dark coloured layers in
which biotite predominates (Winkler, 1967). The minerals of the cari-
er coloured layers generally have a preferred orientation. Flates 2.7

and 3.2 show typical outcrops of migmatite from the Zauchi area. In
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Plate 3.2 a meta-sedimentary pod has cnused a local irregularity.

Ais menticned above, the following discucsion is limited to that
of gneisses, migmatites and granites. Although many of the princi-
ples may be extended to less high grade metamorphics, on the one hand,
and to mafic intrusives and their derivatives on the other, it is
necessary to restrict the scope of the discussion as in particular
equigranular crystalline rocks such as the I-type granites fracture
and weather in such a way as to generally not produce areazs of deep

weathering.
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Plate 3.1

A typical migmatite from the area of Bauchi. Ilote the
lamination of biotite in the dark zones, co pzred to the
more euhedral crystal development in the light zones.

llote also several different rhu.es of granite veining.

e
4

A meta-sedimentary relict within migmatite. The relict is
almost entirely biotite. Ilote the flow structures strongly
implying moverment as a semi mobile environment. ote also

the slip plane running top rizht to bottom left.
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3.2 Jointing =nd Fructuring.
Definitions and rmethod of formation.

Joints and faults are structures which result from the brittle
failure of blocks of rock which are displaced relative to one zuother
across narrow and approximately planar discontinuities (Hobbs et al,
1976). The discontinuities are called joints if the component of dis-
placement parallel to the structure is zero (or too:small to he app-
arent to the unaided eye) or faults if the parallel component of dis-

placement is larger.

Most joints or faults form by fracturing, that is, the Jevelop-
ment of cracks across which the original cohesion is lost. Joints are
often sealed tight again at a later date by the deposition of secon-

dary minerals or by the recrystallisation of the original minerals.
Joints usually occur as groups in a given rock type.

A joint set is a group of joints, of common origin, which are
usually parallel or subparallel to each other. The pattern of stresses
which cause joints to form, most often give rise to more than one set

of mutually orthogonal joints.

The whole assemblace of joints within an area is referred to as
a joint system. Typically, the orientation of joints within a sys-~

tem varies across contacts between different rock tyres.

Joints which are small enough to r«quire wicroscoiic observation
are called microjoints. By contrast, joints which are larger than
associated joints of the same set are referred to 2s masterjoints.,

The masterjoints observed in remote sensing data can be traced for dis-

tances of several kilometres.

Origin of Joints.

Joint systems in granites are .often symmetrically related to
the contacts of the body, suggesting an origin during emplacement and
cooling. Commonly ¢ranites are intruded along a particular orientation
to produce ellipsoidal bodies with the major axis orthogenal to the
direction of stress. The stress pattern causes a lineation produced
by feldspar and biotite crystals which inturn acts as a fracture plane
when the granite is later subject to stress often in the same sense.

For this reason a major set of joints often exists parallel to the

principal lineation.
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In taLular boldi s such as dykes, joints irer;.rdicular to the
contacts are formed due to the cooling and contraction of the baualt
magmas  This joint set may extend to considerable de;th =nd the
Joints act as a main point of entry for water, which initiates chem-
ical weathering. Dykes are often preferentially wceathered out of
granites and therefore form a locus of weathering in the surrounding

granite. This is clearly demonstrated by Plates 3.3 and 3.4,

The weathering ascociated with dykes extends below ground surface

to form in many cases the axis of an area of deep weathering.
Pressure Release Joints,

An important set of joints f{orms during the erosional unloading
of a granite or migmatite area. As material is removed from an area
by the weathering processes, the initial condition of stress within a
iiven volume of rock is changed in that the corponent of stress ortho-
gonal to the surface is reduced. The rock volume reacts to this change
in stress by a strain in the orthogonal, which may not necessarily be
the vertical,direction. The strain is accomodated until the point of
brittle failure is reached and the rock fractures to preoduce a joint

in the orthogonal rlane to the initial release of stress.

Joint sets form which are parallel to the outcror morphology,
and these in turn set up stresses which cause a further pair of verti-
cal and orthogonal joint sets. The result is the exfoliation slab com-
monly observed on many granite inselberg. The joints which are para-
1lel to the surface outcrop and therefore commonly subhorizontal, often

occur separated by as much as 1000mm, whereas the later suovertical

joints nmay be several metres apart.

It is commonly observed that granites and some mlgmatites, where
the percentage of granite is high, occur mainly as inselbergs, whereas
gneisses and high grade meta-sedimentary rocks olten occupy deeply
weathered areas. An explanation for this observation ray lie in the

different ways in which the rock types react to unloading stress.

Coarse grained rocks are competent as a result of their inter-
locking crystalline fabric. They react to stresses as homogenous bod-
jes and form joint sets at spacings as described above, separating in-
to a number of coherent blocks or slabs. The individual blocks pre-
‘gent a relatively small total arca that can be attacked by chemical

weathering, and more important, the joint sets are sufficiently wide



Plate 3.3 Inseluerg of migmatite at Gubi close to Pzuchi. Thkis
plate demonstrates the geomorphological effect of a
dyke during the weathering i;rocess. The increased
fracture density within the dyke has been exploited to

rroduce a pronounced modification in the outcrop morphology.

Plate 3.4

Close up of 3.3.
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to allow efficient drainage of rainwater. This encures th=t the
E

blocks remain dry for the majority of the time,

By contrast, gneisses and amphibolite facies rocks are composed
of mineral grains of many diiferent sizes and with often an abundence
of mica which gives the rock a schistosity or at least a pronounced
lineation. As the rock is very inhomogenous, it reacts to the un-
loading stress by strain which is accomod:ted by fracturing, producing
microjoints of crystalline dimensions. This density of jointing re-
leases an area of rock of many orders of magnitude greater than that
of the granite block, to the attack of chemical weathering. Similarly,
the small size of the joints inhibits drainage and the whole rock mass
remains damp. The efficiency of the weathering processes is greatly

increased by this dampness as is well demonstrated in Plate 3.5.

Depth of Jointing.

The depth of jointing in granite is not known with any accuracy.
Sheet joints and radial joints which are the result of unloading
probably extend to depths of 10 to 15 metres before becoming tight.
In the absence of other jointing, the weathering profile is commonly
an average of 10m depth (Water Surveys 1978), and this tends to sup-

port the average depth of unloading Jjoint seis.

Sheet 1like intrusives such as dykes can contain open joints to
much greater depths. The joints are caused by contraction of the cool-
ing magma. As the existence of the dyke indicates a condition of ten-
sion at depth, at least at the time of intrusion, there is no reason
for the joint set to be closed until considerable depths @re reached.
Often dykes observed in quarry faces made into fresh rock, will ex-
hibit brown staining on contraction joints, indicating the passage of

water and the initiation of weathering along the dyke.

Regional joint sets and masterjoints or faults may extend to
depths of 50 or 60 metres before becoming closed by the compresional

stress of the surrounding rock mass.

As weathering has been recorded in granites in mines at depths
of several hundred metres, it appears that major faults may remain
open to the extent sufficient for the percolation of water to these

depths. Such occurrences are not common however.

A combination of regional joint sets or masterjoints with an area



106

intruded by several dykes can proiuce a deeply woathered to.oin which
holds significant groundwater reserves. The prediction of such a
location in an area of generally weathered rock is ;ossibkle in gen-
eral from a detailed observation of the overall joint patterrn within
.an area of interest. All the available remote sensing data is anal-
ysed to provide a structural map of the area of interest. There is
generally available 1:40,000 or 1:50,000 photography of most places
and this combined with more recent products such as side locking air-
borne radar (SLAR) imagery (see Plate 3.9) is particularly useful.
Areas of deep weathered rock are evident on the photography by the
absence of topography or outcrop. Light st#ong soils usually indicate
solid rock at depths of less than five metres. Farming is often car-
ried out on marginal soils and is not a reliable indicator. By con-
trast, the presence of phreatophytes, such as the mangoe in Nigeria,

which fruit late in the dry season, is good evidence of water at depth.
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%+3 Weathering of ,necisses, wigiatites and granites.

General,

The weathering processes that occur above thre water table lLinve
been investigated in a number of recent studies (liesbitt, 1979; Led-
ger & Rowe, 1980) and is also reported in standard texts such as
Krauskopf (1967). The end product of the processes is a mixture of
clay and quartz grains, with the clay chemistry deternmined by a num-
ber of environmental factors. The clay and quartz sand end proiuct
has a low permeability, although the porosity may be hirh. Such depos-

its provide good sites for large diameter wells, but are of no use as

borehole sites where a higher permeability is required.

In the partially weathered material beneath the water table, a
part of the rock fabric is removed by weathering reactions, which
leave the matrix of the rock unaltered. 1In this way, the porosity and
permeability of the partially weathered rock is increased markedly.
7ones wnere this process has occurred are referred to by Cornish miners
as grus zones (Brunsden,1964), The reactions which are involved in
this process are not understood, however, the results produce areas
of sufficiently high permeability that boreholes producing 1Om3/hr can
be successfully completed.

In the following discussion the general weathering processes are

described and possible mechanisms suggested to describe the weathering

processes beneath the water table.

“eathering Processes.

The weathering processes may be subdivided into three main groups;

mechanical, biological and chemical. Although each of the rrocess=s

does operate individually, their concerted effect 1s the most efficient.

The mechanical processes act to break up the rock mass. Cf these
processes, the most effective is the jointing assoclated with ;ressure
release as discussed above. Rock mineralogy as much as crystal size appears
to affect the spacing belween joints formed by this process. For exam-
ple, quartz mcnzonites which crop out around Bauchi, tend to form three
equidistant orthogonal joint sets which produce sphercidal boulders
upon weathering. This effect may be seen in Plate 3.5. In another part
of Nigeria, the joint pattern is cbserved to change character as a

result of a small change in feldspar chemistry, -~ (Hazell -
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Plztie 3.5
Spheroidal boulders formed by weathering of quartz monzonite.

Note the advanced chemical weathering beneath the soil as compared

to the comparatively fresh rock on the surface.
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personal comrnunication).

Biological processes are effective in mixing the top soil layer.
Termites in particular, transport large quantities of soil towards
termite mounds, which can reach 3 metres in heigsht. At the rock face,
roots are very effective in loosening the slabs released by jointing.
Trees and bushes are commonly seen rooted in joint systems and grow-

ing on otherwise bare rock surfaces.

The most important of the three process. s is that of chemical
weathering. Once the rock is broken by jointing, the high temperature
and ready surply of water produce rapid chemical breakdown of the

mineral grains within the rock.

Chemical Weathering.

Chemical wcathering may be described as an attempt by the rock
mass to attain an equilibrium with the environment of the atmosphere
and biosphere. ‘hereas it has been possible to describe the chemical
phases within the closed system of a granite melt (Winkler, 1967), the
same order of understanding is not possible in the low temperature,

open system of the weathering environment.

Most weathering reactions which occur are not reversible and
therefore do not have egquilibrium constants which can be readily cal-
culated., The rates of reaction are determined therefore, by the rate
at which the products of weathering are removed fer the system. 1In
turn, the rate of removal is determined by the solubility of the var-
ious weathering products in water; as percolating groundwater is the
principal means of removal. In this respect, the warm (2800) mildly

acidic ( pH 5.7) rainwater is efficient as a solvent.

The principal component of granites or gnelsses are the silicate
minerals. Nicrocline, plazioclase and guartz form between 80 and 959
of a typical granite with muscovite, biotite and a few minor access-
ofies such as magnetite, illmenite and sphene forming the rest. The

weathering of these rock types is therefore principally the weather-

ing of the silicates.

The basic unit of silicate minerals is the silicon oxygen tet-
rahedra, where a silicon atom is bonded covalently with four adjacent
oxygen atoms. The tetrahedra may be arranged in discrete groups, such
as chains (pyroxenes and amphiboles), sheets (micas) or three dimen-

sional structures (quartz and feldspars). In addition, various other
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ions of a similar size to silicon muy be substituted for the =silicon
ion in each tetrahcdra. 1In general terms, the simple three dirmen-
sional network of silicon and oxygen {quartz) is the most stable min-
eral. Instability increases both with the degree of isomoryhious sub-
stitution of alumina for silicon and with the degrece of condensation
of the silicon oxygen tetrahedra. The subject of silicate weathering
is discussed at length in several standard texts (Kraupskopf, 1967;

Ollier, 1975), and will not be described in detail.

The principal chemical reaction involved is that of hydrolysis.
As an example, the hydrolysis of forsiierite by pure water (pH 7.0)
may be represented (Kraupskopf, 1967) as:

Mg,510;, + 4H0 —— 2Mg*t 4+ LOH™ 4+ H,,S10,, 3.1

The water disassociates as :

1+120\::H""L + OH 3,2

and the hydrogen ion replaces the marnesium in the forsterite to pro-
duce the very weak siligcic acid. Note that the reaction leaves the

solution more basic than before, due to the hydroxyl ion release.

Water in the weathering environment does not have a neutral pH
however. As the rain falls through the atmosphere, the water ejuil-
ibriates with atmospheric carbon dioxide to produce a weak carbonic
acid. As the rainwater percolates through topsoil, a further absorb-
tion of CO2 takes place as the soil air partial pressure of C02 is
considerably greater than that of the atmosphere. “ith this greater
concentration of hydrogen ions the rezction is modified to :

H20 + CO2 — H2003 3.3

Mg,S10, + 4H,00; == omg o+ 4HCO; + H,S10, 3,4

The supply of hydrogen ions is further augmented in the vicinity
of plant roots. The roots produce a supply of hydrogen lons which are
exchanged for metal ions, and by removing the latter, the reaction is

kept in imbalance. This reaction may be represented as :
, . + . ++ .
I“gzsloq + Ll'H - 2Mg + HL}SIOL} 3. 5

Similar, but more complicated reactions may be written for the

more common minerals in the weathering environment, such as :
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Plate 3.6.

Note:

This plate shows an example of grus from Northern

Nigeria in a recently made road cutting. The cutting

face stands at an angle of 60° although it was constructed

by repeated passes with a D9 caterpillar excavator.

1.

2.

3.

L,

The granular disintegration sand of the base of the
cutting

The constant volume weathering indicated by the
undisturbed quartz stringers (veins)

The basalt dyke weathered to clay within the less
weathered granite.

The very thin soil zone with almost no clay development.
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e o2 + Y Il { o ~ 3
4 xal °1308 + 2h’ + 2CH ﬁ__Aludluoqo\OH)g + uHuuloq +

P

K-feldspar Kaolinite byt + 208" 3.6

This reaction is a simplification however, and a more complex
process occurs in reality. It is possible that the hydrolysis does
not take place directly but in a series of steps., The feldspar may
first break down to form gibbsite (Al(OH)B) setting silica free as
dissolved silicic acid, and then kaolinite forms by a later reaction

between gibbsite and silicic acid.

Berner (1971) has emphasised the importance of water flow as a
controlling factor in weathering. At moderate flow rates albite

(NaAlSi 08) is changed to gibbsite as described by E:uation 3.7.

3
~s + + .
NaA1o13O8 + H + 7H.0 ==Na~ + 3H43104 + Al(OH)3 3.7
Na-feldspar gibbsite

vhen flow rates are very slow and providing magnesium is pre-
sent, the product is montmorillonite.

3NsA1Si Og + 2Mg' + 4H,0 = 2Na

0.5 11580, 551491
Bauxite minerals such as gibbsite tend to form in areas of high

rainfall and high relief. Montmorillonite tends to form in conditions

of low rainfall and low relief. The formation of kaolinite is inter-

mediate between the two.

A red brown limonite staining on otherwise fresh joint surfaces
is usually the first indication of weathering. As limonite is a
complex oxide of iron, the first weathering reaction must involve an
iron bearing silicate or oxide. Of the common silicates found in
granites and gneisses, only biotite contains appreciable iron. Mag-
netite and the iron bearing amphiboles or pyroxenes are considerably

less common than biotite.

The mica biotite has a sheet like structure, with iron, magnes-
ium and potassium held in octahedral co-ordination sites between the

sheets. The chemical formula of biotite may be written :-

k(Mg.fe)3 A181301O(OH)2
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The cations in the octahedral sites are only weakly held and may
easily be replaced by hydrogen. Although the hydrolysis reaction

is complicated, biotite first alters to the clay m neral halloysite
which pseudomorphs the biotite. Halloysite has the chemical formula:

AIMSih(OH)8010.8H20

The inter sheet octahedral cations are replaced by a layer of orien-
tated water molecules. The cations are released into solution,
where iron is oxidised to form limonite and precipitated out to pro-

duce the red brown staining.

Ledger and Rowe (1980) have presented results which confirm the
early weathering of biotite. Working upon the change of radioactivity
in granite weathering associated with the removal of uranium, they
found that uranium was held in two principal sites in granite. The
first is in small inclusions of zircon. These are held along bio-
tite grain boundaries, or within the inter sheet octahedral co-ordin-
ation sites, and are responsible for the pleochroic haloes of biotite
(Deer, et al, 1975). The second is within resistant grains such as
zircon and sphene adjacent to quartz and feldspar grains. The uran-
ium associated with biotite is lost very early in granite weathering,
presumably due to the hydrolysis of biotite., The radio-activity over
a weathering profile therefore shows a stepped decrease. There is an
initial rapid fall coincidal with the weathering of biotite, and the
release of the very small grains of zircon. This is followed by a
period of constant radio-activity as the larger zircon and sphene cry-

stals are held in position until the final disaggregation and removal

of the completely weathered rock.

The initial replacement of iron by hydrogen in the biotite allows
sufficient room for access by water to the surrounding grains so that
hydrolysis reactions may continue. ‘“here the rock lies above the
water table, the weatherings reactions are comparatively rapid. Rain-
water percolating downwards provides a constant source of hydrogen
jons. The pH may be as low as 4.5 (Eswaran & Bin, 1978). Water also

removes the products of hydrolysis. The final breakdown products of

all the silicates are clays, principally kaolinite and gibbsite, but
often modified by environmental factors as discussed above. These
clays can be seen in deeply weathered areas forming the top few metres

of the regolith. On exposed sites at outcrop, where weathering is



114

occurring, there exists a mixture of fresh rock, partially weathered
rock and clay, the proportions of which are a function of the ori-

ginal chemistry, fabric and fracturing.

It is suggested here that rocks which do not contain dissemin-
ated mica, will not weather as readily as those which contain mica
throughout. Without an initial means of access to the rock matrix
over a sufficiently large crystal surface area, the weathering reac-
tions slow down or stop. This is because each crystal surface which
is being exposed to hydrolysis, becomes coated with a layer of hydro-
gen ions. These ions tend to repel other ions still in solution, and
therefore form a protective coating (Kraupskopf, 1967) around the
silicate crystal. The process is particularly evident in coarse
grained rocks which have relatively small total crystal surface areas.
The result is that coarse grained equigrannular rocks predominantly
composed of quartz, feldspar and localised areas of biotite, are more
resistant to weathering than gneisses, which are typically fine grained
and contain abundant disseminated mica. This suggestion 1s given
strong suprort by the observation that granites tyoically occur as

inselbergs.

Constant Volume Weathering.

As has been described above, the significant horizon in the
weathering profile for hydrogeological purposes is the partly deccm-
posed and fractured zone that occurs above fresh rock and below the
high clay content more weathered surface zone. Veathering in this
zone is often considered to be constant volume wcathering (Ollier,

1975) although the term may be misleading.

The evidence for constant volure weathering is essentially that
the fabric of the rock appears to be undisturbed. In particular,
small quartz veins and joint orientations are preserved in such a
way that any form of large scale movement during weathering is not

possible. Plate 3.6 demonstrates a number of these features.

Apart from the apparently undisturbed fabric of this zone, there
are two other important modifications. The porosity is increased
from zero to approximately 10%, and the crystal grains become loose

and parted from each other,

The zones which this stage in the weathering process produces have

been given & number of names; grus, or granular disintegration sand
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or saprotite (Ollier, 1975). In oulcrops above the wat.r table, in-
dividual crystals can be rubted off the surface, as can be seen in
Plate 3.6. vhen this grade of weathering1 is encountered in bore-
holes, the drill cuttings are a disaggregated crystal sanda, with no

trace of the original intergranular components.

The problem of identifying grus in boreholes is further exacer-
bated by the common use of down-hole-hammer pneumatic rotary rigs for
drilling bo-eholes in hard rock areas. The hammer action of the
drilling bit on the allready disaggregated matrix ensures that no trace
of any remaining intergranular components remain in the drill cuttings.
The drill cuttings often contain perfect crystals showing prism ends
and no signs of weathering. However, the penetration rate of a rot-
ary rig through this material is very slow, indicating that the origi-
nal interlocking crystalline texture is not disturbed. This fact com-
pliments that indicated in Plate 3.6 of a stable and steep cutting

slope in the road section.

Yhen attempts are made to obtain an undisturbed sample of grus
for examination, for example by diamond coring, it is found that the
material has no tensile strength and falls out of the bottom of the

core barrel, especially if water is used as a flushing agent.

It is difficult to account for the formation of grus within a
constant volume weathering environment. The through-put of water ess-
ential to continued hydrolysis cannot be sustained within a constant
volume, and the weathering reactions would be reduced to the rate at
which ionic diffusion could carry away the released cations and supply
hydrogen icns, Such a process 1s considered here to be prohibitively

slow within a constant volume environment.

that is required therefore, is a set of processes which appear
to leave the fabric undisturbed yet do not rely upon weathering with-
in a constant volume. It is suggested below that pressure release
jointing provides the background in which such a set of processes

could operate.

Pressure release jointing has been discussed above. However, it

Notes. 1. Grades of weathering are defined and described in the foll-
owing section.

2. The mistaken identification of grus as sandstone fragments
is common in drill logs from crystalline basement areas.



is important to appreciate that the strecs which causes the joint-
ing is continuous, in such a way that the joint will continue to
open after the point at which brittle failure causes the joint form-
ation. However, except in coarsely crystalline rocks, widely opened
Joints are not observed at the surface. Only the trace of these

Joints remains, helping to give the impressicn of little disruption.

In medium to fine grained rocks it has been noted above that
joint sets are likely fo be closely spaced (of the order of 1000mm).
In such circumstances, the following sequence of events could lead
to grus formation without marked disruption of the fabric.

(i) Initiation of a joint through which a flow of water may

commence.

(ii) Hydrolysis of biotite and release of iron which forms
limonite staining. '

(iii) Conversion of outer part of biotite to halloysite and
the release of inter sheet components (e.g. zircons).

(iv) Disruption of biotite causes loosening of adjacent
crystals and further penetration of water.

(v) Hydrolysis of plagioclases, especially if calcium content
is high. The water will be highly undersaturated in
calcium and silica if pE is as low as 4.8 (Eswaren & Rin,

1978).

(vi) Removal of silicon as HESioh and calcium, potassium and
sodium as hydroxides.

{(vii) Expansion of the weathered rim of the jointed block, due
to crystal parting, until flow of water decreases, when
reaction rates will also decrease.

(viii) Joint expands due to further unloading caused by erosion,
and the process is regenerated.

(ix) Complete extinction and solution of crytocrystalline
intergranular phases will occur in the active rim at
anykime, thus increasing the porosity.

(x) Process continues until the centre of the jointed block,
also referred to as core stone, is finally penetrated.

The genesis and distributicn of the clay minerals is described
below. However, if the flow of water through the Joint becomes suff-
icient to convert all the mica, plagioclase and some orthoclase to
halloysite then an important second stage commences. The halloysite
is altered to kaolinite. This change affects the porosity of the
zone significantly. The halloysite has formed as pseudomorphs of the
original silicate (Eswaren & Bin, 1978) and the original texture is
retained. However the kaolinite forms as clay sheets and these block

the pathways between grains thus reducing the permeability. Core
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stones may thus become isolated and remain intact to a much higher

level in the weathering profile.

As much of the weathering within the grus zone produces pseudom-
orphs of the original crystals, the texture of the zone remains un-
altered, thus giving the impression that the weathering has occurred

within a zone of constant volume.

The sequence of events described above is by necessity hypo-
thetical. However, there are several implications which it is possi-
ble to test by general observation. These are listed and discussed

below.

(1) Coarsely crystalline rocks with limited biotite should not
form grus zones. Most of the coarse grained granites or granitic
migmatites found in Northern Nigeria occur as inselbergs and not as
areas of deeper weathering. The converse is equally true, that no

gneisses with disseminated biotite are found as inselbergs.

(11) The distribution of biotite in an s~type granite will be
determined by the nature of the original metamorphic material, and
will show considerable variation both horizontally and laterally.

If grus formation is a function of biotite content then it may be
expected to show a similar variation. This aryecars to be so in North-
ern Nigeria, the pockets of deeper weathering occur around fault zones
with a limited zone of disaggregation in coarse grained rocks, and

only develop extensively in areas of gneiss.

It is not possible to prove or disprove the proposed sequence
of events with the available data but the proposed model does explain

a number of the observed facts.

Deep Weathering Profiles.

The geological practice of mapping from outcrop to outcrop and
extrapolating the geology between outcrop has allowed deep weather-
ings to go undetected in nmany areas. It is only when mapping has
been carried out for soil or sub-surface features that the extent of
deep weathering becomes apparent. More recently, a number of deep
weathering occurrences have been detailed. (Ruxton & Berry, 1957;

Brunsden, 1964; Thomas, 1966; Newberry, 1971)

Thomas (1966) reported weathering to 90m depth on the Jos plateau

of Nigeria, and his sections have been reproduced in Figure 3.1,
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Ollier (1975) reports weathering to 350m in gneiss encountered dur-
ing tunneling in Victoria. Such depths of weathering are only assoc-
iated with fault zones, where the necessary water flow and reactions
can be accomodated, The weathering reactions cease in these zones
when there is no further expansion about the fault zone, in the way
that probably rejuvinates weathering in the pressure release joints

described above,

Eswarén and Bin (1978) have used scanning electron microscopy
(3EM) techniques to make a detailed physio-chemical and micromor-
phological study of a 20m deep weathering profile developed on a
coarse grained granite in peninsular Malaysia1. Although the climatic
conditions are not savanna type, but tropical rain forest type (see
Note 1), the chemical reactions are likely to be similar to those in
other parts. The granite has 41% quartz, 10 orthoclase, 32,/ plagio-
clase and 13% minor constituents (Niggli Norms), however, no chemical

analyses 1s given.

A number of selected physio-chemical parameters from the profile
are listed in Table 3.1. Note in particular the low pH, which can only
be maintained by continual removal of cations released by hydrolysis

and supply of hydrogen ions.

The detailed results of the study can best be su. marised dia-
grammatically. TFigure 3.2 shows the percentage composition through-
out the profile of the six basic components viz, quariz, feldspar +
mica, goethite + ammorphous iron, kaolinite, gibbsite and halloysite.
Similarly, the percentage composition of the six components in each

of the clay, silt and sand particle sizes is shown.

It may be seen from Figure 3.2 that halloysite is the only clay
mineral present in all grades other than V and VI. The SEM studies
indicated that halloysite formed pseudomorphs aiter the principle
silicates in these zones, rather than individual clay flakes. The
effect of this is to retain the texture of the original rock. Kaol-
inite only forms in zone V by alteration of halloysite and by primary
alteration of silicates. It is suggested (Eswaran & Bin, 1978) that
the pH may be a controlling factor in kaolinite and gibbsite formation.
Note 1. The profile is from Kuantan in Malaysia. Annual rainfall of

3257mm and potential evapotranspiration of 1130mm are given.
In such a climate, the rock surface will be continually wet

and the tendency for the larger joints in the granite to dry
out and prevent weathering will be negated.
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Table 3.1 Selected physio-chemical propertics of a deeply weuthered
profile in Malaysia (after Eswaran * Bin, 1973)

Soil Depth Weathering Clay Silt Sand pH CEC Base Sat
Horizon  (m) Grade % % % H,0 meg/100g o
A1-3 0-0.1 VI 36.7 7.9 55.4 4,36 10.51 6.1
B210x 0.1-0.4 VI 37.5 10.8 51.7 4.40 9,94 5.0
B220x 0.4-0.6 VI 36.7 12.2 51.1 L.20 6.58 4.0
B23ox  0.6-1.0 VI 32,5 5.7 61.8 4,20 5.33 3.5
B3 1.0-1.5 'p1 37.6 7.9 54,5 n.d 3.86 8.8
c2 1.5-2.8 v 18,1 13.8 68.1 L4.40o 2,60 1.5
C3 2.8-5.0 \' 20.1 27.9 52.0 4L.60 L, 47 1.6
ch 5.0-8.0 v 10,2 35,5 54.3 4.65 6.18 1.6
Cc5 8.0-9.5 IV 8.4 32.5 59.1 4,70 8.91 1.2
cé 9.5-12.5 Iv 15.5 25,9 58.6 4.84 8.98 1.3
c7 12.5-13.6 IV 1.7 22.5 65.8 4.80 9.10 1.5
c8 13.6-15.0 IV 8.5 21.7 69.8 4.85 8.62 1.5
R1 15.0-16.0 11T 10.5 24,7 59.8 4.90 8&.29 1.6
R2 16.0-16.6 ITI n.d n.d n.d 4.90 7.66 1.8

Note The weathering grades refer to terms defined in section 3.4.
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The result is that clay plates are formed instead of pseudomorphs

and as the clay flakes block the interstitial pores, the permeab-

ility is reduced.

Many deep weathering profiles appear to be weathered below the
local base level of ephemeral stream channels. The weathering has
occurred around fault zones and formed closed basins of weathered
material within fresh rock. It has been suggested (Ollier, 1975)
that such basins will contain zones of stagnant water with relatively
high salinity. This, however, does not appear to be true. Of more
than 100 boreholes sunk for water supply purposes in Northern Nigeria,
and sited so as to penetrate the deepest part of the weathered zone,
there was no record of high salinity. All the boreholes produced good
quality potable water. Similarly, without a flow of groundwater at
depth, the weathering reactions will stop, and this is contradictory
to the evidence of great (> 100m) depths of weathering reported ab-~

ove.

mxperiments have recently been made in the Hydrogeological section
of the University of Birmingham Geology Department with a Hele-shaw
viscosity model. The model has been used to demonstrate that a depth
of 300m of saline water lying in an aquifer mcstly below current sea
level can be flushed out by surface recharge and discharge, as long
as a hydraulic head is maintained over the length of the aquifer. A
similar run of the model, but without the density contrast between fresh
and salt water, indicated that a groundwater flow would be maintained
to the bottom of a closed basin of weathering, where the depth of the
basin is only 50m and the hydraulic head is approximately 5m. In

this way, the hydrolysis reactions described above would be maintained.

Groundwater Chemistry.

The chemical composition of groundwater should provide useful evi-
dence concerning the weathering reactions. Unfortunately, however,
very few accurate analyses have been reported. In Table 3.2, data
published by the Nigerian Geological Survey is presented. Only two
of the analyses, numbers 946 and 1756 show a reasonable balance be-
tween the cations and anions which are the major species in water,

However, there are a number of points ol interest.
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Table 3.2 Analyses of groundwater from the North Nigerian Basement

Lreragze

fram 0 wells
pureez (1061)

0.024
NeA
20.5
o.M
G.12
.2
0.1
0.02
1.0
£.9

c.?
6.0

.04

7.5

TC.D

Complex

rangarese (02')
Zodiam (?a+)

Totazaiun (k1)

Touride (I7)

Zulpiate (SOA
Picarbonnte (220,7Y)
Zarbocrote (CO,++5

-
Siliea (Si02)

Total Plvalinity
as CaCO

3
Tntnl Yariness as

~y

Ca_.u7

2 eguivalents 1g,Ca,la,k

Totzl Zolids
(130°%c/1L)

Rt
™

s equivalents C,,Sod,ﬁCO%

Pavahi

TH 245

0.004
ML
31.43
IIL
0.06
n.D.
n.D.
n.D.
11.0
I.D.

g.2
5.0

¥ 1
ol

1L
u.D.
tr
€6.0
7IL
60.0

7.0,

.0,
2.C5
1.22

174.0

?-1

Bauchi
BE 946

<0,002

12.75
8.59
NIL
0.08
NIL
¥.D.
N.D.

14.66

tr.

6.6
qIL
NiL
<0.5
n.D.
tr
117.9
IIL
130.0

D,

n.D.
2.1
1.93

252.0

7.4

(Nigerian Geological Survey).

Platean
3H 1501

0.004
0.4
6.0
<0.01
<0.04
<0,2
<0.2
< 0.02%
¥IL i
4.0 !
0.2
2.0
0.06
2.2
<0.1
IL
3.9
NIL
16.0

6.5

2.5
0.40
0.16

68.0

6.8

Flateau
BE 1528

0.012
0.4
2.0
<0.01
< 0,02
< 0.2
< 0.2
< 0.02%
3.2
4.0

0.3
3.0
0.06

<0.132

< 0.1
FIL
9.2
TIL

24.0

15.0

2.5
0.37
0.23

60.0

6.1

Fano
BH 1756

2.4
0.4
13.7
<0.01
0.06
<0.2
<0.2
< 0.025
16.0

3.2

0.1
7.5
0.013%
24.4
¥.D.
NIL
48.8
IIL
24.0

40.0

33.0
1.49
1.40

K.D.

6-9

‘ote 1. The conic balance betueen major cations and aniors is poor for each of the above
aralyses and therefore they are not presented graphically.

Tote 2. The pH will not represent accurately conditions at the borehole as the

deterzination is made in the laboraiory.
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(1) The silica content is much higher than in waters from
sedimentary rocks. This would be expected in an environment where
the predominant chemical reaction is hydrolysis. filicic acid

(HESioh) is released into solution in all thereacédtions noted above.

(ii) The level of total dissolved solids is low for any ground-
water, indicating that the waters do not have a long residence time,
and tending to confirm the idea of rapid and efficient flushing from

the base of the basine.

(iii) Aluminium is low in all the samples. It is held in the

grade V and IV material as gibbsite.

(iv) Sulpnate is low, indicating the very low sulph:te concen-

tration in the primary material.

(v) The sample from Kano indicates bacterial pollution with
high amronia and nitrate.

(vi) Although the primary silicates do not contain a high prop-
ortion of calcium, it can be seen that the calcium that is available
in plagioclases is readily dissolved by the pH 4.5 groundwater. The
observation above that plagioclase crystals often show solution pits

whereas orthoclase crystals do not, also supports this idea.

Further detailed analytical work combined with tritium dating
would provide very useful evidence concerning the weathering reactions.
However the chemical data available does support the general model of
weathering described above and also suggests a rapid flushing of the
active weathering zone. This, in turn, implies that the depth of
weathering is controlled primarily by rock chemistry and grain size

which is reflected in the nature of the pressure release jointing.
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2.4 Deep woathering lNodel.
General

Deep weathering has been described by scientists working in
the fields of geochemistry, pedology, civil engineering, geomorphology
and geology. It is not therefore surprising to find a number of
classification schemes proposed to describe the sequence of materials
between soil and fresh rock. In general however, six zones or grades
can be recognised. As the grades reflect basic geochemical changes,
they can be recognised from areas throughout the tropics, and also
in areas which have experienced tropical weathering in the past, i.e.

Europe in Tertiary times.

Moye (1955) classified weathered granite for civil engineering
purposes during investigation for the Snowy Mountains Hydro-electric
scheme. Ruxton & Berry (1957) described similar profiles developed
upon granite in Hong Kong. These classifications were combined by
Little (1969) and also Newberry (1971). The literature has been ex-
tensively reviewed recently (Dearman et al, 1978) and a comprehensive
classification system proposed. It is this system which will be used

as a basis for a model of deep weathering.

Definitions of terms.

MYany terms used in the description of weathered rock are used
only in a poorly defined manner. The descriptions proposed by Dear-

man have been adopted for this work and are presented below.

Fresh No visible sign of weathering of rock material

Discoloured The colour of the original fresh rock mater-
ial is changed and is evidence of weathering

Weakened The rock is weathered to the extent that it
is noticeably weakened.

Decomposed The rock is weathered to the condition of a
soil in which the original fabric is still
intact, but some or all of the mineral grains

are decomposeds

Disintegrated The rock is weathered to the condition of a
soil in which the original material fabric
is still intact. The rock is friable, but
the mineral grains are not decomposed,
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Relict, usually spherical or elliptical
bodies of fresh or discoloured rock found
in the soil zone.

The six grades of weathering are shown in Figure 3.3 against

some typical particle size analyses after Fitzpatrick (1971). The

weathering grades may be defined as follows (Dearman, 1978).

VI

IV

117

11

Residual
Soil

Completely
weathered

Highly
weathered

Moderately
weathered

S51lightly
weathered

Fresh

All rock material is converted to soil. The
mass structure and material fabric are des-
troyed. There is a large change in volume,
but the soil has not been significantly trans-
ported. Can be divided into an upper A hori-
zon of eluviated soil and a lower B horizon

of illuviated soil.

All rock material is decomposed and/or dis-
integrated to soil. The original mass stru-
cture and material fabric are still largely
intact.

Some of the rock material is decomposed and/
or disintegrated to a soil. Fresh or dis-
coloured or weakened rock is present either
as a discontinuous framework or as corestones
within the soil.

The rock material is discoloured and some of
the rock is appreciably weakened. Discoloured
but unweakened rock is present either as a
discontinuous framework or as corestones.

Discolouration indicates weathering of rock
material and discontinuity surfaces. Some

of the rock material may be discoloured by
weathering, yet it is not noticeably weakened.

No visible signs of rock material weathering,
perhaps slight discolouration on major dis-
continuity surfaces.

The degree of alteration of silicatcs within the weathering pro-

file has a direct influence on porosity, permeability, seismic veloc-

ity and electrical resistivity. Irfan & Dearman (1970) have made a
detailed petrographic analysis of thin sections of weathered material
taken from an s-type granite in Cornwall, U.K. They included as a
part of this work a description of the microfracturing and void con-
tent of each section. Similarly, Onadera et al (1974) used the number
and width of microcracks as an index of granite weathering, and found

a linear relationship between effective porosity and density of micro-

cracks defined as :
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100 x Total width of cracks

P
°r length of measuring line

They found that the mechanical strength of granite decreases rapidly

as P¢r increases from about 1.5 to 4.0 per cent. Porosity increases

with physical weathering by an increase in crack number and openness.

The descriptions of Irfan & Dearman are combined with the SEM an-
alyses below to provide a detailed description of each of the weather-
ing grades. These descriptions may be related back to the general

discussion of chemical weathering above.

As the geochemical reactions throughout the profile are progress-
ive from fresh rock to residual soil, the separate grades are discussed

in ascending order.

Grade 1 - Fresh Rock.

Included within this section are all types of alterations which
may have occurred post magmatically, but still at depth below the
surface. Eggler et al (1969) refer for example, to the post magmatic
oxidation of biotite which results in a slight expansion and ruptur-

ing of surrounding grains.

Plagioclase feldspars often have a cloudy appearance in thin
section and show alteration to sericite, particularly at the centre of
crystals and along cleavage planes, Potassium feldspars are usually
fresh, but often containing a number of inclusions. Quartz is fresh
and unfractured except for short hair-like cracks which show no stain-
ing. Partial alteration of biotite to chlorite is most likely post-

magmatice.

Grade I rock is separated from Grade II rock by the weathering
front (Ollier, 1975). This front represents the greatest extent of
groundwater percolation in any one direction, and as such is often a
complex three-dimensional surface, which encloses grade I rock to form

¥

core stones.

Grade II - Slightly VWeathered.

Irfan subdivides this zone into three subzones based upon the

percentage of microfracturing and staining.

(1) The rock is iron-stained only along the joint faces.

No penetration of iron-staining.
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(1i) Penetration of iron-staining inwards from the joint
faces along microcracks. Formation of simple, branched microcracks;
tight and partially stained. Slight alteration of the centres of
plagioclases. Occasional staining along quartz~quartz and quartz-

feldspar grain boundaries., Grain boundaries are sharp.

(iii) More inward penetration of brown iron-staining along
microcracks and partial staining of plagioclases. Micro-fracturing
of feldspars and quartz by inter-granular but sometimes trans-

granular microcracks,

The only secondary mineral present in this zone is halloysite,
as may be seen from Figure 3.3. SEM analyses indicates that after
formation the halloysite is not dislodged from the original mineral
but forms a& pseulomorphic coating around the mineral. Some solution

of the feldspars occurs along cleavage planes.

Interlocking corestones of unweathered rock are common in this
zone. The size and shape of the core stones is a function of the

jointing as discussed above,

Grade III - Moderately Weathered.

In this grade the discolouration of the rock is complete. Par-
tial alteration of the plagioclases has produced solution pores and
the formation of complete pseudomorphs of halloysite. Similar alter-
ation of biotite has occurred but orthoclase and microcline feldspars
are often unaltered, or with limited halloysite coating. The plagio-

clase pseudomorphs have a speckled appearance in thin section.

Some alteration of feldspar to gibbsite occurs in the top part
of this zone. Similarly alteration to kaolinite also commences in
the upper part of this zone and it is not uncommon (Zswaran §: Rin,
1978) to find kaolinite flakes in between tubes of halloysite on the
surface of the pseudomorph. This suggesis a transitional environ-

ment, probably dictated by decreased pH, between the formation of

halloysite and kaolinite.

Grain boundaries remain tight but stained brown by iron oxides.
The rock fabric is highly micro-fractured by complex branched, trans-

granular microcracks.

This zone has also been called the pallid zone, due to the in-

complete degree of iron staining throughout the matrix, in contrast
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to the mottled and stained fabric of grade IV material.

Grade IV - Highly Weathered.

The halloysite content decreases in this zone, presumably as
it is converted to kaolinite or gibbsite. Alteration of the smaller
grains of feldspar to kaolinite is direct in this zone, although lar-
ger grains alter to gibbsite. The biotites alter to a mixture of

kaolinite and goethite.

In this section, interconnected pores can be seen to have formed
in plagioclases, while orthoclase feldspar only shows slight altera-
tion. Quartz grain boundaries show slight rounding indicating sol-
ution of silica. Biotite is bleached to different degrees and altered

along grain boundaries.

Intense microfracturing of the rock fabric by a complex branched
and dendritic pattern of microcracks is seen. Dearman (1978) re-
ports that this zone has the highest permeability. Although the por-
osity continues to increase in the higher zones, there is more cry-
stallisation of kaolinite as flakes which tend to block the pores.
Similarly, the rock matrix begins to collapse with the alteration of

orthoclase,

Grade V - Completely Weathered.

Plagioclases are coupletely altered to kaolinite and gitbsite,
with some residual halloysite remaining. Orthoclase and microcline
are highly microfractured and partial alteration to kaolinite has occ-
urred along microcracks and cleavage planes. Quartz is intensely
microfractured and has been reduced in grain size by open, branched
microcracks. Some biotite still persists in a near fresh state,
presumably effectively protected by a thin coating of halloysite or
goethite. Some grains of biotite show alteration along grain bound-

aries and cleavages, and some expansion to vermicullite is noted.

The fabric is highly broken by micro and macrocracks, forming a
reticulate pattern; most are open, clean or partially filled; some
are wider and parallel sided forming macrocracks (3 1.0mm). The
material is very much weakened in strength, and is also highly porous,

although the permeability is decreased by the kaolinite formation.

Halloysite is actively replaced by kaolinite as can be seen in

Figure 3.3. Cnce the secondary mineral is reduced to extinction size,
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further weathering results in its destruction : silica is lost in

the groundwater and alumina precipitates as gibbsite.

Grade VI - Residual Soil.

Orthoclase and microcline feldspars are partially decomposed to
gritty aggregates and extremely microfractured. Kaolinite and
gibbsite are present throughout the matrix as recrystallised plates
or pseudomorphs of the feldspars. Quartz shows extensive micro-
fracturing and some solution. Microfractures and macrofractures are
abundant throughout the matrix. The material has lost all cohesive-

ness and may be dug into with a pick axe.

The permeability of this zone is low. In areas of deep weather-
ing, all trace of rock matrix is removed and the material becomes a

silty clay containing relict crystals as a dispersed sand fraction.

Lying above this grade of weathering are the typical A and B
soil horizons which are developed on any rock material. The A hori-
zon is particularly coarse, a reflection of the raindrop energy, as
all the clay is either carried away as runoff, or illuviated down-
wards to the B horizon. The base of the B horizon is defined as the

limit of bioturbation.

Plate 3.7 shows an eXample of grade V material where the rock

texture can still be clearly seen. The material has a very low per-

meability as may be seen.

Plate 3.8 shows a further (Plate 3.6) example of grade IV weather-
ing, indicating the effect of different lithology.

It is important to point out that the grades may be truncated in
any particular sequence. FEither grades II to V may be missing, rep-
resenting the weathering out of an inselberg, as in Plate 3. 20 and
Plate 3.21. Or grades IV, V, and VI may be missing at the edge of
an area of outcrop. The former occurrence represents an area that
may be successfully investigated using seismic refraction techniques
and will be re%urned to in section 4. The latter represents an area

of considerable groundwater recharge and will be discussed in Section

5.
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Plate 3.7 Grade V weathering material above the water table in a
pit dug for road construction purposes. Note the intact

rock texture and kaolinisation of the feldspar.

Plate 3.8

Grade III, IV and V weathered
material in a recent rock
':cutting. The difference in
F;grade is the result of

j differing rock chemistry.
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3¢5 Deep Weathering Examples from Northern Nigeria

General

The deep weathering observed by Thomas (1966) on the Jos Plateau
(see Fipure 1. ) has been shown diagrammatically in pigure 3.2. In
this section, the general geology of Northern Nigeria, and the area
around tauchi in particular, is briefly reviewed. This review in-
cludes descriptions of the major fracture trends and petrological
descriptions of some of the common rock types, so that the geological

background to deep weathering in this area is established.

Basement Evolution.

There has been very little general geological mapping of the basement
complex rocks where they crop out to the east of the Jos Plateau.
McCurry working in the area around Zaria has established the succession
shown in Table 3.5. The Katangan metasediments which crop out in the
Zaria area in a wide north-south trough, are not seen to the east of
the Jos Plateau, and it seems probable that the basement to the east
of the plateau represents a lower level of erosion than that to the

weste.

Nigeria lies com:letely within a mobile belt of the Pan African
orogeny, with the stable areas of the Congo craton to the south and
east, and the West African craton to the west. Figure1.2 shows a sim-
plified geological map of Nigeria. Bauchi is seen to lie to the east
of the line of Jurassic granites which extend through the Jos Flateau
area, and to the west of the Benue Trough of Cretaceous sedimentation.
An area of Tertiary sandstone deposition masks the boundary between the
basement and the Cretaceous deposits in the east. !any of these fea-
tures can be seen on Plate 3.9, which is a side scan radar image of the

Bauchi area.

The structure within the Pan African typically shows a 0500 line-
ation. This can be clearly seen in the older granite inselbergs visible
in Plate 3.9, and which are typically ellipsocidal and elongated in this
direction. The younger granite shows this lineation, although the line
of younger granite intrusions from the Jos Plateau to the Air Massif
in Niger, has an orientation of 0050. This later orientation can be
seen also in fracture analyses of Lands:t products as occurring widely

throughout the basement areas. A third lineation with an orientation
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Table 3.3 Generalised zeochronology for the metamorphic rocks of
Nigeria (after McCurry, 1973)

Age Period/Event Geologic History Rock Type
Mey

+ i . . i
5402400 Mid Cambrian uplift, coding, fracturing

and faulting

650~-580 Lower Cambrian granite intrusion, pegmatite

it
and aplite development Older Granite

850-650 Pan African orogonesis - deformation,
metamorphism, migmatisation
and reactivation of pre-
existing rocks.

1000-800 Katangan geosynclinal deposition Katangan
Metasediments

1900(1350) Eburnian granite intrusion Eburnian
Granites

orogonesis-folding
metamorphism and
reactivation of pre-
existing rocks

2500 Birrimian geosynclinal deposition Birrimian
Metasediments

2800(i200) Liberian(?) formation(?) of banded
gneiss complex near
Ibadan

72800 Dahomeyan Crystalline Basement
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0 .
of 80" can be seen controlling valley development and erosion within

!the older granite outcrop areas.

Both older and younger granites are present in the Pauchi area,
and both occur mainly as areas of hills or inselbergs. The large ellip-
tical hill called Zaranda which can be seen in Plate 3.9, lies some
600m above the surrounding plain, and is a younger granite complex
which has not been mapped in detail. More typically, older granites
occur as smooth sided inselbergs throughout the area and can be seen
as the smaller hill areas on Plate 3.9. Plates 3.10 and 11 show typical

older granite morphology close to Bauchi.

Eborall (1976) reports the occurrence of an intermediate suite of
quartz monzonites developed within older granite intrusions in and ar-
ound Bauchi. As Bauchi Old Town is situated on this outcrop, the rock
type was called bauchite by Oyawoye (1965). Eborall lists four occurr-
ences of this rock type, however a number of other areas of outcrop were
identified during water resource investigations, and some of these have
been marked on the overlay to Plate 3.9. Bauchite occurs associated
with biotite granite and quartz diorite in elliptical areas of outcrop.
Fresh specimens of bauchite are dark green due to the green colour of
quartz and feldspar, the most conspicuous crystals being twinned alkali
feldspars up to 50mm long. Bauchite consists of extremely coarse micro-
perthite and oligoclase, with eulite, ferroaugite, ferrohastingsite and

small amounts of quartz, fayalite and ilmenite or magnetite (Eborall,

1976).

The older granites more typically consist of phorphyritic micro-
cline and plagioclase (An25) with subordinate quartz. BRiotite, hornblende,
apatite, sphene and zircon occur as secondary minerals. The feldspar
megacrysts are dominantly microline perthite and usually contain inclu-
sions of the other major rock-forming minerals. The presence of the
inclusions strongly suggests a metasomatic origin for the megacrysts,

and not crystallisation from a granite melt.

The migmatites commonly occur as pavement outcrops close to the
base of inselbergs. Plate 3.12 shows a typical migmatite from an area

close to the base of inselbergs. The gneiss can be seen clearly in this

plate.

A series of basalt dykes of unknown age were intruded along a strike

direction of 0800, and weathering down these dykes is often responsible
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Plate 3.9. Side looking airborne radar (S.L.A.R.) image of Bauchi
area. (Courtesy, Federal Forestry Office in Ibadan)

Notes. 1. Younger granite ring complexes.
2. Zaranda - Younger granite

3. Bauchli airfield. North south line is reflection
from tin roofs in Bauchi old town.

4L, Boundary of Tertiary Keri Kuri sediments and
crystalline basement rocks.

5. Elliptical intrusions of Bauchite (Older granite)

6. Road and Rail bridges over the River Gongola
east of Bauchi.

The image extends from 9° - 10°30" east and 10° - 11° North.
The approximate scale is 1 : 1,000,000 Tem = 10 kilometres.,
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Plate 3.10 Older Granite outcrop close to Bauchi.

Note the coarse grained porphrytic texture, the large pressure release
exfoliation slabs and the predominant gulleys which are defined by
later age (?) basalt dykes.

Older Granite inselberg,
north of Bauchi at Gubi.

The sides are almost sheer,
with the formation of
exfoliation slabs of several
hundred square metres extent.

Note - all season water hole
at the base of the inselberg.
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Plate 3.12 Gneiss showing folding and intrusion by aplite veins.

Pavement outcrop close to Bauchi.

Plate 3.13. Dyke cutting edge of older granite inselberg.
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for the geomorphological evolution of the older granite inselbergs.

The dykes cut cleanly through the granites and cross onto areas of
gneiss where they often form the locus for areas of deep weathering.
Plate 3.13 shows a basalt dyke cutting through the edge of a granite,
close to Bauchi. A borehole producing 10m?/hr was sited in an extension
of the valley associated with this dyke some 500m onto an area of flat,

weathered ground.

Deep Weathering - Example A.

Plate 3.14 shows a part of the trough of weathering discovered by
electrical resistivity geophysical techniques to extend for a minimum
of ten kilometres in a 005 orientation through Bauchi. A number of
boreholes have been sucbessfully sited on this fracture zone where it
runs through gneisses. A section compiled from the borehole records and
covering 2 km length is shown in Figure 3.4. The section is drawn to
show the different grades of weathering, and two of the original geol-

ogical logs of the boreholes are presented in Appendix B.

The hydrology of this fracture is considered in detail in section
five of the thesis, as the borehole location described in Plate 3.1k4

is the location of the groundwater hydrograph presented in Figure 5.4.

The apparent resistivity anomaly over a part of this fracture zone
is shown in Figure 4.7. As can be seen from Plate 3.14, there is no
surface indication of the deep weathering profile, and it is thought to
have been caused by a combination of faulting and pressure release joint-

ing in an area of biotite gneiss (see Appendix B).

Deep Weathering - Example B.

Plate 5.15 shows a part of a complex area of deep weathering to the
south east of Bauchi. The photograph is taken from an older granite in-
selberg which falls almost vertically to the level of the plain. The
weathering appears to be located about a number of fractures, or more
probably dykes in gneiss which belong to the 080° orientation set,
Seismic refraction was used to locate the boreholes, and this area was
then covered again by electrical resistivity profiling techniques. The
combined results are discussed in Section 4. The apparent resistivity

anomaly over a part of this zone is shown in Figure 4.8

The pits that can be seen in the middle distance have been dug into

grade V weathered material using a pick axe. The material is shown in
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Plate 3.14. Deep weathering - example A location.

