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CHAPTER 4 WATER BALANCE ANALYSIS BY USING REMOTE
SENSING TECHNIQUES

Water balance and groundwater recharge in each sub-basin were analyzed by using meteorological and
hydrological data and remote sensing technique. Three kinds of water balance analyses were
implemented. The detailed water balance was concentrated to the sub-basin G to know detailed
distribution of the infiltration potential under consideration of surface water runoff. The second
analysis, simplified water balance, was applied to each sub-basin to grasp the distribution of the
infiltration potential in rainy season. The third analysis, monthly macro water balance, was aimed at
roughly grasping the monthly change and annual amount of groundwater recharge potential among

sub-basins in the Internal Drainage Basin (IDB).

4.1 Purpose of Analysis
The purposes of the analysis are as follows:
e To evaluate evapotranspiration with the help of hydrology and remote sensing
technology.
e To delineate the area with high infiltration potential (high groundwater resource

potential) in IDB in consideration of water balance of each sub-basin.

4.2 Survey Area

(1) Detailed Water Balance Analysis Area
Taking the Phase I study results into consideration, including ground water potential, fluoride
contamination and population regards, the sub-basin G area was selected as a detailed analysis area
of interest (Figure 4-1).
The sub-basin G is located in the southern central part of IDB. The topographic features
characterizing the basin are divided into two regions by ENE-WSW trending fault. Mountainous
and high altitudes areas, approximately 1,000-1,800m in elevation, are distributed in the northern
area, and low plain, Bahi swamp and gentle hills, approximately 800-1,000m in elevation, are
widely spread in the southern area. Drainages developed in this area converge to the Bahi swamp,

and main drainage is Bubu River which flows north to the Bahi swamp.

(2) Simplified Water Balance Analysis Area

Simplified water balance analysis was applied to all sub-basins of IDB.

(3) Macro Water Balance Analysis Area

Macro water balance analysis was applied to all sub-basins of IDB.
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4.3 Detailed Water Balance Analysis for the Sub-basin G

Water balance analysis was conducted to estimate volumes of rainfall, evapotranspiration, runoff and
infiltration, comparing bi-temporal LANDSAT ETM+ data to observation data in the field. The data
acquisitions of LANDSAT ETM+ are in February 2000 and in September 2000, corresponding to
rainy and dry seasons respectively (Table 4-1).

Table 4-1 List of LANDSAT ETM Data Used for Detailed Analysis

No. Path Row Acquisition Date

1 168 63 2000/2/21
2 168 64 2001/3/11

Rainy
3 168 65 2000/2/21

season
4 169 63 2000/2/12
5 169 64 2000/2/12
1 168 63 2000/9/16
2 168 64 2000/9/16

Dry

3 168 65 2000/9/16

season
4 169 63 2000/9/23
5 169 64 2000/9/23

LANDSAT false colour images, SAVI (Soil adjusted vegetation index) images, VSW
(Vegetation-Soil-Water) images and land cover maps of each season were prepared as a basic data set
for this analysis. These images are shown in Figure 4-1 to Figure 4-4 respectively. In these Figures a
high contrast of vegetation activity is clear in each season, which is closely related to water content of
the soil. Therefore, these processed remote sensing data could be used as one of the important
information to understand the water balance of the sub-basin.
The water balance is expressed by following equation.
P=E+R+I .- )
Where, P is rainfall, E is evapotranspiration, R is runoff and I is infiltration.
Observed meteorological data and hydrological data used in this calculation are as follows,
e Temperature and evaporation data in February and September 2000, derived from
“Tanzania Meteorological Agency”.
e Rainfall data in February and September, derived from “Summary of rainfall in
Tanzania”(1975: East Africa Community, Nairobi).

e Hydrometric gauging station data of river water level shown in Table 4-2.
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Table 4-2 Used Hydrometric Gauging Station Data of River Water Level

Hydrometric Gauging Station Observation Period
2R1A | Bubu at Farkwa 1957 — 1989
2R23 Mponde 1969 — 1985
2R25 | Msemembo 1970 — 1991
2R26 | Madumu at Makuru 1970 — 1990
2R29 | Bubu at Thawi 1972 — 1985

Figure 4-1 LANDSAT ETM+ False Colour Images (B, G, R : Band2, Band4, Band5)
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Figure 4-2 LANDSAT ETM+ SAVI Images

Figure 4-3 LANDSAT ETM+ VSW Images
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Figure 4-4 Land Cover Maps

Using these images and observed data mentioned above, evapotranspiration maps, rainfall maps and
infiltration maps were composed in the area of sub-basin G. The composition methods of each map are

explained below.

4.3.1 Evapotranspiration
Makkink equation (Makkink, 1957) was applied to the sub-basin G to estimate potential
evapotranspiration ET (mm/day). The equation is defined as follows,

A Rs

ETmak = - e (2)
A+y A

In addition, following equation (ERSDAC, 2005, Nagai, 1993) were proposed because of various
ground condition of the whole sub-basin G.
A Rs

ET= o[(a—A) +b] - 3)
A+y A

Where, Rs (cal/cm?/day) is the total solar radiation, A (mbar/°C) is the slope of the saturation vapour
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pressure curve, ¥ (in mbar/°C) is the psychrometric constant, A (cal/g) is the latent heat, a and b are
local constant values, A is Albedo and a. is conversion value to actual evapotranspiration (0< o =<1.0).
And Rs, the total solar radiation, is calculated by using following equation.

Rs =Ra (0.18+0.55n/N)
Where, Ra is the outer space solar radiation, n is the observed sunshine hours and N is the possible

sunshine duration.

{A/(A + v)} is dimensionless parameter and approximated by using the following equation.

A
=1/[1.05+ 1.4 exp (-0.0604T)]
A+y

Where, T is the observed temperature. A (latent heat) is calculated by using following equation.
A=2.5-0.0025T

The estimation method of each term of Makkink equation is summarized as follows.

Terms of Makkink equation Necessary basic data

Albedo 1) Processed satellite images into classified land covers.

2) Correlation of land covers and Albedo values.

Total solar radiation Sunshine hours distribution

Slope of the saturation vapour | Temperature distribution

pressure curve

Psychrometric constant Temperature distribution
Latent heat Temperature distribution
Local constant values (a, b) Pan evaporation data and albedo of evaporation pan

(1) Temperature and Sunshine Hours

The calculation of total solar radiation {Rs} can be obtained from the sunshine hours data, and the
calculation of both of dimensionless parameter {A / (A+vy)} and latent heat {A} can be obtained
from temperature data. Therefore, temperature maps and sunshine hours maps covering the
sub-basin G in each season are processed proportionately by using observed meteorological data in
Arusha, Kilimanjaro airport, Moshi, Tabora and Dodoma. The processed values of temperature in
this way should be rectified by an altitude effect through SRTM DEM data. The altitude effect of
temperature is estimated at 0.7°C/100m (commonly used 0.6°C/100m) using regression analysis
between observed temperature data and elevation of each meteorological station.

These temperature maps and sunshine hour maps for rainy and dry seasons are shown in Figure 4-5

and Figure 4-6, respectively.
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LEGEND
T(°C) Figure 4-5 Temperature Maps
B 30

B 10

The temperature distributions on February and September 2000 have similar tendency because the
temperature distributions highly depend on the altitude. The temperature is higher in southern low
land areas, and lower in northern high land areas. The point of the lowest temperature is the summit

of Mt. Hanang located in northern area in the sub-basin G.
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LEGEND

Sunshine Hours Figure 4-6 Sunshine Hours Maps
B 10

B 6

The sunshine hours distributions in the sub-basin G on February and September 2000 has the same
pattern, that is, the sunshine hours are longer in northern areas than in southern areas. The sunshine

hour on February is shorter than that on September because February is in rainy season.