The weathered zone runs from the direction indicated. The photograph
is taken from an inselberg of granite, which can be seen in the right
foreground. At centre right, two pavement outcrops of gneiss and mig-
matite similar to plate 3.12 can be seen. A borehole has been drilled
to 60m depth by the tree at left centre (an orage air compressor can
be seen under the tree).

Plate 3.15 Deep weathering - example B location. A diffuse area of deep
weathering associated with 080° jointing crosses the picture from right
to left. The picture of grade V weathering material shown in plate 3.7
was taken in the road construction pits that can be seen in the middle
distance.

—_—— —————= — — ——— —_— —
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Plate 3.16. Drill cuttings from deep weathering area B.

The hole has been drilled using a pneumatic down-hole-hammer rig,

with the result that the more compact the rock, the finer ground is

the sample. The rock dust in the final pocket represents fresh grade
I material.

The samples are arranged 'book fashion'.

Note the absence of grade IV and V material, with a very thin grade VI.

Plate 3.17. Extensive grade V and Vi material from deep weathering
area C. Cores have been obtained using dry drilling techniques. S-W.l.

15.5m.
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Plate 3.7. Note also the trees rooted into the pressure release joints

within the older granite in the foreground of Plate 3.75.

Plate 3.16 shows the drill samples from a borehole at the edge
of this area, Only grade I, II and III material is present in any
significant quantity,with no evidence of grade IV, V and VI material.
The individual boxes hold a composite sample from a 2.7m (9') length
of hole, and are arranged 'book fashion'. The particular significance

of such areas as recharge zones is further discussed in section 5.2.

Deep Weathering - Example C.

This example is taken from the engineering geology investigations
for a major dam site., Resistivity profile data, EM31 data and seismic
refraction data were all collected as a part of the centre line survey
for the dam. Diamond core drilling at points of interest selected from
the geophysical data was later carried out, and good core recovery was
obtained from a number of holes. Plate 3.17 illustrates a deep dev-
elopment of grade V and VI material, where the complete alteration of
the silicate minerals to clay is well illustrated. The division be-

tween grade V and grade VI material is also shown.

Plates 3.18 and 3.19 show an unusually complete section from a
borehole on the dam line. The seismic refraction data from this line
is shown in Figure 4.23, with the resistivity profile data included
for comparisén. As the standing water level was at 19m in the bore-

hole, the whole section is usually unsaturated.



e ¥ Box L

Box 3

Box 2

Plates 3.18 + 3.19 An almost complete1sequence of samples through a
weathering profile (deep weathering - example C) obtained using a
site investigation rig. Note the clay material (Grade VI) close to
the surface, the pressure release sub-horizontal joints and the pre-
sence of grade I material above grade III material in the top core
box. After drilling, the standing water level was recorded at 19.0m.

1 The sample box should have 1.5m of core in each run.
In box 2 there are 10m of core.
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3,6 Soil Characteristics,

General

The grade VI weathered rock represents the C horizon of the soil
profile in normal pedological terms. The limit of bioturbaztion murks
the change from C to B horizon, although extensive clay bands found
in the upper part of grade VI material may represent fossil B horizons.
The change from A to B horizons is marked by the presence of illuviated

clay in the normal pedological sense.

The high kinetic energy of the rainfall associated with tropical
storms has the effect of breaking up the soil particles, particularly
the clay aggregates, and removing them from the profile in suspension,
either by infiltration, or by surface runoff. River water in the savanna

is never clean, as the clay content carried in suspension is always very
high.

The soil which is developed on agricultural land can become very Sa-
ndy, with a high porosity. Intercertion is particularly efficient, in
reducing the kinetic energy of the raindrops, and the removal of the

natural vegetation cover may quickly lead to erosion problems.

The consistency of the surface so0il is non-sticky and non-plastic
when wet and friable when moist. Savanna soils also show a marked de-
gree of hardening and cementation with decrease in soil moisture.

The process of increased cohesion and hardening does not start until
about half of the moisture content at field capacity hag been lost,
but it then continues for as long as evaporation continues (Kowal,

1978).

clo.-'.
The é&? fraction of the soil (35%) is either collecidal or colloid-

al like and is principally kaolinite (78.) with the remainder as goe-
thite and gibbsite. The sand fraction (60%) of the soil is dominantly
quartz and relict orthoclase or microcline grains with some mica frag-
ments. The micas are preserved in the weathering environment by & pro-

tective goethite sheet (Eswaran, 1976).

The soil profile developed over crystalline rock in a savanna en-
vironment is known as a Krasnozem (Fitzpatrick, 1971), A problem as-
sociated with the profile development which is not well understood is
that of lateritisation. The essential requirements for laterite form-
ation are high rainfall, and intense leaching in an oxidising environ-

ment. The result of the process is the formation of an iron oxide rich
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layer some 300 - 800mm in thickness at the top of the soil profile.

The layer is dominantly pisolithic and may develop to form almost

solid iron oxide.

The principle significance of laterite formation to this study
is that it produces a shallow, very high electrically resistant layer
which causes severe problems during geophysical work described in the
following sesction. A typical occurrence of laterite is shown in Plates

3.20 and 3.21, A sheet of laterite can be seen beneath the A horizon

of the soil throughout the section.

laterite formation has received extensive discussion in the lit-

erature (McFarlane, 1976) and the method of formation is not signi-

ficant within the context of the present study.

The bulk physical properties of the soil, the moisture retention

and field capacity are discussed in Section five of the thesis.



late 3.21. A weathering profile in a different part
of the same location as 3.1.
Note the same general features and the
1=-14 metre thick laterite sheet close to

the surface.

Plate 3.20. A weathering profile close to Kano, !
Northern Nigeria. Grade I and II weathering can
be seen in the 'exhumed' inselberg at centre right.

Grade Vi weathering material is being used to make
bricks, indicating high clay content, and occurs
close to but at the same level as the grade I mat-
erial. The high porosity and low permeability of
the grade V material is well demonstrated by the
presence of water slowly released well into the

dry season.
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5.7 Summary

The weathered zone developed upon gneiss, migmatite and gran-

ite is the result of interaction between four basic factors, viz:

1) Composition of the rock, crystal type and size.
2) Joints formed as a result of pressure release.
3) Presence of dyke intrusion.

L) Presence of faulting or jointing formation at depth.

The most important of these four is the composition of the rock
and the size of the various crystal phases present. Although con-
siderable further research is required in this field, it seems prob-
able that coarse grained granites with quartz, orthoclase or micro-
cline and subordinate plagioclase, with only minor biotite, will re-
act to pressure release by forming joints at regular and widely spaced
intervals. These joints produce large exfoliation slabs which are
only reduced by chemical weathering very slowly. In this way such

rocks tend to form inselbergs.

The size and spacing of pressure release joints appears to be a
complex interaction between rock chemistry and crystal size. For ex-
ample, a small change in feldspar chemistry may result in a pronounced
change in the density of jointing, and therefore the rate of weather-
ing. In contrast to granite, a medium grained gneiss with usually
abundant biotite and a pronounced lineation, appears to react to pre-
ssure release jointing by forming a larger number of more closely
spaced joints which may be rapidly weathered to produce a grus, or
disaggregated crystal sand. At the far end of the scale a schist re-
acts to pressure release jointing by microfracturing between adjacent
crystals, and therefore does not form joint blocks. As the total sur-
face area opened up by microfracturing is very large, chemical weather-

ing is correspondingly more active.

The presence of basalt dykes often forms a locus for a greater
depth of weathering. Groundwater percolation down the contraction
joints within the dykes allows greater access to the rock wallsj; if
these are gneissic then weathering may extend outwards from the dyke.
If the wall rock is granite then the different weathering rate of the
basalt may still have a pronounced effect on the morphology of the

inselberg.’ -

wWhere a major fault is present which can allow groundwater access
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to a depth of 75m or more, then deep weathering on either side of
the fault may occur. If the fault runs through granite the extent
of the weathering is likely to be less than that would occur if the
fault line runs through a gneiss. 1In all the above instances, the

behaviour of migmatites is somewhat intermediate.

Major joint systems associated with the cooling and contraction
of emplaced granite magmas may allow deep weathering in granite,
however the older granite suite around Bauchi is most probably pre-
dominatnly formed by metasomatism, and this process does not produce
such contraction jointing. The metasomatic origin of at least the
major feldspar megacrysts is indicated by the large number of inclu-

sions found within these crystals, and by their zoned nature.

The predominant chemical reaction is hydrolysis. The silicates
are hydolysed by percolating groundwater with a pH of 5.0 in the
grade II weathered material. The hydrolysis reaction increases the
PH due to the release of hydroxyl ions. Halloysite is the first clay
mineral to be formed and typically plagioclase and biotite are altered
to halloysite which forms as pseudomorphs around the original crystal.
The calcium contained in plagioclase is dissolved out by the acidic
groundwater. The initial alteration causes a microfracturing of the
surrounding crystalline matrix. As this microfracturing in turn re-
guires an element of expansion, the amount of weathering is controlled
by the space made available by joint formation, or the fracturing

associated with faulting.

The products of weathering in the grade I]1 and II1I material are
efficiently removed by groundwater flow, even through closed basins
of weathering. This has been indicated by the results of a hele-shaw
viscosity model, and 1is also strongly inferred by the fact that base-
ment groundwaters are invariably very pure with negligible dissolved

matter and very low salinity. (Feth, 1964).

The grade IV weathered zone marks a change between predominantly
halloysite clay in lower zones, and kaolinite and gibbsite as alter-
ation products in higher zones. It seems probable, although there is
no conclusive evidence, that the production of large amounts of kaolin-
ite, begins to reduce the permeability of the higher zones although the
porosity continues to increase. This factor is significant for both
geophysical and hydrogeological reasons, and is the most important

single factor identified in this section.
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Three examples of deep weathering are introduced in this sec-
tion with a number of plates showing the actual areas under study.
From these plates it may be scen that there is no reliable surface
indication of deep weathering in the savanna, and considerable geo-
physical effort is required to accurately locate positions for bore-
holes in order that they may intercept the greatest depth of weather-

ing.
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4. GEOPHYSICAL TUIVTETIAATION TDCHRINIES,
Introduction.

The genesis of weathering basins has been described in Section 3.
The development of groundwater reserves contained within these basins
is obstructed by the fact that their existence is not reliably indi-
cated by any criteria observable at the surface. Although the exist-
ence of basins can be predicted from an examination of the surrownding
geology, it is necessary to use geophysical techniques to determine their

actual existence and extent.

The sequence of materials encountered within a weathering profile
has been described in Section 3. Each of these subdivisions is devel-
oped 10 an increased extent within a weathering basin developed over
homogeneous material. However, grades IIT and IV material may be absent
when a change in the lithology has halted the downward progression of

the weathering front. Plate 3.20 indicates such an instance.

Significant groundwzater recerves are found in the grades II, III

and IV westhered material, where the porosity and hydraulic conductivity
are relatively high compared to the und-rlying solid rock or the over-
lying high clay content m:terial. The variation of hydraulic conductiv-
ity within the weathering grades is discussed in detail in Section 5 of
the thesis. The geophysical problem is therefore resolved into the dev-
elopment of techniques which can reliably identify the presence of grades
II, IIT and IV weathered material, and subsequently the depth at which

this material lies.

Seismic refraction and electrical resistivity techniques are both
vsed at present in geophysical surveys designed to detect weathering
basins. For this reason the results obtained by both methods are des-
cribed below and a critical assessment mzae of their general applicabil-
ity. !l‘ore recently, electro-magnetic (EH) instrumentation and techniques
have become available and a combination of electro-magnetic and electri-
cal resistivity methods which greatly decreases the geophysical survey

time required is described in this section.

The geological descriptions of the various weathered layers allows
the physical properties of both grade I and grade V + VI material to be
reasonably identified. Grazde I material is unwiathered rock with a2 low
porosity and no hydraulic conductivity. Consequently, the electrical
resistivity is high (% 4000Am) and the seismic velocity is sinilarly

high (4.0-6.0 m/ms}. Grade VI muterial is completely weathevci rock with
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no structure intact and a high proportion of the rock conponcnts cor—
pPletely convarted to clay. The porosity of this rmaterial is higu,

but the hydraulic conductivity is low due to the hizh clay content.

The electrical resistivity of the damp material is low ~200&m, but os
the surface material dries out, this increases to above 100Qam. As this
material is uncompacted, the seismic velocity is low at 0.4-2.0 m/mz,

depending upon the degree of saturation.

Both seismic refraction and elecirical resistivity interpretation
techniques, in taeir mos® generally used form, are based upon an assum-
ption that the subsurfaces may be discretised into secticns of homozen-—
eous material separated by abrupt planar interfaces. Hovever, the
weathering profile is most often gradational with no easily identified
interfaces, (see for example Plates 3.17, 3.1% and 3.19), and it is
this gradational characteristic, both in the horizontal and the verticzl
planes, which is responsible for the interpretation problemswhich com-—

menly arise in this environment.

Purinz the work in Tiigeria, the electrical resistivity and III method
proved to be the most successful for locatine areas of deep wezther-
ing. ©Severzl developments of this technique are described below and
therefore in the first part of this section the relevant theoretical

cspects of the elsctirical resistivity method are discussed.

The electrical resistivity method comprises two separate methods
of investigation. The continuous separation traverse or profiling
technique is used to establish the priesence of lateral variaticns of
resistivity. This method is the most useful technique in the basement
environnent where the depth ol weathering is a f nction of faulting
and fracturing and therefore changes over short distances. It is not
possible to interpret profile results at a single elecirode separation
in terms of a depth, however the method was used extensively for this
study in Iigeria and is described and discussed in part two of this

section.

The electrical resistivity sounding method can be sucressfully
employed where a sequence of plane layered homogeneous media are to be
resolved into depths and resistivities of the component layers. The
interpretation technizues derend upon there being very little 1:.teral
variation élong the layering over an area of 500m by 250m nccessary
for the field measurements. This constrain! is seldom satizficd within

the weathering environment due to the buisic inhomoseneity of the Treinsg
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and grenite m.terial being wiathered. Deurite this constr.int, depth
sounding interprctation resilts are widely reported in the literature,
with generally poor correlztions Letwecn interpreted depths znd re-
s:lts from nearby boreholes (Verma, et al, 19%0}. The attruction of
this method is that a value for the depth of weatlerin- is produced
by the interpretation, even though it may not be very accurzte. In
the third part of this section, the resistivity sounding method is

discussed.

In the fourth part o” this section, the resistivity technigues of
profiling and sounding are combined to produce a new method develoved
for this study. A resistivity profile section comprises the results
from a number of profiles conducted at different electrode separations.
A finite difference approximation of the potential distribution is u=<d
as the basis for a computer based interpretation technique which per-
mits the modelling of field data in terms of a discrete resistivity
distribution. The resistivity distribution within the model is varied
~t a number of nodes (A3000) w.ich zllovs the required lateral and
vertical variation of resistivity in the veathering environment to be

interpreted. Three examples ol the use of this technique are presented.

Seismic refraction methods rely on the presence of an interface
between materials of sufficiently conirasting physical properties.
The interface generates refracted waves which may be identified on a
graph of travel time vs distance as various straight line segments.
The assumption is made during the interpretation that the material ly-
ing between the interface is of a uniform homogeneous nature. Although
plane layering is not required, an increase of seismic velocity with
denth is necessary otherwise layvers of lower velocity material beneath

layers of higher velocity material are not identified.

"iithin the weathering environment seismic refraction can be used
successfully to identify shzllow lying grade I or II ma*erials but
considerable error occurs when interpretations are msie over gradaticn-
ally weathered sequences. For this reuson, the conditicns which lead
to satisfactory interpretations of seismic refraction data are also
those which would not yield supplies of groundwiter, In the fiTth
part of this section the seismic refraction method is discussed and o

number of examples presented.

"he use o7 III techniques are considered here to Le an extension

ol electrical resistivity methods and as such are incluled in *he
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discussion in Section 4.2 and 4.4.
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4.1 Electrical Resistivity Theory.
Introduction.

Electrical resistivity technigues are shown telow to be the most
successful method by which weathering basins can be delinented. Tor
this reason, electrical resistivity theory is described in some det-

ail in this section.

The method by which current is propagated through the weathering
environment varies significantly in the different weathering /rzdes.
Therefore, if a successful interpretation of the resistivity res:lts
is to be made, the different methods of electrical conduction reguire

description.

The interpretation of electriccl resistivity results is oTten
bised upon an analytical solution to the equations which describe
electric current flow. The analytical solution is constrained how-
ever by the requirement that the sutsurface can be divided into plane
layered homogeneous media. The wezthering environment can rarely be
so described and for this renson 2 finite differcnce solution tc the

equation of current flow is also considered.

Llectrical conducticn in the wszathering environment.

Tlectric current may be propagated through rocks or weathered
material in three basic wayss electronic, electrolytic and dielectric

conduction (Telford, et al, 197C).

Dielectric conduction takes place in poor conductors and insul-
ators, which have very few free ions to act as carriers. 1Under the
influence of an external varying field, the atomic electrons are dis-
placed slightly with respect to their nuclei, and this slight displace-
ment represents a small current flow., As direct current is used in
almost all the following work, tl:e contribution to the total conducti-

vity of the rock mass by dielectric conduction is very small,

Electrolytic conduction cccurs through the solution contained
within the pore space of a material. If this solution contains a hir~h
proportion of dissolved ions, then the ion will =move in response to an
aprlied potential difference. The Tlow of ions, which are either posi-

tively or negatively charged, constitute an electric current.

Electrolytic conduction can only occur where the vore spzce is
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interconnected. Grade I and grade VI weathering material hzve very
low hydraulic conductivities and therefore the electrolytic conduct-

ion in these weath:ring grades is also small.

The chemical composition of groundwater obtained from basement
boreholes has been described in Section 3.4. From these analyses it
may be seen that the waters have a very low dissolved solids level,
and are usually very pure. Electrolytic conduction in waters of this

type will not be very significant.

Electronic conduction is the normal way in which current flows
through metals. As metals are however, relatively rare in the base-
ment environment, the contribution tc the bulk conductivity of the

rock mass by electronic conduction is very small.

From the above discussion it is clear that the three basic me-
thods of conduction do not produce high values of electrical conduc-
tivity within the weathering environment, However, it is commonly
observed, and results will be presented below, that weathering
troughs produce major conductivityv anomalies. A contrast of from
)lOOOﬂml to<50m is often observed over the weathering trough. Al-
though no experimental evidence is available it is probable that a
combination of matrix conductivity and electrolytic conductivity

within the secondary clay minerzls is responsible for this increase

in bulk conductivity.

The process of matrix conductivity is not clearly understood.
However, it is probable that, in saturated material, conduction oc-
curs by transfer of charge along the surface of, or along inter-
sheet sites of clay minerals. Vhere clay minerals are linked to-
gether to form a network throughout the weathering environment, then

conduction by this process can occur widely.

In grade V + VI material, where kaolinite is extensively devel-
oped, matrix conduction through the kaolinite will produce a high
value of bulk conductivity. The proportions of clay in the weather-
inz environment has been discussed in Section 3.4. Clay content in-
creases from grade II material to grade VI material. On the joint
faces of grade IT material it is probable that a thin sheet of clay
produces the conduction observed. However, the bulk conductivity in

graie II material is low as the volume of fracture porosity is low

(see Section 5.1).

Yote 1. The units of conductivity and resistivitv are defined below.
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It is probable thnt a direct relutionship exists beiween the clay

content and the clectrical conductivity of the wezthering material,
and that the porosity of the various grades does not of itsel?l wffect
conductivity, due to the very low electrolyte concentration in t-e

groundwater.

-

The electrical conductivity (o) of 2 material may be defined as

o= i/ 4.1

_ -2
= current density (amp m )

= electric field (Vm—l)

where

)t!‘[ L

The conductivity is measured in mhos/m. The reciprocal of con-

ductivity is resistivity.

P= Vo 4.2

where p = resistivity (ohm~m)

Although conductivitr is probably not related to norosity in the
weathering environment, matrix conductivity can only occur in clays
which are saturated. Therefove, a high value of conductivity (low

resistivity) must also indicate satur:tion.

Theory of current flow.

Although the previous discussion has been in terms of electrical
conductivity, it is more usual to measure in the field y electricszl
resistivity. In the majority of the discussion below, this convention
will be followed, although for the mathsmatical derivation below, units

of conductivity have been used for convenience.

The apparent electrical resistivity of an inhomoreneous half space
may be calculated by measuring the electrical potentiel developed ab-
out a current source. The theory is briefly develored so that the
main difference between the analytical and the finite difference inter-

pretational methods can be appreciated.

The electric field is the gradient of a scalar potentizl where

the potential (®) is measured in volts.
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k=-vo 1.3

where E electric field

= b J a
v Ly cige ey

@ electric potential

il

From Equation 4.1 it may be scen that

i =-0 vo 4.4

The divergence of the current density (V-j) must be zero every-
where except within volumes enclosing a current source or sink, there-

fore :~-

Vel = o0 4.5

and from 4.4 -V-[c Vo ] = o0 4.6
BEquation 4.6 may be expanded to produce
2
oV-V®d + oV = 0 4.7

If 6 is a constant, for example, if the half space is homogeneous,

and DEquation 4.7 reduces to
2
g V@ = o0 4.8
As o7 O the equation further reduces to the laplace eguation
V2d3 -_ 0 4.9

The solution to Equation 4.9 has been studied in detail (Xoefoed,
1979) and the theory will not be developed further here. The resis-
tivity sounding interpretation methods vhich are based on an analyti-
cal solution to Esuation 4.9 have been used extensively in the weather-
ing environment (Palacky, 1980) often with poor results. In Section

4.3 resistivity sounding curves for the basement are presented and dis-

cussed.
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The electrical resistivity of the weathering environment is a
functicn of the clar content as discussed above. From the geolos-
ical description of thue weathering environment it is evident thnt
the resistivity distribution is unlikely to be homogeneous. In
fact any interpretation which is based only on this assumption will

produce results which are mostly erroneous.

Therefore, if an interpretational technique which is applicable
to the weathering environment is to be developed it must be based
upon a solution to Equation 4.6, where the conductivity is a function

of the space co-ordinates.

In practise, no analytical solution to Equaticn 4.6 exists. How-
ever, equations of a similar form have been solved using a {inite
difference approximation, and Dey + Morrison (1979b) report a method
for a similar solution to Equation 4.6. In this solution, the ass-

umption is made that the resistivity does not vary in the y direction.

This is equivalent to consideringiresistivity distribution which
has an infinite extent alonz its strike. The advantage of this ass-
umption ig that the finite difference approximation may be made in
two—dimensional space (x-z plane). However, the resistivity dis-
tribution within the x-z plane may be varied as finely or as coarse-
ly as the finite difference approximation allows, and therefore the
potentials developed over inhcmogeneous resistivity distributicns

can be analysed.

The mathematical treatment of the solution is described by
Dey + Vorrison (1979a, 1979b), and releventi descrivtions of the sol-
ution of similar equations may be found in Cheng (197") and Rushton

+ Ward (1979).

A computer program which is based upon this method of solution
has been written for this study and is presented in Appendix C.
The results from the program are described in Section 4.4 where a

new investigation method is described.
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4.2 Electrical Resistivity Profiling

Introducticn.

The electrical resistivity profiling technique is used to id-
entify lateral variations of resistivity. Various electrode con-
figurations have bzen employed, however, for all the work in Tigeria,
a colinear equispaced quadripole of electrodes was used. The profil-
ing method, also known as continuous separation traversing (CST) or
resistivity mapping, involves repeated measurements of the potential
difference developed between the two central electrodes by a current
passed between two outer electrodes, as the electrode set is moved

across an area of interest.

llore recently, electro-magnetic methods have been developed
which produce similar results to the conventional resistivity profil-

ing technique, and which result in a very considerable saving of
field time.

From the discussion in Section 3, it may be seen that a resist-
ivity profile, conducted across the edge of a weathering basin, will
detect a significant contr=st in recistivity associated with the
increased clay content in the basin {grades V + VI material) as opp-
osed to the lower clay content in the shallow weathered profile out-
side the basin. The resistivity profiling method can be used there-

fore to identify areas of deep weathering.

Theoretical consideration.

It may be shown that (Telford, et =21, 1971) the potential mea-
sured at some distance (r) from a current source situated over an

homogeneous resistivity distribution can be expressed as

= 1
@ 2;7)rr 4.10
where @ = electrical potential (volis)
1 = current (amps)
r = distance (m)
p = resistivity of the half space

As the resistivity of an homogeneous hzlf space is constant, it

may be ceen from Iguation 4.10 that hemispherical shells representing
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surfaces of equi:otential c:n be constructed around the current
source, and that the size of the potential decre=ses inversely with

distance from the current source, becomins zero at infinite distance.

In the more general case of an inhomogeneous half space, where
the resistivity is a function of the space coordinates, the surfaces
of equipotential are no longer hemispherical, but assume a compli-
cated three dimensional shape which is a function of the resistivity
distribution. Similarly, the potential, as defined by Equation 4.10
will therefore also vary as a function of the space coordinates
(x,742) and it is then necessary to specify the location of the cur-
rent source and the point 2t which the potential is measured with re-
spect to the resistivity distribution to define the :otential com-
pletely. A change in the location of these points over an inhomo-
geneous resistivity distribution will cause a change in the measured

value of votential, even if the separation remains constant.

T"or a generalised set of four electrodes at the surface of an
inhomogeneous half space, as shown in Fizure 4.1.a,-the potential
difference between Pl (at electrode 1) and P2 (at electrode 2) mar

be expressed as

AQ.. = (?ﬁ,o+?‘1,3’ - (;’2‘;,62’3) 4.11

In Equation 4.11, the first suf“ix refers to the potential elec-
trode and the second suffix to the current electrode. By measuring
Adbms and I and knowing the electrode configuration, Equations £.10
and 4.11 may be combined as shown in Equstion 4.12.

where £ apparent resistivity

and P = 1
I 1Ir1 "Yr2)"'(1/r3 - 1/r,a) ]

The aprarent resistivity term in Zjustion 4.12 will be clearly
a function of the electrode configuration and the measured value of
potential difference between electrodes at points 1 2nd 2. This 1lat-
ter term, ac discusced above iz a function of the resistivity distri-
bution throughout the hal!” space. The me~sured value of anrnrent re-

sistivity is thereforc di:nostic, to some extent, of the actual
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in the text.
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resistivity in the vicinity of the electrode array, tut is =lso
affected to a lesser extent by the resistivity distribution remote

from the array.

During resistivity profiling, it is convenient to arrange the
electrode configuration as an equispaced colinear array. A number
of equispaced electrodes can then ve placed in the grouna prior to
the survey. Four electrodes of such a set are shown in Figure 4.1.b,
numbered 0,1,2 and 3. If the spacing between the electrodes is 'a'
metres, then the spacing parameter (p) in Equation 4.12 reduces to

'a' and the measured value of apparent resistivity becomes

b= 27raél@, 4.13

In many sets of field equipment the ratio 4®j is measured dir-

ectly as a resistance and then Egquation 4.13 becomes

P = 2maR 4.14

where R = Al (ohms)

In any configuration of four electrodes, a change in the order of
the current and potential electrodes without a chanse in the electrode
positions, can only produce three independent valuez of potential
difference. The same value of potentizl is obtained if the current
and potential electrodes are reversed. Therefore '%p = %91 in

Equation 4.11.

The three independent values of A® are shown in Figures 4.1,

b,c and 4.

The potential differences measured for these tlree configurations,
the Wenner alpha, betz and sammz configurations, will always have the
relationship that the sum o the betz and gomma potentials is egual

to that of the alphs potential. Tzis may be shown mathematiceally as

A(Da = (Pm - (P-|3) - ((PZO - 9’23 )
ADg = (939 0y)  ~ (939~ 0y )
ACD’) — ("’19"”12) - (‘Pap' @32)

ABy + AQp = @oy= Gy ~@op* Pyt G ~Pp ~P3p + Pgp = A0, L-15
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3
1

This simple relationship wmzv be used in the field as o checr
of equipment and wirinj. If the threc readings obtained do not
agree within 1% accuracy, then an observation error has occurred and

its cause should be investirated before proceding with the survey.

It may be shown from Equations 4.11 and 4.15 that 1" the resis-
tivity distribution is homogeneous, the alphz, gamma and beta read-
ings vary as the ratios as: p:f = 3 : 2 : 1. Over inhomogeneous
;round the departure from this ratio, for a fixed set of electrodes,
provides information on the resistivity distribution., It has been
demonstrated by Barker (1979), that the three configurations react
to a near surface lateral v-.riation in resistivity in a charzcter-
istic manner. The presence of near surface literal inhomogenelty can
be detected therefore if ~easurementis of the three configurations are

madle at each vosition occupied by the electrode set.

It has been noted above that the measured apparent resistivity
is both a function of the electrode configuration and the resistivity
distribution within the volume of mz2terizl venexth the electrodes.

A complicating factor in the interpretation of any investigation me-
thod based upon measurements of a potential field, is that it is not
possible to relate the measurement to 2 specific location. @or con-
venience, measurements of apparen?’ resistivity are 2ssumed to refer
to a volume of ground beneath the mid point of the electrode array,
although 1t is appreciated that all the material within the vicinity
of the array will have contributed to the measured value. The depth
of investiration of a particular configurzation is similzrly subject

to this uncertainty.

Roy + Apparo (1971) have defined the depth of investication of
a colinear elecirode configuation as that depth at which a thin heri-
contal layer of ground contributes the maximum amount to the total
mezsured signal at the ground surface. For a Venner alpha array,
this depth of penetration, in homogeneous ground, is given by Roy +
Apparo as 0.11 x L, wherc L is the distance between the current elec-
trodes. TFor example, if the electrode spacing is 30m, then the depth

of penetration is approximately 10m.

Over inhomogeneous ground, the concept of penetration depth is
more ccmplicated., Current will preferentially flow through low res-

ictivity (high conductivity) material and therefore if low resistivite:
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material is prescnt 2t depth, the signal contribution from that
1lepth will be more significant than in the case of homcreneous
ground. Therefore, in the weathering environment where low resis-
tivity material occurs at depth, often adjacent to high reosistivity
mzterial, the depth of penetration will increase over a wenthering
trough. ©Similarly, although it is convenient to think of the depth
of penetration in terms of a definite figure, the material both be-
low, to the side, and above this level, also contributes signifi-

cantly.

The overall depth of penetration increases as thec electrode
separation is increased, although in some resistivity distributions
this effect is limited. For example, a low resistivity layer close
to or at the surface will cause the current to be more confined in
this layer, and increasing the electrode separation will not mater-
lally incrcase the depth of penetration. In Section 4.4 an algorithm
is presented based upon a finite differcnce solution to the eguations
of current flow discussed in Section 4.1 TUsing this algorithm, it
is possible to change the resistivity distribution by a known amount
and to then observe the change in apparent resistivity predicted by
the algorithm. In this wzy 2 clearer idea of the depth of penetra-

tion concept can be achieved.

Resistivity Profile Results.

The electrical resistivity profiling technigue with measure-
ments of Wenner alpha apparent resistivity was used to obtain in
excess of 100km of profile data during the period 1976 to 1979. The
data was gathered either as a part of a water well site investigation
or as a part of a dam site investization. In both cases, the geo-
physical data was supported by the results obtained from later drill-

ing investigations,

There is no point in cataloging all the data for this thesis:
rather, a number of examples are prosented which demonstrate the
nature of the results. The results which are presented have been
taken from investigations carried out in the three areas discussed

in Section 3.5.

Figure 4.2 shows the results of a large number of profiles cor-
ried out over area A and stown in Plate 3.14. Values of equal appar-

ent recsistivity have been extrapclated and contoured, based upon the
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profile data, to produce an iso-resistivity map, for an electrode

separation of 30m, over an area of approximately 3 kmz. Ten succ-
essful boreholes were drilled into the apparent resistivity low an-
omaly and the drill cuttings obtained have been used to prepare ine
section shown in Figure 3.4. The low anomaly continued both north

and south of the area shown in Figure 4.2 for a proven length of
10 ¥m.

The resistivity anomaly passes within 100m of an insclberg vhere
the boundary between grades I and II + III weathering are as steep

as those shown by Thomas {1966) and presented in Figure 3.1.

Figure 4.3 shows iso-resistivity contours from a part of area
B shown in Plate 3.15. The anomaly is seen to be considerably wider
than that shown in Figure 4.2, and is related to weathering along
what is probably an older fracture trend. The boreholes sited close
to the offset in the resistivity anomaly gave higher than average
vields (> 15m3/hr) for the area, although boreholes sited on the
broad anomaly to the south-wezst dried up aTter several months of

pumping (see Section 6.3).

Readings of ‘Vemner alpha, beta and gamma resistivity (also known
as tripotential readincs) were obtained for all the profile lines
shown in Figure 4.2. The data for one of these lines is shown in
Figure 4.4 and tabulated in Table 4.1. According to Barker (1979)
the beta and gamma profiles show a characteristic response as the
electrode set passes over a shallow resistivity inhomogeneity, such
as a shallow buried boulder. The beta profile shows a negative move-—
ment whereas the gamma profile shows a similar positive displacement.
Several such fractures are marked by the letters 'LI' on Figure 4.4,

indicating near surface lzteral inhomogeneities.,

The resistivity profile results show clearly that the method

successfully delineates weathering troughs.
Field method.

A GTE Rhometer wis used for the majority of the profiling work.
This push button, digital display instrument produced results in a

quick and convenient manner,

Between 70 and 100 short (750ms) steel electrodes were placed in

the ground at measured intervals of 15 or 30 m along the profile line
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Tripotential profile res:lts over 2 fracture zone
shown in Figure 4.4.

Electrode spacing = 30m,

(44

150
150
119

p

28

45
45
23
23
45
28

45
62
90

130

130

141

147

164

158

147

136

187

181

181

141

158

147

119

107

141

1£4

170

130

102

[ 4

122
115

Offset
a

101

(Data in ohm metres)
Station spacing = 15m.

Station

35
36
37
38
35
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
o7
58
59
60
61
62
63
64
65
66
67
60
69

70

a
121
102

93

29
102

82
124
187
135
110
119
121
113
107
107

237
178
144
452
933
490
367
283
481
452
557
537
537
678
792
763
622

85
73
56
45
40
40
51
51
13
107
79
68
51
A5
45
39
51
102
107
277
124
350
136
339
209
188
271
339
401
463
418
447
447

111
20
81
83
83
68
£3

117

117

104

105

104
89
87
271
72

175

75

138

396

660

433

243

320

415

396

434

471

509

627

640

€60

565

Offset
a

111
96
86
82
75
83
92

100

110

111

104
97
95
88
79

131

123

156

285

399

414

451

376

329

358

424

432

471

546

574

641

602

565



Table 4.1

Station

WO 1 0y B W NN = O

L v VY L VS L A T o T A T L T o TR o T % TN < T - T e TR 100 T R e S B B I e R
RS NS B A B R o A Vo B 6 o R B o AN NG N - PU TR X T B o S W TN 4 » RN, BN o, WENENG » IS S VIR o\ B S R o

169

Tripotential profile res:ilts over 2 fracture zone
shown in Figure 4.4.

Electrode spacing = 30m.

150
150
119

p

28

45
45
23
23
45
28

45

62

90
130
130
141
147
164
158
147
136
187
181
181
141
158
147
119
107
141
164
170
130
102

96

14

122
115

Offset
a

101
81
65
49
55
64
85
96

120

137

158

173

186

183

197

196

194

204

207

205

203

189

175

177
178
172
166
152
155
141
134

(Data in ohm metres)
Station spacing = 19m.

Station

35
36
37
38
35
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
St
69

70

a
121
102

93

29
102

82
124
187
135
110
119
121
113
107
107

a
237
178
144
452
933
470
367
283
481
452
557
537
537
678
192
763
622

85
73
56
45
40
40
51
51
73
107
79
68
51
A5
45
39
51
102
107
271
124
350
136
339
209
198
271
339
401
463
A18
447
ALT

111
0
A1
83
83
68
P3

117

117

104

105

104

Offset
a

111
96
86
82
5
83
92

100

110

111

104
o1
95
88
79

131

123

156

285

399

414

151

376

329

358

424

432

471

546

574

641

602

565



170

selected. The ground around the eclectroies s moistened with &
dilute saline solution when conditions wirranted this trertment.
In practise, this was necessary for the entire dry sezson comiencing

within 10 days of the last rains of the wet senson.

Domestic 3 core 13 amp flex was found to be a convenient cable
for profiling. As the cable is continuously dragged zlong the ground

it does not last for more than 6-8 weeks of work, and a continuous

supply of cable is therefore required.

The members of a four man team move synchronously along the pro-
file line connecting the required conductor of the three core cable
to an electrode. A switch box carried alongside the measuring in-
strument allows the required configuration of electrodes to be sel-

ected.

Data processing.

Due to the uncertainty associated with establishing thz res-
ponse of the potential field to variations in resistivity, it is
sometimes possitle to confuse the response created by a small near
surface inhomogeneity with that of z deeper and more important lat-
eral variation in resistivity. The suppression of ‘'noise' associated
with near surface effects is therefore imnortant. Barker (1981) has
recently shovn that the average of two adjacent alpha readings effi-

ciently suppresses near surface effects.

A two point running mean of the field data collected during a
resistivity profile exercise can significzntly imoprove the data qual-
ity. In Figure 4.4, the offset filter has been apvlied to the ori-
ginal dazta and can be ssen to be particularly efficient at suppress-
ing the effects created by the areas of nenr surface lateral inhomo-

geneity discussed above,

Lateral resistivity variations at depth cannot produce short
wavelength anomalies in the profile data., Therefore if z profile
does show ex*ensive wavelength ncise, this is due to ccnditions with-

in the t-p 1-2m of ground.

Tlectromaznotic profiling.

any of the problems arising from poor contact or c:cessive near

surface variation can be overcomc using electromagnetic methods “hich
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do not require ground contact. Mcleil (1990) describes two nev
instruments, the E731 and the X!34-3, which can be used to obt2in
resistivity profile data over a range of exploration depths. The
E’31 is a one man portable device with a nominal depth of penctra-
tion of 6ém, while the Z'34-3 has four penetration depths, 7.5, 15,
30 and 60m, although twoc men are required to operate the system.

An HI31 was used extensively in Iigeria to obtain resictivity
profile data., It was found that this instrument could be used very
quickly to delineate arens where grade I rock lies close to the sur-

face.

The E"3]1 consists of a transmitting coil and a receiving coil
separated from each other along a boom 3.7m in length. The time-
virying magnetic field arising from the alternsting current in the
transmitter coil induces small eddy currents in the earth. These
currents generzte a secondary mzgnetic field, which is sensed, to-
gether with the primary field at the receiver coil. Under certain
conditions, satisfied in the design of the E/31 (McVeil, 1980),
the ratio of the secondzry to the primary magnetic field is linearly
proportional to ground resistivity. The E'31 gives a continuous
readout in millimhos per metre, which may be converted directly to

ohm metres.

This instrumentation provides a method by which profile data
may be accurately and rapidly collected by one man rather than by

four.

The depth of penetration of an alpha array (a = 30m) has been
given above as 10m, The =731 peneiration depth is reported as 6m
and the two systems should provide broadly compzrable data. This
hypothesis wzs tested by operating the two systems over avproximztely

10 km of profile line with measurement intervals every 5 or 10m,

In general the two profiles parallel each other when plotted
on semi log paper, and no features identified on the alpha profile
data were missed on the 31 results., In Figure 4.5 the results
over borehole 10 on Figure 3.4 and also corresponding to the profile
section discussed in Section 4.4 in area A (Figure 4.9) are presented.
The E'31 profiles alwayc showed lower values of apparent resistivity.
This corresponds with the slightly lesser depth of penetrztion which

would therefore be affected to n greater dezree by the low resictivity
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clay materials closer to the surface.

Summary .

The apparent resistivity profiling method provides a rarii
method of establishin;: the presence of areas of deep weathering,
However, due to the complexities involved in interpretin~ potential
field data, it is not possible to make a quantitative interpretation
of weathering depths, or weathering srade thicknesses from a single
profile line. In any particular ar-:a howvever, it is possible to
select an clectrode spacing frorm experience and interpret profile
data qualgtively. TFor example, in the area around Zauchi, and in
several other similar areas, it was found that a resistivity anomaly
similar to those shown in Figures 4.2 and 4.3 could be loosely cor-

related with a depth to fresh rock of between 40 and 50 metres.
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Introduction.

The electrical resistivity sounding technique is used to re-
solve a series of plane layered homogeneous resistivity layers into
the individual resistivities and thicknesses which comprise the lay-
ering. A number of electrode configurations have been proposed to
achieve this end (Telford, et al, 1976), although the method used
for this work in Nigeria was based upcn a colinear set of four equi-
spaced electrodes. This configuration, which is the same as that
used for the profiling method discussed in Section 4.2, has been

called the Yenner sounding method.

A set of four electrodes are expanded about a common centre in
such a manner that the spacing betwecn the electrodes remains equal.
A sounding curve is obtained by plotting the log of the spacing (a)
against the log of the alpha arparent resistivity (Pa) obtained at
that spacint. This mothod has been described in the literature (Gri-
ffiths + Xing, 19653 Telford, et al, 19763 Koefoed, 1579). The ir-
terpretation procedure, described in detail by Koefoed, is based upon
an analytical solution to the Laplace equation discussed in Section

4.1.

Theoretical Considerations.

As the interpretation procedure for a resistivity sounding is
based upcn an assumption of p.ane layering, it is useful to be able
to establish that this condition exists over an area in which a sound-
ins is to be carried out. This can be effectively and rapidly ach-

ieved by the use of one of the HE¥ instruments described in Section 4.2,

The assumption of plane layering implies that the resistivity

distribution is not a function of the x and y spsce co-ordin:tes, i.e.

é'ﬂml - 0 and é_ng - 0
X oy

Therefore, for =z colinear set of electrodes, as shown in Figure
4.1.b, the potcntial devel-ped at electirode 1 (Pl) due to a current
at electrode O (Cl) will be equivalent to the potential develcped at
electrode 2 (Pg) due to a current at electrode 3 (CE)' This may be

expressed asc
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Bo = 923 and similarly %3 = %2

The dependence of the potential term upon the x and y co-ordin-
ates is released by an assumption of plane layerin~, and the poten-
tial term then depends only upon the electrode spacing (a) and the
resistivity distribution with depth (Ay. = f(2) ) . Tor any
given'spacing (a) the results from a resistivity profile will there-

fore show no change.

It is imcortant to note therefore that resistivity soundings
can only be successfully and accurately interpreted if they have been
carried out in areas where resistivity profile results would show no
change in value of measured apparent resistivity. In practice, suck
arens are unconmen in the basement weathering environment as discussed

above,

Resistivity sounding results.

Whatever restrictions =zre placed upon the accuracy of the inter-
pretation by the assumptions discussed above, the resistivity sound-
ing method remained the principal method for obtaining formation re-
sistivities which can be essociated with the different weathering
grades. Also, as it has been long recomised that the most successful
boreholes are usually located where the greatest depth of weatiering
is developed, the sounding method has been used to produce a value
for the depth of weathering. In many instances (Verma, et al, 1980),
the predicted depths of weathering have not agreed with borchole re-
sults and the error in interpretation can be ascribed to the lack of

rlane lavering.

In Figure 4.6 three soundings are shown from the area around
Bauchi. Tripotential mezsurements have been made at each elecirode
separation and in sounding 02 the.c measurements in particular show

the presence of lateral variations.

Sounding 01 shows an area of almost homogeneous ground: althoush
the lztter part of the curve rises at 2 rate which cannot be analyscd
assuming plane layering. Sounding 02 shows typical data from an aren

vhere grade IIT weatherin: is close to the surface, with croles IV to
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VI weathering missing., The 'D' soil horizon iv also poorly level-
oped. Sounding 03 is from an area of deep weathering “l.ere zones
V and VI weathering are well developed. The derth of penctrzticn of
this sounding i:- not sufficient to produce data on the decper mradec

of weathering.

The three sounding curves arc basically all of a simils» shape,
and are also similar to those described by Palaclzy (1979) in Brazil
and Vermar et al (1990) from India. Plane layer interpretations

(Koefoed, 1979) give resistivities as shown in T-ble 4.2.

Table 4.2. Resistivities of weathering grades.

Layer Resistivity weathering Grade
(am)

1 160-200 (wet)  2000-4000 (dry) Soil 'A! horizon
2 15 (if present) So0il '"B' horizon
3 30-90 (usually da-7n) V 4+ VI
A 60-300 (wet)  300-800 (dry) IIT + IV
5 600-3000 1T
6 2000-6000 I

In areas where lzterite has been formed the 'A' horizon resisti-
vity may exceed 5000Q+m. In these aress, electrode contact is very
difficult to establish successfully, and the so:nding, or profile
datza is often uninterpretable due to excessive lateral vsriation near

surface (but see alsc Figure 6.4).

The 'A' horizon resistiviiy may change substantially during the
year as a result of the reduction in soil m.isture throughout the dry

gEeasine.

The resistivity datz presented in Table 4.2 and derived frem a
number of sounding curves in addition to those pres:nted in Migure
2.6, is similar to that described by Falacky, bul includes a greater
numter of layers. This increased nomber of layers is required by the
weathering model described in Section 3.4. It is probable that they
have not been previously recognised because their resistivities are
intermediate between those of the hich clay content grade V + VI mot-

crial and the Tresh ~rade I rock.
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for;.

Zones with resistivities intermcdiste betwecn two others
supressed layers on a sounding curve, and their detection ani accu-
r-te interpretation becomes very diffic:lt. To illusirnte *his point,
a family of curves have been generated, using metlols describzd by
Koefoed (1979) with resistiviticc as deccribed by T-ble 4.2 and luy-
cring thicknesses derived from a typical borehole secticn. The
thickness of the fourth layer, reprecenting the agquifer material, is

varied between 5 and 30 m in increments of 5m. The resistivity sound-

ing curves are presented in Figure 4.7.

From the curves shown in Figure 4.7 it may be seen that, in the
presence of lateral variations as shown in Figure 4.6 an accurate

interpretation of the section would not be possible.

A large number of curves have been generated using the resisti-
vities in Table 4.2 as a form of standard. These values are only
approximate, however, the range of values reprcsents a rezsonable
zpproximation, given the data and quality of the data available.
zking the further generalising assumption tha? plane layering does
exist, a sensitivity analysis of the depth of each layer was carried
out, in order to assess the combination of layers which would produce
the apparent resistivity low anaomaly, 2t a = 30m, observed in the
profile data. From this work a minimum depth of weathered section is

suggested for such an anomaly as shown in Table 4.3.

Table 4.3 Inferred depth of weathering from sounding data,

Layer Resistivity Thickness Depth “eathering

(£2m) (m) (m) Grade

1 175 0.5 0.0 Soil A

2 15 2.5 0.5 Soil B

3 40 27.0 3.0 V + VI

4 100 20.0 30.0 IIT + IV

5 800 10.0 50.0 IT

6 4000 - 60.0 I

It is apparent from this work th2t unless the fourth laycr has
o low resistivity, indicating saturation, the required anomaly may
not be produced. Similarly, thorefore, i” the fourth layer is abaent

this anomaly is not possible.
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Summary.

The resistivity soundins technique h-.s been widely used in
buisement areas with mixed, and often poor results. These resulis
may be explained in terms of the presence of lateral variations in
resistivity which depart from the basic theoreticzl interpretation
assumption of plane layering. Denpite this Tact, the recistivity
sounding method can provide useful information, although it cennot

be recommended for sitins borecholes.

The presence of lateral variation can be detected by & prolile
across the area in which a soundin; is to be conducteld. A resisti-
vity sounding should be orientated so that the minimum possible lat-

eral variation is crossed by the line occupied by the sounding.
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4.4  Electrical Resistivity Profile Sections.

Introduction.

Resistivity profiling is used to examine lateral v-riaztions in
resistivity. Howevor, only profile results produced by simple two
dimensional anomalies have been calc:lated analytically (Telford,
et a}, 1976) and in more complicated resistivity distributions, the
quaﬁ&ative interpretation of the profile results becomes impocsible
usinz the analytical approach. cimilerly, resistivity soundinge can
be used to investigate changes in resistivity with depth, s long as
there is no lateral variation. 4s has been discussed above, the
weathering profile varies both lgterally and vertically, and therefore
both the generally used techniques are unsatisfactory in a number of

Ways.

The main drawbacs ol the conventional methcdz of analysis is
that insufficient datz is produced by the interpretation. In the
case of profilinzy, the prcsence o lateral variation is established,
but not the depth or variation within the weathered section., DI
contrast, the sounding method produces informz2tion on the changes
of resistivity with depth, at the expense of the assumption that there
is no lateral variation. A combination of the two methods woild en-

able a more complete interpretation tc be made,

Resistivity Profile Sections.

During resistivity profiling, the value of apparent resistivity
for a particular position of the electrode array is, by convention,
plotted at the mid point of the electrode array. The exact derth of
penetration for a given electrode spacing is not known, however, if
the electrode spacing isg increased and measurcments rereated z2long
the same profile, then the value of apparent resistivity associated
with the same mid point as before relates to a greater denth of pene-

rnticn and can be plotted below the initial value.

e

If measurements are repeated alony the same profile line with =
number (3 4) of electrode spacings, and the apparent resistivity re-
sults plotted as described above, a section of readings is obtained,
This scction represents both lateral and vertical chanses in resizti-
vity. The section is called a 'rrofile section' here to di“ferenti-

ate it from the pscudo cection results producc? by the dipole dirole
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method, although the prefix 'pse:do' could be equnllr armliel to

either section.

The distance between the plotting positions of the different
profile lines is en*tirely arbitrary, as to zssign an actuzl position,
beneath the ground, to any readins of apparent resistivity is itself

umwarranted.

Pigures 4.9,4.11 and 4.13 are examples of resistivity profile
section data obtained around Zauchi. The figures are referrcd to
here only as examples of the method results and will be discussed

below, The electrode spacings used are shown in the figures.

F'rom the sensitivity analysis shown in Figure 4.6, it may be
seen that the significant part of the data for a soundins carried
out over an area of deep weathering is contained within the spocing
{a) lo~ cycle of from 10-100m. It is only the resistivity distri-
bution which produces a response in this range which is significent
for the purposes of interpretin~ the depth of weatherins. Therefore
the spacinss for the profile section should be chosen between 10 and
100m.

The profile sections can be interpreted qualitatively as they
stand, however, the major advance provided bty the finite difference
discretisation method of Dey + Morrison (1979b) is that the sections
can also be modelled, and a model resistivity distribution changed

until the model produces results similar to the field data.

Finite Difference Algorithm.

Equation 4.7 in Section 4.1 represents the potential distribution
in an inhomogeneous half space. This equation may be written for the

most general case as

-V- (oVO) = 2L Sxg) Sy} Slad) 4.16
where %% - is the differential of the current

density with time 2t the point
defined by the dirac delta

functions  §ix, ) Slys ) &z )

The inclusion of a right hand side term enables the equation to
represent volumes of space which enclose a source or sink of current.

thnt is, volumes where the divergence of the vector Tield is not zero.
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It is possible to draw n three dimensional grid throuth the
resistivity distribution and to assign an independent value of
resistivity to each volume element of the grid. The finite diff-
erence approximation to Equation 4.16 may then be made zs accurate
as is required by defining the grid in the area of interest as fine-
ly as necessary. Although this method is the simplest to write an
algorithm for, the quantity of comouter storage rapidly becomes pro-
hibitative, and the time to arrive at a stable solution to the pot-
ential field similarly becomes excessive, even lor a comparitively

advanced machine such as the CDC 7600,

Dey + Morrison (1979b) have reported a modification of the three
dimensional approach. It is worth outlining this approach here, as
the algorithm presented in Appendix C is based on this method., How-

ever, for details,the reader is referred to tne oririnal reference.

The electric potential, unlike the hydraulic potential {Rushton+
Redshaw, 1979) cannot be modelled in two dimensions. A4 iwo dimension-
al reprecentation of a point source of current becomes a line source,
and this produces an entirely different potential field to the point

source.,

As a compromise between computing resources and accuracy of the
three dimensional solution, the aszumption 1s made that the resisti-
vity does not vary in the one dimension. The justification for this

assumption is discussed in Section 6.2,

X[ %0xyz)]) =0 4.17

with this assumption, Equation 4.16 may be written

-v- IU(x,z) V(D(x,y,z] 1 = %tjﬁ Slxg) S(VS) S{zg) 4.18
e algorithm presented by Dey (1976) involves a fourier trans-
form of “he potential in 3D space to 2D wave number space “here the
rinite difference approximation to the eguintion 1s made. The 3D pot-
ontial distribution @(x,y,z) due to 2 point source of curreni at
(4,78 2s) over a 2D conductivity distribution o(x,2) is reduced

in this way to a 2D transformed potential @ (x,ky,2).
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The fourier transform of Equation 4.18 subject to these constraints

is given by Dey as

VIOV Ppy 2 )]t KO (2 ) Py, 2 ) = 0dxs)d2s) 4.19

where @ is defined 2s the constant steady state
current density in (x,ky,z) space.

Zquation 4.19 is solved for a number of source positions in

(x,ky,z) space using a finite difference approximation.

The solution is repeated for a sufficient number of values of
ky so that the reverse fourier transformation of the potentials can
be made from x,ky,2 space to x,y,z space, with sufficient accuracy

(Dey + Vorrison, 1979Db).

A matrix inversion technique is used to invert the capacitance

matrix which results from the finite difference discretisation.

The algorithm which has been written for this study is presen®ed

in Appendix C.