(2) Local Constant Values {a, b}
The local constant values {a, b} are calculated from the data both of the monthly observed
evaporation and estimated monthly evapotranspiration (ET,) through equation (2) for a year
duration. As an example, the calculation at Dodoma is described next. The used meteorological data
and estimated ET,,,x are shown in Table 4-3. The scatter diagram in monthly mean of the observed
evaporation versus monthly mean of the estimated ET,,, is shown in Figure 4-7. In this diagram,

x-coefficient 1.04 and y-intercept 0.76 correspond to local constant value {a-A} and {b}
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respectively. The albedo {A} of the observed evaporation pan water surface was adopted to be 0.05

to determine the value {a}

Table 4-3 Observed Monthly Weather Data of Dodoma 2004 and Estimated Monthly
Evapotranspiration (ET mak)

Sunshine  Evaporation Estimated ET,,

2,004 T(°C) hours (mm) A/(A+y) Rs A (mm)
Jan 24.9 267 0.73 20.14 2.44 188
Feb 243 210 175.2 0.73 17.85 2.44 149
Mar 24.1 239 185.8 0.73 20.22 2.44 186
Apr 23.1 234 157.2 0.72 19.30 2.44 170
May 22.4 304 194.0 0.71 22.67 2.45 203
Jun 20.3 306 196.5 0.68 21.63 2.45 181
Jul 20.0 329 215.0 0.68 23.20 2.45 200
Aug 20.9 326 241.5 0.69 26.04 2.45 228
Sep 22.3 303 262.0 0.71 23.66 2.45 205
Oct 23.9 329 302.7 0.72 25.42 2.44 234
Nov 24.7 300 282.5 0.73 22.34 2.44 201
Dec 24.4 158 212.5 0.73 14.71 2.44 136
a-0.05=1.0381
o 12 b =0.7586
g
g0 y=10381x +07586 @ @ |
- 2 _
% . R? = 0.4093 ./F
2 [
£ 4
3
2
2 4 6 8
Monthly mean Estimated ET(mm/d)

Figure 4-7 Scatter Diagram of Observed E (evaporation) and Estimated ET .«

Table 4-4 Local Constant Value a and b

Meteorological Station a-0.05 b R’

Dodoma 1.04 0.76 0.4

Arusha 1.27 -1.54 0.71

Kilimanjaro 1.36 -2.39 0.66

Moshi 1.69 -3.37 0.79

Tabora 1.04 -0.71 0.56
Average 1.28 -1.452

Table 4-4 summarizes the local constant values calculated from five meteorological stations. An
average of five stations data is adopted as representative local constant value of IDB area, those are
{a-0.05} equals 1.28 and {b} does -1.45.
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As a result, the evapotranspiration in sub-basin G is estimated by using following equation. (This
equation can be applied to the other sub-basins in the IDB.)

A Rs

ET= o[ (1.284+0.05-A) -1.452] e 4)
A+y A

(3) Albedo

Albedo is a value corresponding to the ratio between incidence and reflection lights at surface. It
could be estimated by the results of principal component analysis using LANDSAT ETM+ bandl to
band5 data. The first principal component (PC1) ranging from visible to near infrared bands seems
to be albedo. Therefore, in order to convert PC1 into albedo, the conversion rate value was
necessary to calculate from correlation between recommended Albedo value (Table 4-5) and PCl
scores, using typical data at places of lake, green forest and bare land where field survey about land
cover class was conducted in advance.

The scatter diagram is shown in Figure 4-8. The Albedo Maps on February and September 2000 are

shown in Figure 4-9.

Table 4-5 Recommended Values of Albedo (ERSDAC 2005)

Land cover class Albedo
Open water 0.08
Tall forest 0.11-0.16
Grass and pasture 0.20-0.26
Bare soil 0.10(wet)-0.35(dry)
0.40 0.40

y = 0.0026x — 0.0466 y=0.0019x + 0.0123

0.35
R? = 0.9999 / 035 R2=09971

0.30 0.30 /
;025 025
2020 /
0. 0.20
b /

015 r 0.15 /

0.10 010

¢

Albedo

0.05 0.05

0.00 0.00

0 50 100 150 200 0 50 100 150 200
PCI PCI

Figure 4-8 Scatter Diagrams of Albedo and First Principal Component
of LANDSAT ETM+ Data
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LEGEND
Albedo
e 04

Figure 4-9 Albedo Maps

B 00

The albedo of Bahi swamp in September (dry season) has lower value than that in February (rainy
season). This result comes from the violet colour of Bahi swamp in Figure 4-3 LANDSAT ETM+
VSW Images. One of the possible reasons is the existence of Mbuga clay because it has dark colour
itself.

(4) Conversion Value to Actual Evapotranspiration o

As a general value, 0.6 was adopted to the conversion value a.
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(5) Evapotranspiration
The actual evapotranspiration maps in February and September 2000 processed through equation (3)
are shown in Figure 4-10. In sub-basin G, the calculated actual evapotranspiration in February was
40 to 80 mm/month, and in September was 60 to 105 mm/month. The actual evapotranspiration
estimated here is not necessarily mean real evapotranspiration. It needs water resource, soil moisture,

to evaporate. Therefore it should be called actual possible evapotranspiration precisely.

LEGEND
Evapotranspiration
= 100 mm/month

Figure 4-10 Evapotranspiration Maps

B 40
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4.3.2 Rainfall

Monthly rainfall map in February and September were processed from observed rainfall data. As a
precise rainfall data is not available in this area, “Summary of rainfall in Tanzania” (1975) is used for
the purpose. Figure 4-11 shows the monthly rainfall maps in February and September. The rainfall in
February, rainy season, is about 110mm/month, in September, dry season, is just a few mm/month

over sub-basin G.

LEGEND LEGEND
Rainfall Rainfall
- 130 mm/month - 10 mm/month

Figure 4-11 Rainfall Maps
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4.3.3 Runoff
Figure 4-12 shows locations of hydrometric gauging stations in the sub-basin G and also shows areas
of water catchment where stations 2R1A, 2R23, 2R25, 2R26 and 2R29 are located.

Figure 4-12 Hydrometric Gauging Stations of Sub-basin G
and those Water Catchment Areas

For estimating runoff coefficient (Ra), following equation (5) was used.

R

Ra=
P

Where, R is total monthly runoff (m®) and P is total monthly rainfall (m?).
The runoff coefficient and observed data are shown in Table 4-6 and Table 4-7.

4-14



The Study on the Groundwater Resources Development and Management in the Internal Drainage Basin

-Supporting Report- Chapter 4 Water Balance Analysis by using Remote Sensing Technique

Table 4-6 Average River Water Discharge in February and September

Average monthly discharge (m*/month)
Hydrometric Gauging Station Observation Period
February September
2R1A Bubu at Farkwa 51,690,062 0 1957 - 1989
2R23 Mponde 5,623,853 0 1969 — 1985
2R25 Msemembo 6,292,870 0 1970 - 1991
2R26 Madumu at Makuru 4,684,244 0 1970 - 1990
2R29 Bubu at Thawi 14,215,652 0 1972 - 1985

Table 4-7 Runoff Coefficients of the Drainages in the Sub-basin G

Hydrometric Gauging Station Monthly dischargeS hé?)né?ll}lgiﬁlfgl Runoff ioefﬁcient
(R) on February (m”) (m’) (Ra=R/P)
2R1A | Bubu at Farkwa 51,690,062 731,358,639 0.071
2R23 | Mponde 5,623,853 384,674,589 0.015
2R25 | Msemembo 6,292,870 94,040,806 0.067
2R26 | Madumu at Makuru 4,684,244 94,040,806 0.050
2R29 | Bubu at Thawi 14,215,652 132,959,443 0.107

4.3.4 Infiltration
Infiltration maps of sub-basin G in February and September were calculated from rainfall,

evapotranspiration and runoff, using equation (6).

I= P — ET — RaxP

Where, I is monthly infiltration, P is monthly rainfall (Figure 4-11), ET is monthly evapotranspiration
(Figure 4-10) and Ra is runoff coefficient (Table 4-7).

The Infiltration map of each water catchment area along with gauging stations listing up on Table4-6
is shown in Figure 4-13.

Figure 4-14 shows the possible infiltration map of whole sub-basin G, processed from simple

difference between Rainfall and Evapotranspiration using following equation (7).