The algorithm produces the values of the potential at a number
of pre-selected nodes on the surface of the half space, due to a
current source of each of the selected surface nodes. A symmetric
matrix of potentials is thus crented whose order is determined by
the number of surface nodes selected. Since these potentials are
scalars, they may be combincd in exactly the same monmer as described

in Section 4.2 for resistivity profiling.

Graphical routines have been used to output a profile section

computed over a given resistivity model section.

Description of algorithm graphical output.

For general use in modelling profile sections obtained in the
field, a 185 x 16 array of nodes is used. This allows a control area
of the mesh to be modelled linearly, and the potential at 41 nodes,
due to a source at each of the 41 nodes in turn is calculated by the
algorithm. A4 41 x 41 matrix of potentials is thus obtained with the
potential in the node surrouniing the source vosition in each case
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The fouricr transform of Equation 4.18 subject “o these conciraints

is given by Dey as

VIO ) VDpy2 )]+ K5O (2) Plany, 2 ) = Qdxs)Bzs) 4.19
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of pre-selected nodes on the surface of the half space, due to a
current source of each of the selected surface nodes. A symmetric
metrix of potentials 1s thus creuted whose order is determined by
the number of surface nodes selected. OSince these potentials are

scalars, they may be cocmbined in exactly the same manner as described

in Section 4.2 for resistivity prefiling.

Graphiczl routines have been ussei fo output a profile section

computed over a given resistivity model section.

Description of algorithm graphical output.

For general use in modelling profile sections obtained in the
field, a 185 x 16 array of nodes is used. This allows a control area
of the mesh to be modelled linearly, and the rotential at 41 nodles,
due to a source at each of the 41 nodes in turn is calculated by the
algorithm. A4 41 x 41 matrix of potentials is thus obtained with the

potential in the node surrounding the source vosition in each case
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occupying the principal diagonal element of the muirix.

Data input to the algorithm includes scaling information which
sets the source/potential position nodes at 10m apart. The profile

section is thus 400m long in this scaling mode.

The apparent resistivity response for electrode sracings of 10,
20,30,40,50,60 and 70m is shown in the graphical outynut. The resis-
tivity value is shown plotted at the mid point of the electrode
(source/potential position) configuration and approximately lcm be-
low the previous recading, althoush this distance is arbitrary as

discussed above.

The vertical scaling information for the model is slhown 2% the
lower right hand side of the graphical ouiput. A non-linear scaling
is adopted, with the lower boundary effectively resprcisnting infin-

ity in the z-direction.

The resistivity distribution shown in the lower part of the
output reprcsets coded data. ¥ach code element represents an area
of resistivity between four nodes. The area is 2.5m long in the
x—direction, a varied length in the z-direction as shown in the scal-
ing information on the risht, and an infinite length in the y dir-
ection. Jote therefore that an element in the coded distribution
close to the base represents a larger arec than one close to the sur-
face., The reason for such a gradin~ of the mesh may be explained in

terms of potential theory as discussed in Section 4.1.

Each element of the resistiviiy distribuition may be assigned
one of 10 coded values of resistivity. The code values are shown in
the middle right of the output. These ten values may represent any
value of resistivity, however, the code values used in the analysis

below are those shown in Table 4.2, and therefore refer to svecific

grades of weathering.

Examples of the graphiczl output are shown in Figures 4.10, 4,12
and 4.14 below.

Description of profile section field method.

The field technique for the collection of profile section data

is very similar to that of ordinary profiling.

An area of interest is selected from a study of the remote sens-

ing deta and an appropriate nhmber of electrodes placed in the cround
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at 10m intervals. The area of ground aroundi the electrodes ic

moistened with a dilute saline solution if necessary.

A four man team makes repeated traverses up and down this line
of electrodes varying the electrode spacing each time, until suffi-
cient d2ta has been collected., A maximum separation of 70m was used

in the results presented below.

The majority of field time is expended travelling to an area
and establishing the line of electrodes in the ground, and trerefore
the collection of tihe extra data docs not rcpresent tre egquivalent

of five or six new profile lines.

At the smallest spacing ad.pted, the collcction of tripotential
data is advised, as this will provide valuable information on the
near surface lateral variation, as discussed above. owev.r, there

is no point in repeating these measurements at larger spacines.

An E731 can be usefully employed when the line of electrodes is
laid ovt. An X7 surver over the arca of interest will delineate the
basin of weathering and tie results can be used to orientate the line
so that it is orthogonal to the strike direction. It is good field
practice to number the elzctrodes (beginning with zero) and to note
any features of interest or peints which may help with later location

during the initial stage.

Offset profiling.

The collection cf the extra field data can take a considerable
time. In Iigeria it was found that approximately 100 minutes was
required to measure one profile line along 40 electrodes. The total
time can be reduced, and the gquality of the overall data set improved
if the offset profiling method is used. This has the disadvantage
that an extra field man is reqired, but the advantages tazt by one

pass along the lise of electrodes, two electrode separations are coll-

ected, thus reducing the tctal number of passes reguired.

It is suggested here that the oflset prolfiling metiod be useil
where ever profiling is carried out as for little exira effort, tue
data output is doubled. In the savanna environment, there is usually

no prob’em in findinz on extra field crew for the day.

The offset profiling confituration is shown in Tigure 4.8, The

methol recommended herc iz a dcvelcpment of thc tripotential metheld
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discussed in Section 4.2 where a simple summation ol measurements wis

used as a field check.

For a set of 7 cquispaced electrodes as shown in Figu-e 4.8
the apparent resistivity at 2a for thé electrode set 0-2-4-6, may

be measured as

Ama’Qa - (‘Pz'o" ‘!’2,5, - (%.0 - (P4.5 ) 4.20

This potential difference can also be measured by a combination
of alpha (C-P-P-C) and offset gamma (C-P- - C-P) measurements as
shown in Pigure 4.7. The advantage gained is that the cable length
is only increased from 3a to 4a, instead of to 6a as would be re-
quired for the alpha 2z measurement, and that by taking two measure-
ments at each electrode during one traverse, the measurements alpha

'a' and alpha '2a' are collected.

The potentials for the calchation are shown in Equatiore 4,21,

4.22, £.23 and 4.24, viz

Alpha a 0-1-2-3 AVa = (91 -913) ~ (= a3 ) 4.21
Alpha a 3-4-5-6 ADZa = (P43 -Pag) ~ 1953~ P56 ) 4.22
Offset gamma, 0-1- - 3-4 M‘y’a —(P0" ?3) — ($a0=%a3) 4.23
Offset gamma 2-3- - 5-6 A®a =lg,- 035) ~ (#55~%5) 4.24

By adding Equations 4.23 and 4.24, then subtracting from the
sum, Equations 4.21 and 4.23, the reguired potentials Tor Equztion

4.20 are produced.

, .
A@};’é + Amy% - ADya -ADFa = ‘Iio - ?’w ~%ap* ("4‘3 * 032~ P35~ 9°q2 + ﬁoqs -

(P10~ 013~ P20 *¥23 * U3 -Ya6 ~P53 *+¥s6 ) = (‘929-9062) - (09 ) =0Pa2a

The accuracy of the predicted value of alpha 2a is controlled
by the accuracy of the four measurements used to produce this value.
However, it should be noted that the value of alpha 2a is not an
estimate based upon any assumption of plane leyering, or an extra-

polation from the measurements at smaller electrode spacings, The
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L\q;;,g + Ay, - ADhs -ADZs = Ao~ P13” YUp* Y3 P32~ P35~ Y62+ %65 -

[(91,0'4’1‘3'4’2,0 +P23 * Pyq - ~ P53 +¥56 ) = (902'0-%2) - (wq‘o-% ) =ADyoq
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estimate based upon any assumption of p’ane layering, or an extira-

polation from the measurements at smaller electrode spacings, The
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information contained in the four measurements repr:sented by Liua-
tions 4.21 to 4.24 incluies the exact potentials neccis:ry to c-1-
culate alpha 2a over an inhomogeneous distribution. The zotentizl
differences measurcl at the smaller spacings, are 21so larzer than
those that wo1ld be measured at the larger spacing and may be there-

fore more easily measured.

In Table 4.4, the poientials calculated by the finite differ-
ence algorithm over an area o near surface lateral inhomogeneity,
and for a 7 electrode set are shown. liote thcot the matrix (7 e 7)
1s symmetric and that therefore potential ¢,, =¢,, etc. From this
matrix the potential differance calculeated by the method described
can be shown to be exactly eguivalent to that measured. The figure

of 20.90 is obtained by both methods.

The method has been tected in trhe ".7V. and found to be accurate
. . ~f .- . . . . . . -
to within 5., which is a sufficient accuracy in profiling over large

resistivity contrasts.

By chosing an initial electrode separ:tion of 10m,profile d=zta
at 10, 20 and /0, and 30 ard 60~ can be obtained by three paszes

a2long the electrodes.

Profile section field dsta.

Three resistivity profile sections are presented in Tigures 4.9,
4,11 and 4.13. ZEach section reprzsents an zrea of deep weathering
close to Bauchi. The secticn in Tigure 4.9 is from weathsring area
A and passes through borehole Yo. 10 on Figure 3.4, but at 90O to the
line of the trough. Tigure 4.11 shows an area of wezthering where
crade V material occurred to a depth of 28m in a borehcle. The
zroundwater was confined by t'iz clay and had a final standing water
level of only 3m. Tigure 4.13 shows a section from a vart of weather-
ing area B and also corresponds to the seismic refraction line shovm
in Figure 4.20 The drill samples shown in Plate 3.16 are fron a

borehole drilled into this anomaly.

The three profile secticns eacl. show a trough of weathering
ageinst a higher resistivity shoulder. Dach section also shows pro-
nounced lateral variations which wculd rroduce anomalous sounding

results.

The finite difference aly~crithm hns been used to m-7el thaose



Table 4.4 Potentials due to a point source of current, at seven
equispaced electrodes, over near surface lateral
inhomogeneity. Value in volts.

source
0 1 2 3 4 5 6
o 1395 75.03 62.07 55.53 51.66 47.51 44 .86
1 75.03 2453 111.41 66.59 54.56 52.35 41,79
2 62.07  111.41 1384 93,62 65.50 55.92 51.49
3 55.53 66,59 93.62 1343 104.69 62,94 56 .05
4 51,66 55,56 65.50 104.69 2319 80.81 61.9%
5 47.51 52.35 55.92 62.94 R0.81 1385 94.23
6 A4.86 48.79 51.49 56.05 61,94 94.93 1393
Note 1. The electrodes are equispaced with a separation of 'a' metres.

1

2. That potential 5 -~ 6 = opotential 6 - 5 etc.
31, The values are in volts
4

The principle diagonal of the matrix contains the values of potential close to the
current electrodes,

5. The values for 41 soirce terms are shown in a 41 x 41 matrix in the resulis presented in
Appendic C.
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RESISTIVITY PROFILE SECTION

Caiculated From the model resistivity distribulion shown below
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Figure 4-12  Resistivity model for profile section — D
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RESISTIVITY PROFILE SECTION

Calculated From the model resistivity. distribulion shown below
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Figure -4-14  Resistivity model for profile section - B
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three prolile secticne in terms of the resintivities slcwn in
Table 4.3. The best results z2re shown in Tigures 4,70, /.12 and
4.14. This graphical output sives a good impression o 1o extent
of the weathering basins in each case. The re~alts are also Tur-

ther used in Section 6.2.

“ithout the benefit of the computed molel sectionz, the resis-
tivity profile section provides a good qualitative impression of
the depth of weathering which is a si~nificant improvement unon
a single profile line, or a number of soundings. the interpretation

el

of which wonrld be highly suspect ovoer such an aren.

Summary.

The resistivity profile section method is a useful extension of
conventional resistivity techniques and is narticularly suitable to
the brsement weat'ering environment vhere the resistivity varics ex-

tensively both laterally and vertically.

A new method of collectinz the reau red profile data has been
described. Althcugh this has had only limited -rials at present,
it seems that a considerzble improvement in the quality cf field data

can be achieved using this method.

E® techniques could also be possibly used to collect resisti-
vity profile section data. The 117 34-3 would appear to be well
suited to the task, however no trials h=ve been carried out with this

equipment.

The major interpretational advance th:t has been achieved is the
ability to model the reczistivity profile section in termns of an in-
homogeneous 2D resistivity distributien. This advance means that
the collection of the extrs field datz is worthwhile, whereas possi-
bly before, it was not. The algorithm presented in Appendix C re-
presents a versatile interpretational method. In Ficures 4.15 and
4.16, the profile results produced over an area of near surface lat-
eral inhomogeneity are vresented to demonstrate the potential that
the algorithm has to improve understanding of the avparent resisti-

vity response to a given resistivity distribution.

One run of the program on a fast computer such ac the CDC 7600
requires 60 seconds. Therefore it is not reasonable to use such a

model to calculate the response for a single profile line. Yowever,
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RESISTIVITY  PROFILE  SECTION

Calculated from the model resistivity distribution shown below
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Figure  4-16  Near surface lateral inhomogeneity
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it is envisaged that 2 limited library of such solutions could be
built up and an extrapolation of field data betwee: these models

used in the field.
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4.5 Seismic Refraction Technique.
General.

The seismic refraction investigation technique may be used to deli-
neate areas within the earth which have di“ferent seismic velocities.
The different velocities may then be associated with rock types, either
by comparing the seismic section with local borehole control, or by lab-

oratory studies of rock samples.

The basic technique consists of generating seismic waves in a con-
trolled manner, and then measuring the time taken for these waves to
reach a line of geophones. A plot of travel time against distance of
the geophone from the source (T=X graph) is then prepared. Straight line
segments on the T-X graph may then be interpreted in terms of velocities

and depths.

The seismic refraction method is described in detail by Telford et
al (1976), and a number of engineering geclogy applications have been
described in the literature (Allen, 1960, Burke, 1967). Depth to bed-
rock surveys have been successfully carried out in many areas and it is
tnis type of application that most resembles the granite weathering
problem. The plus-minus method of interpretation (Hagedorn, 1959; Cum-
mings, 1979) is most often used to analyse the data from this type of
investigation, where an undulating bedrock is overlain by variable depths

of less compacted, lower velocity material.

The seismic refraction interpretation is constrained by a number of
theoretical limitations. It is of use to summarise these before pro-

ceding to a description of the field technique and the results obtained.

In the simplest form cof interpretation the ground is assumed to con-
sist of homogeneous and isotropic layers, which have a uniform seismic
velocity, separated by planar horizontal or dipping interfaces., This

model seismic section produces a straight line segmented T-X graph.

Layers which have a lower seismic velocity, lying beneath layers
with a higher seismic velocity cannot be resolved and the presence of
such layers leads to considerable error in interpreted depths. This

difficulty is known as the blind layer problem.

Thin layers of material with seismic velocity intermediate between
two thicker layers, and lying between these layers are suppressed on

the T-X graph, and an interpretation that does not take account of such
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layers also produces incorrect depth estimates, This difficulty is lmown

as the hidden layer problem,

A gradational increase in velocity throughout a layer can be re-
solved. However, the layer must extend laterally over the lenzth of
the investigation. If a depth of 30m is being investigated, then the
maximum source to geophone distance will be approximately 300m, and

uniformity over this distance is required.

A large number of shallow seismic investigations were carried out
in the North of Nigeria, principally for dam site investigaticnwork,
although, as will be described below, some refraction lines were carr-
ied out for hydrogeological purposes. A six channel Bison signal en-
hancement seismograph was used for the majority of this work. Due to
the administration difficulties associated with using explosives on a
large number of small, highly dispersed, surveys, a hammer was used as
the energy source. The signal enhancement facility was used to stack
successive signals until a satisfactory seismic signal was obtained. A

chart recorder was then used to produce a permanent copy of the signal.

The hammer source proved sufficient to generate a satisfactory sig-
nal at distances between 50 and 150m from the source. Depending upon
the source distance and the subsurface material, a maximum number of 20
hammer blows was most often required. This maximum distance was insuf-
ficient to receive refracted waves from the base of a weathered trough
some 40m deep. For studies of this type overlapping profiles were ob-
tained with source positions every 50 or T5m, the overlapping sections

of the T-X plot were then used to complete a reversed refraction line

of up to 300m length (see Appendix D4 and D5).

Weathering Grade Seismic Velocities.

The limitations of the refraction technique have been briefly dis-
cussed above, and it is evident from this discussion and that presented
in section three, that the weathering environment does not often pro-
duce uniform layers which may be simply interpreted. However, in gen-
eral, four velocity layers may be recognised, although the interface be-
tween them is rarely sharp (see example 2). Table 4.5 lists the seismic

velocities that may be assigned to the different grades of weathering.



204

Table 4.5 Seismic velocities of weathering grades,

Veathering Seismic Velocity lotes
Grade (m/ms)
Soil 0.25-0.8
VI
0.5 = 2.0 Velocity may be
v ) higher if saturated
Iv
1.5 - 4.0
IIT
II 3.0 - 5.0 Velocity depends
upon degree of
fracturing.
I 4.0 - 6.0

A distinct velocity contrast is often found between grades II and
III weathering. The disagregation caused by micro-fracturing of the
crystal fabric, the increase in velocity and the alteration of clay
minerals, all act to reduce the seismic velocity. In areas where grades
IT, ITIT and IV weathering are very thin or absent, such as in the area
shown by Plate 3.20, the interface is abrupt and produces an easily
identified range of slope on the T-X graph. The plus-minus method may
then be used to obtain the depths to fresh rock along the profile line

(as in example 1),

In areas of deeper weathering, such as those shown in Plates 3.17,
3.18 and 3.19, the interfaces between the various grades are not abrupt
and do not therefore give rise to straight line segments on the T-X
graph; instead, a continuous curve is produced. It is not possible to
interpret this data if the rate of change of velocity with depth is not
constant over the profile line. The interface between grade 11 and grade
III weathering can be seen in core box No 4 in Plate 3,18, This inter-

face lies at approximately 23.5m depth. Above this depth the changes

are gradational.

Seismic Refraction Results.

Examples of refraction data from four localities are presented

below. In each case, borehole evidence is available to gauge the accuracy
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of the seismic interpretation, where an interpretation has been att-
empted. The examples are presented in order of increasing depth of

weatherins. The travel time data is presented in Appendix D.

Example 1. This data was obtained as a part of a long profile line,
with shot (hammer) points every 50m. Plate 4.1 shows the core taken

from an investigation hole drilled into this line.

) -t
The travel time data, the T-X data (Hagedorn, 1959) and the inter-

preted seismic section are shown in Figure 4.17.

In this example, the boundary between grade II and grade III mat-
erial can be seen approximately at 3.2m in Plate 4.1. Grade II weather-
ing continues to a depth of approximately 9.2m with zones of grade I
material separated from the completely unaltered rock by a number of
subhorizontal fractures where grade III weathering has occurred. The
lack of an absolutely clear boundary is demonstrated by the considerable

scatter of the points shown on the T-X plot.

The plus-minus interpretation shows a depth of approxim:tely four
metres to the main refractor at the borehole site. Vhile this figure
is a reasonable measure of the depth to Grade II weathering it should
be noted that important fractures which would contain water, occur be-

low this level.

Example 2. This data was obtained over a dry river bed. The geo-
phones were placed in clay to hold them firm, just above the water table
in the saturated coarse sand alluvium. The travel time data is presented
in Appendix D 2, and Figure 4. 18 shows the T-X data, and the depth inter-
pretation. Porehole investigation proved this profile to be accurate
within 57. A v-rying depth of coarse sand alluvium combined with grade
IV and V weathered material was found to have a velocity varying between
1.3 and 1.7 m/ms. Grade III weathered material, encountered in the
boreholes as the first horizon from which core would be taken, was found
to have a velocity of 3.8m/ms. The travel time distance plot shows seg-
ments representing a fourth velocity layer at approximately 6m/ms al-
though it was not possible to obtain a depth for this layer. A borehole
in the centre of the section was drilled to 35m depth without encount-

ering grade I material.

The accuracy of this profile was possible only because the top

layer of coarse alluvium was homogeneous, completely unlike the top
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weathered layer. However, the data i: presented here 413 an example of
the use of the technique under good conditions. The data in exanple 2

indicates the problems caused by a deep low velocity layer at the surface.

Example 3. In contrast to the data shown in the previous example,
this data has been taken from a profile carried out over the borehole
section shown in Plates 3.18 and 3.19. The water table in this bore-
hole was recorded at 19m and the majority of the material above the wat-
er table can be seen to be loose. The thick low velocity layer produced
by this dry grade IV, V and VI weathering, and the considerable varia-
bility within the zone has obscured any arrivals from lower refractors,
although it is doubful from the plates whether a clear refractor exists

in this situation.

The T-X data is listed in Appendix 4.3 and the travel time distance
plot is shown in Figure 4.19. From the interpretation which w-s possi~-
ble fror this data set, it was found that the low velocity layer was

some 5 to 8 metres thick, overlying material with a valocity of 2.1m/ms,

Example 4. Despite the difficulty encountered with the interpret-
ation of the data from the previous example, it was thought probable that
seismic refraction represents one of the few methods available from which
an estimate of the volume of material occupied by grade III and IV mgt-
erial may be made. For this reason, a refraction profile was carried
out using a 5m geophone separation over parts of deep weathering areas
A and B. The profiles were along the same lines as those of the resis-

tivity profile sections shown in Figures 4.9 and 4.11.

The travel time data for these two profiles are listed in Appendi-

ces D 4 and D 5 respectively.

Although it was possible to complete the travel time data set for
deep weathering area A, it was not possible to interpret the data in
terms of a coherent seismic section. Borehole 10 in Figure 3.4 passes
through this section and encountered grade II and III weatherinz to a
depth of 60m with no well defined interface present throughout the sect-
ion. By contrast, the dataset for deep weathering area B was more read-
ily interpretable, and the data is vresented in Figure 4.20.. T4 is simi-
ficant that the samples from this borehole, shown in Plate 3.16 show a
very sharp interface between grade IT and grade III weathering, and it

is the presence of this interface that has given rise to the straight
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Plate 4.1 Investigation borehole core in deep weathering area C.
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line portions on the T-X graph.

The interpretation of the travel time data shows that the grade
II1T material has a velocity varying between 2.7 and 3,1 m/ms, with the
grade II material showing a velocity variation between 4.0 and 4.7 m/
ms. The higher velocity may represent grade I material. The threc
layer plus-minus interpretation gave depths to grade II rock in reason-

able agreement with the borehole results.

Discussion.

A number of relevant points arise from a consider~tion of the ex-

amples described above, viz.

1) Tt is evident that the lateral and horizontal variations within
the weathering profiles are as difficult to resolve using the seismic
method as the resistivity sounding method. In particular, the lack of
definite interfaces within the profile, make a layered velocity inter-
pretation impossible, even in terms of an undulating boundary. "hile
methods exist to model these conditions (such as ray tracing), they have
not been applied to small scale problems such as those under consider-

ation.

2) To investigate areas of deep weathering, it is necessary to
use explosives to produce a sufficient seismic signal at distances up
to 400m. The use of explosions would also overcome the problem of the
very low velocity top soil, which can absorb a large proportion of the
hammer blow energy. Signal enhancement combined with the use of deton-

ators placed 15-20 cms beneath the soil is also a possible alternative.

3} With the exception of the detailed profile described in example
4 from deep weathering area B, the seismic method was not successful in
providing data on the thickness of the grade 1I, III and IV material.
It is possible that the use of more sophisticated techniques, using ex-
plosives, signal recording and later digital analysis would produce more
satisfactory results, although such an investigation represents a vast-

ly increased investment in resources and interpretational effort.
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4.6 Summary.

In the introduction to this section it was stated th-:t the use

of geophysics wzs necessary for two pirpcses, vis,

1) To establish the presence of deep weathering.

2) To quantify the volume of grade IIT and IV ma‘erial present
at depth.

It is of use therefore to summarise the ertent to which these two

objectives have been satisfied.

Both electirical resistivities and seismic velocities have been
successfully assigned to each of the weathering grades listed in Sec-
tion 3.4, and these are shown in Tables 4.2 and 4.5 respectively. How-
ever, a basic difficulty to both the electrical resistivity and the
seismic refraction techniquez is the lack of a clearly defined inter-

face, or interfaces, between the various grades of weathering-:

The electrical resistivity method, or a derivative of this method,
may be used to very quickly establish the presence or absence of deep
weathering. !n electromagnetic survey using a one man portable EI31
can delineate areas where grade I material lies close to the surface.
¥ithin a few hours, data covering an area of a square kilometre can be
produced. This reconnaissance survey can immediately satisfy the first
of the two objectives, and in the situation where only a limited ground-
water supply ( lm}/hr) is required, it is not necessary to proceed to
the second objective., It should be noted that the seismic method can
equally well be used to establish the prcsence of near surface grade I
material, and can in additicn provide depths and velocities of this
section. However, if the criteria is simply to establish areas where
grade I material is not near surface, then the seismic method provides
data which is not required and is in addition very much more time con-

suming to acquire.

The second objective is very much more difficult to satisfy and
it should be said that there is no entirely satisfactory method avail-
able. Thile the resistivity technique provides information of a quali-
tative nature very rapidly, it is not po - sible in the field to produce
accurate data representing the depth to which a borehole should be
drilled. The use of the offset profiling technique and the preparzstion
of resistivity profile sections overcomes many of the previously exper-

jenced difficulties with thic method, such as noise due to near surface
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inhomogeneity and distortions produced by deep luteral recistivity
contrast. PFurthermore, the availability of a computing alrorithm to
model resis*ivity profiles provides the possibility of discretising the
profile section data into a realistic model which completely satisfTies
the second objective. However, the availability of the computing pow-
er required for this process is strictly limited and not yet at all
available to field crews, althouch this restriction will probably be
removed in the future. The preparation of resistivity profile sections
is however not as time consuming as the prep .ration of seismic refract-
ion sections covering the same area and with the use of a limited 2ib-
rary of computed solutions it is considered that this method is the

most effective available.

The seismic refraction method can in many instances be used to re-
solve the layering, if present, within the weathering profile. How-
ever, over comparitively narrow and deep troughs, the amount of data
collation and interpretation reguired to resolve the layering begins to
approach that required for the resistivity modelling. In addition the
time required for the data collection is several timesthzt for a resis-
tivity profile sectionj; the equipment required is substantially more
corplicated and prelevant to breakdown; and, lastly, the field data
available as a travel-time distance plot may not be qualitatively in-

terpreted in the same way that a resistivity profile section allows.

In the absence of resistivity profile sections, where resistivity
profile data is available for only one separation, considerable ambig-
uity remazins in the qualitative interpretation. “here an apparent res-
istivity of less than 60fm occurs in a well defined trough, then a sub-
stantial (>30m) thickness of weathered material was found to be present
in all the surveys carried out in Forthern Nigeria. Therefore, if this
value of apparent resistivity is used as a criteria for drilling (see
also Section 6), the number of dry boreholes will be kept to a minimum,.
However, this method relies on the presence of substantial grade V and
VI material, with well developed soil B horizons to provide low resis-
tivity material which will combine to produce a low apparent resistivity.
If this m~nterial has been removed by erosion in recent times, then there
is the possibility that deep weathering, represented by thick grade III
and IV material, exists which will! not be located if all areas with an
apparent resistivity of P60m are discarded. It is necessary to carry

out a full profile section to detect these areas.
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5. AQUIFER GECLETRY AND CHARACTZRICTICS

Introduction.

The development of areas of deep weathering has been discussed
in the third section of the thesis. The location of deep weathering
zones using geophysical techniques has been described in Section 4.
It is the purpose of this section to identify those parts of the wea-
thering profile which may be considered as aquifers or aquicludes and
to demonstrate as fully as possible the hydrogeological parameters

associated with each part.

The identification of grades II, III and IV material as potential
aquifers has been necessarily anticipated in previous sections. In
the first part of this section, a more detailed description of the
aquifer and its boundaries is given. The presence or absence of vari-
ous grades of weathering may then be seen 1o give rise to confined or
unconfined conditions, and also to lead to an identification of areas

where recharge to the aquifer is possible.

In order to achieve an understanding of the aquifer response to
recharge or abstraction, it is essential to obtain a borehole hydro-
graph. Unfortunately, due to the socio-economic conditions discussed
in the general introduction, boreholes are invariably developed as
abstraction sites, and no water level measurements are taken after the
initial pump testj; which itself is often unsatisfactory. In recogni-
tion of the deficiency of this type of data, water level measurements
erm deep weathering area A were collected for 14 months, at intervals
which were as regular as possible., In addition, Kowal (Kowal + Kassam,
1978) has produced wet season hydrographs for three years from an area
close to Samaru. These two sets of data represent the only groundwater

hydrographs available to the author.

The hydrographs are all basically similar and indicate a number of
distinct phases within the annual hydrological balance of the savanna.
These phases are described and discussed in the second part of this

section.

From the groundwater hydrograph in Bauchi, a small component of
direct recharge is seen to occur early in the wet season, althousn the

major recharge must occur by infiltration into the unconfined parts of

the aquifer. The quantity of such indirect recharge is controlled by
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the balance between rainfall and evapotranspiration in the soil zone.

The estimation of annual recharge is an important part of any
hydrogeological study. In the savanna zone, and upon basement rocks,
this estimate is particularly important as many of the weathering
aquifers have only limited storage, probably only capable of supporting

abstraction, in the absence of recharge, for one or two years.

In the third part of this section two methods of calculating re-
charge are described. The first method corresponds to the conventional
analysis used in previous studies (Lloyd, 1966; Xowal + ¥nabbe, 1972).
However, the resulis predicted by this analysis do not satisfactorily
explain the observed conditions within the savanna, and for this reason

a second method has been developed for this study.

Lastly in this section, the response of weathering zone aquifers
to abstraction is assessed. Pump testing techniques are commonly used
for this purpose, however, the pronounced lateral and vertical varia-
tions in hydraulic conductivity produce similar problems for pump test
interpretation to those already described for the geophysical inter-
pretation. The general methods of pump test interpretation are based
upon analytical solutions to the equations describing laminar flow in
an aquifer of constant depth and possessing intergranular porosity.
The weathering aquifers are not of a constant depth, and more signifi-
cantly, the porosity varies between predominantly fracture controlled
in grade II weathering to predominantly intergranular controlled in
grade IV weathering. For these reasons, the general methods of pump

test interpretation zre not applicable to this environment.

The combination of fracture and intergranular controlled hydraulic
conductivity produces a characteristic drawdown response. Several ex-

amples of this response are described and discussed.
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51 Description of the aquifer.

General.

The following discussion refers in general terms to any area of
basement where the progression of weathering grades can be recognised.
Recent evidence (Ternan + Williams, 1979; 'Yoore + Gribble, 1920) in-
dicates that weathering of granites is occurring in temperate climates
at the present time and that therefore, deep weatnering features are
not necessarily only relicts of weathering from previous warmer clim-
atic periods. However, the area of particular reference remains that

of the Nigerian savanna.

An aquifer has been defined (Brown, et al, 1975) as a water-
bearing formation having a porous or fissured structure that permits
water to move through it under ordinary field conditions. “hile it is
evident that weathered material may permit water to move through it,
the depth of weathering is nowhere sufficient to produce large uniform
areas which can be considered as aquifers in the sense that a sedimen-
tary sandstone forms an aguifer. As the weathering processes are pri-
marily controlled by the presence of jeinting or fracturing, it follows
that the aquifers produced by weathering are only developed in zones
where jointing or fracturing have a higher than normal incidence,
Therefore, aquifers produced by weathering are normally developed as
isolated zones, often completely hydraulically isolated from one an-

other.

In general, only the topographically low areas contain aquifers.
Although an inselberg may contain a complex and interconnecting set of
exfoliation joints which give rise to perennial springs or seepages at
the base of the inselberg, quantities of groundwater which are sufficient
to support abstraction by pumping from boreholes, are only found in the

low lying areas.

If the area of basement outcrop is considered as a whole, then
probably in excess of 90% of the basement does not contain weathering
sufficiently deep to form an aquifer. Over the majority of the area,
the derth of weathering is either insufficient, or the water is lost
a5 baseflow to ephemeral streams at the end of the dry season. The re-
maining 10% of the total area however, is composed of a large number of
highly dispersed zones of deeper weathering which do form aguifers. It

is these zones which are considered in detail below.
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Weathering grade porosities.

The chemical reactions and physical processez by w-ich fresh
rock is altered to residual soil have been described in Section 3.3.
The porosity of the profile increases from zero to approximately 50%
in the 'A' horizon of the soil. This increase represents a complex
interaction of pressure release jointing and chemical solution as
described above. It is not possible to quantify the changes in poro-
sity through the weathering grades exactly, mainly because it is diffi-

cult to obtain an undisturbed sample. However, the generalised changes

are presented in Figure 5.1.

In grade II weathered material, the porosity is almost entirely
represented by the open arezs between joint faces. The intervening
material still has zero porosity. In coarse grained rocks, the joints
are usually widely spaced, but have a joint width which varies from <1lmm

to > 50mm depending upon the depth of burial.

The porosity steadily increases upwards as first the micro-crys-
talline components of the matrix are removed, and then the major crys-
talline components. The effectiveness of this process is reflected in

the very high silica content of the groundwater.

The rapid increase in porosity between the 'A' and 'B' soil hori-
zons reflects the almost complete removal of clay from the soil 'A!

horizon by leaching caused by the intense rainfall.

VWieathering grade hydraulic conductivities,

Tt is possible to measure the weathering grade hydraulic conducti-
vities by a number of indirect methods, such as packer testing (Pearson
+ VMoney, 1977). Dearman (1978) has collated all the published values
and these have been included in Figure 5.1. There are a number of im-

portant implications arising from the hydraulic conductivity variztions.

The hydraulic conductivity in the grade II weathered material is
more anisotropic than that in the higher weathering zones. Brown (1975)
reports a value of 60 m/day hydraulic conductivity for a rock contain-
ing a lmm wide fracture occurring every metre (bulk porosity of 0.17%).
However, this value is representative of conditions in the plane con-
taining the fracturing. The hydrzulic conductivity in a direction or-
thogonal to this plane would be zero. Considerable anisotropy in hy-

draulic conductivity will result from the orientation of fractures in
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the grade II material, and the bulk value of hydraulic conductivity
will depend principally upon the degree of interconnection between the
virious joint systems. As the predominant jointing should be sub hori-
zontal, caused by pressure release, it is probable that the value of’
hydraulic conductivity in the plane parallel to the surface will be

considerably higher than in the orthogonal planes.

Thehydraulic conductivity becomes less anisotropic as the weather-
ing processes remove more material in solution. By the time grade IV
weathering has been reached the conditions most nearly resemble an
intergranular sand conductivity. This is the grus zone referred to

above.

Recent evidence (Eswarian + Bin, 197%) indicates that the change
in the formation of the predominant clay mineral from halloysite to
kaolinite, which occurs in grades V and VI of the weathering profile,
is responsible for the general reduction in hydraulic conductivity to-
wards the top of the profile. The clay bands developed in grade VI

material have a very low hydraulic conductivity and form an aquiclude.

The aquifer within the weathered profile exists where grade II,

ITI and IV material remain permanently saturated.

Aquifer boundaries.

As the term implies, aquifer boundaries are used to define the
flow conditions at the boundaries of the aquifer. As such, aquifer
boundaries may be constant head, recharge, leaky or zero flow bound-

aries.

The lower boundary ot the weathering aguifer is always formed by
the interface between grade I and grade II weathering. It has been
noted above that this interface is usually a complicated three dimen-
sional surface and as such, flow will occur in the grade Il material
often completely around an isolated block of grade I material. The
lower boundary, and often the side boundaries of the aquifer are there-

fore zero flow boundaries.

The upper boundary is usually formed by the grade V and VI mater-
jal. As this material has a very low hydraulic conductivity it may

also become effectively a zero flow boundary and produce confining con-

ditions.
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In the majority of the boreholes drilled into arecs with consider-
able (>10m) thickness of grade V + VI material, the piezometric head
was often within four metres of the surface and in a fer instances,
was artesian. The drilling records for two typical borcholes drilled
ihto deep weathering area A are presented in Appendix ®. These rec-
ords show that water was firct encountered during drilling at the top

of grade IV material.

To illustrate the various ways in which the weathering processes
may combine to form an aguifer, and t¢ produce confining conditions,
two sketch ssctions are presented in Figure 5.2, The purpose of these
sketch sections is to provide a graphical illustration of the aquifer
location and in particular the im; ortance of lateral variations in

weathering grades in controlling flow within the aquifer.

The significance of the various combinations of weathering grades

is discussed below, and relates to the numbers shown in Figure 5.2, viz}

(1) The soil cover on inselbergs is either limited or absent,
therefore the high intensity rainfall collects as sheet run off and
flows down the surface of the rock. As there are exfoliation joints
occurring every few metres, which are often several centimetres wide,
a proportion of the run off enfters the Jjoint system and percolates to-
wards the base of the inselberg, within the shell of grade II weather-
ing. The majority of the run off flows over the surface until the
base of the inselberg is rezched, where it infiltrates into the grade
I11 weathered material at the base, or enters ephe~eral drainage chan-

nels,

(2) A proportion of the water contained in the grade II weather-
ing zone fractures issues as seepages and springs from the base of the
inselberg. Plate 3.11 shows such a seepage which has been artificially
deepened. The storage within the fracture zone is sufficient to main-

tain these seepages often throughout the dry season.

(3+4) Although the ground surface is approxirately flat in the area
between points 3 and 4, the two lodzations wonld provide completely
different borehole results. Point 3 marks the location of an apparent
resistivity anomaly which would be created by the deep fracture zone,

A borehole drilled at this location would encounter water at the top of

the grade IV weatliering. The quantity of water would continue to increase
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until fresh rock wa. encountcred. The final standing wzter level would
show a sub artesian rise tc the piezcmetiric surface. 27 contract, a
borehole sited at location 4 would encounter water at a shallow depth
and then soon pass into grade I material. The depth of aquifer would

be insufficient to maintain abstraction.

(5) A stream at this location wouli be maintained by groundwater
seepage until the piezometric surface fell below the base level of the

stream during the dry season. This characteristically occurs sometime

in December.
Locations 6 to 9 are on Figure 5.2 (ii).

(6) Where fhere is little outcrop, an extensive laterite capping
is often formed on a deep weathered profile. Grade V and VI material
is laterally continuous over the surface. In several areas of Horthern
Nigeria, particularly around Xaduna, mature, flat erosion surfaces are
now being actively eroded. The eroded section is often of the general
form shown in Pigure 5.2 (ii). A laterite capping forms the flat, often
mesa like, hill top, with eroded blocks of laterite scattered below the

scarp.

(7) Under the extensive laterite there often exists a thick zone

'A' soil profile. This may form a small agquifer of limited extent.

(8) Spring discharge occurs at the interface between the soil A
and B horizons., Streams flow from these springs throughout the dry
season as the low hydraulic conductivity material only slowly releases
water. The streams do not increase in size as they flow towards the
flood plain, as the thick grade V + VI material is effectively impermea-
ble.

(9) The rivers often have a large flood plain due to the high run
off caused by the low hydraulic conductivity surface material. Grade 1
material often occurs in the river beds or at a shallow depth beneath

the flood plain.
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5.2 Groundwater hydrographs.

Generzl.

Measurements of the groundwater level in a well or borehole,
plotted against time,form a groundwater hydrograph. Changes in the
level of the hydrograph throughout the year reflect gross changes in

the water flow to the aquifer in the area around the observation point.

The change in flux is caused by changes in flows into or from the
aquifer. Input to a small and discrete aquifer can only be recharge
as a result of infiltration from rainfall. OQutput from such an aquifer
is composed of losses by transpiration and or evaporation, and losses

by seepage to the local surface drainage.

The groundwater hydrograph provides a valuable measurement of the
response of the aquifer to recharge, and to losses by seepage and evapo-
transpiration. Therefore, if the flucuation of the hydrograph can be
reproduced mathematically, by a consideration of the balance between

these flows, it is possible to quantify the individual flows,.

Records available.

although an extensive search was ¢ rried out, no records of ground-
water levels were found for the Bauchi area. A number of observation
wells were drilled as a part of an urban groundwater development plan
for Bauchi Town. FHowever, it was found that several production bore-
holes either dried up, or their yields dropped substantially soon afier
they were completed, and in order to maintain the combined yield of the

boreholes, the observation boreholes were converted to production bore-

holes.

The boreholes drilled into deep weathering area A in Bauchi (see
section 3.5 and Plate 3.14), were not used for production for some time
after their completion, and the opportunity was taken to measure ground-
water levels in this area over a periecd of 14 months. The boreholes
were monitered as often as possible using an electric water level in-
dicator. In practice the regularity achieved was two measurements per

week during the wet season, and one per month during the dry season.

The borehole hydrograph presented in Tigure 5.3 is taken from the
record of borehole 10 (see Figure 3.4), The geological log of this
borehole is given in Appendix B, and from the log it can be seen that a

sub artesian rice in water level was recorded during drilling, and that
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therefore the aquifer at this location is confined. Fowever, the resiz-
tivity profile section given in Figure 4.9, which also passes through
this borehole, shows that the grade V and VI material which confines

the aquifer at the borehole is not laterally continuous.

Kowal + Omolokun (1970) have published groundwater hydrographs
for three boreholes from the small catchment basin study at Samaru.

The hydrographs represent boreholes at three positions on a slope above

the valley bottom of the catchment.

The catchments at Bauchi and Samaru are broadly comparable, they
are of a similar size, slope, vegetation cover and also receive the

same seasonal rainfall.

In the original presentation (Kowal + Omolokun, 1970V, only the
wet season hydrographs were showvn, however, in Figure 5.4, the hydrographs
have been rearranged and plotted over a full twelve month period. The
dry season part of the hydrograph has been extrapolated from December

to June.

In Figure 5.3, the rainfall data shown has been taken from the re-
cord at Bauchi aerodrome. This measurement station is not on the catch-
ment, but lies some 5 km away. For the reasons discussed in Section
2.2, the rainfall over the catchment is likely to have varied signi-
ficantly from that at the aerodrome. By contrast, the rainfall shown
plotted on Figure 5.4 is an average of 5 rain gauges on the catchment,
and must therefore be more representative of conditions within the

catchment.

Description of the hydrograph.

The three hydrographs are very similar and may be conveniently

subdivided into four stages, viz:

(l) A rising stage

(2) A constant level stage

(3) A rapidly declining stage
(4) A gradually declining stage

The four stages are described below, and an assessment of the

implied changes in recharge, seepage and evapotranspiration is made.
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(1) The rising steze. The rise in th hydrosraph mar-s the
beginning of recharge to the water table., This cccurs come time alter
the beginning of the rains, depending upon the fTrequency and intensity
of the early wet season storms. IFowal + Tmolokun (1970) report the rise
in the water table at Samaru to occur some time during July. Their

observations are reproduced in Table 5.1,

Table 5.1 Rainfall + Hydrograph Data.

Year Annual ‘Date of rise Cumulative rainfell
Rainfall on hydrograph ‘ before rise

(mm) (mm)

1964 1054 198 (17-7) 389
1965 978 207 (26-7) 451
1966 1333 192 (11-7) 503
1967 967 196  (15-7) 404
1968 998 208  (22-7) 515

This data confirms that the rise in the wat-r table does not sim-
ply occur after a given amount of rainfall has been received over the
catchment. For example, during 1968, more than half the total rainfall
had fallen before the water table began to rise. The implication is
that recharge is controlled by a complicated interaction between rain-

fall and evapotranspiration.

After the initial rise in the water table, the hydrograph shows a
continued rise in response to the increasing frequency and intensity of

rainall.

(2) The constant level stage. '"'ith the exception of the 1965
hydrograph at Samaru, a constant level stage is reached at the peak of
the rains. This is particularly well marked ot Samaru during 1966, an

exceptionally wet year.

During this time, the groundwater level is close to the surface,
the soil above the water table is c¢lose to szturation and further rain-
f2ll is rejected as surface runoff. Seepage is occurring at this time

s0 that the baseflow component of the stream is also at a maximum.

ote 1. Kowal reports (1970b) that v:ry little runoff occurs before
the dry season rise in the woter table,



229

(3) The rapidly declining stage. As soon as the rains begin to
diminish, the hydrograph shows a rapid fall in the w-ter table. ater
is being lost from the aquifer both to seepase and to continuing high
evapotranspiration., Transpiration continues at a high level until the
moisture within the rooting depth of the vegetation becomes limitinz:

after this time much of the vegetation begins to wilt, and later, die.

Depending upon the height reached by the groundwater table during
the wet season, which in turn reflec*s the annual rainfall received, the
baseflow to streamsceases at some time between mid-October and mid-Dec-
ember. There is no further surface flow in the streams from this time
until, usually, the following July. The cessation of seepage causes
the hydrograph to show a definite change of slope, and this marks the

end of this stage.

(4) The gradually declining stage. This stage lasts from December
until some time in June or July as discussed above. It is important to
note that the hydrograph shows a continuing fall at approximately the
same rate up to the time the first recharge is received. The water

table continues to fall during the early part of the weti season.

The water table falls between one and three metres depending upon
the position of a borehole on the slope and the extent of the preceding
rains and recharge. For example, the fall is considerably more marked
at Samaru after the limited rains of 1965, than after the above average

rains of the following year.

The loss of water from the aguifer during the dry season, as
measured in a borehole at the bottom of the slope and close to a dry
stream bed. can only be attridbuted to the effects of evaporation from
the water table. This is clear evidence that evaporation, rather than
transpiration occurs direct from the water table even when it lies at
a depth of 6 m. The fact that this evaporation continues at depth
after saturated conditions are again established at the surface at the
beginning of the rains is of significance in the discussion of recharge

which follows.
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5.3 Rocharge Mechanisms.
Introduction.

In the small and often isolated aquifers that occur within the
weathering environment, two factors control the quanlity of water
available for abstraction by pumping. These are the volume of avail-
able storage within the aquifer and the quantity of recharge that occurs,

or which may be induced to occur each year.

It is probable that the volume of available storage is less than
that of available recharge in many areas. In such cases there is the
possibility that the aquifer can be used as a storage reservoir and
overpumped each dry season with the assumption that sufficient recharge
water is available the following wet season to completely replace the
abstraction and other losses. It is also probable that very few base-
ment aquifers are of a sufficient size to support continual abstraction
without recharge, for more than two or three years. The quantity of
available recharge is therefore a basic parameter in the determination
of any development policy, and therefore deserves considerably more

attention than it has so far received.

In the following section, two methods of calculating recharge are
examined. The first is the conventional analysis based upon the work
of Penman (1948, 1949, 1950) and Grindley (1967, 1969) and developed
for use in temperate latitudes. The results of this analysis, when used
to estimate recharge in the savanna, are described, and it is demon-
strated that the method leads to considerable inaccuracy, mainly caused
by the extreme climatic variation between the seasons. The second
method of analysis has been developed for this study and is based upon

the Yonteith (1965) method of calculating evapotranspiration.

A major component of both recharge analyses is the balance between
rainfall and actual evapotranspiration which occurs within the soil
zone. 1t is therefore necessary to examine and define the moisture re-
tention characteristics of the savanna soils before proceding to the

recharge analysis.

Soil moisture characteristics.

A number of parameters have been used to define the quantity of
moisture held in the soil. Concepts such as wilting poﬁnt, field cap-

acity or soil moisture deficit have been defined specifically in order
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that so0il moisture conditions can be related to the moisture re-
gquirements of plants. However, they do not have a strict physical
basis and their use has led to come confusion., In the discussion

which follows, a number of these terms are critically assessed.

The ability of a soil to store water is a function of the fraction
of the total soil volume that is occupied by solid, the fraction occu-
pied by pore space and the size and distribution of the pores. The
ability of a soil to release water is a function of the pore size and
shape. If the pores are very small, then a high proportion of the water

held within the soil is retained, held in position by capillary forces.

Soil water, porosity and density terms can be most readily defined
by considering the soil as a reservoir, with the soil, air and water
volumes separated out as shown in Figure 5.5. In terms of the dimen-

sions shown in Figure 5.5, the following parameters may be defined.

Soil bulk density Py

mass dry soil RS A [ka“’}

P = bulk volume of soil AD 5.1
where P = soil particle density
¢ = depth of soil
A = area of soil
D = total depth of sample
Volume water content @,
_ volume water _ b A 5,2
% = bulk volume of soil ~ A D
where b = depth of water[m]
The soil porosity may be defined as
E - 1 - (pp/Py) 53

The values of bulk density are widely used for converting moisture

percentage by weight to moisture content by volume and for then
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calculating the soil porosity when the particle density is known.,

The technique has been recenily reviewed by Hanks ™ Ashcroft (1980).

In the savanna soils, poor structure,compaction and a small total
volume of poor space are reflected by high values of bulk density.
Kowal + Kassam (1978) present data from several soil profiles taken
from uncultag%d land close to Kaduna. The data for bulk density and
porosity is shown in Table 5.2. A figure of 2.65g om™> has been used
for the soil particle density in equation 5.2 to give values of soil

porosity (Kowal + Kassam, 1978).

Table 5.2 Bulk density and porosity of three so0il profiles from
Afaka forestry r:serve, near Kaduna.

Profile Depth Bulk density Porosity
(m) (gm cm™>) E
1 2 3 1 2 3

0-150 1.53 1.61 1.52 0.42 0.39 0.43
150-300 1.49 1.69 1.48 0.44 0.36 0.44
300-450 1.43 1.62 1.59 0.4¢ 0.39 0.40
450-600 1.46 1.56 1.54 0.45 0.41 0.42
600-T750 1.45 1.53 1.57 0.45 0.42 0.41
750-900 1.39 1.77 1.44 0.47 0.33 0.46
900-1050 1.39 1.74 1.44 0.47 0.34 0.46
1050-1200 1.35 1.73 1.48 0.49 0.35 0.44
1200-1350 1.41 1.66 1.42 0.47 0.37 0.46
1350-1500 1.48 1.74 1.43 0.44 0.34 0.46
1500-1650 1.63 1.75 1.57 0.38 0.34 0.41
1650-1800 1.65 1.64 1.55 0.38 0.38 0.41
1800-1950 1.77 1.68 1.55 0.33 0.37 0.41
1950-2100 1.61 1.65 1.53 0.39 0.238 0.42
2100-2250 1.65 1.68 1.69 0.38 0.37 0.36
2250-2400 1.67 1.65 1.72 0.37 0.38 0.35
2400-2550 1.65 1.55 1.79 0.38 0.41 0.32
2550-2700 1.66 1.65 + 0.37 0.38
2700-2850 1.73 1.67 + 0.35 0.39
2850-3000 - 1.57 + - 0.41

Note. + denotes a laterite layer with values ranging from 2.05-7.37
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The high values of bulk density affects the rooting depth of
crops adversely. It has been found at Samaru that 75—%Of of maize
roots have depths of less than 300mm and approximately 90% have root-
ing depths of less than 450mm.

Water is retained in the soil by physical absorption on surface
and by capillary forces as noted above. The effective porosity may
be defined therefore as the ratio of the volume of water released by
drainage from a soil to the volume of the total sample. This value
of porosity may be significantly lower than that of the total bulk por-
osity, and is also difficult to measure, as any disturbance of the

sample will change the pore geometry.

The field capacity of a soil is defined as a unique water content
that a given soil reaches and maintains after it has been thoroughly
wetted and allowed to drain freely for two days. This value will vary
for soils of different textures. The field capacity represents the
moisture content of a soil after the water which is held in the volume
defined by the effective porosity, has been removed by drainage. A
soil at field capacity therefore contains moisture equivalent to the
difference between the bulk porosity and the effective porosity of the

soil.

A soil which is at field capacity is considered to be freely
draining. Therefore, if any extra moisiture is added to the top of the

soil, an equivalent volume will be released from the base of the soil.

The permanent wilting point of the soil is the unique moisture
content that the soil reaches when plants are no longer able to abstract
water from the soil by suction. The plants therefore wilt due to water

defficiency.

The available water in a soil profile is defined as the difference
between the water content at field capacity and the water content at
the permanent wilting point, and represents the water available for

transpiration by the plant canopy.

A soil moisture deficit (SMD) exisis in the soil if it is nec-
essary to add water to the soil before it becomes freely draining.
Plant life therefore creates an ST by transpiration. The quantity
of water which it is necessary to add to the soil to replace that lost
by transpiration is the SMD. If soll moisture is reduced to the extent

that plants wilt, then the SI'D is equal to0 the available moisture
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within the soil.

These concepts explain in a qualﬁtative manner the effects of soil
moisture changes caused by transpiration. However, implicit in all
the definitions is an assumption of the depth of soil from which the
transpiration is occurring, or the depth of soil to which the SI'D re-

fers. This aspect of the discussion is returned to later.

Soil moisture potential.

The concepts defined in the preceding section are based upon ob-
servation of moisture changes within the soil profile, and they lack
a physical basis. !YNore recently, attempts have been made to exrlain
the changes in moisture content in physical terms, and a useful des-

cription of this approach is given by Hanks & Ashcroft (1980).

The availability of water to the plant canopy corresponds to the
work which the plant must expend to move water from the soil to the
-plant. This can be expressed as a difference in hydraulic potential

between the plant roots and the soil.

The hydraulic potential within the soil may be expressed as a sum

of a number of potentials as described by equation 5.4.

Yo=Yt Yt % 5.4

1
where ¢ = hydraulic potential

p, = gravitational potential
Yy, = matric potential
Y, = pressure potential

The gravitational potential is independent of soil properties and
only depends upon the vertical distance between the reference point and

the data point.