I= P — ET
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Feb-2000

LEGEND

Infiltration Figure 4-13 Infiltration Map (I = P—ET—RaxP)

20 rmonh of 2R1A, 2R23, 2R25, 2R26 and 2R29
[ |

B 30

It is necessary to notice that the infiltration in September is almost zero. The right map shows only the

catchment area of each gauging station.
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LEGEND LEGEND
Infiltration Infiltration
-60 mm/month
- 80 mm/month -
B 30 B 100

Figure 4-14 Possible Infiltration Maps (I=P-ET) of Sub-basin G

It is necessary to notice that the possible infiltration in September takes minus value. It should be read

that there was no possible infiltration.
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4.3.5 The Results of Detailed Water Balance of Sub-basin G

The results of water balance analysis for the sub-basin G are summarized in Table 4-.8 and Table 4-.9

Table 4-8 Results of Detailed Water Balance Analysis for Sub-basin G on February

Hydron.letric Area Rainfall Evapotranspiration Runoff Infiltration Infiltration

ii;ltgig;g (Km2) (m3/month) (m3/month) (m3/month) (m3/month) Rate (%)
2R1A 6,649 731,358,639 389,602,243 51,690,062 290,066,334 40
2R23 3,374 384,674,589 192,337,295 5,623,853 186,713,441 49
2R25 811 94,040,806 45,399,010 6,292,870 42,348,926 45
2R26 811 94,040,806 45,399,010 4,684,244 43,146,856 46
2R29 1,220 132,959,443 64,650,004 14,215,652 54,093,786 41

Whole G 26,445 2,961,784,657 1,613,114,858 0 1,348,669,799 46

Table 4-9 Results of Detailed Water Balance Analysis for Sub-basin G on September

hydrorr}etric Rainfall Evapotranspiration Runoff Infiltration Infiltration

gsi:tgiz)r;g Area (Km2) (m3/month) (m3/month) (m3/month) (m3/month) Rate (%)
2RI1A 6,649 13,297,430 519,298,097 0 (-506,000,667) 0
2R23 3,374 10,460,449 263,198,403 0 (-252,737,954) 0
2R25 811 1,540,324 62,423,638 0 (-60,883,315) 0
2R26 811 1,540,324 63,234,335 0 (-61,694,011) 0
2R29 1,220 4,879,246 89,046,232 0 (-84,166,987) 0

Whole G 26,445 44,955,660 2,194,893,987 0 (-2,149,938,327) 0

The infiltration values for the whole sub-basin G in the tables above mean the possible infiltrations

because there are no considerations of runoff terms. The minus values of the infiltrations in the Table

4-9 mean no infiltration in practice.
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4.4 Simplified Water Balance Analysis for the Sub-basins in IDB
The methodology of simplified water balance for the Sub-basins in IDB is completely the same as the
method applied to sub-basin G. The simplified water balance analysis is a way which applied to only
rainy season. The data acquisition of LANDSAT ETM+ was in February 2000, rainy season (Table
4-1). Hereinafter the analysis results are described below.
Used observed meteorological data and hydrological data are as follows,
e Temperature and evaporation data in February and September, 2000 derived from
“Tanzania meteorological Agency”.
e Rainfall data in February derived from “Summary of rainfall in Tanzania”(1975: East
Africa Community, Nairobi).
e River water level data and River discharge rating curves of hydrometric gauging stations
shown in Table 4-10.

Table 4-10 Used River Water Level Data of Hydrometric Gauging Station

Hydrometric Gauging Station Observation Period
2K7 Ndurumo 1962 - 1984
2K11 Manonga 1969 - 1981
2K15 Mhwala 1969 - 1982

Figure 4-15 shows the locations of hydrometric gauging stations in IDB area and water catchment area
of stations where river flow discharge data acquired. Temperature map, sunshine hours map, rainfall
map, evapotranspiration map and infiltration map in February are shown in Figure 4-16 to Figure 4-20
respectively.

The rainfall map shows that the southern area of Ngorongoro Crater (north sides of Lake Eyasi and
Lake Manyara) and the Tabora region have much rainfall than the others. On the other hand, the Masai
Steppe (the sub-basin I) has little rainfall.

The evapotranspiration distribution in the whole IDB is strongly affected by the sunshine hours. And
in addition, the evapotranspiration in areas where have especially higher elevation such as Mt.
Kilimanjaro and Mt. Hanang is affected by the temperature. The evapotranspiration in southern
sub-basins has higher value than that in northern sub-basins.

The Figure 4-20, the possible infiltration map (P-ET) on February, shows that the infiltration in the
IDB has its highest values at Tabora region and the areca between Ngorongoro Crater and Mt.
Hanang/Mt. Leya. It is necessary to pay attention to the fact that this tendency will be changed
corresponding to target month because of the difference of rainfall and evapotranspiration distribution

on each month during rainy season.
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Figure 4-15 The Hydrometric Gauging Stations of IDB Area
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LEGEND
Sunshine Hours
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Figure 4-16 Sunshine Hours Map

LEGEND
T(°C)
P 30

B 10

Figure 4-17 Temperature Map
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LEGEND
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Figure 4-18 Rainfall Map

LEGEND
Evapotranspiration
W 80 mm/month

B 20
Figure 4-19 Evapotranspiration Map
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LEGEND
Infiltration
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Figure 4-20 Possible Infiltration Map (P-ET)
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4.4.1 Sub-basin A (Lake Eyasi Sub-basin)
The Average river water discharge of sub-basin A in February is shown in Table 4-11.

Table 4-11 Average River Water Discharge in February

. A thly disch: . .
hydrometric Gauging Station VErage montiy discharge Observation Period

on February (m*/month)

2K7 Ndurumo 2,825,426 1962 — 1984
2K11 Manonga 4,8276,780 1969 — 1981
2K15 Mhwala 19,190.868 1969 — 1982

The estimation for runoff coefficient of sub-basin A area is shown in Table 4-12.

Table 4-12 Estimation for Runoff Coefficient of Sub-basin A Area

hydrometric Gauging Montﬁiy}iiz:ﬂ:;}%e R) 1\(/;0)11(2}1111}1;;)?'1;?}}1 Runoff coefficient
Station () (m’) (Ra=R/P)
2K7 Ndurumo 2,825,426 265,194,016 0.011
2K11 Manonga 4,8276,780 964,000,975 0.050
2K15 Mhwala 19,190.868 576,210,218 0.033

The results of water balance analysis for sub-basin A area are shown in Table 4-13.

Table 4-13 Results of Water Balance Analysis for Sub-basin A

hydron}etric Area Rainfall Evapotranspirati Runoff Infiltration Infiltration

g;zt%g;g (km?) (m*/month) on (m*/month) (m*/month) (m*/month) Rate (%)
2K7 2,326 265,194,016 120,965,692 2,825,426 141,402,899 53
2K11 8,456 964,000,975 431,263,594 48,276,780 484,460,600 50
2K15 4,647 576,210,218 288,105,109 19,190.868 268,914,241 47
Whole A 64,545 8,068,158,307 3,549,989,655 0 4,518,168,652 56
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4.4.2 Sub-basin B [Monduli Sub-basin (1)]

The result of water balance analysis for sub-basin B area is shown in following table.
Table 4-14 Results of Water Balance Analysis for Sub-basin B

Possibl
il e e e
(m3/month) 0
4,115 296,263,129 213,967,815 82,295,314 28

4.4.3 Sub-basin C [Monduli Sub-basin (2)]

The result of water balance analysis for sub-basin C area is shown in following table.
Table 4-15 Results of Water Balance Analysis for Sub-basin C

Possibl
sty |y | oy | i |
(m*/month) ’
1,385 99,738,967 72,033,698 27,705,269 28

4.4.4 Sub-basin D (Lake Manyara Sub-basin)

The result of water balance analysis for sub-basin D area is shown in following table.
Table 4-16 Results of Water Balance Analysis for Sub-basin D

Possible
Rainfall E t irati Infiltrati
oy | | B |y |
© © (m*/month) el
18,491 1,886,068,302 1,072,470,211 813,598,091 43

4.4.5 Sub-basin E (Lake Natron Sub-basin)

The result of water balance analysis for sub-basin E area is shown in following table.
Table 4-17 Results of Water Balance Analysis for Sub-basin E

Possible
Rainfall E t irati Infiltrati
oy | S| B | iy | s
© © (m*/month) el
26,224 2,229,016,075 1,180,067,334 1,048,948,741 47
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4.4.6 Sub-basin F (Olduvai Sub-basin)

The result of water balance analysis for sub-basin F area is shown in following table.