The pressure potential applies to saturated soils., If the gquantity
of water is expressed as a weizght, then:yb is the vertical distance from

the data point to the water surface.

Yote 1. If the quantity of water_?s expressed ac a mass, the units of
potential are Joules kgm . If expresscd as a pressure, the
units are Pascals (nt m_ﬁ. If expressed as a weight., the units
of votential are metres (or centimetres) of w=t-r,
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The matric potential is rclated to the adsorptive forces of the
s0il matrix and hence is a function of the pore size and distribution
within the soil, In saturated soil the matric potential is zero. If
the unit of potential is expressed as a weight, the matric potential
of the data point is the vertical distance between that point in the
soil and the water surface of a manometer filled with wzater and con-

nected to the data point in the soil by a ceramic cup.

lieasurements of soil water potential are useful in that they in-
dicate the potential a plant must overcome to remove water from the
soil. They also indicate the direction of movement of water in the
unsaturated zone. A negative potential gradient indicates water movement
upwards, whereas a positive gradient represents downward movement of
water. A zero flux plane exists where the gradient of the potential is
zero. There is no flux of water either upward or downward. These con-

cepts are employed below in the discussion of the second recharge model.

lleasurements of matric potential may be made by a number of methods
(Milburn, 1979). The permanent wilting point and the field capacity
may therefore be expressed in terms of matric potential for any given

soil.

A partial vacuum equivalent to 0.34 atmospheres is approximetely
equivalent to the matric potential of a soil at tield capacity (Hanks +
Asheroft, 1980), Similarly, a partial vacuum of approximately 15 atmos-
pheres represents the matric potential at the permanent wilting point.
The difference in the quantity of water abstracted from a soil at these
two different suctions is a convenient measure of the available water

in the soil.

Based upon the concept of available water at different matric pot-
entials, experiments have been performed to find the water held in
soils at different tensions. The results of this work for two soils,
beneath mmcultivated land, developed upon basement rocks in Northern
Higeria are given by Kowal + Kassan (1978) and reproduced here in

Table 5.3.
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Table 5.3 Range of available wuter in two ferruginous soils developed
under natural conditions at Afaka, Nigeria {Data from
Kowal + Kassam, 1978).

Depth of Bulk Viater content 2t tension Available
Profile Density 0.34 atm 15 atm Tater
(mm) (gmem ?) (mm) (mm) (rara)
0-150 1.52 29 18 11
150-380 1,52 61 45 16
3R0-1220 1.48 277 197 80
1220-1520 1.43 93 67 26
1520-1780\ 1.56 77 57 20
1770-2560 1.62 249 180 69
2560~3050 1.79 168 122 A6
Total 268
0-120 1.73 26 14 12
120-400 1.64 66 45 21
400-910 1.59 146 107 39
910-2340 1.78 485 384 101
2340-3040 1.6 257 181 76
Total 249

The range of available water for two typical soil profiles, shown
in Table 5.3, may be approximated as 80mm of water for each 1000mm
soil. A relatively high proportion of the total water content of the
soil, represented by the bulk porosity, is still held in the soil at

a tension equivalent to 15 atmospheres.

In Table 5.4, valves of matric potential for a typical soil at
various soil water conditions are shown. A number of different param-
eters have been used to measure soil matric potential and these are
listed in Table 5.4. It should be stressed however that these values
represent one par‘icular soil, and that they will change for soils of
different textures. However, they do illustrate the arproximate con-

ditions for all soils.
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Table 5.4 Values of matric potential at various soil wuier conditions
(Data after Hanks + Ashcroft, 1980)

Soil water

condition Matric Potential wm
(ex) (Jou1e§ (pF) (Atmospheres)
kg )
zaturation -3
! approximate) -1 -0.098 0 -1x10
/
Field capacity
(approximate) -100 ~9.8 2,0 -0.1
Wilting point of
many Pﬁants _1‘5X1O4 -1470 4.2 -14.9
Air dry
(relati\)re humidity ~2.2x10° -2.16x10% 5.4 218
= On85

Notes. ©pF refers tc the log of the matric potential expressed as centi-
metres of water.

The hydraulic conductivity of the soil is a function of the matric
potential. As the matric potential decreases, hydraulic conductivity
also decreases (Hanks + Ashcroft, 1980). To illusirate this effect, the
change in hydraulic conductivity with matric potential is shown for a
soil at various water contents in Table 5.5. These values refer to a
soil of a particular texture, and will vary for soils of different

textures.
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Table 5.5 Hydraulic conductivity and matric potential for a soil

with varying volume water content. (Data after Hanl's +
Ashcroft, 1980).

Volume water Hydraulic Matric S0il Noisture
content conductivity Potential otate
Kw lpm
(cm/day) (cms)
0.05 4.5x10"5 -6,975 wilting
-5 point

0,06 6.,7x10 -3,365

0.08 4.1x107% -1,255

0.10 4.8x1073 447

0.12 2.6x10°° -330

0.14 5.2x10'2 ~259

0.16 7.8x10“2 -209

0.18 1.1x1077 -168

0.20 2.7x10'1 -134

0.22 7.4x10‘1 -106 field
capacity

0.24 1.6 -78

0.26 3.6 -64

0.28 4-7 _53

0030 704 —43

0.32 11 -34

0.34 19 26

0.36 34 -18

0.38 69 -10

0.40 1.1x10° -3

0.41 l.2x102 0 Saturation

The results presented in Table 5.5 are important as they have
an effect upon infiltration rates. For a soil with volume water con-
tent close to the wilting point, the hydraulic conductivity of the
soil is greatly reduced. ‘vhen infiltration commences therefore, at
the beginning of the wet season, a wetting front is produced which
only moves slowly down through the profile. Above the wetting front
the volume water content is close to saturation, below this level the

so’l is still dry. Kowal + Kas:zam (1978) report that savanna soils
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have hydraulic conductivities between 720 cm day_1 and 2900 cm day—l

for values of matric potential close to zero,

Root constants.

To quantitatively assessthe soil moisture deficit it is necessary
to estimate the depth of soil from which transpiration and or evap-
oration has occurred. As plants abstract moisture from the soil via
their root networks, it is therefore necessary to measure or make an
assumption regarding the depth of rooting beneath the plant cancpy in
question. A second, and major, complicating factor is that plants en—
counter difficulty in abstracting water from a soil some time before
the permanent wilting point is reached. Plant growth is then slowed

and transpiration correspondingly reduced.

The assessment of the actual transpiration of a plant canopy re-
quires a comprehensive overview of biological factors. TFor example,
crop water requirements differ throughout the growth cycle of the crops,
and the requirements of one crop differ from those of another. However,
there is strong evidence that crop growth is directly related to net
radiation, assuming that there is no restriction in the quantity of
soil water available. As an approximaticn therefore, Penman (19%6)
suggested that for a short green crop, completely shading the ground
and not short of water, evapotranspiration is determined by the capac-
ity of the atmosphere to accept water by evaporation, also known as the
evaporative demand of the atmosphere (see Section 2.4). This concept
is applicable to temperate latitudes where the crop growth cycle cor-
responds to the evaporative demand of the atmosphere, both being con-
trolled by net radiation. However, in the savanna environment, the
plant growth cycle is not determined by net radiation as considerable
quantities are received throughout the year. In this environment the

limiting factor is the availability of soil moisture.

Rooting depth varies considerably between plant types. !Maize in
Kenya was observed to root to a depth of 2Zm, kikuya grass to a depth
of 6m and evergreen forest to more than 13m (Jackson, 1977). The water
available to each of these plant canopies will vary considerably.
Where moisture is limiting, xerophytes develop root systems which extend
to 20 or 30m depth (Milburn, 1979). Yangoes in Northern lligeria have
rooting systems which extend to the permanent water table and thus are

able to fruit towards the end of the dry season. Faced with such a
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diversity of rooting depths it is necessary to assume an aver:ge depth
for a natural plant canopy. If a specific area of one crop is under

study then the rooting depth may be more accurately specified.

The available moisture within the profile under the plant canopy
may be defined therefore as the total available moisture above the
rooting depth selected. This value of available moisture also repre-
sents the maximum soil moisture deficit that may be created by trans-
piration. The maximum SKED has also been called the D value {Lloyd et
al, 1966).

Although the available moisture within a certain rooting depth
may be determined for a particular soil type, this quantity of water
is not equally available to a plant canopy. At some moisture content
between field capacity and the D value, transpiration by the plant

becomes restricted by the availability of water.

At high potential evapotranspiration rates, transpiration falls
below the potential rate at an earlier stage of moisture tensicn than
in the case of low potential evapotranspiration rates. Similarly, as
root density increases, the potential evapotranspiration rate 1s main-
tained until much greater soil moisture tensions are reached (Jackson,
1977). In an area where little information is available upon plant
physiology, rooting depths, or rooting densities, it is necessary to
assume a proportion of the available moisture, below which evapotrans-
piration becomes reduced due to moisture deficiency. This level has
been defined as the C value, or the root constant. Lloyd et al (1966)
working in the semi arid environment of Jordan recommended a value of

C equivalent to 50% of the available moisture.

The rate at which the actual evapotranspiration falls beneath the
level of potential evapotranspiration as the SMD increases from the C
value to the D value is a controversial issue and a number of models
have been proposed. In Figure 5.7, the ratio of potential evapotrans-
piration (Etp) to actual evapotranspiration (Eta) is shown plotted against
water content (8,). !uch field work has shown (Eanks + Ashcroft, 1980)
that the most correct field situation lies between‘the extremes of
Thornthwaite + Mather, and Veihmeyer + Hendrickson as shown by Penman +
Pierre (Refer to Figure 5.7). In reality, this simplification is com-

plicated in a number of ways as discussed above.

Figure 5.8 shows the data in Figure 5.7 expressed in an alternative
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Figure 5-7 Modification of evapotranspiration

when soil moisture is [imiting.
{ After Huanks and Ashcroft, 1980)
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form (Rushton + Ward, 1979) which includes the concerts of € and D

values and the probable changes in soil moisture storage which result.

Conventional recharge analysis.

Recharge is usually calculated as the balance between input, in
the form of rainfall, and output, in the form of losses to runoff,

seepage and evapotranspiration. The relationship may be expressed

mathematically, via:

5.5

where p = precipitation (mm)
Eia= actual evapotranspiration (rm)

R = Runoff, expressed as (mm)
depth over the catchment

As = increase in stored water (mm)

A negative value of AS represents an increase in the SIiD, while
a positive value indicates water available for reducing the Sl'D, or,
if the soil is at field capacity (SID = 0), water available for re-

charge to the permanent water table.

The conventional method assumes that no recharge can occur unless
the soil moisture level is above the field capacity. Similarly, it is
assumed that no further reduction in soil moisture can occur when the

permanent wilting point is reached.

The accuracy of the estimate of As 1is determined by the accuracy
with which the inputs and outputs can be assessed. Of these three
functions, the estimate of Eta is the most difficult to assess accur-
ately. The choice of C and D values, and the choice of the function
describing the change of Eta/Etp between C and D may be seen from Fig-

ure 5.8 to significantly affect the estimated value of Eta.

Kowal + Knabbe (1972) have produced a water budget for Bauchi
using rainfall and Etp averaged over a period of six years and grouped
into decades. Tor this analysis they have uscd the relatiohship between
Etp and Eta after Veihmeyer and Hendrickson (see FPigure 5.7). In
effect, this relatiohship does not specify a C value but assumes evapo-
transpiration continues at the full rate until the D value is reached,

after which evapotranspiration crases. For the sandy savanna soils,
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this relationship is reasonable. Figure 5.6 indicatez that *ho
moisture content up to a matric potential of < 500cms is lost very

easily, after which little extra moisture is lost.

The results produced by Kowal + Knabbe form a part of their Asro-~
climatological Atlas of the Northern States of Nigeria (1972), and as
such, have been widely quoted and used by various organisations, (see
for example Land Resources Division, 1976). The calculation for Bauchi
is reproduced in Table 5.6 using data from Table 2.22. The presenta-

tion of the results has been modified to raflect the previous discussion.

Assessment of conventional analysis results.

The estimate of Etp by the Penman method will cause considerable
error when used in the savanna environment, if no modification is in-
cluded to account for the differing savanna conditions from those in
the U.K. I{ is not possible to include the effects of the pronounced
seasonality o” the savanna climate in the standard analysis. A number
of factors in particvlar lead to errors in the assessment of ZTtr and

these are briefly discussed below, viz;

1) The albedo changes between 0.15 and 0.35 during the year in
the savanna. The effects of such a change have been des-

cribed in Section 2.3.

2) When soil moisture becomes limiting, the use of net radiation
changes. In the wet season Yowal + Kassam reﬁort that 757
of net radiation is used for evapotranspiration. During the
dry season this quantity must decrease substantially, although
no experimental evidence is available. EHowever, to assume
that IOOf of net radiation is available for evapotranspira-
tion throughout the year will cause a substantial overestimate
of Etp. TFigure 2.26 indicates the sensitivity of Etp to this

parameter.

3) The Penman equation is designed to estimate potential evapo-
transpiration from a short crop. During the wet season the
crops grow to between two and three metres in height, and
this will cause considerable loss of moisture due to turbulence,

and an underestimate of Etp at the time.

4) The Penman equation assumes that the surface is covered by

the crop. During the early part of the wet season, the
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Decade

e I © AN NG ) BN S U bV N

e

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
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“ater Tudget for Bauchi (1979) using 4-ta frem Talle

2.22.

Etp
(

38,
40.
47,
45
48.
38.

D4 .

53.
61.
55«
62,
53.
52,
50.
62.
42.
45.
51.
40.
41.
48,
40.
40.
42.
41.
42,
44.
43.
43.
45.
42.
40.
A1,

3
3
——”

ol =1 O ON O

Oy 1 0N NN 1 s N NN N~ H NN N s N e

Rainfall

(mm)

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
4.9
32.3

49.3
10.0

15.8
40.9
23.4
19.2
95.3
165.5
68.6
74.7
83.2
100.8
7.4
12.0
76.3
41.7
0.0
0.0
0.0
0.0
0.0

Eta AS
(mm) ()
0.0 c.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 c.0
0.0 0.0
0.0 0.0
0.0 0.0
4.9 0.0
32.3 .0
19.3 0.0
10.0 0.0
15.R 0.0
40.9 0.0
23.4 C.0
19.2 0.0
AC.T  +54.6
41.9 +123.6
28.9  +19.9
40,6 +34.1
40.7 +42.5
42.6  +58.2
21.4  436.0
42.7 =30.7
s4.6 +31.7
43.2 -1.5
43.8  -43.8
45.9  -45.9
8.8 -8.8
0.0 C.0
0.0 0.0

oD

(mm)

-100.0
-100.,0
-100.0
-1C0.,0
-100,0
-100.0
-100.0

~100.0
~100.0
~100.0
~100.,0
-107.0
~100.0
~100,0
~100.0
~100.0
~100.0
~100.0
~45.4
0.0
0.0
0.0
0.0
0.0
0.0
-30.7
0.0
-1.5
-15.3
-91.2
-100.0
~100.0
~100.0

Fercolation to
groundwater

(i)

18.2
19.7
34.1
42.5
58.2
36.0

1.0

Total Etp =

1669.1

Rainfall = 991.3

ILta = 721.6

Groundwatcr=269.7
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Decade tp Rainfall Eta Az D Percolation *o
crountanter
(mm) (mm) (mm)  (mm)  (mm) (mm)

33 41.6 0.0 0.0 0,0 -100.0

34 37.1 0.0 0.0 0.0 -100.,0

35 16.4 0.0 0,0 0.0 -100.0

16 43.3 0.0 0.0 0.0 -100.0

lotes 1} Etp calculated using values of = 0.25, a = 0.235

b = 0.53% in eguation 2.7

2) An initial SKD of 100mm is assumed, egquiavlent to a
rooting depth of 60cm (see Table 5.3)

3) Yo allowance is made for runoff (R = O in egmation 5.3)
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surface is not covered comnpletely, and during the dry season
the majority of the surface is bare., This will cause an

overestimate of Etp.

The combined effect of thezse errors is that the Penman equation
overestimates BEtp considerably during the majority of the year, and
underestimates it during the wet season. The balance between thece
two sets of errors may produce an apprroxzimately accurate figure for

the year as a whole however.

Turther errors are encountered when computing the soil water bal-
ance., In particular, as the rainfall events are both intense and of
short duration, and as the infiltration rate of the soil is in general
high, the practice of using ten daily data periods to compute the bal-
ance will cause a significant underestimate of recharge. This will be
particularly marked during the early part of the wet season when much
of the ground is still bare. Evaporation from bare soil quickly dries
out the top soil thus reducing significantly the subsequent rate of
evaporation. Rainfall that can pass below the top soil therefore be-

comes protected from later evaporation.

Although all the factors described above can cause errors in the
recharge calculation, the most severe restriction on the general use
of the method in calculating a catchment water balance is that of the
prediction of no evapotranspiration when the soil moisture deficit 1is
equal to or greater than the permanent wiltinz point. Whatever modifi-
cations are made to the Penman analysis, the soil moisture balance in-
dicates that the D value is reached some time during the dry season.

After this time no evapotranspiration is predicted.

Transpiration by plants stops when the soil moisture is reduced
to the permanent wilting point, however, there is evidence that evap-
oration continues from the scil. As described in Section 5.2, the
groundwater level continues to fall throughout the dry season and the
only process by which water can be lost from the water table during
this time, after seepage has storped, is by direct evaporation. Iur-
ther evidence is also forthcoming from an experiment conducted by Jones

(1975) at Samaru. The results are particularly relevant and are re-

produced in Table 5.7.

Jones calculated the losses of soil moisture that occurrcd from
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beneath three soil profiles at Samaru, between mid-October 1973 and
mid-March 1974. The threc surfaces each carried a c¢rop of maize
during the wet season, then in mid-October the soil profiles were sam-

pled and the three plots treated as follows:

1) left undisturbed
2) covered with a paraquet based weed killer

3) ploughed to a shallow depth - producing a mulch

The moisture profiles beneath the three plois were agaln measured

in mid-¥arch

Table 5.7 Effects of surface treatment on profile water loss during
the dry season (after Foresavy, 1975).

Sampling Depth (mm)

150-300  300-450  450-600 600-750 Total

Total moisture content 33,4 42 .9 46,1 45 .5 167.8
October 1973

Total moisture content 4 15.0 23.1 27.2 27.5 92.8
March 1974 B 19.6 21.8 31,8 38.9 130.1

C 22,3 34.7 39.1 38.1 134.2

Moisture loss 4 18.4 19.7 17,9 18.0 75.0
13.8 11.0 7.2 5.7 37.7

¢ 11.1 8.1 7.0 T.4 33.6

Note 1) Plot A
B
C

weed growth on a natural surface

surface with weeds killed by paraquet

I

ploughed

It may be seen from Table 5.7 that a significant soil moisture
loss is recorded for a'l three treatments at a time when the conven-
tional analysis predicts no evapotranspiration for plots B and C. The

C and D values for these plots would both be zero as the rooting depth

was Zero.,

A proportion of the inaccuracy in the recharse estimate may be

rectified by computing the soil moisture balance on a daily basis
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(Yovard + Lloyd, 1972). Howev r. the raicr source of erro» lies 1.

the use of notential evapotranspiration and some form of root con-

stant to estimate actual evapotranspiration. Ar improved method of
calculating actual evapotranspiration would allow = more accurate
assessment of recharge. In the following discussion, the llon*eiti:
equation (equation 2.17) is used to calculate Eta and it is demonstirated

that this method provides an improved estimate of recharge.

vodel of recharge used for study.

The recharge model used for this study forms a yart of the 'black
box' model of a catchment water balance which is described in Section
6.3. The validation of the recharge model is only possible therefore
in the context of the larger model, however, in this section the deri-
vation of recharge is described in detail and some model results pre-

sented.

Actual evapotranspiration in a savanna environment is controlled
by the availability of moisture within the soil. In order to predict
the Eta therefore, a detailed understanding of soil moisture availa-
bility throughout the year is necessary. It is also necessary to under-
stand the scil moisture distribution within the profile and the way in
which this changes throughout the year. If a satisfactory model of mois-
ture availability can be constructed, then the "onteith equation { equ-
ation 2.17) can be used to calculate Zta and the two combined to form a

predictive system.

Soil moisture potentials have been discussed above. I1f measure-
ments of the soil moisture potential were available for a savanna pro-
file it would be possible to predict the movement of moisture within
the profile and to assess when soil moisture becomes limiting to evapo-
transpiration. In the absence of such measurements however, it is
necessary to construct a model of soil moisture movement based upon ob-

gserved data from the environment.

In the following discussion, the probable changes in soil moisture
potential, and the implications for the measurement of ©ta, are des-
cribed bosed upon the profiles presented in Figure 5.9. In this dis-
cussion it is assumed that the water table remains at a constant depth,
although in the descrirtion of the catchment water balance in Section

6.3 this restriction is removed, zllowing a prediction of runoff.
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1) Dry season - During the dry sezson, an ST is developcd
which reflects the combined evaporation and transpiration that has
occurred since the previous wet season. The size ¢f this SVD is a
function of the rooting depth of the plant canopy, as discuszed above.

Kowal + Kassam report the following maximum S''D values for savanna

profiles.

Table 5.7 MNaximum soil moisture deficit for various plant canopies
(after ¥owal + Kassam, 1978).

Crop Type SiD

(rm)
Bare fallow 100
Sorghum 140
Groundwater 160
Cotton 200
Grass 240
Natural vegetation 270

Conditions at the end of the dry season indicate the following,

viz:

a) An albedo of approximately 0.35 (Fowal + Kassam, 197°)

b) A substantially decreased proportion of net radiation
available for evapotranspiration. The ground flux com-
ponent probably increases to approximately 757

¢) That no transpiration is occurring

d) That the gradient of the soil moisture potential is negative
throughout the profile (Figure 5.9)

The negative soil moisture potential gradient implies that mois-
ture is moving upwards throughout the profile and being lost at the
surface, or beneath the surface by evavoration. The so0il close to
the surface at this time approaches air dryness (refer to Table 5.4).
Ground temperature profiles provide a useful confirmation of thils pre-
diction. From approximetly lovember to February there exists a daily
average positive ground temperature gradient at Bauchi. The temper-
ature at a depth of 300mm is consistently less than that at 1200mm by
approximately 2°C. This indicates an upward flow of heat, and there-

fore water movement from the water table to the atmosphere.
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2) Early we! season. The rains which "all a% the besinning
of the wet season, fall on bare ground, or upon dead verciation. With
the exception of very heavy storms Gé 40mm), no runo’f occurs, anl the
rainfall infiltrates into the soil. Downward percolztion in the soil
is very slow due to the low hydraulic conductivity of the dry soil
discussed above. A wetting front is formed therefore with conditions

close to field capacity in the soil above the wetting front, and dry
beneath it.

The soil moisture profile indicates the presence of the wetting

front by a zero flux plane (ZFP), There is no moisture movement at
the ZFP

As conditions above the ZFP are close to field capacity, plant
seed germination occurs and grasses in particular, rapidly begin to
grow, Transpiration and evaporation therefore commence, at a rate which
is determined by the degree of plant cover and the transpiration require-
ment of the vegetation. EBvaporation from the bare soil initially is
high after a storm, but the reduction of s0il moisture in the top few
centimetres of soil immediately causes this compon:nt of evapotrans-

piration to fall below the evaporative demand of the air.

If evapotranspiration completely exhausts the moisture held above
the ZFP, then dry season conditions are again initiated. Such a failure
of the early wet season rains is a commonly encountered problem in the
savanna, and due to the rainfall distribution described in Section 2.2,

it i1s probable that this condition varies very widely.

Beneath the ZFP, the soil moisture potential gradient remains neg-
ative, in effect, isolated from conditions above, Althcugh moisiure
can no longer escape to the surface there is a continued redistribution
of moisture from the water table to the soil profile in response to
this gradient. The soil meisture delicit beneath the ZFP is therefore

reduced marginally,

As the ZFP beccmes established, the quantity of net radiation used
in heating the ground decreases sharply. A similar reduction in albzdo

is also initiated as the grass cover extends widely.

3) Mid wet season. As the frequency of rain-storms increases,
the ZFP moves downward. Transpiration at the surface increases due to
the increased leaf area available from growing plants. Evapotranspir-

ation also increases due to the extra turbulence caused by the rowing
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plant canopy. Decper rooted plants ani trees be~in to trancpire and crow

as moisture becomes available to their root systems.

At some point in the middle of the wet scason, determined by the
frequency and quantity of the preceding rainfall, the gquantity of mois-
ture held above the ZFP becomes greater than the dry scason soil moisture
deficit. At this time, recharge to the water table occurs, and any
subsequent excess of rainfall over evapotranspiration pasces through

the high hydraulic conductivity soil to the water table.

4) Early dry season. Fvapotranspiration continues at a high
level aetermined by the plant reguiirements, and the evaporative demand
of the atmosphere until soil moisture becomes limiting. At this time,
which will vary for different root constants, the transition to dry
season conditions commences. During a range of moisture contents,
which span the root ccnstant, albedo will change, ground flux will in-
crease, transpiration will cease and evaporation from the soil profile
will increase. It is probable that evaporation commences from the soil
profile at some considerable time before the root constant is reached,
especially in arezs where the water table is close to the surface.

The evaporative demand of the atmosphere during this time is met both

by transpiration and by evaporation from the soil profile.

It is clear from the preceding discussion that the presence of a
zero flux plane modifies Zta. It is therefore necessary to construct
a model which takes account of this, and the various other changes id-

entified above.

The following list represents the assumptions made in the con-
struction of a soil water balance over a period of one calendar year.
A flow diagram representing the logic in a form convenient for the

construction of a computer algorithm is shown in Figure 5.10,

1) The albedo, the percentage net radiation available for evapo-
transpiration and the T term in the Monteith equation (see below) are
all assumed to change from their wet season values to their dry season
values over a range determined by the root constants. The changes com-
mence as the SMD approaches a value of the root constant, (RC - X) and
are completed as the SMD passes the root constant (as RC + X). The

constant A is ¢ 3).0.

2} 4 maximwn s0il moistare dericit, equivatent to a D value, is

assumed equal tc u.C + 25. The value of 35mm is taken from the data in
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Table 5.7 and represents the amount of evaporation that occurs from a
bare surface with no transpiration. The maximum soil moisture defi-
cit is composed therefore of two components, a transpiration componcnt

and an evaporation component.

3) If the SMD is greater than half the root constant, any moisture
available after subtracting Eta from rainfall is assumed to enter a
soil moisture store (SMS), representing the presence of a ZFP. On the
following day Eta is calculated assuming moisture is not limiting, and
with values of albedo and ground flux adjusted accordingly. A second
s0il moisture deficit (SMD 2 in Figure 5.10) is allowed to build up
within the soil moisture store, If on subsequent days, there is no fur-
ther rainfall, the moisture in the SMS is depleted, and eventually re-

moved, signifying a return to dry season conditions.

4) The SMS is added to?%ny subsequent rainfall., A balance is
computed for the zone above the ZFP, while the original SMD (D1 in

Figure 5.10) remains unchanged by conditions at the surface.

5) TWhen the moisture contained in the SMS is equal to the mois-
ture deficit represented by SMD1 the ZFP is assumed to have reached
the water table, After this time the so0il mecisture store ceases to
exist, the original SMD returns to zero and the soil profile above the

water table is at field capacity.

6) Any further rainfall in excess of Eta is transferred directly
to the water table.

7) As the dry season commences, a soil moisture deficit is formed.
However, this does not affect transpiration rates until the SI'D app-

rozches the root constznt as described above.

8) When the SMD reaches a percentage of RC (~50%) a part of the
evaporative demand is assumed to be met by evaporation from the water
table., This increases until all the demand is met by evaporation when
the S¥D is equal to the D value. This condition anticipates the dis-

cussion in Section 6.3 and is not explained further here.

The changing moisture conditions can be included in the calculation
of Bta by the Monteith equation described in Section 2.4. Apart from
the measured ¢limatic parameters assessed in Section 2.4, two resistance

terms are included in this equation. These resistance termc are de-

Tfined again here, viz:
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roo= T 4+ T, + T 5.6
where rL = resistance due to moisture flow
within the plant
rc = Tesistance due 1o soil cover
rh = Tresistance due to moicsture content
of the soil
2, 2
r, o= ln((z—d)/Zo) /k u 5.7
where Z = reference level of anemometer
d =  zero plane displacement
Zo = roughness length = h/lOO
k = Vonkarman's constant
L = wvegetation height

The terms in Equation 5.6 have been discussed in Section 2.4.

The Ty, term is approximately 5O.~sr11"l and the T, term is given in Table
2.21. The r, term represents the resistance dependent upon the avail-
ability of s;il moisture. From the sensitivity analysis presented in
Section 2.4, it was found that if T approached 5000 smﬁl during the
dry season, then the estimzated value of Eta was approximately O.5mm
day. In the recharge analysis therefore, the value of Ty, is allowed to
change from O to 5000 as the S'D pasces between RL - x and RC + x as

discussed above.

At the beginning of the rains, the T, term again becomes zero,
but the T term only decrezses slowly as the ZFP advances, as descri-
bed by the values in Table 2.21. In this manner, the actual evapo-

transpiration is modified to represent the slowly increasing moisture

demand of the growing plants.

Equation 5.7 specifies the relation between the wind speed, and
the vegetation height. A sensitivity analysis has also indic:ted the
significance of Zo to the Eta value; as Zo increases, then Eta increcses.
This parameter represents the increasing roughness of the canopy and
the aerodynamic transfer of water vapour produced. The size of the Zo
term can be empirically related to the length of the growing season,
which jitself is a function of the number of days that moisture has been
available at the top of the profile. The Zo term is allowed to increase

to a limitins value before decreasing again at the end o the wet seacon.
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Although the recharge model described above uwar seemn complic-ted
it provides an asscssment of recharge which requires only the daily
values of rainfall, observed sunshine hours, wind spced, relative
humidity, and average temperature as input. The remaining parameters
may be estimated and their sensitivity to the calculation established

as hecessary.

Assessment of model analysis recults,

The recharge model forms a part of the catchment balance model
which is described’ in Section 6.3. The recharge results calculated
by the model can therefore be verified as a part of the overall bal-
ance. However, to facilitate a comparison of the results with those of
the conventional analysis, the data for 1979, summed on a ten day ba-
sis are presented in Table 5.9. The results for the conventional an-
alysis listed in Table 5.6 are shown combined with the results produced

by the water balance algorithm.

The model predicts a value of Eta which is 177 higher than the
conventional analysis. Approximately half the estimated increase is
accounted for by evaporation occurring during the dry season, however,
the remainder arises from the changed assumption made about the seil
moisture balance during the wet season. Column 4 of Table 5.9. shows
the corplicated variation during the wet season between the two pre-

dicted values of Eta.

In general terms, a2 redistribution of actual evapotranspiratiocn
is predicted by the model, with less occurring during the early part
of the wet season, and more in the later part of the season than is

predicted by the conventional analysis.

The value of recharge predicted by the model is approximately

157 lower than that of the conventional analysis.

In Table 5.10 the recharge results predicted by the model for the
years 1969, 1970, 1971, 1972, 1973, 1974, 1978 and 1979 are presented.
A root constant of 100m h:cs been used in these calculations so that z
comparison can be made with the average value predicted for Bauchi by
Kowal + Knabbe (1972). The sensitivity of the calculation to the rcot

constant is presented in Section 6.3,

Note 1. Figure 5.10 illustrates a flow diagram for the water balance
algorithm. In Figures 6.4 and 6.5 the variations in the parameters
which control recharge in the water balance alvorithm are presented.
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Table 5.9 Comparison of recharge results for 1979
Root constant = 100m,

Decade Rainfall Eta1 Eta2 (Eta2-3tal) Recharge1 Recharge2
1 0.0 0,0 4.8 4.8
2 0,0 0.0 4.5 445
3 0.0 0.0 5.2 542
4 0.0 0.0 4.9 4.9
5 0.0 0.0 5.1 5.1
6 0.0 0.0 4.0 4.0
7 0.0 0.0 4.9 4.9
8 0.0 0.0 5.0 5.0
2 0.0 0.0 5¢3 5.3
10 0,0 0.0 4.7 4.7
11 4.9 4.9 11,6 6.7
12 32.3 32.3  14.8 ~17.5
13 49.3 49.3  38.6 -10.7
14 10.0 10.0  37.9 27.9
15 15.8 15.8  17.1 1.3
16 40,9 40,9 26,1 -14.8
17 23.4 23.4 28.5 5.1
18 19.2 19.2  34.3 15.1
19 95.3 40.7 29.8 -10.9
20 165.5 41.9  37.2 -4.7 78.2 56 .4
21 68.6 48.9  46.7 -2.2 19.7 23.0
22 74.7 40.6  37.9 -2.7 34.1 31.8
23 83.2 40.7  42.9 2.2 42.5 40,3
24 100.8 42.6  54.7 12.1 58.2 50.6
25 7.4 41.4 54.1 12.7 36.0 24.0
26 12.0 42.7 54.8 12.1 0.0
27 76.3 44.6  59.7 15.1 1.0
28 41.7  43.2  52.8 9.6
29 0.0 43.8  44.1 0.9
30 0.0 45.9  33.2 -12.7
3l 0.0 g.8 25.1 16.3
32 - 0.0 0.0 13.2 13.2
33 0.0 0.0 8.7 8.7
34 0.0 0.0 5.3 5.3
15 0.0 0.0 5.1 5.1
36 0.0 0.0 5.4 5.4
Total 991.3 721.6 869.0 +147 .4 269.7 228

Notes. Eta1 and recharge1 are dgta produced by the conventional anal-
ysis. Eta® and r.charge are roduced by the model described
above.



259

5.10 Predicted an-uzl rccharge (Roct constent = lCOm)

Kowal 1969 1270 1971 1972 1973 1974 1978 1972

Fainfall (mm) 1131 1067 946 1102 929 739 1154 11%2 991
Cta (mm) 701 835 652 676 795 729 766 777 869
Recharge (mm) 400 348 405 531 257 128 485 498 228

The average of the calculated recharge values ic 40mm less than
that reported by ¥Kowal + ¥nabbe., Given thc uncertainty which is ass-—
ociated with both analyses the degree of cgreement between the means

is good. The conventional analysis predicts an extra 15% recharge.

The major advantage of the recharge analysis presented above is
that it can be incorporated in a model of the water balance which is
valid for the whole year. The inaccuracy of the conventional analysis
during the esrly and late parts of the wed season is clearly shown in

Table 509 .

The recharge results are not greatly different as the inaccuracy
in the calculation of Eta by the conventional analysis is for the most
part offset by the concentration of rainfall in the t7o months that
recharge occurs. The distribution and timing of the rainfall clecrly
has a very significant effect upon the recharge. The standard devia-
tion about the mean of recharge in Table 5.10 is 1/45mm, with a moximum
value of 531mm in 1971 and a minimum of 128mm in 1973. These fizures

represent 487 and 177 of rainfall respectively.

The timing between rain storms in any one wet sezson has a signi-
ficant effect upon recherge. For example, 1970 and 1972 received sirmi-
lar quantities of rainfall, yet the recherge for 1972 was only 627 of
that predicted for 1970, This degres of variation is significant as a

basic parameter in the resource evaluation presented in Soction 6.
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5.4 Aquifer response to absiraction.

Introduction.

From the analysis of recharge presented in the preceding section,
an estimate of the annual gquantity of water available as recharge may
be made., BSimilarly, from the geophysical work discussed in Section
4, an estimate may be made of the aquifer volume. However, before
the yield of the system can bz analysed, it is necessary to consider

the response of the aquifer to abstraction.

In Section 5.1, the hydraulic conductivity of the grade II, III
and IV material was described. The change of hydraulic conductivity
from fracture controlled in the grade II material to intergranular
flow controlled in the grade IY material produces a characteristic

drawdown response, the implications of which are described below.

General.

For.an aguifer formed from alluvial or sedimentary deposits, the
pump test is the accepted method for establishing values of transmis-
sivity and specific yield. If the aquifer can be considered as homogen-
eous, then the general differential equations of unsteady flow in an

unconfined environment may be represented by Equation 5.8.

where K = hvdraulic conductivity in x(m dayl)
K = hydraulic conductivity in y( L
h = hydraulic head (m)

sy= specific yield

The specific yield Sy is defined as the ratio of the volume of
water that the aquifer yields by gravity drainage to the volume of its
dewatered part. The specific yield has a value very close to that of

the effective porosity.

If the hydraulic conductivity of the aquifer is assumed to be

homogeneous and isotropic, Equation 5.8 reduces to :

n
¢
F

T(3h  +3h ) = TVh ih 5.9
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where T

transmissivity (h X k)

E S

1%

Laplacian Operator = ¢ 3% -5 &
S5 25y
Solutions to Equation 5.8 may be found in analytical terms sub-
Ject to the restriction that the aquifer may be considered isotropic
and inhomogeneous. However, as has been discussed above this degree

of uniformity is seldom found in weathering aquifers.

In Section 4, a finite difference discretisation was used to
solve the equations of current flow in an inhomogeneous electrical
conductivity distribution. Equation 5.6 may be solved in a similar
manner, however, for three reasons this was not attempted here. These

reasons may be summarised briefly as :

1) To detailed knowledge of the boundary conditions.

2) Probability of turbulent flow in grade II material close
to the abstraction well (Uhl + Sharma, 1978)

3) A lack of good quality pumping test data (Rushton, 1978).

Streltsova + Adams (197°) have produced a summary of analytical
techniques for heterogeneous aquifer formations, where the hydraulic
conductivity is a combination of fracture and intergranular flow.
However, these analytical techniques all assume a constant value of

transmissivity and therefore may not be used here.

Pump test results.

The difficulties of analysing weathering environment aquifers has
been described briefly above, However, it is still necessary to carry
out a pump test upon a successful borehole in order that the pump seti-
ing may be determined and an operatiﬂg regime for the borehole specified.
It is important that this pump test should adequately reflect the oper-

ating conditions required of the borehole.

The results of four pump test are described below. In the follow-

ing section, these results are qualatatively interpreted.

Three of the four tests are from the area around Bauchi, Ixamples
1l and 2 are from boreholes sited using the appcorent resistivity pro-
filing techniques described in Section 4. Example 3 shows the results
from three boreholes sited using seismic investigations. Ixample 4
is from the area of Takum in Eastern Nigeria. The geological conditions

are similar to those around Bauchi.
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Example (1)

A number of boreholes were drilled into the weathering trough
delineated in Area A. Borehole 5 (Figure 3.4) was ajir lifted with a
continuous yield of approximately 1Om3/hr for 12 hours with no sign
of any fall in yield. Drawdown measurements were not available. The
success of this borehole prompted +he possibility of carrying out a
longer term test using boreholes on either side of the abstraction

borehole as observation boreholes,

In June 1976, borehole 5 w:s tested for 36 hours at a constant
rete of 12.5 m3/hr. The pumped vater was carried away by pipes to a
stream some 300m distant and to the side of the weathering trough.
The water level in the pumped well 16 days before the test was 2.60m
below datum, while on the morning of the test, this had risen to 2.31m.
From the discussion in Section 5.3 it may be seen that these water
levels indicate that recharge to the aquifer had begun for this wet

season, and that therefore there was no soil moisture deficit.

Measurements of drawdown were made in boreholes 4 and 6 during
the test, and initially at boreholes 3 and 7 in addition. As the
pumping was carried out by the air 1ift method, it was not possible to
measure drawdown in the abstraction boreholes., The observation bore-
holes were situated approximately 100m uphill (no 4) and 100m downhill

(no 6) from the abstraction borehole. The gradients may be seen on

Figure 3.4.

Although approximately 4501113 of water was removed from the abstra-

ction borehocle. Yo drawdown was observed at the observation boreholes,

Both borehole Wo 4 and borehole No 6 showed a slight rise during
the test, of 120mm and 60mm respectively. 2lthough a number of theories
may be proposed to explain the lack of response, the only clear impli-
cation is that this borehole is capable of producing greater than

12.5 m3/hr.

Example (2)

A borehole was sited on a resistivity low anomaly adjacent to deep
weathering Area B. The geological log is shown in Table 5.10 The
standing water level in the borehole was 2.65m, and the test was car-

ried o1t during February.

The borehole was air lifted at a rate of 6.3 m3/hr for 330 ~inutes.
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At the end of air liftins, the hose was disconnected as quickly as
possible and measurements vere then made of the water *able recovcry
(residual drawdown). The maximum drawlown in the borehole mensured at

three minutes after the end of pumping w:s 1.16m,

Table 5.1 ' Geological log of test well,

Depth Description Veathering Grade
(m)
0-2.7 Top soil + clay VI
2.7-5.5 Clay loam VI
5.5-8.2 Silty clay Vv
8.2-10.9 Fine sand/silt v
10,9-13,7 Fine sand TV
13,7-16.4 Medium sand IV
16.4-19.1 Sand with granite chipping I1I
and some basalt fragments
19.,1-21.9 Coarse gravel with large granite IT1
chippings
21.9-¢4,0 Coarse gravel/sand with basalt II1
+ granite chippings
24.6=27.4 Compact medium sand I1T
27.4=35.6 Basic dyke material I1

The resistivity anomaly and the recovery data are shown in Fig-
ure 5.11., From this figure it can be seen that at this low pumping rate,
the recovery data shows a linear relationship when plotted against the
log of time. This indicates that within the area of response, the
analytical solution may be used, and a value of transmissivity of 80m2
day " has been calculated from the data.

The quantity of water pumped from the borehole was only 35 m3

and this was not sufficient to effectively test the aquifer for bound-
ary conditions. However, the test does show that the transmissicity of

the aquifer in the immediate vicinity of the borehole is quite high,

Example (3)

A number of boreholes were sited around Bauchi bv the RBauchi State
water Board during 1977 and 1978. Upon completion, each borehole s

pump tested for o period of three hours using a submersible punp,
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Drawdown and recovery measurements were made in each horehole,

Each borehole was constructed with 63" casing and 6" Johnson

stainles: steel screen. The more productive boreholes were gravel pacled.

The drawdown and recovery measurements from thr e of these bor-hcles

are shown in Figure 5.12.

The yields of the boreholes vary considerably, although they are
sited within a few hundred metres of each other. The firct test in-
dicates dewatering of the complete borehole, to what was probably a
fracture at depth. The flow from this fracture was then sufficient to

maintain the yield of the borehole.

The second and third tests indicate high yielding boreholes.

Example (4)

Yany of the boreholes around Bauchi, drilled as a part of the
above exercise, later either dried up, or shoved a substantial decrease
in yield. This is not surprising if their flow is, in some cases, dom-

inated by a single fracture.

To investigate the longer term pumping response of aquifers of
this t:pe, a series of tests was carrizd out in another area. The

geological conditions in this area are similar to those around Bauchi.

In Figure 5.13 the resigtivity profile data is shown above the
drawdown and recovery data for a borehole pumped at 15 m3/hr for a

period of 6500 minutes (4.5 days).

In Figure 5.14 and by contrzst to the previous data set, three
drawdown and recovery plots are shown for a borehole some 200m distant
from the former borechole. A pumping rate of 11.4 m3/hr was first used
to test this boreholsz, and after 200 minutes the drawdown in the bore-
hole became excessive. A rate of 9.1 m3/hr was then tried and after
300 minutes the drawdovmn again became excessive, A pumping rate of

6.8 ms/hr produced a dragwdown which tended to stabilize =fter 1000 min-

utes.

The lack of a regular drawdown response at the higher pumping rates
is typical of a large number of pump tests from basement weathering
aquifers. Similerly, a high vielding initial stage is also character-

istic. The pump test are qualatively interpreted below.
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Pump test interpretation.

A number of dominant characteristics may be identified from the

pump test results presented above, vizy

1) Borehole yields are very voriable within a small area.

2) For a wide range of pumping rates, the initial drawdown
response is small, although this response may only last for 10 or 20
minutes,

3) The time drawdown response when plotted on a semi log scale
shows a complicated response. This is particularly well maried in
Figure 5.12 and 5.14.

4) The recovery at the same borchole from different pumping rates
is often very similar. Figure 5.y indicates this feature, and results
from several other boreholes not described here showed a similar re-

sponse.,

As all the boreholes which were pump tested were sited using
elther resistivity or seismic refraction techniques it is probable that
they all passed through a full succession of weathering grades and were
terminated in grade I material. The difference in drawdown response
and yield can therefore only be explained by differences in the extent
of the weathering grades and by different values of hydraulic conducti-

vity encountered.

Tt has been noted above that the grade II material will have pre-
dominantly fracture controlled hydraulic conductivity. Although the
fracture porosity is less than that of the intergranular porosity, the
fracture hydraulic conductivity is several orders of magnitude jreater
than the intergranular hydraulic conductivity. For boreholes which
penetrate the grade II material therefore, a limited quantity of water,
contained in the fractures, can flow rapid'y into the borehole. Then
this quantity of water has been abstracted however, the drawdown in-

creases reflecting the lower rate at which water is released from the
intergranular material.

This dual response may be itentified on several of the drawdown and
recovery plots.

Although further work could be carried out to analyse the resyonse
at a particular site, the variability of ccnditions within a very

small distance means that the extra work is not justified. Nowever,

if the volume of grade II material ig limited, thes it is vossible that
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a short pump test of 3 or 4 ronr:s will not cause dewutorin~- of the
fracture zone. If an oper.ting regime of 12 hours pur-in~ and 12
hours rest is recommended, the dewatering may occur after 8 hours,
causing the yield to fail and the pump to st.p. A pump testing zequ-

ence related to the operating regime is therefore required.

Pump test design.

It has been demonstrated above that the weathering zgquiflers have
a variable response to abstraction. The dual nature of the hydraulic
conductivity produces typically a complicated dr.wdown response, which
generally shows a rapid drawdown and dewatering of the borehole after
a varied time period. Recovery is often rapid however, indicating the

complexity of the system.

For such a heterogeneous system, there is little purpose in car-
rying out a detailed analysis of pump test results. Values of trans-
missivity obtained only represent very localised conditions. Fflowever,
there is a danger that a short pumping te~t will only produce a res-
ponse from the fracture part of the syztem, which cannot be maintained

for more than a few hours.

The maintainable operating yield is in general considerably less

than the initial, higher yield.

The operating regime o” the borehole is likely to be 12 or 16
hours pumping with 12 or ? hours rest when demand is low. The pump
test therefore should be designed to produce the maximum pumping rate
which corresponds to a reasonable drawdown over the pumping period.

To achieve this objective in a reasonable period of time, a reverse
form of step test is suggested here. The borehole should Ze Tirst
punped at a high rate. If excessive drawdowm occurs within 12 or 16
hours, then the borehole should be allowed to recover and a reduced
pumping rate attempted. This process shou’d be repeated until an acc-

eptable drawdown yield relationsi:ip is maintained for the recommended

operating period.

The recoverv rate after the breaaway, or successive drawdown
occurs is usuallv very rapid, indicating seepage from the overlying
grade IV material. Therefore this method of testing does not entail

a long period of time between phases. The resulls of such a test are

shown in Figure 5.1Z.
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5.5 Summary.

From a consideration of the porosity and hydraulic conductivity
of the various weathering grades, a potential aquifer has been iden-
tified in the grade II to IV weathering zones. In areas where these
grades of weathering are developed below the base level of local
drainage, an aquifer exists which retains groundwater throughout the

dry season.

The aquifer may be locally confined where grade V and Vi weathering
is developed. In the limiting case where an unbroken cover of these
weathering grades extends for a distance of several kilometres, recharge
to the underlying zones will be very small. It follows therefore,
that outcrop areas of grade II to IV weathering are necessary in the
vicinity of a weathering trough to act as recharge zones. Annuzl re-
charge is required to support abstraction as the total volume of ezch
aquifer is limited to the area of deep weatherins. The storage is

therefore limited and the aguifer hydraulically isolated.

Groundwater hydrographs were presented which indicated a numbar of

important features viz:

1) Yo recharge occurs to the water table before the dry season
soil moisture deficit is eliminated.

2) The groundwater level continues to fall until the S™D is elim-
inated, at some time after the beginning of the rains.

3) The groundwater level continues to fall after local drainage

channels have completely dried up.

An assessment of the annual quantity of recharge to the aquifer
forms an essential part of the aquifer evaluation. Traditional methols
of calculating the recharge based upon 'C' and 'D' values were assess-
ed, and rejected as they do not adequately represent the savanna en-
vironment. In particular, the complete drying out of the near surface
soil, to soil moisture values below the permanent wilting point implies
that no further evapotranspiration occurs during the drv season, if the
conventional model is assumed. However, the continued fzll of the dry
season water table after base flow t0 streams has ceased suggests that

evaporation continues, albeit at a reduced rate, throughout the dry

5eason,.

Tour conceptual soil moisture profiles were pres:-nted which re-

present soil moisture changes throughout the ye:ir. These prufiles were
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dezcribed in detail and used as “he basis for the construztion o a

one dimensional model of recharge.

A description of the model is given in Appendix E where the algor-

ithm is presented.

A number of the more important features of the recharge model are
listed below,

1) The Monteith equation in calculating Eta is used.

2) The recistance terms r_and r_ in this equation are pre-

w3

dicted based upon a s0il moisture deficit model.

3) Net radiation, albedo and the r, term in the “onteith equa-
tion are all modified as the SMD increases from a value of
RC - x to RC + x, where RC represents the root constant

and X is approximately egqual to 20mm.
4) A maximum S¥D equivalent to RC + 35 is assumed.

5) Evaporation occurs from the wzter table at an increasing
rate commencing when the SND is equal to half the rooting
depth. The evaporation demand is completely satisfied by
losses from the water table when the 3!D reaches the maxi-

mum value.

6) A zero flux plane at the beginning of the wet season is
represented by accumulating excess rainfall over evapo-
transpiration in a soil moisture store. A soil moisture
deficit is allowed to develop in the soil moisture store,
which controls the prediction of the Ty and T terms in the
Monteith equation. VWhen the quantity of water held in the
soil moisture store is greater than the dry scason deficit,
then this deficit is eliminated and recharge occurs to the

water table.,

Lastly in this section, a review of available pump test data was
made. The response to abstraction indicates a variation of hydraulic

conductivity between fracture flow and intergranular flow.

The highly variable conditions around each borchole make any ass-
essment of transmissivity meaningless. For this reason, no detailed
pump test interpretation was attenpted. However, a testing regime de-
signed to establish the greatest rate of abstraction that can be main-

tained for the operational pumpin~ period (12 or 16 hours) is recommonioed.
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A 1eriod of pump testing of thris tye would identify those bore-
holes which were unable to maintain their initial pumping retces and
would therefore result in a great reduction in the number of bore-

holes which are reported to dry up some time after pump installazation.
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6. ESCURCE ASSZ SVINT.
Introduction.

The purpose of this final section of the thesis is to draw to-
gether the various aspects of the groundwazter resource discussed in
the preceding four sections, and to present both an overall ascess-
nent of the resource and a simple methodolosy for the development

of that resource.

In the first two parts of thi=z section, tke ground-ater resource

distribution and size are discussed.

To obtain an assessment of the rescurce yield, an apgroximate
vi:lue of specific yield is required. This may only be obitained in
practise by observing the fall in groundwater level that is caused
by a knowvn absiraction or loss of water. It was demonstrated in the
preceding section that the pump testing method could not be used due
tc the extensive variatlion in hydraulic conductivity within weather-
ing aquifers. A second possibility exists i” the groundwatcer hvdro-
graph response can be modelled by a sufficiently accurzte assessment
of the inputs and outputs as discussed in Section 5.3. The predict-
ion of recharge has been discussed above. In the third part of this
section, the recharge assessment is used as a part of a2 simple black
box model of a small catchment water balance. The sensitivity of
this water balance to changes in root constant and specific yield is
assessed. Trom this assessment z method for adjvsting tae values of
root constant and specific yield so that a match is achieved between

the model data and the observed data is suggested.

The values of resource size and specific yield are combined in
the fourth part of this secition to produce an assessment of the ann-
ual yield of the resource. The order of accuracy ol such an assess-
ment is discussed and the implications for a resource develorment pol-

icy analysed.

In the fifth part of this section a generalised methodology for
the location and development of the resource is discussed. Two levels
of development are appropriate. The lovwer level (£ 0.5 mB/hr) corre-
sponds to that of abstraction by simple means from hand dug wells,
while the second (3 5 m3/hr) represents abstracticn by mechanical

pmps from boreholes.
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A number of the acpecte ¢f the recource ~szsescrmornt unalyois

presented in this thesis reguirce further re:carch, therclore in the

penultimate part of this secticn a number of rescurch priorities

are discussed.

Finally, in the last part of this section, the various aspecic

of the complete work are summarised.
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6.1 Resource Distribution.
General.

It has been found in the study area tha* two conditionc must
be sitisfied before an area of weathorins may be considered az a

potentially useful resource, viz;

1) The area of weathering must extend for & considerable

( >15m) depth below thot of the local drainage base level, and

2) An area where grade II and III weathering oc-urs -1 the
surface must be in hydraulic continuity with the more deecply weatlored

Z0one,

The first condition represents the fact that an area of storzge
must be available to satisfy dry season abstraction. The second ¢ n-
dition represents the important ccnclusicn taat, as basement wecther-
ing aguifers are of limited extent, a mezns of recharging them ann-

vally is required.

The-e two preconditions significantly restrict tle arecs of
busement cutcrop in which groundvuter resourcez are loczated. Of the
two conditions however, it is the second which has the widest impli-

cgticns.,

Importance of recharge areas.

It has been noted above, and has been commented uron by a num-
ber of authors (Brown, 19753 Uhl + Sharma, 1978; Ternan + “illiams,
1979), that the highest hydraulic conductivity and the greatest
yields, occur in grade II and III weathored material, towards the
base of thé weathered profile., In addition, in the gre:xt majority
of boreholes drilled into the centre of w-athered zones, a consider-
able sub-artesian rise is encountered, typically of the order of 10-
15m. In a limited number of occurrences, a small ariesian flow is

noted.

These observations strongly imply that no recharge is possible

through the overlying more weathered zones.

Recharge must therefore occur laterally, where the grade II ani
IIT material outcrcps around the edge of the veathered trough. Sir-
ilarly, it is in thece arezs that the recharge model, described in

Section 5, is operztive. In TIigure 6.1, this principal is illustrated
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diacrammatically. Recharge <re-.c 2un be secn in a wimicer of the
FPlatcs included above, but are best itlustrated in Tlates 2.6, 2.0
and 3.14.

IT it is accepted that recherge must occur lz‘erally, then it

grales

must also be accepted that where grade V and IV we=thering
(of low hydraulic conductivity) become laterally extensive, then
livtle or no recharge is possible to the underlying more hydraulica-

lly conductive horizon.

Over large areas of the basement outcrop, a mature erosicn sur-
face, or peneplain, has becn formed as a result of stable conditicns
over long periods of time. In these areas, the weathering is often
deep (>.20m) with the grade V and VI material laterally extensive
over large areas ( b 102km). Extensive lateritisation has occurred
(see Figure 5.2(ii) ) with often an inversion of topography occurr-
ing (Ollier, 1975). The deep weathering encountered in these areas
is often considered to have occurred in the geologiczl past, and the
profiles have been thought of as fossil weathering profiles. The
area around Kaduna in I'orthern I'igeria is a typical example of such
conditions, In these areas, few successful boreholes have been drilled

and the yields of these boreholes are usually very small.

Possible weathering reactions were discussed in Secticn 3, and
it was concluded there that a flow of water was necessary at depth
to remove the products of hylrolysis formed during weathering. It
was furthér suggested that in the absence of any groundwater flow,
these reactions would atizin a state of equilibrium and effectively,
stop. In areas where no recharge is possible therefore, it seems
th=t active weathering is also not possible. The wezthering in such
an area w:1ll continue, guided by faulting, fracturing and roc! miner-
ology, uitil the weathering products (grade V + VI material) accumu-
late in sufficient depth at the surface to cut off recharge (and dis-

charge).

One important implication of the above analysis is thzt recharge
areas, and therefore, groundwater resources, are only to be found on

basement rocks which are undergoing active erosion.

L

Rescurce Location.

From an examination of the remote scnsing data, areas of bascment
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-~

which are being actively eroled may te rexdily iden*ified. “n part-
icular, from the SLAR products !see Cections 1 and 3), it is pocsi-

ble to rapidly identify areas of outcrop, fracture traces anl 1r:in-
age lines controlled by fracturing. ’lany examples of these Teatvres
may be identified on Plate 3.9, indicating that the Bauc'i Plains

area 1s being actively eroded.

In general terms, it is therefore possible to restrict the aresz
of probable groundwater occurrence from an informcd study of the
remote sensing data. Large areas may be discarded if there i s no
indication of shallow weathering profiles, however, the notes re-

lating to Figure 5.2(ii) are also relevent in this respect.

Localised areas of decper weathering within regions which are
being actively eroded, may be identified on remote sensing dzta as
usually having an even tone. It is in these areas that further in-

vestigation should be concentrated.

There is some evidence to indicate that areas of deeper weather-
ing developed about fractures of a specific orientation are likely
to produce better yvields of groundwater. Both in the Bauchi and
Takum areas of lorthern “igeria, an orientation of approximately
north south (o° % 100) produced high yielding zones. Bourguet +
Camerlo (1980) report a similar orientation from the Cote d'Ivoire.
In either case it is probable that the fracture orientation formed
by the most recent deformation is likely to produce the most exten-
sive recent weathering. The weathering associated with fractures
formed by older deformations is more likely to have been removed by
erosion, or to have reached a point where no further weathering is
occurring. The removal of the weathering products cssociated with
older fractures leaves them more clezrly visible on aerial photography
or SLAR, however, for the reasons outlined above, the most clearly

visible fracture set is not necessarily likely to be associated with

the greatest depth of recent weathering.
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6.2 Size of the Resource.
General.

Groundwater resources have been associated in the preovious
part of this section with areas of basement undergoing zactive cro-
sion., 'Jithin these areas, small locclised aguifers are likely to
be widely distributed, and fairly common. For ressons discussed
above, each area of deeper weatherin~ is isolnted hydraulicelly,
and it 1s important therefore to obtain an estimnte of the cize of
these zones, before their usefulness as a sepirate resource can be

assessed.

Yith the exception of a detailed programme of site investigzation
drilling, geophysical techniques provide the only available means for

obtaining a measure of the size of an individual area of wentherirr.

Apparent resistivity profiling results.

Electrical resistivity profiling methods have been described
in Section 4. Profilez obtained with the Z-31 electromagnetic sys-

tem can very rapidly establish the limits of an area of weathering.

For the siting of hand dug wells (see Section 1) or improved
wells (Vater Surveys, 197°), thc rcosults from the ™-31 are suffi-

cient.

In Figures 4.7 and 4.8, which show apparent resistivity contours
over two areas, the extent of weathering may be clearly seen. The
area contained within the 15Qm apparent resistivity contour approx-
imately revpresents the extent of the aquifer. The predominant lin-
earity of the anomaly i= clezrly scen and is further evidence of the

infTluence of fracturing on the development of weathering zones.

The width of the anomaly is typically 250m ('—t 150), and is
bounded laterally by 2 rapidly increasing apparent resistivity., The
ratio of the lensth to width of the anomaly is generally 35 and may

exceed 15,

Hand dug wells can be sited anywhere within the anomaly, althouzh
sites towards the marcins are likely to encounter woter at shallower

depths then those in the centre of the anomaly.

Sites for bereholes, where a yield of 5—1Om3/hr is reguired,

need to be selected with grecter care as it is poscible thet the
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total annual abstroction mty erces? the quantiir of water cont-ined
within the aquiler. It is advisable thercfore, to cornile nrofile

csection data for the investirntion of such sises.

Apparent resistivity prefile section results.

The three resistivity profile sections presented in ¥irures
4.9, 4.11 and 4.13 provide an indication of the cross sectional =ron
of the weathering trough. The model (see Appendix C) repres nis
an infinitely long trousgh with no resistivity variation in the v
or strike direction. This approximation will not le~d to sigmifi-
cant error 1f the trough is of an order of magnitude longer in the
y direction than in the x direction, and as has been shown zbove,
this is generally the case. The models therefore provide a method

of assessing the cross sectional area per unit length of trough.

Code values 3 and 4 represent weathering grades (III + IV) and
IT respectively. As the grade II material represents 1rocsurew roc..,
the porosity of this zone will be lower than the grade II + IV zones,
however the permeability will be several orders of magnitudes great-
er (Streltsova-Adams, 197°). The two arcas may not therefore be
amalgamated, as the combination of fracture flow and intergrannular
flow is responsible for a number of the characteristic features of

the aquifer.

The depth of each model element of the completed resistiviiy
profile section is shown in each of the figures. The width of each
element is 2.5m. From these measurements the areas occupied by the
various grades of weathering may be evaluated. In Table 6.1, *thecze

areas are listed, obtained from Figures 4.13, 4.19 and 4.20.

Table 6.1 Areas of wcathering grades calculated from resistivity
profile sections.

2 2

Area A(mz) Area B(m") Area D(m")

Grode ITI+IV 3 3 3
weathering (Code 3) 6.0 x 10 4.3 x 10 2.0 x 10
Grade I1 3 3 3
weathering (Code 2) 8.9 x 10 4.1 x 10 3.2 x 10

The markedly greater size of the grade II material in Area 4 is

the result of the weathering extendia; to the grcater th-n usual depth
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of approximately 90m.

It is appreciated that the values shown in Table 6.1 are based
upon a number of assumptionsl, however the models do represent a
possible solution which may be supported by other data and tkerefore
the average values are used in the following analysis of yields,

32

2
viz 5.0 x 103m for grade 1I weathering and 4.0 x 10°m for the

grade III + IV weathering.

The approximate volume of weathering per metre of weathering
trough is therefore 5.0 x 103m3 of grade II material and 4.0 x 103m3
of grade III + IV material. The margin of error of these estimates

is difficult to quantify, but * 1.5 x 103m3 seems probable.

Two further examples of resistivity profile sections for situa-
tions of hydrogeological importance are shown in Figures 6.2 and 6.3,
Figure 6.2 represents the profile produced over a relatively narrow
fracture zone with 1little grade III + IV material present. This sit-
uation may correspond to a fracture in granite with little additional
weathering. Figure 6.3 corresponds to a more extensive weathcring
development with some development of laterite in the top of the soil
profile. The section is very similar to that shown for deep weather-
ing area A and the two may therefore be compared to analyse the effect
of a discontinuous 0.5-1.0m layer of laterite developed at the sur-

face.

The results shown in Figure 6.3 indicate that the presence of a
thin layer of laterite does not have a significant effect upon the
resistivity profile results. The poor readings that are often ob-
tained in this situation must therefore be the results of high con-

tact resistances at the surface.

Note 1. In particular no allowance has been made for the effects
of equivalence (Koefoed, 1979) in the profile sections. It is prob-
able that several solutions could be constructed to fit the field
data by varying the apparent resistivities selected.
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RESISTIVITY PROFILE SECTION

Calculated From the modet resistivity distribution shown below
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Figure 6-2  Profile section results over a narrow weathering trough.
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RESISTIVITY  PROFILE SECTION

Calculated From the model resistivity distribution shown below
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6.3 Small catchment wzier balance.,
Introduction.

A method for predicting daily evapotranspiration ani reeLarge
has been described in Section 5.3. In this section a lumped parameter
model of a water balance is presented and the results preiicted by
the model, compared with those of a small catchment study at Sam-
aru (Kowal, 1970b),

Description of the model.

The analysis of the water balance is based on the assumption
that all rain received over the catchment basin lezves the catchment
either by evaporation, transpiration, or by the combined {low of
seepage and surface runoff, lThe weathering profile has been dis-
cussed in detail above, and from this description it may be seen
that there is no loss of groundwater flow at depth. The water bal-

ance at the catchment can therefore be estimated from the equation

R - Q@ - 85 - W - Eta = 0 6.1
wnere R = rainfzll
@ = surface runoff
S = seepage to streanflow

+ = change in soil moisture

Eta = evapotranspiration

Rainfall is measured by a rain gauge on a 24 hour, or less,
basis, and a description of this parameter has been given in Section
2.2,

The estimation of evapotrznspirztion by the Monteith equation

has been described in Section 5.3.

The remaining parameters in Equation 6.1 can be esti=uted from
the recharge and Zta predicted by the analysis described in Section

5.3, in the following manner.

Recharge which occurs when the soil profile above the witer
table is at field capacity passes through the soil to the water table,
The water table will rise by an amount which depends upon the speci-
fic yield of the aquifer and the hydraulic gradient at this horizoen.

To simplify the aonalysis, the specific yield is assumed to be a
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constant value, and the hydrzulic gradient acroszs the zres o be

nezligible,

As the water table continues to rise it will pass the elevztion
at which discharge occurs by seepage to stream flow. The quantity
of this discharge will depend upon the hydraulic conductivity of
the material, and upon the elevation difference between the wnter
table and the stream base level. The quantity of seepage will in-

crease therefore as the water table rises,

During years with average rainfzll, the recharge will be suffi-
cient to bring the water table close to the surface. As further re-
charge wo1ld raise the water table above the surface, any recharge in
excess of that required to bring the water table close to the sur-
face is assumed to be lost as surface runoff. A storm producing 30-
A0mm of rainfall on a catchment which already has a high water tabdle

produces an almost immediate flood spate in the local drainage.

During the dry season, it is assumed that evaporation occurs
directly from the water table, and that the process does not alter
the soil moisture deficit cre-ted by previous evapotranspiration in
the soil profile. The water table falls therefore by an amount con-

trolled by the predicted evapotranspiration and the specific yield.

A complicated situation occurs as the wet season conditions
change to dry season conditions. TFor the purposes of this study,
the variables are assumed to change as shown in Figure 6.4. The
change in albedo, ground flux of net radiation and the Rs term have
been described in Section 5.3, however, it is the partition of eva-
poration between the soil profile and the water table which is of

significance here.

It is assumed that evapotranspiration, represented entirely by
transpiration,occurs at a rate unrestricted by soil moisture until
the SMD is greater than €0mm. This level of deficit represents loss
of all the available moisiture within the top metre of soil, and there-
fore the wilting of a number of short rooted plants. After this time
evaporation commences from the soil profile as a large area of the
soil is no longer covered by vegetation. Also at this time 1t 1is
assumed that the soll moisture potential gradient becomes negntive
throughout the profile and a loss of water is induced from the water
table. The proportion of Eta which is assumed to be renlaced by loss

of moisture from the water table changes as shown in Pigure 6.4,
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WVhen the S¥D reaches the maximu~ value perritted (toot conctant +
35mm), all the predicted “ta is assumed to be represented by moist-
ure loss from the 7ater table. It should be noted that as the <D
passes through the range of vzluecs about the rool constant, the pre-
dicted value of Eta is greatly reduced, therefore the quantity of

evaporation from the water table remains aprroximately the same.

The partition of Eta between the SMD and the +ater table has
the result that the maximum soil moisture deficit is only very slow-

ly approached, and may not be reuched in some years.

From the end of the dry season and during the period before re-
charge reaches the water table, the so0il moisture potential gradient
remains negative beneath the zero flux plane (ZFP). “oisture con-—
tinues to move from the water table until the ZFP reaches the water
table. It is assumed here that the rate of movement continues at
a value predicted by the lowest Tta estimated during the dry season.
In this way the wzter table continues to fall until recharge is re-
ceived. ’"oisture cannot however pazs through the ZFP and therefore
the moisture loss from the water table is redistributed in the soil
above the water table. In effect the 31D below the ZFP is reduced

marginally at this time,

The conditions which occur during the early et season are ill-

ustrated in Figure 6.5.

An algorithm has been written to verform the catchment water
balance, based upon daily input of the cimatic variable, wind speed,
rainfall, relative humidity, observed sun hours and average temper-
ature., The algorithm is presented in Appendix E. A part of this
algorithm uses a library of graphical subroutines (GINQ—F) to pro-
duce the data for the bzlance in the form of a diagram. Some exam-

ples of this output are included below.

Initial conditions.

In model studies of the kind outlined above, it is necessary to
start the model from a set of known conditions. There is only one
time during the year when all the conditions can be stipulated, and
that is after a rainfall event which has produced runoff. At this
time the SMD is knmown to be zero, and the height of the w:ater table
is also known. HNowever, without working the balance it is not pozsible

to suy when exactly it will occur, It is also pos:zible that if there
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is insufficient rainfall in 2 partic:lur yezr ther no rino<f =il

be produced.

s there is a large measure of uncertainty in specilyin~ the
wet season conditions, the balance has been starieil for caich of the
following studies on January lst. At this time it is 23-umed thnt
the SMD is approximately 10mm rreater than the root consiant, ani
that the water table is at a level similar to those observed on the
groundwzter hydrograph ot this time. Although the predicted water
balance for the initial year may be in error due to theze initial
condition assumptions, as lonz as runoff occurs durinz the first
vear the model conditions are set correctly for the second and sub-

sequent years of data.

Observed water balance results.

Before presenting the riosults of the model analysis, it is of
use to present the observed data from a small catchment., In this
manner the predicted results may be compired with the obscerved ro-
S‘-.J_l t Se

Xowal (1970b) has presented the results from six years of ob-
servations at Szamaru. A smell dam was built at Samaru and a curved
venturi flume weir instzlled into the dam crest. In this manner,
the gquantity of runoff + seepage lost from the catchment was meas-
ured. Rainfall was measured from 25 gauges installed over the catch-
ment (640 ha ), and evapotranspiration was estimated from an eguation

of the form shown in Eguation 6.1.
The results from this expsriment are reproduced in Table 6.2,

From Table 6.2 a number of points of importance should be noted
Vizs
1) The results for individual years show considerable variation.

To adost the mean value as representative of the catchment response

Nl

disguises the underlying vzriability. This is also the caze Tor
years with similar rainfall. The years 1967 and 1868 illustrcte this

voint well.

2) Seepcce commences approximately 1 month after the rice in

the dry season water table, and lasts for 60 to 120 days.

3) Runoff varies widely and is not highly correlated to rain-

£a1l (r = 0.81).
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’J .
4) Betreen 40 and 507 of the annual raintzll occu~: Felore

the rise in the drv sezxson water table.
5) Kowal reports a root constant for the catchment of 109mm.

6) The grouniwater hydrozraphs for two wells within t.ic

cztchment are presented in Figure 5.4.

The daily climate data for the Samaru c:tchment is not avail-
able to the author, and thercfore the model balance alporithm re-
sults cannot be compared directly with the obzerved dnta., However,
the catchment size, land use and rainfall varameters are similar
to those around Bauchi and therefore the rssults are broadly com-

parable,

Presentation of model results.

The results from a compnratively complex computer model are of-
ten difficult to presen% in a concise form. For this reason, =
gravhical package (GINO-F + GINOGRAF) has been used to present the
results for two years dataz in 2 convenient form. As several seis
of model resulis are prezented below it is of use to briefly summar-

isze the salient points on these diagrams.
1) All results are presented on a dz2ily basis.

2) Rainfall is shown as a histo~ram with the scale chown on

the left hand axis.

3) Evapotranspiration is shown listed as a daily variable with

the scale indicated on the right hand axis.

4) Combined seepage and runoff are shown in the middle of the

figure with a scale on the left hand side (y +ve).

5) The grovundwater hydrogravh is shown plotted below (y -ve),

Yhe middle x—-axis with a scale shown on the left hand side.

6) Recharge is shown on the same x-axis and shown as a histo-

gram plotted with a -ve y-axis, the scale of which is shom on the

right hand side,
7) The soil moisture deficit which exists benezth a zero flux

plane (SMD1), if present, and throughout the rest of the yenr is
plotted with a -ve y-axis at the top of the figure.

#) The existence of a ZFP is shown by the quantity of moisture

in the soil moisture store (SMS). This is depicted by the red line



295

plottecd on the same exec as 5071,

9) The S™D which is developed zbove the ZIF ic also cowm

plotted on the same axes as SID2.

In this manner the relative changes beiwes~ the model parat-
eters can be readily comprchended, 2and in addition the “iutos of tre
groundwater table rise, the bezinnin: and the end of secpagc can

be displayed.

The totals for each year are shown displayed above the position

of 'January' for each year.

The values for the root constant and the specific yield are
shown at the top of the diagram. The sensitivity of the balance to

these parameters is discussed below.

Results for Zauchi during the period 1969-1974.

The results for Bauchi climate station data are shown in -
ures 6.6, 6.7 and 6.8. A root constant value of 100wm has been used
for this model run to coinciie with the value in‘erpreted for the
Samaru catchment by Kowal + Kassan (197°). The only difference
therefore lies in the daily variation of the rainfall and evapotrans-
pirztion for the two stations., As discussed above, they represent
similar areas within the same climatic belt. The average rainfclls
for the two areas during the six year periods are 1039mm for Samaru

and for Bauchi, 990mm.

In Table 6.3, two sets of data from Samaru, representing ob-
served results, and two sets of data from Bauchi representing the
model results are compared. All four sets of data have verv similar

amnual rainfall totals.

The results predicted by the model are very similar in most
respects to those observed at Samaru. The only major difierence is
seen in the gquantity of rainfall received before the ground.ater be-
gins to rise, and this factor is the result of the difference in
regional location between the two stations in as much as Bauchl does
not receive cs many early season storms as Samaru due to the blocking

action of the Jos Flateau (see S:ction 1 for location maps) .

The major cause of variability in water balances computed for
areas within the savanna is th: distribution of rainfall. The re-

sults presented in Table 6.3 clearly indicate this point. The duta
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Teble 6.3 Comparison of Camaru and Suuchi dats.

1967 1968 1970 1979

Samaru Samaru Sauchii  Dguchi

Rainfall 990 998 " 46 701
Humber of rzin days 23 77 67 a3
Data of rise in water table 196 203 198 123
Cum:lative rainfall before rise 419 516 262 301
Start of seepage Tlow 198 227 209 200
znd of seepage Tlow 315 299 321 323
Total runoff + sccpzge 269 160 305 174
Runoff 168 A 205 4
Seepage 101 152 99 170

Bta 721 238 652 o5

for 1967 and 194° at Samaru, although for alrost identical annual
rainfall totals show considerable differences in the quantity of

Eta, and the distribution of runcff and seepage.

The similarity between the observed and predicted resulis, even
though they do refer to dif“erent areas, confirm thot the assumptions

made in the water balance model are brozdly correct.

The model may be used to investigate a number of important
features of savanna hydrology and water resources. The dzta shown
in Pigures 6.4, 6.5 and 6.6 represents the periocd of the sahelian
drought. In particular, during 1973 a number of wells dried up and
the drops failed over large arezs. A contributary cause of this
drought was the distribution of rainfzll in 1972. Althousgh ¢30mm of
rain fell at Bauchi during this yezr, tiie rzins commenced early, and
carried on intermittantly. Recharge was therefore low and Xta high.
The early rains scil moisture is seen to dry out several times dur-
ing 1972 causing the loss of crops which were sown at fie bezinning of
the rains. A similar event occurred during 1973, and the ozcurrence

of two years crop failure was sufficient to produce local Tood short-

ages.



298

. s oa X
lodel sensitivity to chanyes in rcot constant.

m
The value sclected for the root constant will alfec’ the wator
balance in a number of ways. As the root constant incrcucses, the

following changes occur, viz;

1) Bta is increased.

2) Recharge is decreased.
3) Runoff is decreased,
4) Seepage is decreased.

5) The groundwater table shows a later rise.

In Table 6.4 these changes are showm for six different valuec

of the root constant.

Table 6.4 Sensitivity of water balance to changes in the root
censtant (Data from Bauchi during 197°)

Root Constant (mm)

50 100 150 200 250 300

Eta (mm) 727 751 717 842 BTL 936
Recharge (mm) 595 546 43% 455 412 767
Runoff (mm) 189 174 149 110 T1 48
Seepage (mr) 277 259 247 232 216 196

Day number of water
table rise

164 166 173 182 196 206

Start of seepage 174 183 203 209 213 214
End of seepage 296 306 318 319 324 326
vaximum depth o 5365 5593 5592 5203 5965 6058

water table (mm)

Groundwater level

day 121 (mm) 5354 5310 5270 5357 5377 5377
Yote Rainfall = 1182 mm,
Specific yield = 0.05

Balance presented here for 1979, and therefore the groundw:ter
levels are sensitive to the -assumed initial condition for SID1.

The dzta in Table 6.4 illustrates clenrly the effects of a
root constant change caused by alarge land clearance scheme such as
has been recomm:unded by various intern:tional agencies to promeote

azriculture by mechanisation. The rc¢ct constant benesth o natural
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rlant canopy is approximately 250mm as shown by the maximum soil
moisture defecits presented in Table 5.8. The effect of large

scale vegetation clearing will be reduce this value below 100mm,
representing that for a cropped surface. From Table 6.4 such a
change in root constant will approximately double recharge, thus
producing saturated conditions more quickly. Runoff is therefore
increased and also the incidence of water-logging in the top soil.
Runoff will also increase as a result of the reduced rate of infil-

tration. Under bare fallow conditions therefore the incidence of

soll erosion will increase,

"odel sensitivity to changes in specific yield.

A sensitivity analysis was also performed for the 197°-1979
data set, of the water balance calculations to changes in specific
yield. The results of this analysis are presented in Table 6.5.
Table 6.5 Sensitivity of woter balance to changes in specific

vield (Data from Bauchi during 1978).
Specific Yield
0.03 0,04 0,05  0.06 0,08 0.10

Eta (mm) 751 751 751 751 751 751
Recharge (mm) 546 546 546 546 546 546
Runoff (mm) 210 193 174 153 108 66
Seepage (mm) 253 255 259 264 282 26,0
Dry number of 166 166 166 166 166 166
water table rise
Start of seepage 178 183 183 197 197 197
End of seepage 291 294 306 31% 352 18
faximum depth to o 0 29 0
water table (mm) 62°1 5851 5593 544 5 0 50 '8
Viatertable depth 5811 5498 5310 5200 5040 4944
Day 121 (mm)
lotes. Rainfall = 1182

Root constant value used = 100mm

Balance presented here for 1978.

Changes in the specific vield do not alter the date upon which

the water table rises, However, the slope and response of the water
table to recharge are altered considerably. To illustrate this point

further, the groundwater hydrographs produced bv the model for the
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-9.

LA

specific yields shown in Table €.5 are presented in Tire

The sensitivity of the model response diminishes m' rkedly as

the specific yield is incre:sed.

Specific yield assessment.

From the sensitivity analyses described above, a methol for
estimating the specific yield of a basement aquifer is suggested.
If a groundwater hydrograph and the required climate data are avail-
able it is possible to model tha* hydrograph by varving the values
of root constant and specific yield in the model, until the model
reproduces the observed hylrograph. This analysis is presented

below for the Bauchi hydrozraph shown in Figure 5.3,

The groundwater hydrograph response is partially controlled

by the elevation at which secpage commences and the level at which
further recharge appears as runoff., If the objective of the anal:rsis
is to model a particular hydrograph then the values at which these
occur on the observed hydrosravh may be used in the model. Changes
in these values will have 2 constant effect upon the rodel. From
Figure 5.3 it may be seen that seepa:e finishes when the groundwater
level falls below approximately 3900mm. In practice, this is the
elevation of the sand bed of an adjacent river course. The hydro-
graph peaks at an elevation of approximately 1750mm. These values

are used in the following model runs.

The first step in the analysis is to determine the value of
the root constant which corresponds with a rise in the water table
onn the same day as the observed data. “/hen this has been established,
the specific yield is varied until a response similar to that of the

observed data is achieved.

In Tsble 6.6, the observed data and the best fitiing model dzta

are presented.

In Figure 6.10 the graphical outrut for these values of root
constant and specific yield is shown. The data presented in Tables
6.4 and 6.5 are also for the vear beginning January lst 197°. From

this data the range of sensitivity can be established,

A value of specific yield can therefore be given for the agqui-
. . . : +
fer material, in which the water bzlance over:stes, which is 0.05 -

0.005.
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Table 6.6 Observed and yredicted values for the Bauchi grouni-
water hydrograph shom in Figure 5.3.

"odel parameters - Root constant = 100
Srecific yield = O.C5
“bserved Predicted

Level of hydrograph on January lst 19781 4650 4650
Yaximum groundwater depth (mm) 5600 5592
Rise occurred on day 166 166
Pealr level attained on day 243 212
Pea¥ level of groundx’:aterl (mm) 1750 1750
Beginning of rapidly falling stage 263 243
Beginning of gradually falling siage 326 320
Seepaze ended at a level ofl () 3200 3200

Level of hydrograph on January lst 1979 4450 4172
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6.4 Assessment of annual vield.

Introduction.

There is 1little available data from which to estimate the
annual yield of weathering zone aquifers. AltLough a large num-
ber of boreholes are in operation on basement areas, the total
abstraction per year from such boreholes is not recorded. Bore-
hole pumps are in general operated as water is required and no
record kept of the quantity of water pumped. The lack of abstra-
ction data is compounded by the lack of abstraction well drawdown
data with the result that the long term yield and response of a

borehole are unknown.

Despite the lack of detailed data, it is clear that a number
of boreholes fail at some time after their commissioning, as a
result of complete dewatering of the aquifer. As there are no
direct observational data available to assess the annual yield of
a basement borehole, it is of use therefore to attempt a prediction

of the available yield based upon the analyses presented above.

Observed borehole yields.

Although a limited number of boreholes in the Bauchi area pro-
duce 20m3/hr for 12 hours per day, throughout the year, such in-
stances are unusual. A more typical yield 1s perhaps 5m3/hr (see
also Table 1.1), however, the majority of the boreholes sited around
Bauchi on the axis of weathering troughs, produced yields of 1Om3/hr.
In the analysis which follows therefore, a design yield of 10m3/hr

for 12 hours pumping per day is assumed.

Assessment of storage reguired.

The design yield of 10m3/hr represents an annual demand of
4 3
m

approximately 4.5 x 10 of water.

The estimate of aquifer size listed in Table 6.1 represents the
best available estimate of the extent of weathering in a well dev-
eloped weathering trough. Although the data is from the Bauchi area,
it is probable that it represents a good estim.te, representative
of the environment as a whole. The data from Table 6.1 can there-

fore be used to assess the typical groundwater storage.

The average volume of grade II material is 5.0 x 103m3(t1.5x103m3)
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and of grades III + IV material is 4.0 x 103m3 (£1.5% 103m3).

If a fracture porosity of 0.005% is assumed (Strettsova + Adams, 1978)
for the grade II material, and 0.05% for the grade III + IV material,
then the average quantity of water per metre length of weathering

trough in the grade II material is 251113(i 7.5m3).

As the grade II material everywhere underlies the grade III +
IV material, and as the hydraulic conductivity of the fracture zone
is high, it will act as an efficient drain to the overlying inter-
grannular porosity material. For this reason it is suggested here
that a high percentage (~80%) of the water in the grade III + IV
material can be extracted by pumping from the fracture zone. A
volume of available water per metre of weathering trough of approx-

imately 180m3 (t 6Om3) is predicted by the analysis.

The annual groundwater storage requirement is approximately
4.5 x 10%m3
thering trough, then a 250m length of weathering trough is required

of water. If 180m3 is available for each metre of wea-

to support abstraction at the design yield. The figure of 250m
therefore represents a minimum spacing of boreholes along a weather-

ing trough.
Assessment of recharge area required.

Where grade III + IV material crops out, only a poor scil dev-
elopment is likely. A restricted vegetation cover is probable on
such poor soil, and therefore the possible recharge should be cal-
culated using a short root constant. A root constant value of 150mm

is used in the calculation which follows.

The average recharge predicted by the water balance model for
a root constant of 150mm is 342mm {sd 138mm). To replace abstraction
of 4.5 x 104m3 would require recharge over an area of 526 x 250m.
For example, for each 250m length of weathering trough, a width of
recharge zone of approximately 250m on either side of the trough is

required to replace abstraction.

The rainfall which falls upon the central low hydraulic condu-
ctivity part of the trough, and upon surrounding inselbergs, will
runoff without infiltrating. When such runoff crosses a recharge
zone it will infiltrate and will add to the volume of direct re-
charge. The effect of recharge from intercepted runoff may possibly

decrease the recharge area required by as much as 50%.
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Annual yield.

Although the calculation presented above is based upon a large
number of approximations, a number of significant results are evi-

dent from the analysis. These are discussed below.

1) A weathering trough 250-300m wide and not less than 400m
long contains sufficient water to support abstraction for one year,
with pumping at a rate of 120m3/day (2.81/sfor 12 hours each day) .
Veathering troughs of this size are not unusual around Bauchij
they occur with a frequency of approximately one for every four
square kilometres. At the end of this period of pumping, the avail-

able storage within the trough will be reduced to a minimum.

2) Complete recharge to a trough of this size is probable in
most years from a combination of direct infiltration and intercepted
2
runoff, A recharge area of approximately 250 x 500m is required

to replace abstraction based upon calculated average recharge.

3) Recharge is very variable. A dependence both upon the
guantity of annual rainfall, and the frequency of rain storms has
been demonstrated in this study. In Table 6.7, the calculated re-

charge for the 8 years of available data are shown.

Table 6.7 Recharge for a root constant of 150mm.

1969 1970 1971 1972 1977 1974 1978 1979

Rainfall 1067 946 1102 929 739 1154 1182 991
Recharge 335 385 440 220 109 462 521 264
% average 99 112 128 64 32 135 152 77

liote. Mean recharge = 342mm (s.d. = 138mm) .

The data in Table 6.7 indicates that in three of the eight
years, recharge would be less than sufficient to replenish abstr-
action in the previous dry season. Recharge in excess of that re-
quired to replace dry season abstraction is lost as runoff, and
therefore it is not possible to draw on water held in storage from
a previous higher than average recharge year. The situation which

developed in the drought years of 1972 and 1973 is clearly indicated.
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4) As approximately a 250m long section of weathering trough
in a well develcped weathering area is required to support abstr-

action at 120m3/day, the borehole spacing along a weathering trough
should not be less than 250m.

5) A borehole can produce yields of greater than 10m3/hr for
considerable periods of time. However, it is the overall quantity
of available storage which determines the annual yield, and not the
yield of the borehole. There is therefore no reason to construct

a borehole which is capable of pumping at rates of greater than
10m°/br.
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6.5 Resource Development.

Introduction.

In the following discussion, optimum methods of develcpment
are described for the development of groundwater on basement com-
plex rocks and within a savanna climate. It is envisaged that al-
though the techniques have been developed for use around Bauchi,

they also have a wider application, as discussed in Section 1.1.

The method of resource development is determined by the planned
abstraction rate for the resource. This in turn is determined by
the purpose for which the groundwater is required. Groundwater re-

quirements within the savanna were discussed in Section 1.2.

Two levels of development were discussed in Section 1.2, viz;

1) Rural supplies with a maximum yield requirement of 1m3/hr
(220 gallons hr~? or 0,28 L/s).

2) Institutional supplies for schools (boarding), hospitals,
industry, etc, with a yield requirement of 10m3/hr or greater.

The first level of development can be met by abstraction by
non mechanical means from a dug well., Dug wells have many advan-
tages in the rural coitext (Taler Surveys, 1978), and showld be

used wherever possible.

The second level of development can only be met by a borehole.
As the construction and operation of a borehole requires an invest-
ment of » 5 times that of a dug we!l (Water Surveys, 1978), a sig-
nificantly increased investigation programme is justified in order

that the success of the borehole can be better assured.

The two development strategies are briefly discussed below.

Abstraction by dug well.

It is necessary that a well penetrates below the level of the
dry season water table. This implies a typical depth of a well of
10-15m, 6m above the dry season level and 4-9m saturated well be-
neath this level. A saturated depth of 5.6m in a 1.5m diameter well
represents a storage of 10m3 of water, sufficient water for a day's
abstraction. The hydraulic conductivity in the vicinity of the well
does not have to be high therefore as any drawdown in the well during

the day can be replaced by seepage during the night,
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As the yield for a well is low, and the hydrailic conducti-
vity of the aquifer can also be low, it is only necessary to sink
wells to the top of Grade IV weathering in a fairly shallow basin

of weathering.

The location of suitable sites for wells can be carried out
efficiently using an EM-31. Subject to the restrictions concerning
recharge discussed above, any area with an avparent resistivity

of less than 1500m would indicate a possible dug well site.

The construction of dug wells has been extensively reviewed

recently (Water Surveys, 1978).

Abstraction by boreholes.

It is necessary that a borehole penetrates the greatest possi-
ble thickness of weathered material, and that it passes through
fractures in the grade II weathered material. To maximise the
quantity of available storage to the borehole, grade II material
at a depth of & 40m is required, with at least 20m of grade III +
IV material above the grade II material. An average overall depth

of weathering of 50m is therefore required.

The location of areas of weathering in which the grade I rock
lies at a depth greater than 50m is best achieved by the use of
electrical resistivity techniques. It is recommended that the re-

sistivity profile techniques, described in Section 4, be used to
obtain profile data at more than one separation over an area of in-
terest delineated by an initial study of the remote sensing data
_and the use of an Ei-31. The borehole should be sited at the point
corresponding to the lowest apparent resistivity value obtained

with the largest electrode spacing.

The borehole should be designed to produce a maximum of 10m3/hr,
unless it can be demonstrated that the particular area of weathering
is of greater than usual extent. This quantity of water may be ob-
tained readily from a 100m 1D cased borehole (Johnson, 1972), and

the use of 200mm ID or larger cannot be justified on basement wea-

thering areas.

The boreholes can be efficiently constructed using a down hole
hammer rig. As it is necessary to drill through grade II + III
weathering, it is not practical to use a rotary mud flush rig, or

a percussion rig. Modern compressed air techniques utilising down
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hole hammers enable a borehole to be constructed in 4% hours in

Bauchi.

Vany boreholes drilled in basement areas are very considerably
over designed, with long runs of stdinless steel screen installed
into holes drilled for 30 metres through grade I rock, As the
borehole yield is only designed to be of a maximum of lOm3/hr, the
use of sophisticated screens is not warranted. For example, one
metre of Johnson screen RNo60 slot at 75mm nominal diameter has suf-
ficient transmitting capacity to exceed 10m3/hr. If only one metre
of screen is to be installed in the borehole, a major problem arises

as to the best part of the section to install the screen against.

The grade V + VI material should be cased off and grouted.
No groundwater is contaiqu in this material and the grout serves as
an efficient protection against pollution. The grade II material
is sufficiently competent to not req:ire casing, and this can be
left as open hole. A possible design for a typical basement bore-
hole is shown in Figure 6.11. Such a design can be constructed
using a 150mm OD down hole air hammer, producing a 100 1D cased fin-

ished hole.

The use of a positive displacement borehole pump is recommended.
The vield of these pumps can be adjusted at the surface, and there
are similarly no submersed electrical or mechanical elements. The
pump element consista of a heliczal metal rotor which rotates inside
a fixed sleeve whese internal shape is also helical but with half
as many windings in a given length as the rotor. As the rotor turms,
water enters the pump element and is carried forward at a uniform
speed to the outlet, A pump size which would produce 10m3/hr can

operate within a 100mm 1D bore.
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6.6 Further research required.

General.

The complexity of the hydrogeological environment within the
savanna made it impossible to concentrate the subject matter of
this thesis on one particular aspect, as had been tae initial in-
tention., It was not possible, for example, to develop geophysical
techniques without first establishing the physical properties of
the aquifer. This in turn led to a detailed consideration of
possible mechanisms for granite weathering. Similarly an under-
standing of the weathering mechanisms became essential if an attempi
was to be made to explain the distribution and type of the hydraulic
conductivity, and the recharge to the system.

Inevitably, in a study of this nature, where published re-
search is conspicuously absent, a number of hypotheses have been
constructed based upon limited data. The lack of basic observat-
ional data has been a particular constraint, and has meant that

many of even the simplest assumptions cannot be tested.

A programme of further research is described below which, if
carried out, will markedly improve the understanding of this envir-

onment.
Data collection.
Data is lacking in practically all fields.

To test the adequacy of the recharge model, a detailed study
based upon Kowal's {1970) work at Samaru is required. In parti-
cular, observations of the following parameters are required for

several small trisl catchments, vizj

1) Rainfall intensity + distribution
2) Siream hydrographs

3) Seepage

4) Evaporation + evapotranspiration

5) Groundwater hydrographs

Perhaps the simplest and cheapest observation to make would be
of groundwater levels, and days during the wet season when surface
runoff caused peaks in stream hydrographs. This simple addition to

the data b=se would be of immense value.
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A record o the quantity of water pumped from boreholes, and
measurements of the drawdown in pumping boreholes could also be
acquired at very little extra cost and would allow a prediction of
reduced borehole yields, before the condition became serious. Some
idea of the actual quantity of abstraction is also necessary if an

assessment of safe yield is to be made.

The results from the water balance algorithm indicate that
the hydrological balance is markedly affected by changes in vege-
tation. A reduction in the rooting depth both allows greater re-
charge, causing higher groundwater levels, and a considerable in-
crease in surface runoff, which in turn increases the soil erosion
risk. All the indications are that the savanna ecosystem is finely
tuned to intercept and retain the maximum gquantity of rainfall for
the maximum time each year. %ith the advent of large mechanised
farming schemes in savanna areas, the impact of clearing large areas
of bush should be investigated in detail. It seems probable that
water logging and soil erosion will be a serious risk in these

schemes.

Hydrochemical study.

A hydrochemical study of the weathering mechanisms and the

state of weathering in the weatnering grades would be invaluable

in increasing the knowledge of the weathering system. If possible,
undisturbed samples from beneath the water table should be examined
using SEM techniques in an attempt to identify the chemical phases
which are removed in the grade III + IV weathering, and which re-
sult in the increased porosity oV these zones. If for instance, as
seems likely, calcic plagioclase is preferentially removed, then
rocks containing this feldspar are likely to produce higher yield-

ing aquifer material.

The hydrochemical analysis of seepage water, runoff water, and
borehole water from different levels would alsc improve understand-
ing of the environment. In particular, tritium dating of borehole
water would give an indication of the flushing time for water to
pass through the weathering trough. This study would confirm, or
otherwise, the hele-shaw model results which indicate a rapid flush-

ing-
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If it could be proved that water flushed the producis of
hydrolysis reactions rapidly from the grade II and III weathering
zone, if for example, water from this 2zone was very recent, then
the indications strongly infer that deep weathering is the result
of a continued flushing of water in a warm climate. There are a
number of interesting geomorphological implications of such a pro-
cess whici would resolve the continuing controvers& concerning the

formation of inselbergs.

Geophysical Study.

The resistivity profile section technique. described in Sect-
ion four was only used at three sites. The acquisition and inter-
pretation of further sections would increase the data b.se for this
technique and provide more confident extrapolation between a given

set of model resistivity distributions.

Electromagnetic EM systems appear to provide a means of gath-
ering resistivity profile sections quickly and inexpensively.

The EI 34.3 system is particularly versatile.

Without the use of E systems, then the offset profiling tech-

nique should be used to gather profile section data.

A major complication to the interpretation of profile sections,
is the equivalence between the various layers. Recent advances in
induced potential (IP) techniques indicate that the hydraulic con-
ductivity can be predicted from a measurement ol IP. This method
could therefore provide a means of resolving the best parts of the

grade III and IV material before drilling a borehole.



CONCLUSIONS

In the introductoty section to this thesis it was stated that the
object of the research was to make an assessment of the groundwater
resources available on crystalline basement rocks within a savanna
climate, and to develop a methodology for that assessment. It was
further stated that although the general methodology developed was con-
sidered to be applicable to all similar geological and climatological
environments, the area of particular reference for this research was

that of Bauchi, in Bauchi State, Nigeria.

Two levels of resource development were described. The first, and
lower level, corresponds to abstraction at a maximum rate of 1m3/hr
from a dug well, for the purposes of village water supply. The second
level corresponds to abstraction at a rate sufficient to satisfy the
requirements of a school, hospital, or local small scale industry.
These requirements are often greater than 10m3/hr and can only be ob-
tained by abstraction from a borehole drilled into an area of deeper
weathering. Three such areas of deeper weathering were investigated

in the vicinity of Bauchi.

In the Bauchi area, a combination of geological and geophysical
evidence was used to justify the assumption that the deep weathering
areas were only of limited extent. They could therefore be treated
as individual and unrelated compartments which fill up and overflow
due to recharge in the wet season, and from which water may be drawn
in the dry season, The volume of groundwater storage in such a compart-
ment is simply the volume of water contained in the aquifer below the

base level of the local surface drainage.

In Sections 3 and 4, the weathering processes were analysed and
a geophysical method developed for determining the volume of the
aquifer. From an assessment of the savanna climate in Sections 2 and
5, a value of recharge was calculated for a range of root constants.
These two estimates were combined in Section 6 to provide a value of
the safe yield from the three weathering troughs which were investi-
gated in Bauchi. From this analysis, the following conclusions

concerning the yield at the three sites may be made, viz:



1) The maximum design yield for a borehole drilled into the centre
of a weathered trough should be 10m3/hr.

2) Pumping should only be carried out for 12 hours each day.

3) The minimum spacing between boreholes should be 250m.

4) TFor an average rainfall year, a recharge area of 500 x 250m is
required to replace the design yield abstraction by direct in-
filtration (root constant of 150 mm assumed).

5) A.substantial quantity of recharge caused by the interception
of runoff is probable, This will reduce the area stated in 4
above.

6) The quantity of annual recharge will vary substantially within
short distances, caused by the great aerial variability in rain-
fall,

7) The quantity of annual recharge will increase significantly

due to bush clearance within the catchment.

As the maximum design yield is lOm3/hr, the borehole design yield
should be adapted accordingly. The use of 100mm slotted PVC casing is
adequate for this purpose. A larger diameter, or the use of stainless

steel screen and gravel pack are not required.

The electrical resistivity, or EM methods, are the most successful
for locating deep weathering areas. The electrical resistivity profile
section method described in Section 4, is best suited to making a

volume estimate of the aquifer within the weathering zone.

A large proportion of the analysis described in this thesis is
applicable only if the second level of resource development is antici-
pated. At the lower level, it is sufficient to locate, perhaps using
EM methods, areas of moderate depth of weathering. Dug wells sunk into
these areas will usually encounter sufficient supplies of water in the
shallow weathered zones where extensive grade V and VI material is

often absent.

Where an extensive and thick cover of grade V and VI weathered
material has developed it is unlikely that sufficient recharge to an
underlying area of deeper weathering can occur to enable abstraction

to be replaced. Such areas are therefore of little use for ground-

water development.



In areas similar to Bauchi, where inselbergs and surface outcrops
are common, groundwater reserves must also be limited in extent, and
can be treated as isolated compartments as discussed above. The general
analysis as described for Bauchi is applicable throughout these areas.
For such limited compartments it is not possible to calculate a
groundwater balance based upon measurements of discharge, abstraction

and a groundwater flow analysis.

In areas where a more extensive pediplan exists and outcrop areas
are less common, groundwater flow can occur over a wider area with
measurable discharge to base flow throughout the year. 1In these areas,
a water table will exist throughout the area and it is therefore possible
to calculate the movement of groundwater, from water table observations.
The water balance analysis described for the Bauchi area will require
modification to account for the groundwater flow over an extensive
pediplan. However, the geophysical methods may still be used to
locate areas of deeper weathering for the location of boreholes and
the recharge analysis may similarly be used to describe the infiltration
to the system. Recharge on these areas will be at a maximum where

grade III or IV weathering material is close to the surface.

It is not possible with the data presently available to assess
the accuracy of the analysis. The water balance results predicted for
the Bauchi area were shown to be broadly comparable to those observed
for a similar area at Samara, however, further detailed observations

are essential before the analysis may be finally evaluated.
}
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A1

APPLIDIX A

Evaporation + evapotranspiration algorithm.

Al  Description of algorithm.

General

The generalised algorithm has been written in FCRTR4T-4 to
perform a daily calculation of evavoration and or evzpotranspiration
for a staztion at any locality. The algorithm hss been designed to
produce data for virious different methods of czlculation, zs des-
cribed in Section 2 of the thesis. To facilitate comparison of the
virious parameters, a croscs correlation matrix is calculated for up

to 14 varizbles on z monthly basi=s.
:ethod of czlculzation.

Inree difTerent daily values are calculated. The Tir:t repre-
sents a normal Penman (1947) calculation; the second represents a
modified (Thom + Oliver, 1977) calculation, while the third represents
a ‘onteith (1965) calculation.

Daily values of net radiation are culeulzted for a station at
any latitude in units of ‘atts MHQ. Values of albedo, observed sun-
shine hours, average temperzture and humidity are required as LnrUT
for the calculation. Daily values of the sun's declixnation and the
s'n's radius vector are supplied by DATA statements within the zlgor-

ithm, while a value of the station latitude must be IiZ™'T,

A2  Algorithm structure.
The Main Progran.

The main program contains a descrivtion of INPUT data reguired,
the units in which the INPUT can be specified and the required WOXILT
of that INPUT. Daily values of the required ratiation parameters are

specified in DATA statements.

Although the calculation is performed on a daily basis, it is
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reprented on a decnde ant monthly Yocis woin- dutn averosod over tlz
required period. The lunar structure of the cnlesi:r is yprcssrved
with monthly totals reflecting the actual number o luys in the moadh
rather than a nominel thirty doy month, It is  zsumed that the

data run starts on the first day of any specificd month. A provisicn

for lenp years is included.

Summations of the data are printed for ten day. monthly and an-

nual periods.,

The main program complete° the d~ta checzing anl sets u» the
correct calendzr timing, performs the required summotion, and prints
out the final totals., The remaining parts of the czlculation are
performed by S5UBROUTINES called from the main prozram. In this man-
ner, the structure of the calculation is preserved and may be altered

more easlily if required.

T Ty T -7 ™ 1 In
STRERYIDITZ ST.73,

This routine is celled from the main vrogram at the end of every

month. The rouving rerforms a crozs correl=ztion analysis, between

]

14 variables specified in the main »rogrzm and orints ous itha cros
correlatirn mairix. The call to the routine may be surpressed by

an appropriate cholce on IWPUT card 4.

SUBROUTINE PIW.

This routine performs the three calculiztions ol evavorztion or
evapotranspiration. As the net radiation czlculation is common to

all three, a sevarate routine performs this czlcnlation.

The units —sed in the TEN routine are mm equivalent evaporztion.

SUBROT TR Z:DIAT.

The calculation of net radiztion is performed from first vrin-

-

ciples and as discussed in Section 2. The units used ure U I

Two values of net radiation arc calc:lated - the first represents
an albedo corresponding to the first value specified on INFUT card 5,
while the second represents a varying monthly value of albedo as spec-

Tied by the remaining 12 values on card 5.
STTBROUTINE RTUGHS.

This routine is czlled when the “onteith evepotranspirction iz

1

c~lculutei. The rurposc of the ro:tine is to return values o the



A3

two resistance terms in the ""onteith ejuaticn viz » and r e

vilues of T discretised on a monthly Losic are IL77T on datz cori

T. The values are passad through to this routine az it is envis~-zd
that further theoretical developmenis may azllov a2 rore zccurate c.cc-
ification of the resistance, and that this nuy conveniently bo per-
formed within this routine without disruption of *ie over:ll wrorim

structure.

The value of 2 iz calculated using twelve monthly values of

Z0 ns specified on IPUT caxd 6.

A3 Specification of variables.

General.

FN

Throughout the alzorithm, individual variable names zare Jiven

ta
wiich realily a'low identification of their purpose, however, ine

various arravs zve described below,

21270 (12) Zolls 1/ vzlues of the surfoce reflection
coe®"icient.
DT (3) Yolis 3 vzlies o7 net rodia t"on
(9) Holis valucs of e7viriczlly ov-ilunted ccnztoanis
in the Tenman eguation.

£vip (3) Holds the three czlculated val:ies of evanio-
ration or evapotranspiration.

AP0 (3) 70lds the three vilues of ithe cerodymiamic werm.

o (12) “olds the nwmber of days in 2-ch cclendar month.

"TAE (12) Uolds the nzmes of ike ronths.

= DIV (366) Tolds the daily vzlues of the sun's railius
vector.

DECT T (365) Holds the daily values of the zun's declinati
(in radizns).

z(600,16) Uolds up te 600 daily values of 16 voriables,
which are printed out on a2 sepzrate Tile Tor
use by plottlng routines etc.

(35,14) Holds the 14 iailv values usel to perfor *hre
monthly cross correlation analrsis.
(14,14) Holds the cross correlation matrix.

RAD1,RAD2 ,RAD3 Are dunry arrays necessary by the limitctions

DEC1,DEC2,D=C3 of machine language on the number of continu-
ation lines in DATA stotements.

zo (12) Holds the monthlyr values of vesetation height
in cms.,

ns (12) Holis the monthly valnos of the v reaistunco

—~

paramcter,



A4

DAT (3,20) Is ¢ worling arrzy holdiug v.orices veorichles
2s specified below.
The array contains the v<lucs Tor 1zily, ten
ially and monthly calculations,

DAT (1,1) | laxinom tempercture or daily wver . ge temperature.
DAT (1,2) inimum temperature.

DAT (I,3) Rainfall.

DAT (I,4) “ind run.

DAT (I,5) Piche ev=z=poration.

DAT (I,6) hverar~e relative humidity or wet bulb temneraiuvre.
DAT (I,7) Observed sun hour:c.

DAT (I,8) Pan evavoration.

DAT (I,9) Gunn Bellani evaporimeter data.

AT (I,10) S n's radius vector value.

DAT (I,ll) Averare temperature.

DAT (I,12) Vapour pressure.

DA (I,13) caturcted vapour ﬁressure.

TAT (I,14) Aerodynanmic term,

DAT (I315) laximum possitle number of s nsiiine hours.
DAT (I,16) Bock radiation term.

DT (1,17) Tunconing radiaticon term,

AT (I,18) Sm's declination.

DAT (T,19) Relative humidity.

DAT (I,20) Ra resistance term.

IDAY Day number

DLEV Station elevation.

RLAT Latitude in radians

HR Stn's hour anzgle.

A BPRS Average ambicent pressure.

GATA Psychrometric constant.

DELTA Slope of the szturzticn vapour pressure curve

calcalated by the ROUTINE DIL after Bevin (1979).

A4 Tisting of the Fortran 4 program.