Table 4-18 Results of Water Balance Analysis for Sub-basin F

Possibl
sy | L R | |
(m*/month) 0
4,577 475,996,291 219,690,596 256,305,695 54

4.4.7 Sub-basin G (Bahi (Manyoni) Sub-basin)

Refer to the Clause 4.3.
Table 4-19 Results of Water Balance Analysis for Sub-basin G
. . Possible .
Area (km?) (nflgj;lfiltlh) Eva?nol';r/zrlrrllsggla;tlon Infiltration Irfl{f;itraz;o)n
© © (m*/month) el
26,445 2,961,784,657 1,613,114,858 1,348,669,799 46

4.4.8 Sub-basin H (Masai Steppe Sub-basin)

The result of water balance analysis for sub-basin H area is shown in following table.

Table 4-20 Results of Water Balance Analysis for Sub-basin H

Possibl
2 Rainfall Evapotranspiration OSS]bAe Infiltration
Area (km”) (m¥/month) (m*/month) Infiltration Rate (%)
© © (m*/month) ate i
9,313 763,696,310 596,055,656 167,640,653 22

4.4.9 Sub-basin I (Namanga Sub-basin)

The detailed results of water balance analysis for sub-basin I area are shown in following table.

Table 4-21 Results of Water Balance Analysis for Sub-basin 1

Possibl
) Rainfall Evapotranspiration OSSIb. ¢ Infiltration
Area (km”) (m/month) (m¥/month) Infiltration Rate (%)
© © (m*/month) ate itz
14,080 985,600,000 704,000,000 281,600,000 29
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4.4.10 Summary of the Water Balance in February (Rainy Season)

The possible infiltrations of each sub-basin in February were summarized in below Table 4-22 and
Figure 4-21. The possible infiltration quantity (mm) and infiltration rate has the highest value in the
sub-basin A. The second highest group consists of sub-basin D (Lake Manyara sub-basin), E (Lake
Natron sub-basin), F (Olduvai sub-basin) and G (Bahi sub-basin). The lowest possible infiltration
group consists of sub-basin B {Monduli (1) sub-basin}, C {Monduli (2) sub-basin}, H (Masai Steppe

sub-basin) and I (Namanga sub-basin).

Table 4-22 Summary of Water Balance Analysis for IDB on February

Area Rainfall Evapo Possible Infiltration
Sub-basin 5 , -transpiration
k /month
(km’) (m*/month) (i /month) (m’/month) (%) (mm/month)
A Lake Eyasi 64,545 | 8,068,158,307 | 3,549,989,655 | 4,518,168,652 56 70
B Monduli (1) 4,115 296,263,129 213,967,815 82,295,314 28 20
C Monduli (2) 1,385 99,738,967 72,033,698 27,705,269 28 20
D Lake Manyara 18,491 | 1,886,068,302 | 1,072,470,211 813,598,091 43 44
E Lake Natron 26,224 | 2,229,016,075 | 1,180,067,334 | 1,048,948,741 47 40
F Olduvai 4,577 475,996,291 219,690,596 256,305,695 54 56
G Bahi (Manyoni) 26,445 | 2,961,784,657 | 1,613,114,858 [ 1,348,669,799 46 51
H Masai Steppe 9,313 763,696,310 596,055,656 167,640,653 22 18
1 Namanga 14,080 985,600,000 704,000,000 281,600,000 29 20
Possible Infiltration Quantity (mm) Possible Infiltration Rate (%)
90 4 100 ¢
L 90 K~
70 P g0l
§ 60 _§ ol
E g 50 E 60
E2 wi 25 sop
== b
2E wp 2w
c’% v K 30
P 20
10 1ok
0 0
A B C D E F G H 1 A B e D E F G H 1
Possible Infiltration| 70 20 20 44 40 56 51 18 20 ‘Possible Infiltration| 56 28 28 43 47 54 46 22 29
Sub-Catchment Sub-Catchment

Figure 4-21 Possible Infiltration on February
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4.5 Macro Water Balance Analysis
Macro water balance analysis was implemented using monthly mean data for each sub-basin in the
IDB. The used method and data were as follows:
(1) The Used Method
The possible monthly infiltration of each whole sub-basin was processed from simple difference

between monthly rainfall and evapotranspiration using following equation (8).
I= P — ET e o (8)

Each sub-basin in the IDB has no runoff to outside of itself so that the runoff term is not included in
the macro water balance.
The monthly rainfall of each whole sub-basin was estimated by spatially average of the observed
rainfall data.
The monthly evapotranspiration of each whole sub-basin was estimated from modified Makkink
equation (9).
A Rs
ET= a[(a—A) +b ] c (9
A+y A

The detailed explanation about each term in the above equation is shown in section 4.3.1. Taking the
detailed and simplified analysis results into consideration, the following values were adopted for the
macro water balance analysis: the conversion value to actual evapotranspiration o =0.6, the local

constant values a=1.28 + 0.05, b=-1.452 and the albedo A in Table 4-23 for each land cover.