A listing of the program is given below,
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A

MEST-RMEIN

DITEMSIC SATI(3,20) ,XC(35,14) ,A7(14,14) ,AL23E00(14),3400ET(3),
1 Y(3) ,BVaR(T), INTH(YIL) ,HAYECE) ,# ASTUS(364K) ,3E2LIN(T65),

2 25U, it AanE(CT2) :
CIZEANSTOn P03 (123) ,&8D2(¢137) ,RACZI(T1TL) ,0EC1(132),08C2C1%3),
1 DECSC1TU),70C12),238C€12),AE50(7)

"VALUATION OF SVARORATION USIVR

PRUFRAN FOR THE
EAUATION DF PENIAN/ZIOWTFITH,

THE T Cv3InksD

A SATLY VALUS OF cVAFOPATION IS ZALCULATED FOP THREF VALUES
OF 2LT=20, DECADE AHD IPANTHLY TOTALS ARF PRINTED SUi"nFD
FRCK THE DATLY D-TA. AVERAGED DECADE END s0JTHLY DATA ARE
ALSIO0 COM2°UTED.

THE CALCULATIUON IS WNRKED It THE FOLLOWING UMITS:
DEGREES CENTIGRADE , MR PRESSURE K WIND PyYyd,~F FAIYUFALLAND
W/Hk*7z E-DIATION.

HOCOPRELTION *3TRIX TS5 CALCULATIL Fuk F204 [ 5uTh SETWED.
EVARADATION AnD 3 SZLFECTIGH OF TH2UT DoTa.

THS =5 ¢v41 CALMULATES FH%cr VALUES NF Sy awi™I0on OF
EVAPQTRINSRETI=2TINN, THE FIRST VeLUr FS-RESZNTS
cVAPOTRAMSPIRATIONN CLLIULATED YSIeG THE PeNITZMN ZQUATINN DrSIRI]
IN THE ToXT (N, 2-12) .

THE SEC(ND VALUE REPRESENTI A SHIRT RRAZS EVATOTRANSPIRATIOM
CALCULATED USIMG A VARYIUCG AL=EDY On A COMTHLY RASIS

AMD WITH THE AEQNDYWNELENTIC TEFF (ODIFIED AMFTER THOM + OLIVER
(1977). USE OSF DIFFERENT 72 VALUYUES IS =3SSSI~LE. A VALUE

OF 1_.27FF GIVES FOUIVALENCE WITH PENMAN SHORT GRASS DATA.

THE TRIPD VILUE REPRESENTS EVAPOTRANSPIRATINHN CALCULATED

USINF THE MONTEITH EQUATION (ENN 2-16), THE VALUES OF 20

AMD PS EFE VARIED SONTHLY. VARYIHNG 2L3EDNDES &g ALSO POSSI3L:.
A vALUE ofF C.0 FOR RS GIVES THE EVAPOTRANSPIRATION FOR

A PLENT SURFfCE THAT IS WET .

THt RADTIAT SURROUTINE CALCULATES TH= D

AT THE £29TH"'"S SURFACE, IN WATTS /iHegTRcxx2, IN PUT 70 THIS
SURRCUTINE *UST F LATITUDE LAND LUMSHIWNE MHGURS.

AN OPTICHAL FACTOP OF C .95, Y(1) 9F THE PENMAN CONSTANTS,
IS U3ED 7O OGDIFY THE 2ACK PapIa~lond TERW T ALLOUW FOUR
VEGCETATTON NOT RADIATING AS 4 ZLICK RODY.

AN ELEVATION DEFENDENCY TeERM ~FT=ZP MC CULLOCH IS INCLUDED
IN THE FEH ROUTUMFES

THE PRCCRA Y SUTrPUTS PATA ONTO TW) FILES. THE FIRST IS FOP
RECUSTIANG THE ReSULTS, THE SECOND TO E USZD AS DATA INPUT

-
P

e

c
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ce=g

CARD

CARD

A6

THZ PLOCTTING ROUTIWES.,

DESCRIPTION OF THE DAT

5 0nGTPOL CA

1 (12,14 ,6:6)
13 MO, OF RELNRDS
14 YEAR I WKICH TO ST

b6 STATION MNASWE - Ut

2 (5F6.0,2F5.C

LT DATY &UA

T, %A (HARACTERS

THE STATIOn ELEVATION, AVEZRAGZ A4

LATITUDE (DESREES) ,V
CONSTANTS Y(1),Y(5)

3 (611,117,111)
THIS CARD DETERSINS
AT IN COL 1 CO~veP
T Ite CoOL 2 Cunvzere
1 1IN COL 3 COaVET

b TSN - N -

AL CUL ~A7FICH

1 T4 0L 64 IF
c In CcoL & IF
~L oL Tee FROW
In COL £

s fop 5

1T I COL 6 IF
~ L In CLL 6 IF RrEL
caoLs 7=-% 0OF THE THI
START THE DA&ATA RUN

SEGINMNS AT STVART OF

LI &)
[ I o B R
~ -

-y ™ 0 7
. e ¥ 4. x-

1
0

2 (2 T
bt
n
W

-1

r
»

CARD & (211)

CARD

CARD

CARD

ANY

THIS CAPD CONTROLS
& 1 I COL 1 SUPRES
AT IN COL ¢ SUFRES

54 krs.
THIS CARD HOLDS THE

DIFFERENT #MONTHLY V

é (12F5.0
THIS CA®D HOLDS THE

4 (12FS. M)

O IN oS 1-3 Flvi

SLUES OF A A
IN TH FTRST

g

=1

~
D
S

=
2

NT PRISSUSE(R)
, AND PENFAN

EVEN FIZLDS.

TATHCE of DATA InPUT
5 TO CENTIGRADE
7S 1ILES TO XKILOHETERS

FERENLUETT

TTOINCHED TO

e
)

W o og

m~ o -

W
IRV I N e BV
L -
Cy <<
AN - U R 2

B
-~ O O T g

x
— —

TAX
0274
rTIve AUSTDT
RD CASRD vNLC

-y
=
-~

-

-~

C

[FREN |

Al

O IRV

¢

I DEFAULT vLUcS FGR THE

gTION In ZAL/C/ Ty

0

G s

| B

Y
TH

o
D
E

=g
0E peY aUL:
T oRULT TR 2

1TA LY
AONTH T9

IN.IT IS ASSURED THAT RUAN

THE MONTH

ouT”UT.

S35 THE nAILY GUTPUT
STS THE STATISTICS ROUTINE

TRIRTEE:Y VALUES OF AL3eDD
THE VALUE oF J,u7 IS USED WITH TWELVE

~ALUZS,

TWELVE NATHLY VALUES OF Z0.
THE ROUGHNESS LENGTY.
70 = BPPRUX H/17, WHERE H I3 VEGETATION HEICGHT

THIS C43p HALDS THE TWELVE “ONTHLY

PS,THE CAanOPY RESIS

DESCRIPTION NF DATA CAR

— e T WS S R e - —— . — - d—

pupE=Fp OF CONSSCUTIVE CERILY

TANCE TERA,

D>

TECOIDS MAY

RE

VALUES OF

INPUT UP



OO OO OO OO OO 0000

-—d ed ed ed wd wd P ed D md d D e e D P D ed -

-t e ad ed ed ) D wd D D ad ed D D D b

AT

T0 A AX OF nUg.

THE DATA CARD FOP-AT IS (1%,2X,%55_0,F7.0,5F%.0))

THe FIG&ST FI*LD HOLDS THE DAY rn'J1°ER

THE 2 FITLD HOLDS #AY TE4P Op AyI2AGS T7A4P IN DEG F OF
THE 3 FISLY HOL®S TMIN IN DEG F TR DEC ©

THE 4 FIELD HOLDS RATNMFALL IN INS OR &=

THE 5 FIELD HOLOS DAILY WIND RUN IN “ILZ35 OR KILOMETSIS
THE 6 FIELD HOLDS THE PICHE DATS :

THE 7 FIFLD HuLDS RELATIVE HUNIOITY OR WET ZULR DATA
THE 8 FIELD “ULOZ THE O3SERPVED U4 Y)IURS

THE 9 FIELD HOLDS THE Pin D!TA

THE 130 FIELD HCOLDS GUNN RELLANI DATA IN #% 4P IMNCOAING
RADIATICN IN CALS/C4%%2 /DAY

IF ANY ©ATA IS NOT AVAILABLE THFE FIELD IS LEFT ELANK
SUN'S °2:3TUS VECTUR VALUZS

DATA RA&51/0,9R8324,

D.QRITL, 0 QRIZL, 4 Q0224 , G ,Q95324, . 98326, 1,Q%779,
2.98531, 0.9-~33%, §0.98¥38, 0N.92%342, (.9%2747, D_,9R357,
C.9R265, 5.9%371, T.6%378, 0.92334, T SRi%4, J.98407,
L Qu LS, 0, 08479, _.F2L3R, S.9%L46°, TU3745%, G.9%477,
C.3%eS 2, ), 095“%, TLGR313, L GRS23, G, TR542, L,.68367,
CoGABQT, L. 08610, 2.67-27, T.926LS, .54, 1.6&6%1,
CLUATIC, JLVeTIA, O SRS, DU9F7X8, TLRTYS, J.9%<137,
-'l.’y"i}l(;}’ Ct-’R?’ _:.G-Q.\".B’ :_:.QC‘D?_gl .t_::Q.’,T’ L).QQ.;L]D,
C.507 14, C.C9537, 4 .v9041, u.°0384, J.C31 %, 0 0917%,
C.991R]7, 692 9, L9924, w9061, BUUSIRT, HL5971L,
G.997668, V. 9Y169, 2.99424, ocasz, C.9LRI, J.9955%,
U.99563, 0.99591, C.99616, 0.““5A7 T.Y9675, 3.99707%,
0.99759%9, $.997&7, 3.99815, 0.99%43, (.79%71, 9.90893,

996546, C.9%G9R3S5, 1.0%014, 1.3‘343, T.ud?72, 1.0v0101%,
1.60162, 1.7C0189, 1.00218, 1.0v2¢47, 1.30276, 1.0027,
1.C0361, 1.uc390, 1.C5417, 1.06445, 1.753472, 1.C35405,
1.CJ553, 1.00579, 1.00606, 1.904631, 10736557, 1.010682,
1.0C734, 1.00759, 1.007%4, 1.039%859, 1.00834, 1.00859,
1.009C», 1.0¢932, 1.03657, 1.0C9%89, 1.C1004, 1.01027,

D:TA RAD2/ 1.01073,
1.01094,1.01116,1.01138,1.01158,1.91172,1.41198,
1.6121%, 1.51236, 1.01254, 1.01273, 1.01291, 1.01307,
1.01341, 1.0135~, 1.01372, 1.01337, 1.01435, 1.01420,
1.2145C, 1.01465, 1.601478, 1.01L21, 1.21505, 1.01513,
1.01541, 1.01552, 1.01364, 1.01573, 1.51583, 1.u1s9z2,
1.016309, 1.31616, 1.01623, 1.915335, 1.41635, 1.01632¢,
1.01649, 1.01652, 1.01656, 1.71559, 1.016%52, 1.01566¢4,
1.0166%, 1.01669, 1.01670, 1.21571, 1.21670, 1.01677,
1.01669, 1.01665K, 1.016564, 1.01561, 1.M659, 1.7165¢,
1.01644, 1.01639, 1.01632, 1.01524, 1.u1617, 1.01611,
1.61591, 1.51582, 1.01573, 1.01562, 1.31551, 1.2154C,
1.0151”, 1.01506, 1.01694, 1.71681, 1.3146~, 1.01455,
1.01627, 1.91413, 1.01398, 1.01384, 1.°1367, 1.01351,
1.0131%, 1.01299, 1.01281, 1.31262, 1.0612464, 1.012273,
1.01187%, 1.01163, 1.01141, 1.01119, 1.01097, 1.01076,
1.01031, 1.2100CR, 1.L3936, 1.0u263, 1. qu, 1.0G6917,

neGc C

0

~—
e
TN

O
L L
O O 0 OO0

RV + BEIF S I ¢}

N Y o=
v 0O N

'\J"‘t\‘\ -

{ })

¢ 0

O O

DY ]

Q >

© :
-t Ty

W N N N N N NN

0O

o
-
~

G.99741,
3.99537,
3.39731,
1.9992%,
1.001%1,
1.090232,

1.03326.
1..9748,
1.09833,
1.01351/

1.0132¢,
1.01435,
1.01¢29,
1.091402,
1.01+44,
.J21657,
1.01469,
1. .1449,
1.451401,
1.01537,
1.C016442,

1,013,
1.Li12')\
1.31053,
1.70592
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1.00844,

1.0G6822,

AB

1.00797,

LGU697, 1.00671,
JIaS5 T, 1.0ub82,
DATA RAD3/ 1

—

1.03645, 1.00419,
1.n0453, 1,.99625,

1.0911¢4,
0.99916,
0.9971¢,
0.99516,
0.99325%,
G.9915¢C,
0.9868%,
U.98825,
0.93648,
0.9R575,
0.984872,
0.98405,
0.98354,
0.98329

—d wd el el cadt oh i omb b ed ol d and e wd

.00QeR,
0.G998%R,
1.9968%,
0.9948R%,
J.99306,
J.99126,

0.98%75S,
0.9%671,
0.9%56C,
0.984740,
1.98397,
0.9824%,

F19R326/

.0G311,

1.00062,
0.99859,
0.99659,
0.99461,
0.99275,
n.99102,

C.93734,

.98653,
1.58546,
0.98458,
J.9338%,
0.98244,

1.03136,
0.99231,
0.99529,
0.99643%,
0.99249,
0.99178,
N.98960, 0.9%937, 0.98314,
0.98764,
0.92536,
G.98533,
0.98446,
0.9%283,

U

92241,

SUN'S DECLINATION VALUES

1..1772,
1..5592,
1.,0387,

1.20M2,
0.59RJ2,
0.°9601,
0.99436,
0.69224,
0.°9054,
0.98892,
0.98745,
0.98620,
0.93852",
6.98435,
0.98372,
0.92337,

DATA DECI/~-0.40259,

1-0.Lu005,-0,3923°
1-4,3%9% A, -0 2877¢
1-3.37172,-3.3670974
1=u. .;Lf"‘*:‘ -,
1-0.31¢42,-0.21164

-U.379736%,
- 32593,
-2 .35477,
-2.3323¢0,
-2 .37°651,

-C

"'Li

L2981Y9 =T . 7945%,
,39751,—”_7,79)?3
--'5‘}121, (1.357464,
»335%22 ,-2.72°97+,

1";.:,. 213,

r
r
”’
r
r

-L.27671,

1-0.2643%5,-..2376¢,

1-0.20144 -5.19546, u.1R997,-2

1-.156727

1-0.11683,-

,-1.14072,
0.14d407,

1=-0.06727,-1.05541,
1-3.01512,-0.C0282%,

1 4.0330%,

G.0R0S57,
0.12712,
N.17177,
C.2149%,
U.25351,
0.28957,

DATA

B R B RS RN e Y

G.340915,
L.37076,
DLIRGAL,
0.4C17C,
NH.LUR1R,
J.LR7C,
C.413C2,
.37212,
0.17572¢4,
£.353214,
G.X2657,
Jec952C,
o235,

221+,

~
Y oe

— ot d wmh mh ad ed ok et e el ek wd wd )

0.029%5,
3.G87%6.
$.13359,
0.17832,
n,219%¢,
3.258%9,
0.29445,
sec2/ N

r.22578,0.33G01,

0.35307,
D.37324,
0.39217,
C.4ulC?,
JdoebUx55,
J.4udle,
J.60171,
0.33986,
0.37262,
D.34965,
0.3224°7,
D.29059,
J.25479,

Cec1517,

-0 ,221469,

-V 14275,
-C.U973(C,
-7 .340952,
-5.0C0145,
C.046457,
7.09395,
0.164006,
T .18405,
0.22573,
0.26412,
3.2993%2,
32156

-2. 39223 -
m.27125,-0.26580.-0.
3,

-C.
—u

6
7

2
7
35
2
<500
35
J
553,
129,
133,

334,
u32d0,

22
1\?
13
.39
.4
30
55
19
14
19
23
26
7

0
0.
0.
J.
G.
0.
C.

o:,

.-3721,
EﬁJ}&'
Ca21976,-

1

1.5056¢,
L0036%,

1

1.0,28%,1.00255,1.00226,1.0019%,1.00170,1.0C141,
0.99972,
N_99774,
N.99574,
0.99379,
0.6%1°9,
).99330),
D.988G9,
J.98725,
2.98604,
g.98507,
N.9842°%,
J.98%66,
0.98324,

. 29197
17?2«
54
tﬁs 4
.29213
. 25467
.2123{,

j
-

-3J. 1764:,*0 170C5,

-v.1228¢9,
-O w277,
-0.
, 3.71331,
C.60%%,
Q.1varév,
J.15301,
D.19613,
J.23693,
0.27459,
. 20F27,

-0.12421,
L

L3423, 0.33802,5.34194,0.34379,
M.35994),

—

C.3564%,
0.37626,
0.39386,
C.40433,
0.4C891,

43753,
C.42041,
0.33761,
N.3695Q,
C.34616,

d

-

0.2258C,
1.2495¢8,
0.2102¢,

Q.2
0.395640,

;
9

G.4C
O.6

¢,

29,
SZJ,

555

0.39910,
0.35535,
U.36537,
C.34230,
0.31822%, 0.31372,

0.2812

Y

2L,L2n,

7‘!3‘5

C.2lh

JJ’

r

vl.%53232,
T L2237,
J.,%9735,
0.45627,
0.4d913,
C.40637,
:.39735,
3.313214,
0.363259,
0.33845,

.30921,
C.275%a,
L. D3RR

J.

I 4

19546,

J.36582,
0.38535,
0.39909,
0.4C695,

_L3899,
D.40513,
0.29561,
G.3804%,
D.26112,

0.23459
0.3047°7
D.27067
0.2331=

- 197257

.J0742%,

»
I4
I
r "
[ 4
’

b?é@?,
(357 (1o=D. 02871, -
0.01963,
0.C0A729,
4.11388%,
N.159292,
0.20217,
0.24253,
A 27982,
3.21275,

1.3772%,
1.53537,
1.00%6 27

0.93344,
1,909745,
0.99°5¢6¢,
0.993%35%2,
0.99175,
0.99 "7,
0.98248%,
0.98706,
J.985¢89,
98494,
0.98415,
J7.9%8362,
3.9%3%1,

- 1

Q™) gy N
L . T -

T VIR YA I )

-C.167%77,
-0.1175¢2,
a7,
.1121346,
0.0261R,
J.0PRRR,
d,12959,
0.16552,
0.20¢136,
C.24513,
O.c8471,
0.317%4/

9.26%2%,
0.38754,
(.63767,
J.&l73z,
||_L:]:QL,
1,463 T
C.37 824,
].37?36,
L3544

LY T T T |



10U

20

360

50U

Y

41

A9

1T GL1RCA, 017646, 016742, 0,.1A222, u, 15601, 014951, 30147610,
1 0,14701, G.13061, 23.12421, ©.11766, J.11112, 0.10657, 0. t9%u3,
1 +.C9146Y, DLUC4479, 0.U7818, 0.07156, 0.364L87, 0.05817, G.C5148,
1 6.QeL7e, J.32806, 0.03126, 0.02450, 2.51774, 0.2156%, J.01352/
DaTA DEC3/ T.01141,

1 0.20921,-9. 11614 ,-0,02298,-0.02981,~0.:3665,-u.16492,
1-0.05%.3¢ ‘7-057C3,'C.06‘85,—0.07361,-9.27738, 0.086407,-0.C97376,
1-0.09745, 1J414,-G.11076,*0.11737,—0.12399,-0.13061,—0.13709,
1-0.14755,-7.15002,-0.15649,-0.16282,-0.1691¢4,~G. 17547 ,-+.13137,
1-0.18797,-03.19416 ,-0.209%34,-0.23553 ,-0.21249,-D.21845,-9.22442,
1-0.28038,=1.23610,-0.24182,-0.24754,=C.25307,-0.25859,-0.25412,
1-U.26965,-3.27481,-0.2799¢#,-0.73514 ,-0.29031,-0.29518,-0.32"705,
1-0.31492,-0.33970 ~0.31437,-0.31295,-0.3235%,-3.32812,-0.33226,
-.3%641,-0.340555,-0.34470,-0.34%14,-0.35211,-0.35582,-0.35952
G.36255 - C.36608,-0.36935,-0.37263,-0.37553,-0.37844,-0.33399,
-0.38252,-0.38408 ,~0.38%63,-0.26550,-7.39330,-0.39575,-2.39736,
,-U.60%317,-0.40419,-0.40522,-2.40¢22,

—D.QO?Z&,—D.AD?68,—G.&5811,-

L3587¢,-0.460869,-0.43799

]
1-
1~
1-60.29855,-N0.40009,-1u_4:]161
3
1-
1 -G.6717% ,=0.40300/

DATA Y/¢. 05,u.56,ﬁ.u?,u.1n,ﬂ.‘* .26 ,1.
DATA ~0aTH/31,23,721,30,31%,3G,31, 11,3

DAT2 »p i E/7HJANUARY xHFEEPUEY,
16U ,4RJULY 6K EURYST , PHIEETHELR

cAHDECE~ZER/
TEAD (1,1rb) ‘!’IYEIQD’(;}ALQE
FOEmAT (I3,14,624)

PEAD(1,2.C) ELEV,A.2FPS,ALAT, A

FOSMAT (SFH.0U,EF3.0)

PEAD (1,3300L71,L2,L3,L17,L18,L19,L4

FORMAT (617,112)
RYEAP=FLOAT(IYEAR)
RY=RYEAR/4.C
IRY=IFIX(RY)
PIRY=FLC T(IRY)

IFC(RY-RIRY) .LT.1.5E-5) HMONTH(Z2)=Z9

PEAD(Y,720) 120,021
FORKATC(ZID)

,-0.46435730

(1),1=1,%)

PEAD (1,4C3) (ALPEDO(CI) ,1=1,13)

FOSMAT(I3FS.0)
READ(1,5UCY(7.3(1),1=1,12)
FORMAT(12F5.0)

READ (1, 0CY(RS(1),1=1,12)
FOPMAT(IZF5 .0

DN &0 I=1,366
IFCI.GT.133) GO TO A1
DECLINLCI)=0ECTIC(I)
R:DIUS(I)=RADI(I)

GO Tuw &C

IF(I.GT.266)YR0 Tu 62
PECLI#CI)=NECZ2(I=-133)
RADIUS(INI=PAD2(T-133)

GO0 T 6¢C
REDIUSC(II=RADI(I-266)
DECLINCII=DECI(I-256)
CORTINUCE

’
S<a_mcH 5w
7H,CTu2E

.6.5352,-0.40899,-0.40291
,=J.4LCh60,

\’1

1
-
-t g~
A
=

LY (1), Y (0)

-0.,40592,

vo, Y. Gu/

11/

PQ]’L IHALY
3 ‘kuVEﬁ—rﬂ,

C-5.622%4,

'D.LO&S1’
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> 1+ I=1,18%
pn 1 J=1,3
oAT1(Y,1)=0.0
19 CONTT SUE
po 11 1=1,35
co 1Y J4=1.,17
X(I,J)=0.50
11 CunTI ~UE
K JUNT =0
“L=C
EVAPX1
EViPXC
EVAPXS
FVAPY 1=
EVAPYZ=
EVvAPY3I=C.C
Evarz1=C.0
EVArT2=C.0
EVAPTZ=C.0
Joupy~NT=(

1 il H

r"r‘wr)r‘nc‘ﬂ
»

0
.
.0
“A
C

WRITECE , 1032)(Mare (), 1=1,6) SLEV, 2 S2R aL:T
1200 FORMATCIND ,INOX, 2 CLIMATE STATION N™E /12X ,5L60
111Y,17HITATION ZLEVATION, X FA_2,2X ,6HmITOZ5/
ZYVX,24HAVERAGE 2RI ENT PRESSURE 72X, Fa_ 2/
5 11y ,16+3TATIOM LITITUDE,Z2X F6.2
WRITEC(3 , <C33) 4,R, (Y (I),I1=1,9)
3000 FORHM T(‘IHn TEHIENIAN CONSTANTS/ 1¢
1 I1X,XHYI=,F& .2 ,2Y , 3HYZ2=,F4_2,2X,
Z 1X,3“YS=,F4.Z,EX,SHY6=,F4.2,2X,’
3 3HYO=,F4 _2)
RITE(3 ,30S0)Y(710(1),1=1,12)
I350 FU?”ﬁ*(1UD KSHHONTHLY AERGDYmArIc ROUGHNESS IN mMM/IIX,12FR.2)
WRITF (3, 1051)(93(1) I=1,12) '
3351 FORﬂAT(1HG,31HMONTHLY CANOPY RESISTANCES S/ /1% ,12F8.2)
IF(L&L&.EQR.O) L4&=1

FS.3,5% ,HE=_F5 3/
FL.2,2X, 3HY4‘ F& .2/
L.2,2x, THYR= F4.2,2x,

It
- L
-~ < I
L IO Ry

USE DATA IN MONTH JRRAY TO SET U2 AVERARING TIMES

PROGWAr :2S3UCFES RFUN STARTS IN JANUARY IF L4 I35 EMPTY
98 DO 13 wk=L4 12
LS5=¥¢CNTH(KX)
DY 14 KJ=1 ,3
IF(KJ.EQ.1) Lé6=10
IF(KJ.EN,.2) L&=10
IF(KI.E0.3) L6=(MONTH{K)=-27)
5C 15 kKA=1,L6

FAD RECHRD CAHRD 20 TIMCREFENT COUATER
JCOUNT=JCOUNT+T
TFCICOUCTLEN.C(H+Y)) 60O TO 93



«»

60U

31

32

S5U

77

12

16

A1

RE&D (1,600 IDAY ,(DATTIC1,1),1=1,9)
FORMATC(IZ, 2X ,3FS.C,F7.0,5F5.0Q)

CHECK AND CORFECT UNITS IF NECESSAARY
IFCLI.EA.T) DATI(1,1)=(0AT1(1,13-32.0)%5.0/9.0
IF(LT.EQ.T) DATI(1,2)=(DAT1(1,2)-32.0)%5.079.0
IFCL2.S9.1)DAT1(1,4)=bAT1(1,4)=1.6129

IFCLR.EQA.T) DAT1(1 3)=¢tx T1(1 3)yx25., LLJ
DATTIC(1,4)=DAT1(1,4)xY(Q)
IF(LYIR,.=27.0) GO TO 31
PATICI,11)=DATI(1,1)
DAT1(C1,12=0.0
IF(LT9.EQR.D)GO TO 32
IFCLT.EQ.T.AND.LIG.EG.T) DATIC(1,5)=(DAT1(1,6)=-32.0)*5./9.
CONTINUE
IFCLIR,.EG.1)Y GO TC 514
PATTCY 1) =(nATI(Y,1)4D0AT1(1,2))*uy.5
CONTINKUE
DATI(1,12)=3VvP(DATI(1,11))
IFCLI9.EN. D) GO TC S1
COPFUTE VALUE OF ED FROw WET RULS TEMS
UrASPIRETED VALUFS OF GAAAA USED
EW=SVP(D:T1(1,6))
IF(DTICT,6) LT.LD) GO TO 52 '
DATYI (1,18} =E W=7 .GCambw3»ar03x (N 371(1,11)=-24T1(1,%))
G 70 512
DATI (T ,13)=EW=7 ,ZE-4%xp -2PR3I=<(DATI(T 1Y) —-D2T1(1,6))
6O T £32

DATYCY 13 =(DATI(T,E6)*»>22T1(1 120 /1 1y,
ConNTIHUE
DAT1CT,19)=08T1(V,123)/7871(C1,12)+«150.°0
LMh=0

IF(DET1(1,8) .LT.1.UuE-5) GO 70 77
DAT1(1,8)Y=DAT1(1,3)+0.51%0AT1(1,3)

CALL FPEMCEVAP,DATT,SADNET, LM, IDAY,Y, ALZEDO,A,B,ELEV,tH3PRS,

1 ALAT,PiDIUS,DECLIN,LY? KK, 20,R5,4ER0)
RAIN=DATI(1,3)

JL=L+1

IF(LZ20.ER. 1) GO TO 12

CatL DATNUT(DATT, EVAF, IDAY, IYEAR, LS, L6,sLREDO, XKCUNT, L, R&DNZT,

1 kK, sHAVE,JL ,LC,AERD)
ADD TC EAELL SU™S
CONTINUE
RTOT=RTGT+RPAIN
Py 16 I=1,18
DAT1(Z,1)=DATI(Z,1)+2.T1€1, 1)
DATI(3,I)=DATI(2, 1) +2aTT(1,1)
CONTINUE
FVAPXT=EVEPXTI+EVAP(1)
EVIOX2=FEVAPXZ2+cVAP(2)
EVAESXZI=FEVAPXZI+EVAP(3)
EVAPYT=EVAPY1+EVAR(T)
EVAPY2=EVAPYZ2+EV AP(2)
EVAPYI=EVAPYI+EVAP(3)
EVAFrZTI=€EVARZT+EVAP(T)
EVAP?2=FVAPT72+EVAP(2)
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CVAFZI=-EVAPZ2I+EVAP(SY)
XCIL,1IY=EVAP(1)
X(JL,2)=EVAP(2)
X(JL,3)="VAP(3)
XCJL,4)=DATI(1,1)
Y(IL,5)=DAT1(1,4)
X(IL,B)=DAT1(1,5)
XCIL,7)=0AT1(1 ,12)-DATIC(1,13). .
X(JL,B8)=nAaT1(1,7)
XCIJL ,9)=pERO(2)
XCIL,10)=3eRrR0(3)
XCIL,T1)=RADNET(1)
XCJL,12)=DAT1(1,13)
XCIL,L13)=0AT1C1,9)
XCIL,146)=DATI(1,8)
ICIDAY, 1)=EVAP(Y)
TCIDAY ,2)=EVAR(2)
7(IDAY , 3)=cVAP(3)
7CIDAY L) =RADNET(Y)
7CIDAY, S)I=RADNET(2)
7CIDAY ,H)=RADNET(3)
TCIDAY ,7)=ASR0O(1)
ZCIDAY %)Y =AERD(2)
7CIDAY ,9)=A8K0(3)
7(IDAY ,10)=RATHN
ZCIDAY ,M1)=FLOAT(IDAY)
ZOIDAY , 12)=0AT1C1,1)
7CIDaY 13)=0271(1,2)
7CIDAY ,14)=0AT1(1,4)
Z(IDAY ,15)=pAT1(1,12)-5:T71(1,13%)
2¢ID45Y,18)=0aAaT71(1,7)
RATNTZ=CAINTU+DATI(1,3)
RAINICO=RAINIC+DATI(1,3)
¢ INCRENMENT KQUNT AND TEST FOR AVERIAGE PERIOD
KOUMT=KAUNT+1
IF(XCUNT-LE) 18,119,109
19 KDAY=IDAY-L6+1
COUMT=FLOQAT(KOUNT)
pn 22 1=1,1R
DAT1(Y,I)=DaT1(2,1)/C0UNT
0AaT1(2,1)=0.C
22 CONMTINUE

L-H=1

CaLL FENCEVAF,DATY, RACDNET,LI'N,IDY, Y aALREDY,4,3,ELEV, A"BPRS,

1 MLAT,RADIUS,DECLIN,L17 ,KK,2Z0,RS,AERD)

CALL DATOUT(DAT1,EV\P,IDAY,IYEAP,LS,L&,ALQEDO,KOUNT,ﬁL,R&DNFT,

1 KK, =NAPE,JL,LO,0ERD)

WRITS(3,2000)KDAY,IDAY, ALEECOCT),EVAPY T, AL2:D0CKkK+1),
T “VAPYZ,3LREDC(KK+T) ,EVAPY3 , RAI 1A

2700 FORMAT(IHA,6X ,26HTOTALS FOR FERIOD FROM DAY,I17,3X,6HTD Doy,
117/7%,32H4PENIIAN EVAPORATION FOR ALSEDO NF ,FR.2,3H = ,F3 .1/
27Y,L1HNCNIFIED PEMAAN EVAPORATION FOR AL3EDO OF ,FR,2,3H = ,FA_1/
37X,34= M0 TEITH EVZPORATION FOR fLEDD OF,FR_.2,3H = _FR_1/
LTY,17HTCTAL RAINFALL = . ,F&.1)



18

24

26

-

£3
15
14
13

56
57
S54

99
5C0Cy

L~N=1

CaLL PENCEVAP,DAT1,36CNET,LMN,IDAY,Y, L3ED0, 4,3, ELEV,1R3PPS,

A13

KOUaT=u

RAIMNIC=V .3
EVAPY1=0,(
EVARY2=C,3
TVARY A =D g

L=+

IFCrL-L5)2%,24,24

KDAY=1DAY=L5+1

ACOUNT=FLIATGAL)

DO Z24 I=1,18
AT1C1,1)=0aT1€¢3, 1) /A IUNT
SAT1(3,1)=2.0

COMNTINUF

1 ALAT,®ADIUS,DECLIN,LY7 ,<K,20,RS,AERQ)

CALL DATOUT(DATT,EVAF,IDAY,IYEARP,L5,L6, L=200,KOUNT,L,RADNET,

1 KK, *NAFE,JL ,LC,AEPQ)
WEITZ(3,2000) KDAY ,IDAY ,4LREDC(1),SVa371,LL=5D0(KK+1),
1 EVA®Z2,'LRENO(KK+1) ,EVAP 73,k 41135

=9

QAINT =i
Fveo71=C.7
EVART 2= .70

-

EUAPZS:'—J.'—J

IF(LZ2T..FR. 1Y To 27

CiLL

STATSCLS,IDY X A7 KK, "itAitg)

CONTINUE

CCNTINUE

CONTINUE
CONTIMUE
IF(N=JCCUNT)S54, 54,55

L4 =1

IYEAR=IYEAR+1

RYEAR=FLOAT(IYEAR)

RY=RYEA&R/4.0

IRY=IFIX(FY)

PIRY=FLCAT(IRY)
IF((RY=-RIRY).LT.1.JE~-S) GO TO 56
BOHTH(Z2)=2R%

GO TO 57

AOANTH(Z)=29

F0 TO 9¢&

CunTlWUE

WRITE (QUT QVECALL TOTALS FOR COM2P..RISUN

WRITE(I,SCI0dRTIT,ALEBEDOCT) ,EVARXT AL2EDR0(2) ,EVAPX2 ,c VA X3
FOOMAT(I140,5%X ,23HTOTAL RAINFALL FOR YEAR, FR .1/
TAY ,L9HETNMAN TOTAL EVAPORATION FJIR VARYING :LReDOQ UF

2F8.2,%3X,2H = LF&.1/

36Y,5]H

¥CDIFIED PFNMAN TOTAL SVAFRXPATION

FG? VARYING

r

AL3EDD

O F
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LFR.2,3X,2H = ,F8.1/
S6X,4SH¥ NTEITH EVAPCRATION FOR VARYING -LBEDOD OF = ,
6 F8.1)
L25=1
WRITE(6,1001) M, IYEAR,L2S
1301 FORMAT (1Y ,13,2x,14,11)
WRITE(6,1002) (NAFECI) ,1=1,6)
1002 FORAAT(IX,AA6)
WRITE(6,5CN0) CC2 (N7 ,M2) ,M1=1,16),02=1,N)
3000 FORMAT(IY ,1AF6.2/(1X ,16F6.2))
STOP
END

FUMCTION DEL(T)
DEL=(C.C124(T/S5.0=-3.0)*x3+40,1390%(T/S5. =3, +=x2+
1 1.S5%(T/5.0~3_.C)45_437)/5.C

RETUR®,

Enp

FUNCTICN SVP(T)

SVS=0 D3 x(T2S .32 .0 %% +0 AT (/5 =35 ) x=x3+
1 C.776*(T/S U= 0)Yh%2+S L&7=( 7T /5, 0=, 20Y+17 .44
RETURN

EHND

SURRGUTIME RUUGKS(Z{ KK ,RS,DATT ,SA)
DI AENMSTuN 70¢12) ,R8(C12) ,DATI(3,2D)

SUPROUTIWE CALCULATES THE VALUZ OF RA, T4E& AEPODYNANIC
RESISTAMCE TO THEZ TPANSPORT OF WATER VATDOUR FROA THE
SURFACE TO 2 ETRES,THE REFEREMTZ LEVEL 7.

THE VALUES OF RS, THE CANOPY RESISTANCE ARE READ FROM DATA
Caon3. 2 MONTHLY VARPTIATION IS ALLOUWED FOR,

RASCLLOGE(Z=0)/72) ) xx2 [ K*xke*
K IS VON KARAN®I COMSTINT = .41
D IS THE 7ERQ FLANE DISTLACEENT-=ASSUNID INSTGNIFICANT

AT IO YO

U=DATTC1,4)%x13CC.C/R,64E4
IF(:T1(1,3).6T.1.0E-2) RS(KK)=d.0
RA=Z(CALCGU(2 . IE3=Ud. D 2Z0(KKI I I * %2/ (D LT x=2 %)
RcTUR L

ErMD
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SUSFOUTIME STATS(LS,IDAY,X, 27 KK, HANE)
DIMENSION X(35,14),A7C14,14) ,MNsE(12)
oo 10 I=1,14
- sx=0.0
Sxx=C.0
6o 11 Ju=1,L5
SX=SX+X (J,1)
SXX=SXX+X(J, 1) %2
11 CONTINUE
A=FLCAT(LS)
XH=SX/A
SO=SGRTC(SXX~SX*SX/A)Y/ (A=-1.0))
DO 12 J=1,L5
IFCSD.LT.T.0E=-10) GO T2 16
X(J,I)=(x(J,I)=X¥)/SD
GO TO 12
16 X(J,1)=0.0
12 CCNTINUE
10 CONTINUE
DO 13 1=1,14
DO 14 J=1,14
SYX1=0C.0

0C 15 ¥=1,LS
SXT1=5X14+X (¥ ,1)
SX2=3XZ+X (K ,J)
SXIXT=SXTXYT+X(K , I)*x&?
SXZXZ=SX2X2+X (K ,J) %2
SXT1Xx2=SX1X2+X (K, 1) *xX(K J)

15 CONMTINUE
AZC=CIXIXTI-SXT*SX1/a) x(SX2X2=-SX2*3X2/4)
IF(ACC.LT.T.0E=-1C) GO To 17
R=(SXTX2=-5SX1x3x2/7A) FSORT(a3C)

GO0 TO 18
17 ?=0.0
18 A7(I, =R
AZ(J,I)=R
14 COMTINUE

13 CONTINUE
LDAY=1D2Y=-LS
WRITE(3,1CIN) LDAY , IDAY SANAME (KK)

1700 FORMAT(IHD,29X,34HHATRIX OF CORRELATION CCZFFICIENTS/
150%,28HESRIOD FOR DATA SUMMATICN IS,I6,3X,2HTN,I16,3X,LHDAYS,
25X ,A8 /1SY A5SHFIRST ROW IS5 OPEN WATER EVAPORATION/
TISX,S5SHMSECNHND ROW IS EVAPORETION WITH VARYINE ROUGHNESS LZHETH/
L1SX,SAHTHIRD ROW IS EVAPORATION CALCULATED Y #MONTEITH EOUATION/
SI5X,32HFCRTH RQW IS MAXIAUA TEMSIRATURE/
615X, 1?HFIFTH ROW I3 WIND/
715X,3CHSIXTH ROW IS PICHE EVAPQRATION/
815X, 38HCEVENTH P2W 1S VA4POUR PRESSURE DIFECIT/
915X, 31HIIGTH ROW IS OFSERVED SUN HOURS/

FISX,564AINTH Q0W IS PENNAN AERODYVAIAIC TERA4/
215X, 38K TENTH ROW I35 MONTEITH AERIDYNLWIL Tis..f
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SISX,26HELEVENTH R0W 1S MET RADIATION (3.07)/
LISK,3THTHELTH ROW IS INCOMING RAYIATION/
SISX, PAHTHIPTEENTH G9W I5 GUNN QfpLL aN] © .5/
SIS, 2INFIURTEENTH ROW IS FPaN ZVAPARATION)
0o 15 J=1,14
19 WRITE(3 , 220 20) J,0A7T0d,02),37=1,14)

27Uy FORAAT ARG AY T2 ,6X,14F7.2)
PETUR ti
END

SUEPOUTINE PIMN(EVAP,CATT, KRASNET,LN,IDAY,Y, ALREDO, A3, ELEY,
1A Fes JALAT,BPADTIUS ,DECLIN, L7 ,%K,2:},3S,%ERQ)
DIMELSIAN Y(I) , ALFEDN(TI4)Y ,PADTUS(TI66),DECLIN(T66) , EVE=(3),
TRADNET(3),70€12) ,05¢12) ,AERO(3) ,DATT(3,2])
IFACT=7.04C24/2 . 47ECH
GAMMK=A,~T09C 26 574 c-4
DELTA=CEL(DATIC1,11))
IFCLI7.57°.3) GO 7O 10
20 11 J=1,3
11 RADNETC(IIY=DATIC(Y,9) /(59 2%x7F:(T)
GO 106 172
10 CALL TAZIAT(DATY , T 2%Y _ R&DTUS, DESLIMN, LA, LN, Y ALSEDRY A =,
1QADNET ,KK)
12 RACNET(1I=2208NST7( 1) 2272 CT
RADNET(Z2)Y=RADNET(ZD)*?F 2 CT
Do 12 I1F=1,3
IF(IT.ER.Z2Y Gu TO 14
IfFCI=2.€0.3%3) GO TO 18
FAaCT1=CAYI'AL (DELTA+GANMAR)
FACTZ=DcLTAS(DELTA+GAA)
ACROCIFI=FACTIX(Y(O) *(DATI(T1,12)-DATTICT,123)) %
1CY(7YHELEV*S (DE=S) #(V(R)+C . 0052 15=xDATTI(1,4L)))
RADNET(IS)=RADNET(IP)*F ACTZ
EVAP(IPI=RPADHET(IP)+ERO(IP)
GO To 13
14 AFRO(CIPI=FACTI®13 _8x(DATI(1,12)-2aT1(1,12))
TCY(TI4HFELEVAS JUE=S) *»(Y(S)+0.C06214=DaATI(Y,4))/
2CALOG (2 OEN3/Z0(KK)Y)Y )Y **x?
RADNETC(IP)=RADNET(I®)*FACTZ
EVAZ(IF)=FADNET(IP)+AERQ(IP)
€O TO 13
15 DAT1(1,16)=D¢T1(1,16)*2F4CT*F&CT2
DATY(1,17)=D2TV (Y 17 ) %2 FACT
RHOCe =1,2%x1.01E07
CALL ROQUGHS(70,XK,R3,DATT,R2)
X=Z 47ECOH*(DELTA+GA1A* (T . CHRS(KC)/RR))
ACT2=RUDCO*R 64T 0L/
FeCTTI=3A4F4x2C L TA/X
AERD(IF)=FACT2*x(DATIC1,12)=-CATY (1 ,13))/RA*(Y (7)+ELEV~
15 .CE=5)
RADNETCIS)=RADNETCIF) *FACTI
EVAC(IZ)=FADMNET(IT)+AERQ(IP)
DATI(1,20)=R )
13 CONTINUF
RETUR YN
END
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AT

SURPMYTINE RADIATC(OATY, IDAY,RADIUS,DECLIN,ALAT, LN,
1 Y,:L8230,4,R3,RIINET,KK)

DIMENSTICH DATIC3,23) ,RASILS(366),2CLI (366,

1 Y(9) ,ALTEDOCT4) ,RASNET(3)

SU=FOUTINE COPUTES THE w ADIATION 2ALAMIE AT THE SITE
AND PLACZES vVAalLUEeES IN ARRAY RODNET, THE VBLUES COFRRESFOND
TO THE DIFFERKENT ALEEDGCS.

THE VvatLu

m

S OF NET RADIATION ARFE [N W/axx?

IF (LnN-1)14,15,14

14 DATIC1,1C)=RADIUSCIDAY)
DATI(1,1R)=DECLINCIDAY)

15 x=0.0174532925
ASS=27%.12
RLAT=ALAT*X
HE=ACCS(=1.0xTANCELATY =TAN(DATY (1,1%)))
DATIC1,15)=24 . CxHE (X %180 .0+ .11
CrWFUTE INCOYING RADIATION TERM
DAT1C1,17)= 1.357CE3/7(X=1R80,0%C(RATT1(1,17) *%x2))«
J(HR*SIN(OLATI*ST A(BATIC(T,12))4C R (AL AT) =
2CN3(OSTICT,1R)) *xSINCHR))

COMFUTE =ACK RADTATION TEZR

DETICT, 16)=C(ARPS+ ATI(T1 ,11)) *%4+5 (47E-R) %
TCY (LI +Y(SY*23TI(1,7)/DAT1(1,15))+
2(Y(Z)-Y(X)*SORT(DATI(1,13))) Y (D)
RADNETCII=DATI(1,17) x(A+8%DATI(1,7)/DAT1(1,15))%
1¢1.3-ALZ300C1))Y=-DATI(1,16)
DO 10 I=2,3
RADNETCID=DATICT,17) x(A+2%DATI(1,7)/DATI(1,15))
1¢(1.0-4L=ED0CKK+1))=DAT1(1,16)

10 CONTINUE
RETURMN
END
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SURNUTINE DATOUT(DATY , SVAP,IDAY,IYEAR,LS ,L6 ,3LREDO , KOUNT ML,
1 eapwz T kX, MNAME,JL,LD,AERQ)
DI“E™MSICH DATI(3,22) ,EVAP(3) ,ALSEDO0(16) ,RADNET(Z) , ANLNE (12)
DIWENST N SERCC3)
IF(rL-L35)12,13,13

13 JOAY=1ID.Y-LS
GO 79 1¢

12 TF(KZUNT-LE) 16,15 ,15

15 JDAY=12:v=L6

16 WPITE(2,1C20)IYELR ,JDAY ,I DAY, InN A 4E (KX)
100y FOPMATOARS, AX///IX ,LHYEAR 14 ,3X ,32HDATA AVERAGED 3ETWEcN DAY nU -3¢
1R, 15,164 AND DAY NUMFER,IS,10X,A8)
GO TO 17
14 WRITE(3,2030) IYESR,IDAY,»NaME(KC) ,JL
2900 FORMATCIHO,IX///1X ,LHNYEAR ,IL,3X ,T0HDAY NUM3ER,2X,13,17X,4R8,1I3)
17 WRITE(3,4370)
40Y0 FORMAT(IX,OHALBEDO,2X ,SHTOTAL ,3X,SHTOTAL, 3% ,5KTOTAL,3X,
1SHTOTAL %X ,4HTEMP ,2X ,4HTEMP ,2X ,24SUN,5X ,4HWIND 4X,
23HVAP,5%,3HSVP , SX ,2HIN,5% ,SHTCT AL ,2X,5H2ICHE ,2X,
33HPAN,LX ,LHRAIN)
WRITES(3,5030)
5 FORMAT(SIX,SHEXRAD ,3X ,6HNETRAD , 2X,4HAFFD , 4X , LHEVAP LX, 3HMAX,
13, 3HMIN,ZX,3H02S,5X ,3HRUN,5X ,4H4>3E5,12%,IHRAD,LX ,2ZHSUN,
24X ,6HEVAP , 3X ,4HEVAP)
pbo 10 1=1,3
IFCI.GT.1) GO TO 11
WRITE(S,6C0 "CYALREDOCI) ,DATI(1,16) ,R4232T(I) ,AERO(TD),
TEVAP(I) ,2ATT1C1,1),0AT1(C1,2),0ATHCY,7) ,0r71C1,4) ,DATY(1,12),
204T1(1,12) ,DATICT,17) ,0AT1C1,15),0AT1(1,3),02T1C1,8),0ATI(1,3)
6Ly FORMAT(2X,F5.2,2X,FS5.2,2%,F5.2,2%x FS.2,3%X ,F5.2,LX,FS.2,1X,FS5.2,
1MX,F5.2,3X,FS5.1,3%,F4.1,4X,F5.2,3x ,FS.2,2%X,FS5.2,2X,F5.2,2X,F5.2,
22X ,F5.2)
€O TO 1C
11 IF(I.EQ.3) GO TO 18
WRITE(3,7CO00)ALREDI(XK+1) ,RADNET(I) ,AERO(I) ,EVAF (I)
7000 FOR¥AT(2X,F5.2,9X,F5.2,3X ,F5.2,3X,F5.2)
GO To 1C
18 WRITE(3,70D2)ALBEDO(KK+1) ,RADNETC(I) ,AERO(I) ,EVAP(I) ,DATI1C1,11),
1 DAT1(1,19),DAT1(1,20),DAT1I(1,9)
7302 FORMAT(ZX,FS.2,9X,FS5.2,3X,FS.2,3X,F5.2,4X ,SHTAV =,F5.2,5X,
14HRH =_,F5.1,5X,6HRA =,F5.1,5X,114G6UN S RAD =,F5.1)
10 CONTINUE
RETURM
END
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APPERNDIX B

Description of the samples {rom two boreholes1 drilled into deep

weathering area A,

Yotes 1. The boreholes were drilled using a 'dalco-400' pneumatic
hammer rig with a 6" bit. The action of the drill bit completely
disrupts the sample, which is then carried to the surface by the
return air flow. The sample divisions represent a proportion of the
returns collected during drilling a depth equivalent to one drill

pipe (9').



Borehole o, 5

Depth

(m)

0 -2.7

2.7-5.5

5.5-8.2

8.2-10,9

10.9-13.7

13,7-16.4
16,4-19.6

19.1-21.9

B2

— Sample Description.

Clays—sands. 'hen washed, the medium grained sands
contain 40-507 rounded quartz grains with various
feldspars, some grains of laterite. The red clay
fraction gives the whole sample a red coloir, simi-

lar to that of the top soil throughout the area.

The dry sample contains more large aggregates bound

by ¢lay.¥hen washed, the sample is seen to be 60-70%
quartz sand with 15% larger aggregates of clay (scme-
times blue) and sand., The wash water is a fawn col-

our rather tkan the lateritic red of the first sample.

4 small (€10) rercentege of clay bound aggregates.
“ostly sand with 207 guartz (rounded grains), 10%
vhite (kaolinitised?) feldspar. The sample contains
much less clay and when dry will run freely through

a sieve.

First sample thzat was damp when drilled. The sample
consists of clay and sand. 7l en washed the sample

showed no fines present.

Clay, wet when drilled. The sample was a gritty cley.
7hen the sample was washed, tke remzining portion

was 60% sand, mostly red feldspar and rounded quartc

. . ~f .
grains (1mm size), 407 rock fragments of an inter-

mediate fine greined biotite granite.
As above - clay was a yellow brown colour,

Clavey sand with some rock fragments. 40% quartz

grains, 50% rock fragments, 107 biotite.

Sand. Vater entering borehole during drilling. Clay
now less than 107. Biotite 15%. Yhen sample is
washed, the biotite flakes are carried away by the
water. The remaining portion of the sample compri-

sed of rock fragments, gquartz and feldspar grains,



21.0-24.6

24.6-27.3

2703_3001

30.1-32.8

32.9-35.5

35 05-38-3

38.3-41.0

I.otes.

The stan

Yield on

drawdown

B>

Plostly sand sized particles. Roch Trogionts fowmed 1D
of the sample. The maximum size of the crrutal groins
was bmn.  Some rlagioclase and quartz areinc przoent.

These are subrounded, some showing crrstal facoz - butl

not freshly cracked.
As above - water continuing to increase.

As above. Fragments of muscovite, quartz, placiocla~e,
orthoclacse and biotite noted.

“ater continuing to increase.
The szmple becomez more cosrse.

Very fine grained sample, Free biotite in abuniance
throughout sample,.

The sample beccmes more coarse,

Coarse sand size sample rasses into fine roclk dust.

ding water table at the eni of drilling was 3.65m.

airlift

9.1m3/hr
= 3m



Borehole No. 10 -~ sample description.
Depth
(m)
0~2.7 A reddish brown clayey sand size sample containing arrrox-

imately 207 clay. Vhen the sample is washed, a fine to
medium grained, sub-angular to sub rounded, clear quartz
sample remains, with a small quantity of a cream coloured

feldspar and some biotite.

2,7-5.5 As above - but more of an olive brown colour. Clay con-

tent increases to 30%.

5.5-8.2 An olive brown clayey sand size sample, which when dry
congeals together as small clay pellets. ‘hen washed, the
clay pellets remain discrete. The sand size fraction is
dominantly a clear quartz sand with some iron staining on
the grain rims. The grains are sub-angular to sub rounded.
Crthoclase forms approximately 107 of the sample ~ show-
ing some quite fresh appearing cleavege fzces. A small

quantity of biotite is present.

8.2-10.9 An olive browm, slightly clayey sand size sample. "hen
washed the sample has a grain size varying between Tine
sand to gravel. Larger particles are fresh cleavage frag-
ments of a cream to white coloured feldspar. The remaining
sample is half =z clear angular guartz sand, and half ortho-

clase feldspar,

10,9-13.,7 An even textured medium to coarse grained sand size sample
with a few larger orthoclase fragments. The orthoclase is

partly decomposed. Some biotite is present.

13,7-16.4 A fine gravel to coarse sand size sample of cream to yellow
coloured fresh orthoclase cleavage fragments and anguilar
to sub rounded cle-r quartz grains. Very little biotite.
The whole sample is bound togcther with a little yellow

brown clay.

16.4-19.1 As above,

19,1-21.9 Tater begins to enter borehole., An even textured fine to

medium graincd sand sized sz ple with s:me l:ir;e Trazzrentco
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of clear qu-rtz and orthoclase.

21.9-24.6 A coarse to fine angular sand size sample of clear quartz,
pink or cream orthoclase and some biotite in approximately

equal proportions.
24,6-27,3 As above - water continuing to enter borehole.

27.3-30.1 A light grey coarse angular sand sized sample of domin-
antly clear quartz and biotite,

Problems with collapse in the borehole at this depth.

30,1-32.8 As above ~ biotite forms an increasing proportion of the
sample,
32.8-35.6 A fine to coarse sand size sample of clear quartz and

biotite making up about 857 of the sanmple. The remaining

157 is a fresh yellow to pink orthoclase.

35.6-38,3 As above - Ilo fresh rock encountered.

lvotes.

The standing water level was 4.56m at the end of drilling.
The yield on air 1lift was 3.25 mB/hr with a drawdown of 9.1m.
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APPENDIX C

Resistivity profile section algorithm

Cl Description of the zlgorithm

General

The algorithm has been written bzzed upon the work of Dey (1976)

and Dey + MNorrison (1979).

The version of the program which is included in this Appendix is
based upon = mesh of 18% x 16 nodes. A centrzl portion of the mesh
is used for the medelling zn2 41 electrodz positions =z2re modelled.
The graphical outtut routines inclivded have been written for =z maxi-

mum number of 41 source terms.,

The mesh numbers, intervals, scaling factors, electrode positions
and transform (ky) values can all be altered, however, in the input
data shown, these have been selected as appropriate for producing pro-
file sections as shown. YNovever, the azlzorithm could also be used for
many other applicztions, such as different electrode confisiretions

on the surface, or for dovm hole electrodes,

The first four inp t data czrds do not have to te changed once

the =scaling factor is decided for the model in question.

The model resistivity distribution is inpu% for each model run
znd the last three data cards, or sets of czrds, are altered accord-
ingly for each mcdel. Czri Tive contains the column number thot the
model resistivity distribution commences at, and similarly the column
number for which the resistivity distribution input ends zt. From
the boundsries in x to these values the resistivity distribution is

assumed to be equal to the 'edge' values specified below.
The sixth data card contrins the resistivity coding informntion.

The seventh to twentv cecond ¢ ris corry the 15 ro-s of the re-
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sistivity model codes.

If more than 70 columns of data are to be input then the tuo
sets of 15 cards are senzrated by a dummy card for convenience. The
algorithm then re:ds the coding data for the first hzlf of the

columns and then the second half of the columns.
An example of a data set is included after the algorithm coding.

An example of the data output for the same set is also included.

Required run time and storage.

Cne run of the program requires 65 seconds or time on the ian-

che:ter Regional Computer Centre CDC 7600,

Level 2 storage is required on this machine, however the total
storage required for an 185 x 16 array is17510k words, assuming 1
word of storage for each array element (some mazchine structures re-

quire 2 words for each array element).

cz2 Algorithm structure
Yzin Progran

The main program includes a brief description of the theoretical

approach and the program structure.
The variables and arrays used are also described.

The spacing of the x nodes are ovtazined from a datz: stafement
although the 2z node spacing is read on the third data card and can

therefore be varied as this is of value during modelling.

The dimensions of thc variocus arrzys are also defined by the
variables IV, IVIY, LI, ¥, and 1772, If the model is to be run with
different dimensioning then tahese variztles must be changed as they

carry the arrzay size informztion vhrough to subroutincs.
The main program reals the data and compiles tie required 27

mesh grid. The coding for resistivity is converted to conductivity

values and assigned to the mesh intervals. The inrit data is then

output for checlxing.

The Tinite difference a proximaiion, and the solution of the
matrix equation are repeated for different valnes of the wave number,
Only the required transform poteniials as defined by the eloctrode

position, are stored - 211 other potentials are diccarded.
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An option is inclnded to exa~ine the trunsfors poten

1) e+

o+ B
LW

Fo
H
o
0
{

ponse at each electrode. The p:rumeter ICHLCK on tuc fir

should be read az zero for the data to be output.

The transformed potentials are converted to a reasponse in AYZ
space and the I" x IS array of potential response for cach source

position is then printed.

The potentials are coibined together into anparent recistivity

results and these results then printed.

Finally, if the parameter IPLOT is not eq:al to zeroc on the first

dzta curd, then the graphical output is prepared.

The main subroutines are described below, however, if the struct-
ure of the program is to be altered it is sirongly recommended that
the two key references be studied first, so as to obtain an apprecia-

tion of the prozram logic.

STUERQITINE FIDIN
™is routine verforms the finite difference a-rroximzation 1o
Fquation 4.19 for the wave number value contained iw WAVD,

An area ciscretisation is used, and the —esh streached in the
X =—- 4 X=+4> and z =+ boundary directions. <Speciel conditions
are established around the btound ries. The ‘eumann condition ctrlies
to the top surface, whereas at all other bound ries a rixed condition
has been used (Dey + MNorrison, 197%b).

Subroutine I'T TIF forms the capacitance matrix of the finite

difference coupling coefficients required,

STRRCUTINE THVEAT.

This routine inverits the capacitance mairix using the Cholesi:
decomposition technique.

SUBRCUTINE SCLVE

This routine performs the back substitution of the invertcd ma-
+rix with the ra2quired source terms as defined by the electrode posi-

tions requested.
SUBROUTINE REVERT.

This routine performs the reverse lfourier transferintion of ihe

transform potentials for each source pocition required. A 3D array
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is used and, in efTcct, the trunsfornm potentinls col!luyced lon; one

dimension to leanve a 2D array of potenti=ls nc dercribed above.

4+

This routine conld be easily alterecd to nrovide tic recponse b
any distance off the x-z plane, The v2lue of Y in the routine is
set to zero however for the production of profile scction data. TO
obtain potential data of” the x-z plane the di~ensioninz would rejuire

alteration.

SUBROUTINE PROFIL

This routine performs the correct calciulation of potentials to
produce alph.apparent vesistivity data. The form of the statements
beginning VA, etc. is the same as that given in Egquations 4.15.
This illustrates well how the scalzr potentials are simply aided to

produce the regquired recponsec.

“ne alpha, betz and zzmma response Tor the first electrode spac-

ing reguired is printed out.

Dus to the approximation inherent in the finite difference toch-
nique it i necessary to correct the data Tor ¢ ziven sev of scaling
factors. The val-es held in arrzy FUC7C7T perform tiis correction.
The values are empirically found from several trial runs of the pro-
gram over a unifcrm half space. The values in TACT0R are selected
as zero while the optimum wave numbers are found (but see 2lso Dey +

Yorrison, OD. cit).

Subroutine PRCTIL may be rezdily altered to apply to any elec-
trode configuration where the electrodes are based up'n ejuzl distan-
ces, or multiples of equal distances. Dipole .lipole psewdo scction
or Schlumberger profile responszs could therefore be accomodzted as
easily.

SUBROUTINE FLPIOT.

Mhis routine plots out the profile cection response onto an A4
sheet. Any number of source terms to a maximum of 41 can be plotted,
although as the plotting instructions are all contained within DO

LOCPS, only a small change would be required to increase this number,

C 3 Resistivity profile section algorithm.

C 4 1Input data
C 5 Output data

Sections €3, C4 and C5 follow below.
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PROGR .M *M"ODELF® CALCULATES THE POTENTIAL DUE T0 A S7INT SOHELE
OF CURRENT USING A FINITE DIFFEQENCE AP ROXIIMATION T THE
FIELD AS DESCRIRED SY DEY AND HUIRISON (GENPHYSICS,1777)

THE POTEGTIAL IS CALCULATED OVER A 3-D COUNDUCTIVITY DISTRIIJTION
ALLTHOUGH NO VARTATION IN CONDUCTIVITY TS ALLCWED IN THE °Y?,

OR STRIXE DIRPECTION.

THE CONDUCTIVITY IN THE X-27 PLANE #AY RE VARIED, THROUGHOUT THE
CENTRAL =ORTION OF THE MESH.

A FOURRIZR TRANSFORM OF THE 3-D POTENTI 'L DISTRIRUTION IS USED
SO THAT THE FINITE DIFFERENCE APPROXIMATION CAN SE nADE IH 2-D
SPACE OF A LIMITED NUMPER OF VALUES FOR XY, THE WAVE JUNCER.

A MATRIX TKRVERSION TECHHNIQUE ,CHOLESKY DFCOMPOSITION, I3 USED TO
INVERT THE POSITVE DEFINITE SYMETRIC WALF IAND CAFACITANCE
MATRIX ~RQDUCED EY THE FINITE DIFFERENCE DISCRETISATION.

AFTER E2CH DECOMPOSITION THE INVERTED MATRIX IS BACY-SURSTITUT:=®
WITH A WNHISER OF USEP DEFINED SQURCE TE®MS REPRESENTING
INDIVIDUAL CURRENT ELECTRUDE POSITIONS.THE TRANSFORr POTENTTALS
AT EACH SLECTRODE POSITION ARE THEN STORED aMND THE REMAINING
POTENTIALS DISCARDED,

WHEN THT TRAr3FOR! PCTENTIALS HAVE REEN CTALCULATED FOR *LWNO?
WavVE HUPMFEPRS  THE TRAMSFORf, QESPOISE AT CZa(H ELECTROBE IS
INVERTCZD =4CK TO A =D KESPONSE,

A (I3*IZ) ARRAY OF POTENTIALS AT cACH FLECRODE IN THE

X=7 SLANE IS PROOUCZC.THIS :ARRAY CONMTAINS THE (I8-1) PATINTISLS
OUE T2 2 CURRENT 30UXCE AT ONE =2SITICH,THEI SROCESS HM'WING THZY
2EEn SEFFATED FOR A CURRENT FOSITIAON AT EACH SLECTPGIE 9931710
IN TURHKN., IW THIS WAY THE APPAREMNT ResSISTIVIVY RESPONMSE FOR Apy’
ELECTRCDE CONFIGUFATION MmAY sSE JALCULATED.

3

QUTPUT IMCLUDES THe CONTENTS OF THE (IS*IS) ARRAY AND THE
APPARENT PESISTIVITIES FOR THE CONFIGURATION OF ELECYFODES
CHOSEN. GING ROQUTIMES ARPE ALSO USED TO PRODUCE GRAPHICAL OUTPLT
FOR A NUI'RE® 0OF 3STPECIFIC ELECTROME CONFIGURATIONS ceeeeeeane.

FOR PRCFILE RESULTS AN 18°5%16 ARIAY IS USED WITH &1 SURFACE
ELECTPC2E POSITIONS.

DEFTI“ITIONS OF V3IRIAZLES

a e e i A s e e A e W e e A SR R S R ——
- o o — e e e e e am ma o o m we e = Em -

L NO. OF NODES IN X SIRSECTION
N NO. OF NODES IN 7 DIPTCTION
SCALIHE FACTOR IN X

78Cs SCALING FACTOR IN 7

MO. OF VALUES OF KY (UsdaLLy 3)

Lin NO.OF SPACES BETWEEN NODES InN X

MJ. OF SPACES RETWEEN NCDSS IN Z

LYRSR = AEGIHUNIANG OF AREA OVER WHICH CONDUCTIVITY I3 VARIZD
= END QF THIS AREA

<
= 0
> <)
Loy b1
I nn

=

-

=z
Hon



()ﬁr’bﬁﬁﬁnﬁﬁﬁhﬁﬁﬁhﬁﬁﬁ(,n(ﬁﬁﬁﬁﬁn

o9

Cé6

DEFIMITIONS OF ARRAYS

— - - an - — — S . - - — — o — — —
o e ek mr o e e e am e o er e e wn e o e e e

Y(LL) NODES IN X
7(NN) NODES IN 7
deLX(LLI HODE SPACINGS I1 X
DELZ(NNT V) NODE SPACINGS IN 7

IDELXR(LLIN) RATIO OF NOPE SPACINES IN X
IDFL7R(NNIN) QATIO OF WNODPE 3SPACIES IN 2
ArRXC(LLMEN,NNT) CAPACITANCE MATRIX )

CXZ(LLIN, NSIRN) CONDUCTIVITY FETWEEN mODES SUCH THAT

CX2(1,K) RFPRESENTS THE CONDUCTIVITY
ROUNDED 2Y NODES X(I),7(k) X(I+1),7(K)

X(I),7(Kk+1) XC(I+1),2(<+1)

ICCOSC(LLIN,NNIN) ARRAY OF CODE VALUES O-9 FOR RESISTIVITIES
RESIST(1G) ARRAY OF RESISTIVITY CO2F VALUES

XS CLLIN) VECTSR TO CONTAIN SOURCE TER#MS AND RESPONSES.
TKYCIVKY) TRAPSFORY VALUES, MAX. NUHGRER OF TEN....

3(57) WOFKSPLE

RHO(1C,IVS) AOPARENT RESISTIVITY VALUES.

VKY (IVKY ,IVS,IVS) TRANSFOI® RESPOISS POTENTIALS IN X=7
V(IVS,IVS3) 3-D> RE3IPONSE POTENTIALS I X=7 PLARNE.
ISKCOE(IVY) ELECTRUDE POSITIOIS 35 DEFINED BY NODE NI ™ERS

DIBENSICHM TKY(10),RESIST(I0),S(S2) ,2H0C17,41)

DI~E~NSICY VKY(1C,41,61) ,V(61,41),13M00E (1)

DIMENSICH XC185) ,DELXCIRA) ,IDELYR(T1R4),7(14) ,DELZ(15),IDELZS(15)
DIFENSICN AMRX(2GE2,17) ,CXZ(184 ,15) ,ICONE(1%4,15),X5(2360)

CO=FON A%RYX
LEVEL 2,2MRX

READ IN SPACINGS.IDELXR SHOULD HAVE (L-1) TERHS

DATA IDELXR/1000,1C0,20,6,1,1,1,4,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,
11,1,1,1,1,1,4,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,
21,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,%,1,1,1,1,1,1,1,1,1,1,1,1,1,
31'1I1I1I1'1'1’1I1l1’1l1'111’1I1I1I1I1I1I1’1I1I1I1’1I1’1I1I1’1’1’
A1I1’1’1I1I1I1I1I"“’111l1I111I111’1’1’1'1I"‘'1’1’1I1I1I1I1I1I1I1I
51’1I1I1’1I1’1'1I1I1I1l1’1I1I1l1I1I1I1'111’1’1I1I1I1I1I1'1'4'2:’I
6100,1330/

ISNOYE SHOULD HAVE 41 OR LESS TEIaS

DATA ISNGDE/13,17,21,25,29,%33,37,41,45,L5,53,57,61,65,69,73,
177,81,85,89,93,97,101,105,109,113,117,121,125,129,133,
2137,161,145,149,153,157,161,165,169,173/

77=1."E=51

READC(S,1Tu0) L,N,IS,LWNO,ICHECK,I?LOT
FORMAT(GIS)

IV3=41

IVkY=10

LL=155

NN=16

LLIN=LL=1



CT

HHIN=NN=-1

LLNN=LL *NN

NYT=NN+Y

NN2=5 1)

LH=L *H

LIN=L-1

NIN=N-1

NT=N+1

N2=2 *N+1

READ(S,101) XSCA,ZS3CA

101 FORMAT(2F12.0)

102 FORMAT(ZCI4)
READ(S,102) CIDELZR(K) ,X=1,NIN)
DO 10 I1=1,LIN
CQ=FLOATCIDELXR(I))

10 DELX(1)=XSCA%CQ
DO 11 K=1,NIN
CO=FLOATCIDELZR(K))

11 DELZ(K)=75CA*(Q
x{(1)=0.¢
7(1V=0.6
v 12 1=3,L

12 XCI)=XC(I-1)+DELX(I-1)
DO 13 w=2 N

13 7(K) =7 (%=1)+DEL7 (k=-1)
P1=3.141562653

PEAD IN XY TRANSFLIR VALUES
READ (S ,123)(CTKY(I) ,I=1,LWwn0)
153 FORVATCIVFALD)

READ IN AREA OQOVEQ WHICK CONDUCTIVITY 1S T2 2f MIDELL-=D
READ(S ,134) LX2EG,LXEND
104 FORMATC(ZIS)
RZEAD (S5 ,1CS)(RESIST(I),I=1,10)
105 FORMAT(IZFR.U)
LXt=LXEND—LXEBEG+
IF(LX*.CT.8C) GO TO 29
DO 14 K=1,NIN
14 READ(S5,126)YCICODECT, K) ,I=LXFEG, LYEND)
126 FQORIMAT(RCIT)
GO TO 2°%
29 LXMID=LXFEG+79
DO 33 K=1,NIN
20 READ(S,106)(ICODECI, K) ,I=LXSEG,LYID)
LXFINT=LXHID+

READ SEFARATOR CARD
READ(S5,107)INEXT
107 FOR%AT(I2)
DO 31 K=1,NIN
31 PEADCS, 106 CICODECT,K) , I=LX IS ,LXEND)
28 CONTINUE

DO 15 K=1,nIn
bo 15 I=1,LIN
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IF(I.LT.LXBEG)ICODE(T K)=ICUDE(LXEEG ,K)
IF(1.GT.LXEND)ICODECI,K)=ICCDECLYEND,X)
I1CX=ICODECT,K)+1
CXZ(I,K)=1_0/RESISTCICX)

WRITE OUT RESISTIVITY CODING FOR THE HALF SPACE

WRITE(6,13J0) LN

FORMAT (1K1 ,25X ,35HRESISTIVITY PROFILE MIDELLING USING,
15X,15,5%,24RY ,5X,I5,5X ,SHSPACE)
WRITECSE,1CONI(RESIST(I),I=1,10)
FORMAT(1HO, 30X, 23HRESISTIVITY COHDE VALUFS/(1X,10F10.1))
DN 22 K=1_NIN
WRITE(6,10C2)(ICODECI K) , 1=34,153)
FOSmaAT(1X,120311)

CONTINUE

WRITE OULT DJDELX,AND X DISTANCES

WRITE(6,1013)

FORKATCIMD 20X, 2 HDPISTANCES BETWEEM NODZIS)
WRITE(6,107&)(DELX(I) , I=1,LIN)

WRITZ(6,1C14)

FORMAT(IUC ,3UX,27%FFLATIVE POSITIuAS OF NMODES)
WRITE(S ,TO0RYI(X(T) ,I=9,L)

WRITZ(6,1712)

WRITFL(E, 1T GRI(DEL7 (V) ,K=1 NIN)

WRITE(4,1014)

WEITE(A,1NUR)(7(K) ,K=1,N)
WAITZC(H,10372C(TKY (D) ,I=1,LWNG)
FOFAATCIRT, 10F10.1 701X L10F10 1))
FORMAT(CINO,23X,16HTRANSFORM VALUZS/(RFI15.10))

WRITE(6,1010) (ISNODECI) ,I1=1,18)
FORMATC(IHGY, 10X, 31HSURFACE POSITIONS OF ZLECTROD
1C1X,5014))

m

S//

COPPUTE CAPARCITANCE MATRIX FOR DIFFERENT WAVE NUAMRERS

DO 996 KY=1,LWNO

WAVE=TKY(KY)

CALL FI'DIF(WAVE, CX7,L,LIN, N NINDELX,Y,DELZ,7,AMRY LN,
INT,N2,5,72 ,LLAN, NNT, LL,NY,LLTAN, *VIN,NNZ)

IER=1

INVERPT THE CAPACITANCE MATRIX

CALL INVERTCAIX,LHN,H,D1,D2,HT,IZ2 LLNN,NNT)
WERITES(6,1003) TER

FORMAT(INT, 35X, 2OHARATRIX SOLUTION ERROR THDEX =,5X,12)
WRITE(0,1015) D1,02

FORmATC(I1RO,5HDT = ,1PE15.6,5Y%,5H22 = ,1PE15.6)

IF(IER.NE.D) GO TG 999
SOALYE TMVERTED SATRIX FOR VECTNSS CONTAINING SOURCE TERAS

-
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0O 998 1s9UR=1,1S8
ISHN=TSANCNECTI SOUR)
IAd=(I34%=1)xN+1

DO 17 J=1,LN
Xs(Jy=_.0
XxS{IN)=+1

BACKSUESTITUTE COLUMMN VECTOR XS CONTAINING SOURCE TERM WITH
INVERTED MATRIX

CALL SCLVECAMRX,XS,LN,N,NT,LLNN,4¥n1)

SORT TZUT REQUIRED SCLUTIONS AND 2LACE I4TO VKY
DO 18 IRESP=1,1I5

ISI=ISNCDE(CIRESP)

INI=CISI-1)*N#+T

VKY(KY IRESP,ISOUR)I=XS(INI)

ZEROD ELF ENTS OF VECTUR XS AND LJIAD WITH NEXT SNDURCE TERHK
DO 19 IJ=%,LM

X3(19)=2.C

CoMTTiiUE

CONTI wUE

ARRaY VKY 0w COMTAINS THE TRAMSIFORP RTIDP09IE VALUES FO)
IS vUr=ce POTENTIAL ELECTRODE PISITIONGS 2U% TO THE 384
MUNMEEZ S (F CUCSRENT ELECTRODE POSITIONS...

VKY IS 4 THREE DINEWSIONAL ARRAY WITH Twe =
(CCVKY (T, d,K),I=1,LWN0Y ,4=1,I6E38) ,Kk=1,150U

IFCICHECK.NE.() GO TO 26

WRITE NUT TRANSFORM VALUES IN VKY
FOP S ACH SOURCE TERH

LO 235 ISIUR=24,25

WRITE(6,1C04) TISOUR
FOIPATCIVD, 20X, 13HSOURCE NUMTER ,5X,15)
SEG=1

IEND=9

IF(IEND.GELTIS)Y TIZnD=13

WRITE (6, 1011 (ISHNODECIY) ,IJ=1IBECG,IEND)
FORMATC(THD ,TUHWAVE VALUE,Z2X,9112)

DO 24 T=1,LWNO

WRITE(H,1012) TKY(I) ,(VKY(I,J,I3"IR) J=I35G,IEND)
IFCIEHD ER.IS) GO TO 23

IREG=135G+9

IEMD=TEND+9

IF(IZHND.GELIS) I+uD=18

GO Tu %
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2% CunTINUE
1212 FORMAT(IX,1P1JE12.4)
c

26 CONTINUCE
. .

CALL PEVERT(VKY,T3,LWNO,TKY,V,IV3,IVKY)

¢ THIS <CUTINE WILL ©ERFJRH THE RSVERSE FOURIER TRANSFORH
c .

D) 29 IJ=1,1¢
WRITE(&,1005) 14,(V(14,1),1=1,13)
1205 FOSPiTC(IH0,35X,15HSOURCE POSITION,IS,S5X,
124HPCTERTIALS AT ELECTRODES//(1X,1P15E11.4))
2G CONTINUE

[or BN o

APRAMGE PUOTENTIALS TO PRODUCE LINES OF °©RNOFILE RESULTS
FOR MULTISLES OF ELECTRODE SPACING.
CALL PRCFIL(V,IS,ISNQDE, X, L, RHO,IVS, A, LL)
DO 21 1=1,13
WRITE(H,1C06)(RHO(EL,J),J4=1,13)
21 CONTINUE

1706 FAORMATCINC 5% ,12102712.2/706%X,1P144212.2))

IFCIPLCT.NELC) GO To 27

€

<) O

OLCT {UT DaTa FRU™ PROFIL ROUTINE USING GINO-F
CrLL FICLOT(EWO,ICIDE,7 ,PESTST LIN, TN, L,N,~,IS,
1 Ivs,LbL,sN,LLIN, .NIN)

¢7 CuxT I NvUE
STS'Z

Ere

FUNCTICHK AT (X)

IF(X .GE. 2.90) GO TO 1430

T=xX/3.7°%

T2=T*T

T4=T2»72Z

T6=T64*T2

TE=T6*xT¢

T10=T2=*T¢Z

T12=T12172

8=, 50U+ 0. R7:90D594*T240. 51408860 %x4+N_ 15084934 %T6+0). 558733 TR+
10.00501532#T10+7,0003%32411%712

eIt=xX=%x3

T=X*0.5

TZ=T*T

Te=T2*Tc¢

T6=TLxTz

TR=TE*TZ

T17=TE T2

T12=T10=72
AA=X*5LCG(T)*?I1*1.00+C.154631&L'T?-0.6727%570*74_0.13155397*T5_
TWW.uTI 194U *xTR=C,. 10112624 xTIC-CL03274686+«T12
AK1=4AA/X

RETUR

100 ak1=1.°7C
CETUR
END
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SURRCUTIME INVERTCA,LN,N,D1,D02, N1, TER, LLAN, ' iNT)

SUARQUTIME TERFQEMS THE MATRIX IWVERSION UF THE (CsPACITANCE
1ATFIX USING CHOLZ3SKY DECOWPOSITION

€YY O

1¢

13

14
12

17
19

15
11

16
21

DIMENSTICN ACLLNN,NNT)
LeVEL 2,4

IcR=0
R=1,. 3/ (LM=x1é ,0)
Di1=1.v

p2=0.4

nd 17 I1=1,nN

DD 1u J=1,N

K=N1-J

ACI, x)=C.0

po 11 1=1,LN
IN1=I-?~1
I1=nAXT(1,1-1MN1)

DO 11 J=11,M1
L=INT+J

I12=N1-)

SHi=a(1,d)

Joi=d-1

IFCIA) 12,12 ,17°

pe 16 k=14~

=124K
SU=SU»=3(I , K)xAa(L,™)
cOnTIwUE

IF(J.NENT) GO TG 15

IF(ACI,D+SUN*R LELACI,J))

ACI,Jd)=1.C/SORT(SU)
D1=D1*SUM
IFCARS(™1)-1.0) 18,18,19
D1=D1+5.L625

D2=D2+4& .0

o T0 17

IF(ARS(L1)-C.0525) 20,20,11
d DI=D1x16.0

D2=D2-4 .0

GO TO 17
ACI,J)=sLiixA (L, 1Y)
CONTINUE

GO T9o 21

IEc=1

CONTINUE

RETURM

END

GO
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S:JFP')UTI'IE FI-'!QDIF(W;\VE,CXZ,L 'LI“’f"l\jINIEYELx,x,DELZ,Z,A.‘QX’
TLNY,NT,n2,S, 77, LLAN, NN LL NN LLTY, NNIN, SN2)

DI“E3TCi CXZT(LLIN, NNIN) ,DELXCLLENY ,DEL7 (ANI®), srRx(LLNN,NNT),
1 X(LL),Z7CuN) ,S(HAN2)

SUREHUTINE CALCULATES THE CCEFFICIENTS FOR THE TATRIX EJFUATION
USIMNG A CENTRE POINTY FIMITE DIFFIREWNCE CISCRETISATION
LEVEL 2,iMRX

Je=1
JF=N1-1
JASEF=NY
JE=N1+1
JA=NZ
DO 14 TJ=1,n2

14 SCIJ)r=2.0
>0 12 1=1,L
D0 10 K=1,N
IN=(I-1) xN+K
IF(I.EQ.1.0R.T.EQ.L) GO TG 11
IF(K.EI.N) G0 TO 12
IF(K.EQR.Y) GO TO 13

CCeFFICIENTS FOR INTERICR MODES

3(JA) == ((DELT(K=1) *CX7 (I, K=1)+DELZ(K)*Cx7 (I kK))/
1€(2.0%*DELX(I)))

S(JR)==((DILZ7(K=1)*LX2(I=1,K=1)+dXELZ(K)*CX7(I-1,K))/
1C2.0%DELX(I-1)))

SCJE)==C(DELXCI=-1)*CXZ(I=1,K)+DsLX(IV*CX2 (I K))/
1(2.0%DEL7(K)))

S(JF)==((DELXC(I=-1)*CXZC(I=-1,K=-1)+DELX(I)*CXZ (I ,K-1))/
1(2.C*DEL7(K=-1)))

AK=WAVE*WAVE x(CX7(I=-1,K=1)#DELXC(I-1)*DELT (K-1)+CXZ (I, K-1)*
TDELXC(I) aDELZ(K=1)+CXZ7CI ,K)*DELX(I)*DELZ(CI+TXZCI-1,K)*DELX(I=-1)%
2DELZ (K)) /4 ()

S(JAREF)==(SCJAY+S(IB)Y+S5(JE) +SCJF) —AK)

bOo 15 1J=1,81

15 AWRXCIN,TJ)I=SC(IY)

GO0 T0o 1C

13 CONTINUE

CAEFFICIENTS FUR NODES ON THE SURFACE--1EUMANN CONDITION

AK=WAVEAWAVE*(CXZ7C(I-1,X)*DELX(I-1)*DELZ(K)+CXZ(I , K)*DELX(I)~*
1DTLZ(KI)/&L .0
SCJA)==DELZ(K)*CXx7 (I K)/(C(2.C*xDELY(I))
S(J2)==0ELZ(K)YXCXZ7(I=1,K)/(2.0*xPELX(I=-1))
SCJE)=-C((DELXCI)ACXZ(I  K)+DFLX(I-1)*Cx7(1-1,K))/
1(2.0C«DELZ2(K)))
S(JF)=C.0
SCJL2ACF)==(S(JA)+3(JR)+SCIE)+3(JF) -AK)
ps 17 1J=1,N1

17 A 6Y(CIN,TJ)=SC1 D)
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GO TN Y
12 CONTIHUE

COEFFICIENTS FOR KHUDES QN THE 23NTTOM SURFACE

AK=UﬁVE*UAVE*(CX7(I-1,K-1)*DELX(I-1)*DEL?(<-1)+CXZ(I,K-1)*
1IDELXCID)*DELZ(K=~1)) /4.0
CALL @AR(X,Z, L, N, LF _ pRG,1,K,27 ,d4nVE,THF, LL,HN)
SCIAY==TFLT(K=1) «CYX7(I , K~-1)/(2.C*DELXCI)) .
SUIR)==CrLZ(K~-1) *xCX7(I-1,K-1)/(2.0%«DELX(I-1))
S(JEY=C,.0
S(JF)=-((DEL¥(I)*CXZ(I,K-1)+DELX(I-1)*CXZ(I—1,K-1))I
1(2.2%#DE1L7(X=-1)))
CZ==3 (I *DELT(K-T1)*WAVEXCOSC(ALF) * ARG
SCIATEF)==(S(JL)+SCIRIFSCIEI+SCIF) —AK)I + (2
P00 19 IJ=1_,N1
19 AMOX (IN,IJ)=5(T1J)
GO To ¢C
11 CONTINUE
IF(I.FQ.L)Y GC TO 29
IF(K.GT.YT.ANDLKONELNY GO TO 22
IF(K_FQ. M) GO TO 23

COEFFICIENTS FOR TOP LIZIFT HAND CIRNER

AX=WAVE wWAVE *(CXZ (T, K)*DELX(I)* S 2(K)/4.7)
CALL PAaC(X,7 L, M, 3 F ARG, I,K,27 ,d43VE, THE,LL , NN
SCIAY=S=DEL7(KI xCXT7 (1 ,K)/7(2.G*D2ELX (1))
S(JB)Y=2.<
SCJE)==DelXCI)*CX7(1,K) /7 (2.°%xDELZ (1))
SCIFY=T_3
C7==-3CJE)*DELX(I) *WAVEXARG
SCJAEEF)==(SC(JA)+S(JPI+SCJIEI+S(JF) —AK)+CZ
DO 24 1J=1,N1

24 AMRY (IN,LIJ)=SCID)

GO0 70O 1C :

22 CONTIMUE

CCEFFICIENTS FOR THE LEFT SIDE

AK=WAVEAWAVE *(CX7 (I, K=1) *DELXCIDI*DELT(K-1)+LX7 (] K)*
IDELXCIIADELZ(KI D) /& .1}
CALL Rap(x,?,L,MN,ALF, ARG,TI X ,27 4AVE, THE, LL ,NN)
SCJA) == (DEL7 (K) *CXZ(I , K)+DELZ(K-1)*CX7(1,K=-1))/
1(2.C+DELX(I))
$(Js)Y=2_G
SCIJE) == 2SLXCIYI*CXZCI K)/(2.0u*DEL7 (K))
SCJFI==0ELXCIDI*CX2CI K=Y /(2.05%DIL7(K=-1))
C7==3CJ )*DELXCI)~WAVE*COS(THE) *3RG
SCJASEF)==(SCJAY+SCI=I+3(JEI+SCIF) -aK) +(7
DO 25 IJ=1,N1

25 AMRXCIN,IJ)=S5(1J)
Go 70 1T

25 CONTINUE

CUEFFICIFNTS FQOR THE BOTTOM LEFT CORNER
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AK=WAVEAWAVE #(CX7(I,K=1) *DELX(I)*DTLZ(K=1))/4.0
CALL RAD(X,2,L,N,ALF,ARG,I,K,Z7 ,dAVE,THE,LL ,NN)
S(JA)==DELZ(K=1)*CXZ(I,K~1)/(2.C+DELXCI))
$€J42)=0_0

S(JEY=T,
SCIJF)=-DELXCI)*CXZ (I ,K=1)/(2.0%DZL7 (K=1))
CZ=—(SCJIFI*DELZ(K=1) *COSCALF)I+S(JA) #DELX(I) *CO3 (THE) ) *
1WAVE *ARG
SCIJABEF)==(SCJAI+S(JB)+SCJE) +S(JF) —AK) +C7

O 26 IJ=1,81

ARXCIN,IJ)=SC1J)

GO TO 1€

CONTINUE

IF(K.ET.T.AND.K.NE.N) GO TO 27

IF(K.EQ.N) GO TO 28 '

COEFFICIENTS FOR TOP RIGHT CORNER

AK=WAVEHCWAVE*(CX7(1-1, K)xDELX(I-1)*DEL?2(X))/4.C
CALL RAD(X,Z ,L,N_ALF _ 2RG,I K, 22 d4AVE, THE LL NN)
SGJAY=T .0

SCIRY =Pl T(X)IXCXT(I -1, KY /(. 0%DTLX(I-1))

SCJE) ==DELX(I-1)*CXZ(I-1,K)Y/ (2. #0EL7(K))
SCIFY=T L0

C7==-S5(JR)*DELX(I-1)*WAVEXAR(
SCJAZIFI==(3(JA)+SC)7)+S0JEI+S(JF) —3K)+ 7

DO 2% I14=1,N1

AARXCIN,IJI=S(I )

GH T0 17

CONTINMUE

COEFFICIENTS FOR THE RIGHT S5IDE

AK=WAVE*WAVE x(CX7(1=1,K-1)*DELX(I=1)*DELZ(K-1)+CX2(I-1,K)*
IDELX(I-1)*DELZ7(K)) /4.0

CALL RAD(X,Z,L,N,ALF, ARG,I,K,77 ,4AVE THE, LL,NN)
S(JA)=T.0
S(JR)Y=—C((DELZ(K)*CXZ(I=1,K)+0ELZ(K=1)*CXZ (I1=1,k=-1))/
1(2.0*DELX(I-1)))
SCJEY==DELXC(I-1)*CXZCI=1,K)/(2.0%DEL7(K))
SCJF)==DiLXCI-1)*CXZ2CI~1,K=1)/(2.2%DELZ(K~1))
CZ=-S(JE)*DELXC(I-T1)*WAVEXCOS(THE) x ARG
SCJASEF)I==(SC(JAI+S(IAI+SCJEI+S(IF) —aK) +{7

pO 20 IJ=1,n1

A“RXCIN,TJ)=8(1J)

GO T0O 1¢C

CONTINUE

COSFFICICENTS FOR THE RIGHT =0TTuY NODE

AK=WAVE+WAVEX(CX7(TI=-T1, K-T)xnELX(E-1)*DELZ(K=1))/4.0
CALL RQD(X,Z,L,N,ALF,APGf‘Ika‘Z?IHAVE SJTHE ,LL ,NN)
3¢(JAY=0.0 '

S(JB) ==DELZ(K=1)*CXZ2(I-1T,K=1)/(2.d*PELX(I=-1))
S$CJe)=1.0
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SCJF) ==CELXCI-1)*CXTCI-1,K=1)/(2.0*DELZ(K=-1))
CZ==(S(JF)*DELZ(K=T1) *COSCALF)+S(J3) *DELX(I-1)*
1CISCTHE)) *WAVE=APG
SCJAZEF) == (SCJAI+SCIBI+SCIEI+SCJF) —AK) + 72
DO 31 TJ4=1,N1
31 AMRXCIN,II)=S(TY)
10 CONTIKUF
RETUR I
END

SURROQUTINE PAD(X,2,L N, ALF, ARG,I,K, 77 ,WAVE,THE, LL,NN)
DIMENSICN X(LL),7 (NN)

LtID=(L+1)/2
DIST=AacS(X(I)=X(LMID))
R=SQRT(OIST*DIST+Z(K)*x7(K))
ARGY=WAVE=R
ARGI=AKTIC(AREX)
ARGZ=AKI(ARGX)
TFCARGTILLTLZ7,.AND.ARG2.LT.27) ARG=1.4
IF(ARGILFE.7TZ.OROAFGRZ2Z.CGELTT) ARCG=ARGT/ARG?
IF(K.E0.1T)Y GO0 TO 135
ALF=ATANDIST/7(K))
TF(T.ER.LID) 62 To 10
THE=STAN(I(K) /DI STY
T e~TURL
END

FURZTION AKDY(X)
IFC x e, 2.0) 60 72 10
T=X/3_.75
T=7+%T
B1=F .0+ Tx(3,.51562¢9+T7x(3_ 0RIVLZEL+T*(1.2067492+T*x((0.24550732+4T*(
10.C260768+T7x0.024581332))))
T=0.5=*¥
Y=T*T
AKO==ALCC(T) *31 =0 .57721586+Y* (0. 422784204+ Y* (0. 23069755+ Y=
(0. C34832590+Y (L. 002626084y x (0,200 10759+Yx0_, J7244740)))))
RETURYN
10 Aku=1.2
RETUPN
END
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SURROUTIME SOLVECA X Ly, N, Y LLHY, NN

SUFR ZUTINE PERFLPrS THE BACKSURSITITUTIOCXN

l‘ATDIx F e ® a8 » ® & & ¢ » 8 s o

DIFE ST (N ACLLMN, NNT) X (LLNN)
LFVEL Z,A

L1=4

L=t

Do 13 I=1,LN
Sur=x(1)

IF(.LE.CY GO Tu 11
IF(LY.ER.D) €O TO 12
L=L+1}

IF(L.GT.N) L=N
K=H1-L

KL=I-L

DO 13 J=K, !
SUM=SUNM=Y (KL)*A(I, )
KL=KL+1

e T 11
IFCSu~_N=_:1) L1=1
¥(IY=3Ur+2(1 ,nN1)
fOMYTIMUF
X(LHY=X (L") « . CLd,MT)
IF(LYN.LF.T1) 0 T 18
AL=L e+

b 1A 1= ,00

K=nl=~1

St=v (K)

IF(pn.LELT) GO T 17
I([_:K-#‘l
k1= o (LM, K+N)

L=1

PO 18 J=XL K1
Sut=suUr-x(J) *ACJ ,NT1-L)
L=L+1

X (K)Y=SUM*A(K ,N1)
CONTINMNUE

CONTIRNUE

RETU®ON

END

OF VZICTOR X WITH
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SUFRAQUTINE REVERTI(VKY , I5,LWNO,TKY , V, IVS,IVKY)

ROUTIME TO FERFORM REVERSE FOURIER TRAMNSFORA

DIMENSICH VKY(IVKY, IVS,IVvS),TKY(IvKY), V(IV3,IVS)

DO 10 IsSoUrR=1,18

b0 11 IFE3P=%,15
Va=VKY(1,IQESP,ISCURI*TKY (1)

DO 12 Ixy=2,LWNO

IKI=1IKY-1

XK1=TKY(1KT)

XK2=TKY(IXY)

Y1=vKY(IK1,IRESP , ISOUR)

Y2=VKY(IKY IRESP,ISOUR)

IFCYT . LT3 JE=-30.0R. Y2, LT.1.LE=-33) GO TO 13
A==ALCG(Y2/Y 1)/ (XK2=-XK1T)

CC T2 14

3=, 0

ConTINUE

y=C.U0

IF(A_ER.7,D0) €2 70 15

VA=V A+ (Y1 x(A*xOSOYKTRY)Y =Y xS3IN(XKTxY))=-Y %
T(AXCOSCYKZ*Y)=Y* ST {XK2*xY)})/(ax:+YxY)
Y T 14

VASVA+Y I+ (XKZ2=XK1T)

CayyinUs

COMTINUF

V(ISDUR IRESP)=V2*2_.0

CONTINUE

cONTIKNUE

PETURN

END
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SU=RHUTINE POOFIL(V, IS, ISNODE X, L, RPHO,TVS ,ASF, LL)

DIENSICN XOLL) ,VOIVS, IVS), ISNODECIVS)
DImENSICH RHQCIO,IVS) ,F ACTUR(YD)
DATA FACTOR/.9654,.9739,.99,1.0:455,1,.u247,

11.0504 ,3.0741,1.3977 ,1.12237/
PI=3.141592653
b0 13 1=1,15§
¢ 10 4=7,1°
REOCY ,I)=,C
po 11 I1=1,1S8
TA=TZ6#CDE(CI)

RHO(CY,1)=Xx(T1A)
1enD=1
po 12 17=2,1C
IEND=TEND+3
IR=(IENC-1)/3
IF(IZND.ET.ISY GO TO 99
NG 13 I=JEND,IS
ICI=1-3+1I"
IPI=1I=-2%*1F
IPe=1-1~

=1
KI=I3SNIEDRCOI=1)
K2=13nCC2(12E)
p=xy (¢ )~-Y (K1)
IF(I=rD "7, L) 23IDP=1

1<

Vas(V(Irt , I-1)=v(T2 ,1°1))-(Vv(1721 ,137)-v(ICZ,T72))
Vas (Y (I21,122)=-V(IF1 , T20))=(v(ICY ,122)=v(I71,1Pc))
VE=(V(I™1,121)=V(IPL,IP1) )=V (ICT, IC2)=-Vv(IP™,120))

IF(IEND ELL) GO TU 9F
VisVixFaCTR(T)xA/P]
V2=VR%FICTOR(1)xA/PI *x3 .0
VISVCAFACTOR (1) XA/PI *1.5
WRITE(S,1200) v1,v2,V3
FORMAT(12X,1P3E14.4)
CONTINUE

RHO(I7 ,IP1)=VAXA/FI

CONTIMUE

CUNTINUE

po 14 J=2,10

DO 14 I1=1,13

RHOCJ , 1)=PHO(J, I AFACTORCI-T)
RETUD N

END
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SURROUTINE FIPLOT(RHO,ICODE,? ,RESIST, LIY, NIN,L, N, A IS,
TTv3, LL, i, LLIN, NNIN)

ROUTINE USES GINO ROUTINES TO PLOT OUT TH4c PROFILE
SECTICN ON A& SITZE.

DIMENSICH RMU(IGC,IVS) ,RESIST(I0),7(LL) ,ICODE (LLIN,NNIN)
THE CODZ IS DESIGNED FN® A MAXIMUM NUM3ZR OF &41. eLECTRODE POSITION

CALL CNGZS

CALL DEVOAP(3IZ20.1,25¢,.i,1)
CALL WIANDOW(Z)

CALL CHASIZ(3.7,4.35)

CALL ITALICC1I5.9)

CALL ~CvT02(18.0,172.0)
CALL CHAFQL(3ITIHWRESISTIVITY PROFILE SECTION®*.)
CALL ITALIC(O.OQ)

CALL *CVvT02(18.0,167.5)
C*LL CH2317¢2.0,3.0)

CALL CHZHNL(OO6HC*LALCULATED FROM THE MODEL RESISTIVITY BISTPIRUTIO
TN SHOWL SELOWY,)

CrLL CH23IZC1.7,1.5)
Y1=15A_%

Y:=154 ..

X1=17 .73

X2=1~.3.

HUmrR e =

e 17 1=1,13%

cALL cvTZdxl , Y1)

CAal CH-WAL(SH=-X—-*_)

TALL rrwuT2(X2,YI)

CALL CHAUIMTOMUGSFR,2Z)
N2 ER =R IER #

X1=x1+5_C

XZ2=X72+5_4

CONTINUE

o\

CALL ~OvT02(95.0,161.5)

CALL CHASTZ(2.0,2.75)

Call CHAHOL(Z2LHELECTRODE POSITIONS x.)
CALL #CVT02(160.7,161.5)

IA=IFIX(2)

CeLL CHAINTC(IA,D)

CALL MCVTNZ2(173.%,161.3)

CALL CHIHNLCISHETRES APART* )

X1=25.5

1a=1

X=25.5

IE=1S

¥Y=159.0

CALL Ccu3s12(1.C,1.5)
DO 40 J=2,°7

I=x=13+1
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IE=1c-~2

J1=J-1

IAX=T A%

CALL ¥CvT02(12.06,Y)
CALL CHAHQOL(SHA= )
CALL vCVTN2C14.5,Y)
CALL CHAINT(IAX,3)
DO 31 I=IR,1E

CALL OVTO02(X,Y)
IR=IFIX(RHOCJ,I1))
CALL CHAINTC(IR,4)
X=xX+5_°7

CONTINUF

Y=Y-10.C

X1=X1+7.5

X=X1

CONTIMUE

CALL CH2S17(2.0,3.03)
CALL ™MCVT02(230.9,13G.1)

CALL CHAHOLCIQHUNODEL RESISTIVITY®.)

CALL ~uvT02(230.¢,125.0)

CALL CH:HOL(1GHDISTRIRUTION®.)
CaLL CHASTZ(1.8,2.5)

CALL MCVTE2(233.7,122.0)

CALL CH:IRAOL(Z2TIHCOCDE VALUTS* )

CALL Cxacl7(1.C,1.5)
CALL MOVT02(Z255.9,117.5)
CALL CHAHNL(TLGH(DHA-METRES) *.)
X=232.4

X1=255.1L

Y=115.¢C

CALL CHASIZ(1.8,2.1)

PO 13 1=1,1C

I1=1-1

CALL »OVT02(X,Y)

CALL CHAINTC(I,2)

CALL FOVTO2(X1,Y)
R1=FESIZT(I)

CALL CHAFIX(R1,6,1)
Y=Y=-2.5

CONTINUE

CALL *CVvT02(20.0,65.0)
CILL CHL3I7(2.5,3.0)

CALL CHAMOL(3Z2HCNHSED RESISTIVITY DISTRIFUTION®,)

X=2C .U

Y=¢C.0

CALL ¢H2312€(1.25,2.2)
DO 26 J=1,NIN

bo 21 I1=13,172
CALL #CVTO2(X,Y)
IC=1COn=(I,J)
CaprlL CHAMINTCIC,1)
X=x+1.25

CiLL mCVTIN2(X,Y)
CrhTINUE

Y=yY=-32_7
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Xx=21.0
CIONTINUE

CALL CH2°17(2.5,3.5)
CiLL “CVv702(250.0,75.0)
CALL CHaHOL(RHDEPTHS*.)
CLLL “O0VT02(&S2.0,70.0)
CALL CHAHOLC(I10H(IETRES) *.)
X=245 .0

X1=260.C

v=60.0

CALL CHASIZ(2.G,2.5)

DO 30 I=1,NIN

D1=2(I)

D2=7(I+1)

CALL HOVTO2(X,Y)

CALL CHZFIX(D1,6,1)
CALL MZVT02(X1,Y)

CALL CHEFIX(D2,6,1)
Y=Y-5.C

CONTINUE

CaLL DEVEND
CETUF N
£

c21
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RESISTIVITY PROFILE SECTION

Calculaled From the model resistivily distribution shown below
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Appendix (-5

982\ 674 563
AN

37 833 884 767 74 815 888 941 1997 HyZGE 1372 1247 V167 1991 181
00 ! ¢ 5o
1¢ 250 200 ¥

MODEL RESISTIVITY

DISTRIBUTION
CODE VALUES
(OH-NETRES)
2 172.9
1 1.9
2 40.0
3 109 .0
g 800.0
g@@@.@
) 000.0
7 .9
8 .9
9 .0
DEPTHS
(METRES)
.9 .5
S 1D
1 119
155 2.8
2.5 5S¢
513 109
189 150
1578 20.9
2.0 259
29:0  32.9
2.0 10.9
19.9  99.0
0.8 30.9
30.9 _410.9
410.0 2970.0

€20
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APPENDIX D

Travel time data from seismic refraction surveys.

A six channel Bison 1580 signal enhancement siesmograph was used

with a hammer source and a chart recorder.
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Appendix Dl Travel Time data - seismic refrnction example 1.
X te tg te tg to
(m) (ms) (ms) (ms) (ms) (ms)
0 - 27.0 34,2 - 56.7
10 15.8 28.8 34.2 - 56,7
20 17.3 22.7 33,1 - 55.6
30 18.0 18.4 28.8 - 51.3
40 21.6 12.9 29,2 - 51.7
50 27.0 - 27.0 36.0 49.2
60 25,2 14.4 25.5 34.2 .47.4
70 27.3 19.8 23.4 32.8 46.0
80 28.8 23,1 19.8 31.2 44.9
90 32,1 25.9 12.6 28.8 42.0
100 34.2 29.2 - 27.0 40.5
110 39,5 32,1 12,2 25.2 37.5
120 41,01 36.0 20.9 23,8 35.3
130 41.0 36.0 28.° 16.6 29.2
140 42 .9 32.0 27.0 12.6 29.2
150 44.0 36.0 30.6 - 30.6
160 47.0 - 31.7 - 32.4
170 49 .2 - 33.9 - 24.5
180 50.6 - 35.3 - 21.6
190 54.2 - 38.9 - 18.0

200 56,3 - 41.0 - -
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Appendix D2.

Travel Time data - seismic refraction example 2.

X tg tg tg tg tg
(m) (ms) (ms) (ms) (ms) (ms)
0 - 17.5 33.4 47.5 56.0%
10 5.6 12.2 31.8 46.8 55.0%
20 8.5 10.5 30.6 45.8 54.0%
30 11.6 9.0 29.3 42 .7 50.0%
40 14.0 6.8 27.4 40.6 48.7%
50 17.2 - 27.9 38,2 46 .6
60 19.4 5.7 22.3 36.3 44.4
70 21.3 10.6 16.4 34.6 42 .6
80 26,8 16.6 10.8 34.2 42.2
90 31.3 22.8 5.5 32.0 40,0
100 33.0 27.8 - 30.0 38.0
110 36.0 28,0 8.0 26.5 35.4
120 37.6 29.5 15.6 22,2 33.0
130 40.4 32,0 22.0 11.5 30.6
140 43.5 35.0 26.0 4.5 28,2
150 47.3 38.0 30.4 - 22.0
160 50.5% 40,0 33.4 10,6 20.7
170 57.8% 42 .6 34.7 17.0 17.0
180 51.5% 42.17 34.7 20.6 12.5
190 54 .0% 45.2 36.8 22.9 9.0
200 55.5% 46.5 38.2 22.8 -

Note * denotes data projected from underlying branch of the t x graph.
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Travel time data

(m)

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200

tg

(ms)

11.5
14.4
30.6
33.8
41.0
48.3
51,2
54,0
58.7
60.5

D4

seismic refraction example 3.

%
(me)

16.0
24.8
30,2
37.1
43.6
50.4
55 .8
58.0
58.4
58.7

tg
(ms)

60.5
58.7
54.0
48,6
45.0
43.6
39.6
33.1
27.7
19.8
16.8
27.6
35.0
40.0
43,2
50.4
57T
61,2
67.2
68.0

tg

(ms)

58.5
54.0
52.2
50.8
49.4
44.6
40,0
32.4
23.7
17.3

11.6
24.0
30,2
37.1
43.6

tz

68.

0

77.0

52,
43.
43.
33.
27.
24.

%2 B o B = & BN © B AV
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Appendix D4 200m long line with shot points every T795m.

(ﬁ} (ne) ey (B (m) (o)
0 - 40.4 60.5 67.0% 81,0%
5 7.3 40,6 61.4 67.9% 81.9*

10 7.7 40.0 60.9 67.4% 81.4*

15 14.7 38.7 59.4 65.9% 79.9%

20 17.3 38.6 58.8 65.3% 79.3*

25 21.4 37-9 59.9 66 .4% 80.4%

30 22.6 35.3 59 .7 66.2% 80, 2%

35 22.6 33.2 59.2 65.7* T9.T*

40 24.8 29.1 56.5 63.0% T7.0%

45 25.4 27.5 59.2 65.7% T9.7%

50 28.5 34,3 58.6 65.1*% 79.1%

55 28.3 29.1 55.0 61,5% 75.5%

60 34.0 31.2 55 .4 61.9% 75.9%

65 36.6 23.0 54 .4 60.9% T4.9%

70 41.3 15.1 53.7 60.2% T4.2%

5 40.3 - 50.5 58.5% T2.5%

80 40.4 12,5 ? 59.0 73.0%

85 45.9 18.7 50.1 57.0 71.0%

90 46,2 24,6 48.7 ? ?

95 47.8 27.8 48.2 54,9 66.3
100 57,2 31.5 47.6 53.9 68.4
105 52.8 31.7 46.0 53.2 67.3
110 554 33.2 45.5 53.4 67.8
115 57.1 39.4 43.9 51.8 67.3
120 58.2 43.1 38.7 53.9 65.3
125 56.6 46.6 38.7 4941 64.5
130 57.6 46.6 37.6 49.1 63.2
135 58.5 47.6 32.0 47.7 60.1

140 59.2 49.2 32.0 47.6 59.6
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b ¢ te
(m) (ms)
0 -
5 12.2
10 17.8
15 22.6
20 25.7
25 27.17
30 28.8
35 31.7
40 34.3
45 37.4
50 39.0
55 41.9
60 42 .4
65 46.1
70 4°,1
75 49.7
80 50.1
85 -
90 50,2
95 51.3
100 51.8
105 53.4
110 53.4
115 54.9
120 57.0
125 58.6
130 59.6
135 59.6
140 60.7
145 60.7
150 63.8
155 65.6
160 66.7
165 -
170 68.7
180 71.0

te
(ms)

39.0
37.0
34.3
31.1
29.5
28,5
25.8
21.2
15.3
10.9

17.1
22.8
25,8
2R.0
28.4
30.6
2.2
34.3
36.1
36.5
37.0
38.1
38.6
40,2
42.8
45.9
47.0
49.1
50,6
52.9

53.4
57.1
56 .6

€2.3

D6

51.8
48.3
46.1
45.1
43.0
40.8
38.7
39.8
37.1
36.6
36.1
34.8
33.2
30.6

2T.4
23.2
21.1
16.9

9.7

15.1
21.4
23.0
24.3
26.1
2R .7
29.8
32.4
34.2
37.0

37.0
39.7
40,2

12.5

63.8
61.7
60.2
60,7
58.6
56.0
53.9
53.9
51.3
49.7
49.2
47.6
47.1
45.5
44.0
40,8
39.8
36.6
35.6
35.6
34,2
31.8
29,2
27.1
25.9
24.0
22.4
19.8
16.2
11.0

10.8

16.6
20.0

22,2
26.7

74.5
71.1
71.0
71.0
70.5
68.4

63.3
60.7

56.5

54.4
53.9
53.4
54.9
52,2
51.7
49.0
48,0
A6.4
45.9
43,2
43.3
41.8
40.7
38.6
37.6
36.0
33.9
33.5
31.9
30.3
29.3
28.3
20,/
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145 59.17 49.7 12.7 45.5 53.0
150 59.6 50.7 - 43.5 58.5
155 60.6 47.2 12.0 40.4 59,0
160 63.2 48.8 22,7 37.8 56.9
165 62.3 50.9 26.6 36,7 48.7
170 63,2 ? 29.5 34.7 47.7
175 61.2 50.4 35.7 23.7 48.7
180 64.9 50.5 37.3 32,6 48,2
185 64,2 51.0 38.3 30,0 46 .6
190 63.7 53.0 41.0 29.5 46,6
195 65.8 57.1 42.0 28,0 42.5
200 63,2 55.1 42.5 23.8 41.4
205 64.7 57.1 42,0 21.2 41.9
210 66 .8 58,2 42.5 18.6 43.5
215 67.3 58.7 42.8 17.6 46.4
220 ? 58,2 43.5 9.8 37.3
225 66.8 58.0 44.0 - 31.5
230 63.4% 56.8 41.4 10,5 32.8
235 65.8% 58.0 43.8 14.7 32.0
240 66.2% 59.7 44,2 16.8 27.4
245 68, 3% 61.4 46.3 19.8 30.7
250 71, 3% 62.2 49.3 24.4 29.4
255 70, 4% 61.6% 48.4 23.1 27.4
260 72.5% 63.7% 50.5 27.8 27.4
'265 75 .5% 66,7T* 53.5 27.4 23.1
270 ? ? ? 29.4 18.9
275 78.8% 70.0% 56.6 30.0 21.0
2530 76 . T* 67.9% 54T ? 19.4
285 78.8% 70.0% 56,8 27.0 14.7
290 80.1* T1.3* 58.1 28,7 14.3
295 76 .8% 70, 0% 56.8 33.0 13,9
300 80.5% T1.7* 56.5 31.0 -

Note Data marked with an asterisk has been calculated from a2 lower

t - x curve.



185
190

195
200

72.6
13.1
73.8
T4.7

61.9
64.5
66.7
68.2

44.6
45.7
45.1
47.2

28.3
28.8
30.4
31.9

17.3
13.6
13.8
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APPENDIX E

Description of the water balance algorithm

El Description of the algorithm

General.

The algorithm has been written in Fortran-4 to perform an annual
calculation of the water balance within a small catchment. The model
is a one dimensional black box model and its main features have been
described in Section 5.3 and Section 6.3. Figures 5.10, 6.4 and 6.5

summarise many of the essentizl components of the model.

The "onteith eguaticn is used to czlculate a daily value of
actual evapotransviration which is thes1 combined with any rainfall
wrhich has occurred to produce a value of the soil moisture chance
(DILS) for that day. ticedont soil moisture conditions zare used to

control the calculation of evapotranspirztion.

The algorithm vrcduces both graphical and ordinzary output. Ex-
amples of the graphical output are included as Figures 6.6 - 6.8,
The written output prints values for all variables on a daily basis,
and from this output the various agro-climztological parameters of
interest, such as growing season length, soil saturation, etc., may

be ascertained.

Any number of consecutive daily data sets may be submitted. The

graphical output is produced every two years on a convenient A4 size

sheet.

It is necessary to assume initial conditions for the various var-

iables such as soil moisture deficit etc.

52  Algorithm structure
YMain program.

Certain aspects ot the main program are identical to that of the
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evaporation algorithm described in Appendix 4. In particulur, the
daily values for the sun's declination and the sun's raiius rector,

have been edited from the program source text which follows.

The main program contains information necessary to present the

data in the written output on a calendar month basis.

The required initial conditions are set in the main program and
can be varied as necessary by editing. This is to avoid changing one
or two lines of data on a data source file which may contain more

than 3000 lines and is stored remotely.

The main program sets up the required calendar timing, and per-
forms the water balance whose structure'may be seen in Figure 5.10.
Various sub-totals are added to as the procram reads through the data
for one year. At the end of a year, totals are printed and the pro-
gram then returns to read the first card of the next yezr's data.
Card 3 of the inrut sequence waich contains the input data conversion

information iz read at the beginning of each subsequent vezr of data.

The program may be started on the first day of any month as

specified by the first reuzding of card 3.

STRROUTING BPLOT.

This routine uses Gino-T and Ginograf routines from the C.A.D.C.
library to plot the graphical output. The rcutines are device inde-
pendent and are widely available on most main frame computers. The

output is described in Section 5.3.

SUBRCUTIKE TCTALP.

This routine is a subset of the previcus routine and plots out

the annual totals at a position specified by BPLOT.

SUEBROUTINE DISCHG.

This routine calculates the quantity of water lost daily {rom
the groundwater table as seepage. L simple one dimensional daleyian
relationship is assumed between the hydraulic conductivity ol the
aquifer material and the elevation of the water table above the siream
base level. The value of hydraulic conductiviiy is assigned within
t+ e routine. All other variables are passed through from the main
program., The routine is called each day from the mein progsram if the

groundwater level (GLEV) i higher than the minimun level (GLEV'N),
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SUTBROUTIKE UWITC.

This routine is called each day from the main progzrom and rer-
Torms the corrections to the daily climzte data a: specified by
the control options on card 3, or the first card of each sutscjucnt
years data. The control options are described in the text at the
beginning of the main program. It follows therefore, that the input
data is required to be of a consistent type for one ye:r, or part

of a year if it is the first or last vear included in the dat: run.

STBRCTINE DDCVK.

This routine is czlled from the main program and distributes
the calculated value of evapotranspiration (ETA), or the lowest val-
ue of ETA during the dry season (ETADRY) if a zero flux plene is
present (S5~ O), between losses from soil moisture (SI7MI) or from
the groundwater level (CLZEV) depending upon the vilue of JLDI. The

relationshir used is presented zraphically in Tigure 6.5.

It is anticipatel that t:z conditions in thic routine wo-ld te
cried under different climatic circumstonces. ©Luch changes can ce
readily programmed to tiis routine.

SUBROUTINE TILV.

Thie routine is called daily from the main program mnd calculates
a v=lue of evapotranspirztion for the day in question. The rcutine

also acts zs a calling program for vcocrious aspects of the calculationm.
The “onteith relztionship is used to calculate ZTA.
A value of daily net radiation in watts m™° is returned from the
RADIAT SUBROUTINE.
A value of R3S is returned from the R=ZSIET EZUBROTILE.
A value of Z0 is returned from the VEG SUZRCUTI -,
A value of RA is returned from the RCUGES SUIROUTINZ.

Values of ET., IGROV and RS are returned to the main program.

SUBROT'TTI'E RADIAT.

A

This ro:tine has the same structurc as the similarly named rout-~
ine dezcribed in Appendix A and will not be described further here,
other than to point out that the riutiire can return a value of in-

coming rzdiation or net radiation for any localit> at any latituie,
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In this way the prozgram ~an be un~d Tor environmenis o-°%+3ile ti¢

savanna.

SUBROUTINE RIGIST.

This routine calculates an asse:smont of the B3 tcrm in the
I"onteith equation based upon the soil moisture deficit data availzble.
The relationships are based on Equation 5.6 and the information shown

in Figures 6.4 and 6.5,

The relationshins are empirical and it is envicaged that further
developments will permit a refinement of the simple linear changes

presented here.

SUBROUTTITE VEG.

This routine calculates the value of ZU based upon the length
of the grewing season. A maximum value of Z0 is allowed of 110.0,
correspondin~ to a vegetziion height of 1.lm overall. This wvalue
i1s reuched a"ter 110 dnyz in wnich there is sufficient moisture in
the soil to vermit zermination and growih. The value of IGRCT rep-

ol Ao

resents the length of tihie growing season and is returned from SUb-

£y
ROTOIE AT®. A minimum value of Z0O of €mr is assumed.

As for the previous routine the relztionship described here is
empirical and further development will produce modifications. How-
ever, the value of ETA is sensitive to Z0 and by allowing 20 to in-
crecase from an initial srall value, the early wet season ccondivions

are betier reprezented.

SUBRCUTIE ROTGIS.

This routine calculates the value of R/ bised upen Zguation 5.7.
The value of Z0 is returned from SUBRCUTILNE VEG as dezscribed above.
There is similarly likely to be modificaticns to this routine zs the
methed is developed. A value of mean wind speed in meires per second

is calculated from the daily valuve of wind run =t the climate station.

S'BRCUTINZ GRCUND.

Tis routine calculates the value of GFLUX which is used to mod-
ify the net radiation calculated by SUBROUTINE RADIAT. If 100% of
the available net radistion were usad to calcilate ETA throughout

the yeur, an overestimate would be produced.
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Eighty percent ol net radiation ic used during the wet cezson
and this falls to 257 during the drv s -ason. The relationshir ic

saown graphically in Pigures 6.4 and 6.5.

SUPROUTINE ALB,

This routine calculates a daily value of albedo used in 372+
ROUTINE RADIAT which is applicable to the tire of ye.r and the soil

moisture conditions.

During the dry season a value of 0,35 ic assumed. As the rains
begin, this -apidly falls to 0.25, The growth of a luxurient vege-
tation cover during the wet season means that a high proportion of
net radiation is absorbed by the vegetation surfaces. As the wet
season progresses, the albedo fzlls to 0.15 after 70 days and remains
at this level until the soil moisture deficit approaches the root con-
stant value at the end of the growins sezson. A gradational change
bacxz to 0.35 is then allowed. The relationshir of albedo to 51D is

shown in Figures 6.4 and £.5.

B3 <“pecification of variables.
General.

Taroughout the algorithm, individual variable names are given
which readily allow identification of their purpose. “here variszbles

3

have been named in Appendix %4, then the names have been retained.

The names of arrays have been retained from Appendix A with the
excertion that DAT has been increased in size to 40 elements, and an

array introduced to store the two years of data for the plotting

routines GB (731,9).

The following varizbles are used.

GLZEV Height of the water table.

GLEV'I inimum depth to the water table.

GLEVAMX aximum depth to the water table.

ROOTR! Taximum value of the root constant.

ROOT Value of the root constant during the grcwing
season.

Snb1 Soil moisture deficit beneath a zero {lux plane.

SMIP 90il moisture deficit above a zero flux ylanc.

oS Soil meoisture store.
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S'DA1
S DAZ
SIIDG1
SIDG2
2Y
SISAl
SMSAZ
SUDUX
IGROY
SEEF
RECE
ROFF
DELS
ETA
ETADRY
DTLE
HCO'D
FALL

2007

wod s

SVF
GrLUX

E6

oty

SI'D value ot which the albedo Serins to change

ot

oD value a

SD value &

which albedo change is comuleted.

ct

whiich ground flux bezins to change.
SHA0)) valup at which ground flux completes change.
Specific yield.

SIS value at hich albtedo beginz to change.

7% value at which albedo change is corileted.
Naximum value of SLID.

Length of growing season.

Quantity of seepage.

Quantity of recharge.

Quantity of runoff.

Change in soil moisture.

Value of evapotranspirztion.

Uinimum dry season value of ET:.

Value of hydraulic head,

Value of hydraulic conductivity.

Daily reduction in level of water table.

e

Value of 517D at which short rooted veretztion
wilts,

Saturated vapour pressure.

Proportion of net radiation lost to processes
other than TTA,

Listing of the Fortran 4 program.

A listing of the program is given below,
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BIVFUSTC PATCLD) ,Y(O) P LDIUS(TAS) ,0s CLT(3n¢), manf (F)
DIMFNSTICN B0VTHCI2), ¥ MATE(TIZ) ,DECT(133),03C2(133),0L703¢110)
DINENST(N R@ADT(IZR) ,PAND (137), R ALS (1:50,)

DIMENSICH GR(731,5)

GLEV=456.:."
ROOTH=1¢u. 5
S*p1=105.0

S <02=0.0

snMs=0.C
SMPAT=R(OTH-21.C
S"DGR1=SiDA1
Sy=C.02
GLEVMN=1750.3
GLEVINIXY=38CC.C

CALL CNG25
CALL PEVPAP(32 3.1 ,25(..4,1)

PRUGRAY CALCULATES £ WATER RAL&HCS +4++234+4 444

SESED UFDN *ONTEITH BQUATIOM TO CALCULAT

E ACTUAL ET#, AND THE
OF A SCIL HOISTURE POTENTIAL nODIL DESCRIAE 1

THE J[EYT++
ANY wUFAEC OF COMSECUTIVE DALY RECORNS “AY EE USED++++41
FPOEPAN PLOTS A WATEP RALANCE AFTET EVERY TWwO YEARS NF DaTA++

IT IS NECESSAKY TO SET IWNITIAL CONDITIONS FOR S2LARCE, VIT:
GLEV,GLEVMN,GLEVMX
St.01,81i02 ,SirS

ROUT™ IS THE m"AXIFKUN VALUE OF THZ ROCT CONSTANT+++
SY IS THE VALUEZ OF SPECIFIC YEILD ++++ '

THE PFRCGRA~- WAS REEN CONSTRUCTED SO THAT anNY OF THE LSSUrED
RELATICKSKHIPS MAY EE SImMPLY CHAMNZED IN THE SUSPCUTINCZS+++

DESCRIPTION QF THE DATA CONTROUL CARLS

- e - G - o ——— - e W W= e - —— - G - G A S - A — — — —— = —— — -

CARE 1 (I1Z,14,6A6)
12 HO. OF RECORDS
14 VEAR IN WHICH TO STA>T DATL 2UN
6A6  STATION MAME = UP TO 6 CYARACTFFS

CAPD 2 (S5F6.0,2FS.Y

“HE STATION FLEVATION,AVERAGE AMPISNT £RISgyPc (az)

LATITUDE(CEGFEES) , VALUCS 0OF a4 AND =, N5 PENMAGN
CONSTANTS Y(1),Y(9) IN TH FIRRST SFVEN FICLODS.

CepPe R (611,117 ,111)
THIS CA°PD DESTekMINS NATURE SF ODATY INEUT
A1 IH COoL 1 COHVERTS FLREMHITTE T (FNTIFR .DC
A1 10 CoL 2 CORNVERTS ~JLET T “<TLOWETCE?
Y et CoL X OCORVERTS TnCHLCL T .
JOTE COLS 1=-7 GIVEs DFEULT vyaLU 7D Fouh T4

~

77]

Ty

M
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64

¢0C
A1
300

E8

ceLCULATIO!

1 I0 CoL & 1IF D2TA IS ¢f7 ADIBTION T CAL/C/ T

nO IR COL &4 IF PADIATION vaLUES To AF
CLLCULATEL FPON FIPST POINCTIPLES
& 1 IH COL S IF TEIP 13 AM AVFRAGE O0F DRY 3yULA3
A0 TP COL S IF DATH IS mAX AKD rilu
5 1 I COL 6 IF HUMIDITY DATX IS WET 2UL: Tonr
AT IM CoL A& TF BELATIVE HUAIDITY DATA OWLY
COLS 7=% OF THE THIRY CARD HOLD THE (1UNTH T0
STAPT THE DATA RUN I4.1T IS ASSU+ED THAT =Y
SEGINS AT START OF THE 1ONTH

DESCRI®TION OF DATA CARDS

THE DATA C2PD FORPMAT IS (I7,2X,3FS.7,F7

e / p

THE FIPST FIFLD HOLDS Tkt DY NU“WZEPR

THE 2 FIELD HOLDS mAY TERP OR AVIQRAGE Tr4H%P IN DEG F 0R DER
THE 3 FIELD HOLDS THMIN IN DEG F DR DEG C

THE &4 FIELD HOLDS FATIMFALL IN INS QR M2

THE S5 FIELD HOLDS DAILY WINE RUN IN mILcS 9R VILOMETRES
THE 6 FIELD KOLDS THE PICHE DATA

THE 7 FIELD HOLDS RcbLATIVE HUFIDITY 0% wcT ZULR DATA

THE & FIzLD HOLCS THE 7RSERVED SJN HUPR:

THE Q@ FIFLOD HOLDS., THE ©AN DATA

THE 10 FJELD HOLDS GURW BELLANT TATY I 4+ OF THCUAING
RADIATICN IN CALS/Crxx2 /DAY

IF ANY CATA TS NOT AVAILAELE THE FIZLD IS5 LEFT FLANK

SUN®S R&DIUS VECTOR VELUES
DATA FAL1/7%.98324,
AS. FCR EVAPORATION PROGRAI+++++4+++4dsdtissy
DATA Y/L.95,2.56,0.58,7.1(,7.9%,:.26,1. .+ ,1.:7,1,.1C/
DATA MCNTH/31,28,31,30,31,37,31,37 ,30,31,7C,21/
DATA FNARE/THJANUAPY ,EHFECRUARY ,SHIAFCH , SHARPIL  SHIAY,

14HJUNE , LPJULY ,6HEUGUST , ¥ PSEPTIEE? , 7HOCTUZER ,SHNOQVENETR,
2RMDECENFER/

KouhT="1

Do 64 1=1,731

DN 64 J=1,9

GR(I,J)=0.C

ICOUNT=C

JCounT=C

IF(JCOUNT.GT.1) GO TO 61

READ (5,1002) N,IYE#P,(NAME(I),I=1,6)
FORMAT (214 ,686)

eEAD (5 ,20C) ELEV,ARQPPS,ALAT,A,“,Y(1),Y(9)
FORMAT(SFA L ,2F5.0)

PEAD(S,300) L1,LZz,L3,L5,L6,L7,LG
FORIAT(ATT,I2)

IF(LL.EN.D) La=1

QYEAF=FLOAT(IYEAR)

PY=RYEAR/L T

ISY=IFIY(RY)

FIRY=FL(CATCI®Y)

JF((oY=cIPY) LT.1.7E=5) ~OUNTH(Z)=20
TE(IZ U™ CT.1) 0 70 AT

SryA1T=S 0
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SMSAZ2Z=170_
SMOMY=RCOTM+35 . ¢
SHbAZ=REOTI-+2U
SMDE2=8rDA?

WRITEC(H ,L0:0) SMDT ,SMD2,S8MDG1,54D32,5"DI0X
4000 FORPAT IV 5% ,26HSOIL *OISTURE DFEFECIT DATA/(SX,SF170.7))
WRITE (&6 ,6001) Sr3,Srna1,560A2,595A1,50522
40071 FORPRETOMO 10X, 24HSOTL MCISTURE TOFZ DATA/Z(SXY,SF1.,°))
WRITEC(EH,L202) ROOTw,FLEV,SY , GLEV™Y ,GLIV'X
4002 FORPAT (I, 15X ,25HERNUNDWATER FESPQONTE DATA/(SX,6F12.2))
D 10 1=1,366
IF(IL6TL133) GO TO 11
DECLIMCIY=DECT(I)
RADIUS(II=PADI(I)
GO 70 1C
11 IF(I.AT.266) GO TC 12
DECLINCI)=DEC2(1-133)
RADIUSCI)=RAD2(I-123)
GO 70 1C
12 DECLINLCIY=DEC3I(I-266)
RADIUS(II=RPLDR(I~C66)
10 CORTINUE

oy Oy ™Yy

WRITE OUT HEADINHES
WRITE(S,1000) (NAKE(YI) ,I=1,6) ,ELEV, ANSPRE,ALAT

1700 FORPMATCIHT 10X, 2 HCLIMATE STATION NLrC€/A2X, 604/
TVIX,T7HETATION ELEVATION, 23X F6.2,dX ,AHNETRES/
211X,24LHAVERACE AMPIENT PRESSURE ,2X , F4_ 2/
3 YIX,T6HSTATION LATITUCE, X, F6.2)
WRITE(E,200T0) AR, (Y(I), 1I=1,9)

200V FORMAT(IHD , 1AHPENNMAN COMSTANTS/AY 28 A= ,F5 3 ,5% 7u=2=_FS 3/
1 X, 3HYYI=,F4.2,2X , 3HY2=,F4 . 2,2%, 3HY3= F4 2, 02X, 7HY4L=,F4 2/
2 TX,3HYS5=_,Fh.2,2X , 3HYS= FL 2 ,2X ,34Y7=F4 2,2X , 3KYe=,Fho2,2X,
3 3HYG=_F4,2)

IGROW=T
ALREDO=E,2
60 CONTINUE
SEEPT=2.C
ETADFY=C.5
RECHT=0L.C
ROFFT=0.C
ETAT=0.C
RAINT=C.C
ICNAUNT=ICOULT+1
ETADPY=C.S
ho %+ K=l-{‘r1?
LE=MONTH(K)
WOITE (&,20C01) MEEZFE(K)  TVEER
3001 FORMAT (MO, 16K, 88 ,5%,14)
WPITE(F ,3202)

3302 FOURMITOIRE, 0K ,LHOZIN,S% 3HETA LY, LHSML T 6y LuSHn ™ Lx Lunt 3,7,
TIHSMS LY, LHCELEY ,LX LHPECH Ly LHENFF Ty D15 00 4y Liqvgs Ty
25HLL'-‘EDf',Bx,F“CFLUX'(‘x’?Hc;)

to 14 KJ=1,L"
nC ¢ 170,40

r ’
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2L DAT(IY=(.0
READ(S,SCC)Y TDAY,(DRAT(I),151,9)
SLi) FOOMATCI®, 2% ,3F5.0,F7.),5F8. 1)
KOUNT=KCUNT 41
JOOUST=JCoUMNT+
CALL UNITS(DAT,Y,AMPPRS L1,L2,L3,L5,L4,L7)

IF(IGRCW LTS 0P TEROW AT.60) f0 TO &2
Prw={1.7-0.25)/60.0
AIGCROV=FLOAT(IGROW)
POOTF=AICROWARIR+( 25
ROOT=RCOTHM%POOTF
GO TO 62

¢ PJOT=PCOTN

7 CONTINMUE

BALANCE CALCULATION STARTS HERE 444344444443 4+3 44444423444

PECH=L L

SEEP=C.C

ROFF=C.(C

IF(CLEV.LT.CLEVX) CALL DISCHG(CGLEZV,GLEVHEX,SEEP,SY)
IF(SIHS.ART..Y) 60 TO 37

CELL PErR(ETA,DAT,IDAY,Y,A, B, ELFV,A!{®PRS AL?T FADIUS,ZECLIN,
1558,58SA1,80:542,5¢D1,8rDA1,%0:D62,35:3D21,570482 00T, IR20W,
2LS ,ALREDO)

TF(DAT(2Y LTLULY) ETADRY=ETA

ETabPVY=rIn1(cTADRY ETR)
COFPUTE SOIL MAISTUPE RALANCE

DELS=0AT(3)-ETA
IF(DELS.LT. 2. GO TO 47
IF(SMDT1.6T.0.9) &0 TO 41
FECH=DELS
GO TH 42

41 IF((SHDI=-DELSY.CT.L.T) 63 TO 43
PECH=DELS-SHKC
shoi1=C .0

42 CONTINUE
IF((ELEV-RECH/SY) .LT.CLEVMN) GO TO 44
GLEV=GLEV-RECH/SY
GO TOU 25

L4 POFF=PECH~(GLEV=-CGLEVEN)XSY
GLEV=GLEVMI
GO T0O 25

L3 TF(SvDT1.AT.SIDGRYY GO TO 45

THIS COMDITIOM SETS UFP A ZERQO FLUX pPLEMZ++++ 44

SMp1=SKDI-DEL S
GO TN 25

45 S3=DELS
Sibr=r .2
to ToO s

Ly, CALL DEBCWNCEDELS,GLEV,SY, S0l ,ROGTY 57Dy, "05 042,58 Maz)
GO TO b

e

COMPLT TS ALl capblITIeHs WITHOUUT & 7720 BN S trf+4s
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EN

CApTINUE

EVAPOEATION
VALUF

COrNTINUES
FOUTVALENT 70

SEHEATH THE 7500
THE =VE POTeNT] AL

FLUX PLAagE &7 A
Z3TA2LTISHED.

CALL CDC(WHCETADRY,GLEV,SY,SD1,89D T~ ,S¥ %Y, S1i,SP0AT,SMDAD)

[ 4

[on B on ]

MOISTURE PEDISTRIPUTELD TO PALANCE

S D1

-~

CALL CEMNCETA,DAT,IDAY,Y A, 5 ELFV,AM=°RGS, 4LAT ,9ADIU3, ECLIN,
1518, 58 ,53P542,3M02 ,56D61,81062,59DAY, 3 DAZ,000T 1R,
2L5,ALFELG)

DELS=LAT(I)-ETA

IFCDELS.LT.D.W)

SrS=5i"S+DELS

SMDe=SMLCZ-DELS

IF(SARZ .LE.T.U)

IF(S"S.EE.801)

GO TO 25

RECH=5¥5-SMD1

See1=C.00

CO TN 5¢

Srtped=. .+
GO TO 53

U
c.0

’ E
N

vy W
o tn
N
n .

Nov PECHARGE CCURKED AMD 3PD2Z2 NNYd ENUAL SaD

TR(SDZ2.6T.SHD1)Y GO TO 5S4
GO 71 25

Lg ]

54

25

SELZ=0.¢C
§#5=0.0
CONTINUF

RALANCE CALCULATION ENDS HERE+44444444tbbsbatitdstatsiy

CR(KOUNT, 1) =ETA
GR(¥OUNT,2)=DLT(3)
FRKOUNT,T)=CGLEV
GR(KQUNT,L) =P ECH
GR{KIUNT,S)=3MmD1
RR(KOUKNT , 6)=5mDY
GR{KPUNT,7)=S81=8
GE(KOUNT, RB)=F (OFF
CR{KIUNT,Q9)=SEEP
SEECT=SEEPT+SEEP
PZCHT=PECHT+CO(CH
ROFFT=RPLFFT+R UFF
ETHi=LTA74C T2
RAINT=FATNTHLAT(™)
DAT(Z)=FTA
DAT(Z21)=8 ‘D1
B/Y(2¢)=3.D7
CATC24)Y=0EL S
BAT(Z7L)=%1 5
FAT(S)=CLEY
Nev(2r ) ETCH
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DAT(Z27)=R0FF
CAV(29)=5CETD

MRITF QUT DATL PPODUCED =Y =ALANS:
WEITE(6,3C0C) IDAY, DAT(3) ,(DAT(I),1=22,3%7)
300L FORMAT(AXN,IZ,2X ,1LF%,2)
14 CONTINUE
13 CONTINUE
WRITE(6,5C00) IYEAR
WPITE(6,5C01) ET+T,0AlwT , FECHT ,FOFFT,SEEPT
5700 FOFMATCING, 25X ,15HTOTALS FOF YEA2,5%,14)
5001 FORMAT (ARG 15X, 24HTOTAL CVAPOTRANSPIRATION,SY ,F10.1/
116X,16HTOTAL RAIDFALL,SX ,Fli.t1/
216X, 14HTOTAL RECHARGF,5X,F13.1/
295%,12HTOTAL RUNOFF,SX,F1(.1/
416X,17HT0TAL SEEPRGE,S5%,F10.1)

IFCICCUNT.EQ.?) CALL HPLOT(CE,IC}UNT,(JUNT,D’OT*,IYEAP,SV)
IF(N=-JCuUNT)X2R,22,24
24 LG&=1
IYEARP=TYEAR+T
RYCAR=FLOAT(IYEAR)
FY=RYEaAR/L O
ITRPY=TFIX(RY)
RIPY=FLCATC(IRY)
IF((PY=RIPY) LT.Y.LE-5) Ao 1O 21
PONTH (2)=2F
Gn TO 2¢
21 MONTH(2)=29
22 CONTINUE
GO Tu 2¢
23 CONTIKUE
CALL DEVEND
STOP
EnD

R L U P PYLTERRS SESPRE PR R AL
1(T/5.5-3.0) «x2+5 487 *(T/5.C=3.0)+17 . 740

PETUP il

EnD

FUNCTIGN DELCT) )
DEL=(C.C12%CT/5.0-3.0) x*2 40 TRI#(T/5.0-7.0)»*2#
11.55 % (T/5.0=3.0)45.6R7) /5.0

RETUEE

E M
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SURROUTIME RIPLOTOEE, TCOUNT ¥OUYNT, 3N0T, TVvELR,

DIVENSIC(NY THOLC1Z) ,6R(731,C) ,peY(711)
DIMEMSICN G1C(731) ﬁ2(731) 7(?11) C4(7%1),
167(731) ,&(7%31), r0(731)

CATA I”CL/3“JAN,?HFEP,3HHAP,SHAP?,SHnAY,ﬂuJUH

1XZHSEP,3HOCT ,3HNOV ,3IHDEC/
CALL WINDOW(2)

GI=E7T" GCr=RAIN GT=GLEV G4=RECH G3=$1rD1 F5=5¢

ELACE DATA IN SEPARATE ARPAYS

S¢¥D11=0.0
Srbeh=1 1.
Mar(-vo‘i

DN 12 I=1,731
DAYCT)=FLOAT(I)
61(1)=62(I,1)
G2(1)=GR(T,2)
c3(1)=65(I1,3)/100C.0
GL(I)=GE(I,4)
GS(I)=GECI.L5)
FACI)=G2(],6)
G7(I)=GF(I,7)
GS(I)=GF(I, &)
RG(I)=GE(I,O)
IF(E7(I).CT.SMSH) ISKS=I

S 3t=pKAXT(Si"Sy, A7 (1))
IF(G6(TI).GT.3rD2t) 15+b2=1
SHMD2=AMAX1(SMD2M,G6 (1))
IF(E5(I).GT.SHDTM) I3HMDI=1
SHDTR=AFAXT(S{IDT1:,E5C1))
CONTINUE

CALL MCVTC2(r.1,i.1)
CALL LINTOZ(N.1,210.1)
CaLl LINTN2(257.1,21C.1)
CALL L1n102(297.1,t.1)
CALL LIANTO2(C.1,0.1)
caLtL ™"ovy02(26.0,22.5)

ETAT1=C.0
FCFFT1=C.C

D0 12 Y=1,3A5
RECHTI=FECHTI+G4L (1)
RAINTI=FAINTI+G2(])
RNFFTT1=FCQOFFT1+G8(T)
SEEPTI1=SEEPTI+GG (1)
ETAT1=ET¢T1‘C1(I)
SEEPT2=".7
DE”HTc—C.T

PrINTCE= f 2

ETATZ2=2.0

LOFFT?2= ':.G

Dn 13 1=26A,730

LT IRTISRECHTIAGCLT)
QEFPTZEATEPT2HRT(])

SY)
S (731),66(721),

,SL'JUL’IL‘AU'C’
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RAINTZ2=0PalnuTe+62(1)
ROFFTZ=vnFFTZ+6R(T)
ETATZ2=ET74T2+~1(]1)

DO 14

1=1,730L

GE(I)=GF(1Y*S (1)
IYEAR=TIYE £ -1

CALL
CALL
Cept

CHASTZ(? .0,7.5)
CHIINTC(IYEAP,4L)
PCVTN2 (155,.5,22.5)

IVERO=IVELR 4]

CALL
CALL
CAaLlL
CatlL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

FYOT

CriL
CaLl
CaLt
CiLL

PLCT
CALL

CaLL
CALL

CHATUTC(TYEAR ,4)
CHASIZ(1.5,7.0)
AXIPOS(C1,25.0,30.0,25C.u,1)
AYTSCA(S ,24,0.0,739.0,1)
AXILAB(IWOL,12,3,1,21.0,-1)
AXTSCECR,146,0.0,730.5,1)
AXICRECT,1,1)
AXISCA(S,730,0.0,72L.0,1)
AXIPOS(1,25.0,30.7,5G0.0,2)
AXISCACR,R,0.0,80.0,7)
AXTIDPA(~2,-1,2)

RAIMNFALL + 444+ 3 4444544+ 4444

FRLMIS(C2,727 ,71.1)
AXIPOS(Y,275.0,30 00,5 ..1,2)
AXISCAC?,10,2.5,10.9,2)
FXIDRPAC=2,1,7)

ETit+4+2 44 +4+4++4+4++444+4

PENSEL(Z2,0,0)
fRAPCL (DAY ,C1,73 1)
FERSEL (1,2,7)

IYEAP=IYEAR-1
X=3C.0

Y=6 ¢

CeaLlL

|V

TCTALPA(Y Y REAINTY RECKTI, ROFF T

IYEAR=IYEAP+1
X=156 .+

V4N, o

CALL

CaLL
CaLL
CALL
CaALL
CALL
CLLL
CALL
CALL
cALL
c:atL
CaLL
CALL

' 3

-

L
L

[ T e O 0 |

TOTALPIX,Y RIINTL ,PECHTZ, RPNFFTZ 55E27

FPOVTO2 (3 M, 0,75.4Y)
CHASYIZ2(2.5,3.59)
CHAHOUL (TUHPATHFALL®,)
rCVT0Z2 (35.C,72.0)
CHASTIZ(1.5,2.9)
CULHOL (TCHOHM/DAY) %)
FeVT02¢225.M,75.0)
CHASTIZ (2.5 ,2.5)
CHLZHOL(?OFEVAPOTRALSPIFATIONX )
POVTO?2 (7465 0,72 .L)
(HASI?(1.5,2.'0)
CHAROL (Y- HO 1 /DLEY) *0)

POVT02 (18 0,174 1)
Ch ooz ,%,7.,5)
Crou L (2 26wl ] DTURY DET )

™J

LETAT

o
“ .

LSEEPT1,ETATY,IYEAR)

IYzLR)
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CALL +QvTo2(20,7,174 .0

CrLL CMW)L(‘MHQ::DT CONSTANT = =)
Ceth MOVTO2(13S.0,174 ,.4)
IRNOT=TFIXY(ROLUTY

CALL CHAIMT(IROOT,3)

CALL "CVTO2(180.0,174.0)

CALL CHAY(L (T8HSPECIFIC YEILD ==.)
CALL POVTO2(228.0,174,.0)

CALL CHAFIX(S5Y,5,3)

CALL CH#SI?(1.S,?.D)

CALL 72 XIPOS(1,25.C 11& L,e50.0,D
CALL aXISCA(3, 65 L3,7320.0,1
CALL AXIDRA(-1,0, 1)

CALL AXIPOS(1,25.u,114.¢,18.:,2)
CALL AXISCA(I,&,C.0,4u.i,2)
CALL AXIDRA(Y,-1,2)

PLOT SEEPAGE DATRA++4+ 434 +4+ 44344444444+

CALL AXIPOS(TY, 275 0,116 .0 ,1R.C,2)
CALL AXISCA(T _ &, .J,Lo,b,g)
C4LL AYIDPA(—Z,:,()

CALL €ERAFOL(DAY ,GC&,731)

CALL revTo2((3G.o,130.0

CALL CHASIZ(Z2.5,%1.5)

CALL CHARDJL(I1=KCOWMBINED SEEPAGE®,)
CALL nmOvT02(35.0,125.9)

CALL CHARQLCIZ2HAED RPUNODFF %)
CALL CH&KSIZ(1.5,2.0)

CALL MCVTC2¢4T.C,122 .0

CALL CHAHOL (13H(MpP=EQUIV.)*x.)
CALL HCVT0O2(3C.Z ,108.862

CALL CHASIZ(2.5,3.5)

CALL CHAHOL (13HGPOUNDWATERYX,)
CALL #CvT02(¢3C.0,104.2)

CALL CHAHUOL (12HHYDROUOGRAPH* )
CALL CHPSTIZ(1.5,2.9)

CALL HOVTOZ(SS.‘,1G1 )]

CALL CHAHOL (14H(H¥ RELOW 6GL)*,)
CALL t:0vT02(?254.0,108.6)

CALL CHASIZ(Z.5,3.5)

CALL CHAHOL(IDHRECHARGE*,)
CALL MOVTO02(24C.0,105.0)

CALL CHASI?7(1.5,2.0)

CALL CHAHOL (6H(Inn)*x.)

START RCTATIQAS++++

CALL SHIFTZ(25.1(1,370.0)

CALL RCTATZC1,1RS. M)

CALL AXIPOS(1,0.0,0.0,250.2,1)
CrLL AYISC2€3,146,0.0,730.0,1)
cerLL AXIippad(e,d, 1)

CALL ;xlﬂu,(1,a.u
Chll ~X1sC:(7,12,
CoLL tYIDRE(Z, 1,

’ o( 3‘-\.;’8)
(.J' B‘LJ-‘ ’()
)
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PLUT asWkL D;TQ++4+++44+4++++++++4++
CALL RPIPOL(DAY ,CS,720)
Y=SrD1p+32,.0

X=FLOATC(ISLDT)

CALL GRAIFOV(X,Y)

CALL CHAHMCL(AHSMDY*,)

PLOT SIS DATA+4 4444424044 4444+44434
CALL PERNSEL(2,0,)

CALL FREPOL (DAY, G7,72()

Y=5rsh+32.0

X=FLOAT(IS~S)

CALL GRAMOV(X,Y)

CALL CHAHOL (SHSMSx.)

CALL PENSEL(1,0,C)

F-r-

PLUT SMD2 DATA++4+4+ 444444433 4+444

CALL GRAPOL(DAY,G6&,720)
Y=SMD2F+3_ 7
X=FLNMAT(IS 12?2)

CALL FR2r0V(X,Y)

CALL CRAHDL(SHS Dz *_)

CaLL AXIFOS(Y,25C.u,0.0,35.7,2)
CALL AXISCA(3,12,C.5,300.0,2)
CALL aXJIDRA(-2,1,7)

CALL AYIPOS(1,7.0,56.U,25GC.1.,1)
CALL AXISCAC(3,145%,0.0,730.C,1)
CALL AXIPOS(1,0.7,56.0,3C.0,2)
CALL AXISCA(3,12,0.C,6.0,2)
CALL AXIDRA(Z2,-1,2)

PLOT HYDPOGRAPH DATA+++++++44+44+44
CALL GRAPOLC(PAY , F£3,73:5)

CALL AXIPOS(1,250.0,56.0,25.0,2)
CALL &XISCA(3,%,0.3,40.0,2)

CALL AXIDPA(-2,1,2)

CALL AXIPOS(1,5.7,36.0,252.¢,1)
CALL AXISCA(S,73G,0.0,730.0,1)

PLOT RECHAREGE DATA AS HISTOGRAM+++
CALL GPAMIS(R4,730,0.1)

CALL PCTATZ(1,=-187.7)
CALL SHIFT2(-25.0,-170.0)
CALL PICCLE

ICoUnT=E

KOUWT=1

PFTLO
Et L
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SUPPOYUTINE TUTALPfX’Y':'RE’pn’s';’lvpgp)

CALL CvT02(Xx,Y)

CALL CHES17(1.5,7.5)

CALL CHAHOL (12HTOTAL S FOR %)

Y=yY-3.9

X1=x+2_(

CALL MCVYION2(¥Y1,Y)

CALL CHAINT(IYEAR,L)

Y=Y=2.5

CALL CH2SI7(1.25,1.75)

CALL »UVTO2(X,Y)

CALL CHAHOL (RHRATN =)

X1=X+10 .0

CaLL MCVTO0Z2(Xx1,Y)

CALL CHAFIX(R,6,1)

Y=Y-2.5

CALL #CVTO2(X,Y)

CALL CHAHCL(7HETSA =%_)

X1=X+&_75

CALL hOVTO2(Xx1,Y)

CALL CHEFIX(E,6,1)

Y=Y-2.5

CALL KCOVTO?2(Y,Y)

CALL CHAHOLC(12HRECHARGE =%_.)

X1=x+1:z.0C

CALL MCVvT3l2(x1,Y)

CALL CHAFIX(FE,6,1)
Y=y-2.,°%

CALL rOVTOQ2(Xx,Y)

CALL CHEAHCL(1QHEUMNOFF =x_)

X1=X+1¢.5

CALL rOVTOU2(X1,Y)

CALL CHAFIX(PFD,A,1)

Y=Y-272.,5

CALL MUVTO2(X,Y)

CALL CHAHOL (TIHSEEPACGE =%.)

X1=X+12.75

CALL MCVTN2(X1,Y)

CALL CHAFIXA(S,6,1)

PETUK}

END

SURRQUTINE DISCHAR(GLEV, CLEVMX SEEZRP ,3Y)
ROUTINE CALCULATES QUANTITY OF DAILY SEC2RGE++++

HCOND = HYDRAULIC COMDUCTIVITY JF SOTL (~/>tYy)
HCONN=] [ RE-T

DELH=(GLEVIAX-GLEV) /1000 .0

CALCULATE FLOW I pi*x%x% THROUGH SHIL, FNP 2 UMIT LFZAL.
FLOW=RCCND*DCLH

FALL=FLCW/SYx1C0N ]

FLEV=GRLEV+FALL

SFEP=FALL~=SY

FETYS M

Hp
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1

14

12

11

13
15

10

12
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Su=eauITnLE Ur TTSCDAT, Y, Vv ees L,L2,L3,LS,L4,L7)
VINERSTOH DLT(LT)Y Y (9)

IFOLILEQC.Y) DATOII=(DAT(1)=22 " Y5 .7 /5.7
TFOLT.EGLT) PAT(ZI=(DAT(2)=32.0)%58 . 3/C .7

IFCLZ2 . EQ.TIDUT(LI=DAT(L)Y %] 4120

TFCLZ.EN.T) DATCII=DAT(3I) %25.4

DAT(L) =CAT(4) Y (9)

IFCLS.ERLDGY GO 7O 10

DLTC1T1)=DAT (1)

DAT(1)=C.D

ITF(L7.EN.0) 60 TO 14

TFOLELERTLANDLL7LENL1) DAT(E)=(DAT(A)=32.0)45.0/9.7
CONTINUE

IF(LE.EN.TY GO TO 12

PATCIT)=(DATCII+DAT(2)) 20 .5

CONTINUE

DATCIZ2)=SVP(DAT(11))

IF(L7.ER.T) GO To 13

COFPUTE VALUE OF ED FROI WET BUL2 DATSH
EW=SVP(DAT(6))

IF(DAT(&).LT.0.0)Y GO TO 11
DAT(13)=EW=7 . Q90E~4L *AVBPRI*(DAT(11) =DAT(E))

0 TO 15

DAT(IZ)=EW~7 [ 2CE=LxANEPP sx (DAT(11) =D AT (%))

GO TH 15

DATOIR)=(DATCEI *DATC12IN /L. .3

CONTINUE

DATC(IS)=DAT(I3)/DAT(12) %x1(0.¢

RETUPRH
EMD

SURPOGUTINE PFN(ETA,DAT,IDAY Y A ,2,5LEV,8M=20S ALAT, RALCIUS,

10ECLIM,SFS,Sii5a1,8MSR2,5:°D,SrDb61,31WD62,5%041,8nDA2,R0NT,16RAY,
2LS ,ALBEDO)

DIMENSICHN Y(O) ,RADIUS(366),3ECLINC3AA) ,DAT(LD)

SURPOUTINE COFPUTES THE VALUE OF
ACTUAL EVAPOTRANSPIRATION

TFACT=R GLETL /2 JLTEDG
CAIEA=AVRPRS*6,574E-Ch

DELTA=DEL(NDAT(11))

IF(LS.E6.Q) €0 TO 10

RADNFT=BLAT(S) /(59 .C*x7FACT)

c0 T0 12

CALL PADIAT(LAT,RADIUS,DECLIK,ALAT , 5PD,PADNET, A, R, SUiRT,

1SHM0G2,S¥DAT,SHDAZ ,SMS,IDAY,Y , SMSAT SM3A2,I5ROW,ALFED™)

PHOCP=1.2*x1.M1ED3

CALL RESIST(DAT,POOT,SHDAT,SKHDAZ,R35,15R04,51D)
CALL VEGCIGROW,Z7()

CALL PCUGHS(DAT,R2,70)
X=2.47c(H6*(DELTA+GArMAX(T L4PS/RA))
FACT1=R.6LECGL *DELTA/X

FACTZ2=RuUnCP*" ,6LE047X
AERND=FACTZA(OATIIZ)=DATCI3))I /R LY (7IH4CLEVRS, F=5)
RADNFT=FADMET*FACT

ETA=RPLLRETHEFRU

LAT(C.?)=1IGROV

NAT(32)=45

RFETUS "

(SLERN
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13

14
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14
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SUEPSUTINE DROWNCFTAE,FLEV,SY, S0P, 2007t 550X, 0 ¢ 001,57 047
ETA=ZARS(ETA)

RNOTA=RC.1

IFCROQTALGE . (ROOTI =-35.0)) RPODTA=3DOTIL=-35,C

ROQUTIMR DISTPIRUTES ETA RETWEEN S2IL MDIISTURE LCSS aud
EVAPOKATION FPOIY THE GROUNMNDWATES TARLE++++4+4+ 444

IF(SID.CTLSMDEX NP SES_ GT..1) 6 TO 10
IF(SHD.LY.ROOTA) GO TO 172
IF(SEUD.LT.SILDATYGRO TU 14
IF(S*D.LT.SEOAZ2)Y GO To 13
AP=(Y.0-U.83)/(SMDMX~SMDAZ)
FALL=(S¥D-SMDAZ2)*AM+( .85

GO TO 20
Ar=(0.85=C.35)/(5tDAZ2-5FDL1)
FALL=(SVD-SMDAT)Y *xFEM+0 35
GO TO 22
Cr=0.35/7(SBDAT=-RUNTA)
FALL=(SFD-RONTA) x ~
GLEV=GLEV+FALLXETA/SY
SHUD=SHD+(1.0-FALL)*ETA

GO TO 11

SID=S} DH+ETEA

0 70 11

GLEV=GLEVHETL/SY
SM"D=SrD-ETA
IF(S“P . GT.SHDEX) SiFh=SDryx
RETUPR K

EMND

SURROUTINE FESIST(DAT,RQOT,SMbAY,S5HMDAZ, RS, IGROW,SI7D)
DIGENSICHY DAT(LT)

PURPOSE OF THIS SUBRGUTINE IS TC MAYE AN ASSESSHENT
OF THE RS Tcon IN THE MOMTEITH =UATION  =ASED ON  SOTL
rOISTURE DEFECIT DATA

IF(IGRCW,.LT.1) &C TO 1%
IF(IGPOW ET.50) GO TO 14
G=FLOATCIGPOWI*(200.C/53.3)
RL=200.0~-6M

O T0 11

IF(SEDLTLAC.0) G0 TO 14
Rre=25G.C/ ¢t .C-60.0)
PRL=(SMD=-60_) 2 M

6o To 11

PL=0.C

RC=5C.C

IF(SMe . LT.SMBAT)Y €9 TC 12
IF(SMD.GT.SKODAZ) GO TO 13
Ari=5CcL0.0/7(%DA2-3SDAT)
PH=(SIFD=-S“DAT) *AD

GO T0O ¢(

Ru=0 D0

GO TO 2°C

PH=S00C0

PS=FCHRPK+RL
IF(DATONYLET 20 a0) H5=0 0
RETUPRL

EMD
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520

SUEFEAUTINE &, 31-T(DET,oA2IUS,DECLIN

I 4 ” rJ 4

15?061,Shgaglgmc51'SPDAZ,QVQ,IDﬁv,Y,ShSQ1, SN2 ,INPGW, AL
DIMFHST (N DET(LD) ,FADIUSCRAE) ,DECLINIRALK) v (Q)
SUBROUTINE CALCULATFS THE RADIATION RALANCE AT THE

SITE &S NODIFIED FY A VARYING ALIEDO AND VAPYING AUELNTITY
OF HEAT LNSS Tu THE GROUND. ROTH MODIFICATIVNS AFE oMLY
E"_PIOICAL.++++++++++

DATCT1)=RADIUSCIDAY)

DAT(TR)=DECLINCIDLY)

x=0.J01745220¢5

ARS=273 .12

RLAT=ALAT X

MR=ACOS(=T. 0% TAN(RLAT)*TAN(OATC(12)))

DATCI5) =24 . 3*HR/ (X *180.7)+( .11

CONPUTE IHCOPING RADIATION

DATCI7)=1 . 3579EN3 /(X %157 U+ (DAT(1it) %42} ) x

TOHR*SIN(RLAT) *SIN(DAT(TR) Y+COSCRLAT) »
ZCOSCDAT(IR)I*SINCHR))

COMPUTE BACK RADIGTION TERM
DATCT6)=CCAPSH+DAT(I1) ) x4 %5 A7E-7) #

VYWY +Y(S)*DAT(?)/DATCIS) ) *
ZOY () =Y 2Z)XSQRT(DET(I3))) Y (1)

CALL GRCUMD(SED,SIDFT,31DRZ,CFLUX)

CZLL ALF(SMDL1,SWDAE,87D,IGQON,;Lézan,Sﬂi,S:SA?,S*S#?)
RADHNET=PAT(I7) % (L+=xDAT(7)/DAT(I5) )% (1 L=4LBF00)
RADNET=(PADNFT=DAT(16))*(1.0=GFLIX)

DAT(30)=ALREDQ

PAT(31)=GFLUY

PETUR

END

SURPAUTINE G2 OUND(SMD,S5"DET,3ADR2,E6CLUY)

SUPROUTINE CALCULATES THE PERCEMTAGE OF NET PRPADIATION JSED
FOR HEATING THE GEQUND. IT IS ASSUMET THAT THIS CAN =%

AS HIGH AS 75% FQR VERY DRY SOIL CONDITIONS., S5mdG6T1 2L
SLDGZ2  APE VALUES OF  Si"D FETWEES WHIZH SFLUX LHEWRES

ZETWEEN €0 AND 75Y . ++4++++4+4
AM=(TD 735=0.20)7(SPDCGEE-SDGT)
IF(S"D.GF.StIDGZ) &0 TO 11
IF(StP .LE.SMDGT) GO TO 1:¢
GFLUX=(S“D=-SMDC1) *ANM+( .2 0
0 TO 12

GFLUY=C".75

Go TG 1¢

10
12

GFLUX=( .22
RETUPR ft
E D
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£F Cr >

14

15

11

13

E21

SUsCOoUTIhE AL R EDAT , S he S0, 1230w, 5L, 85,5

SURPAUTINE CALCULATES THe ALFEDG JF THE 310F

FIaDIHE InwCOrING FADTATION, R AZED onN AN S4T

I =0
IF(SYS . E6T.SMSATY GO THO 17
IF(SmD .CT.SIEDAZ)Y GO TO 14
ITF(SUED LT.SIiDAT) GO TO 15
A I=(0J.35=0.15)7(spAazZ~-Sr D)
ALREDC=(SMD~-S™DAT) =AM1+C .15
ICROW="C

I1=1+1
G TO 132
ALBEDN=T (35

ICROMW=g

1=1+1
O T0 13

IF{SMS . LT.SMS42) GO TO 11
IF(ALREDO.GT.(.25) ALREDQ=0.25
ALBEDO=2LBEDO=-0,0015

I=1+1

IFC(ALBEDO.LT.U.15) ALREDO=7.15
IGROW=TCROW+
N T 13
AZ2=(0 JA8=0,25)/(SHSA2=-SS2Y)
ALREDO=0,.35-(SMS-SHMSAT)Y*LM2
IARPQW=TCEROWT

I=1+1

IF(I.EQ.0) ALREDO=0,Z20

RETURN
END

SUBRROUTINE VEG(IGRROW,75)

RNAUTINE CALCULATES Z0 PARAFETER IcQUIRES FOw

THE k£ RESISTANCE TERPF. CALCULATION ZL4SFD UPON TIFE

RROWINEG SEASOM FECAN++++++4++4+4+
IFCIFEQOW.LT.YT) GO TO 10
70=F.C+FLOATCIGROW)

G5 T0 11

7U=6.0

IF(ZO.GT.I12.0) 726=11C .10

PETUFR U

EKND

SUSPOUTTLE POUGHS(uAT,RA,70)

CALCULATION
CInNCE

QF

ster 37T TIRE COLCULATES THE VALUE DYF Fi, THF XERQECTVYHL-TC

RESTISTANCE TERPMII 444444

DI,cLsSIn TAT(LD)

U=CATC(AYX1 30,0772 6604

CLaz(pL(rO(? FETZ=LYI20) Y «»2 /00 AV »x7x'))
LETUY M

F L