Table 4-23 Albedo Values

Land cover class Albedo
Forest 0.14
Grass and pasture 0.23
Bare soil — wet 0.10
Bare soil — dry 0.35

The land covers in each sub-basin are classified by the results of principal component analysis using
LANDSAT ETM+ band1 to band5 data at February 2000. The classified area of each land cover is
shown in Table 4-24 and Figure 4-22, and applied to the evaluation of the evapotranspiration in
whole year. This means that the seasonal change of the land covers is neglected in the estimation

because it has no effect on the estimation of infiltration in dry season due to almost no rainfall.
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Table 4-24 Land Covers of Sub-basins in February 2000 by Remote Sensing

Sub-basin Catchment Land Cover Area (km2)
Area (km2) Forest Grass Bare land-wet | Bare land-dry
A 64,545 10,033 18,091 7,143 29,278
B 4,115 228 195 567 3,125
C 1,385 29 47 246 1,062
D 18,491 1,144 1,932 7,617 7,798
E 26,224 312 846 10,433 14,633
F 4,577 295 311 838 3,133
G 26,445 3,700 8,311 3,066 11,368
H 9,313 836 1,971 2,871 3,636
1 14,080 339 765 3,120 9,856
Total 169,175 16,916 32,469 35,901 83,889
80
70 -
60 / /
= 50 /
s
5 / pA
8 40 +
el
&
- 30 -
20
10 :,————;/
e .
0
Forest Grass Bare land-wet Bare land-dry
—o—A 16 28 11 45
—as—B 6 5 14 76
(¢} 6 10 41 42
D 6 10 41 42
E 1 40 56
—e—F 6 18 68
——G 14 31 12 43
—a—H 9 21 31 39
I 2 5 22 70
—e— Average 10 19 21 50

Figure 4-22 Land Cover Ratio of Each Sub-basin
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The averaged land cover on February 2000 shows that forest land 10%, grass land 19%, bare
land-wet 21% and bare land-dry 50%.
The other terms of the evapotranspiration were determined by observed sunshine hours and

Temperature.

(2) The Used data
Observed meteorological data used in this calculation are as follows,
e Temperature, sunshine hours and evaporation data from 1975 to 2004, derived from
“Tanzania meteorological Agency”.
o Rainfall data in every month, derived from “Summary of rainfall in Tanzania” (1975:
East Africa Community, Nairobi).
o LANDSAT ETM+ bandl to band5 data at February 2000

(3) Results
The estimation results are shown in Figure 4-23 to Figure 4-27.

1) Rainfall;
In the northern sub-basins monthly rainfall has its maximum value on April; on the other
hand, in the southern sub-basins monthly rainfall has no major peak. They have rather
stable values during rainy season.

2) Evapotranspiration;
Monthly evapotranspiration in southern sub-basins has higher value than that in northern
sub-basins. Each sub-basin has its highest evapotranspiration on October.

3) Possible infiltration;
Monthly possible infiltration in the IDB occurs only in rainy season. Annual possible
infiltration is 155 mm/year on the average in the whole IDB. The F sub-basin has the
highest annual possible infiltration, and the H sub-basin has the lowest value in the IDB.
These values highly depend on the quantities of rainfall in each sub-basin.
It is necessary to take notice that even if “annual summation of monthly rainfall” minus
“annual summation of calculated monthly evapotranspiration” is less than zero, there are
still infiltrations during rainy season. Shortly, there are no waters for evapotranspiration in

dry season so that calculated evapotranspiration can not occur.
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Rainfall {mm/month)

350
300
250
s
£ 200
£
£ 150
£
100
50
O [JAN [ FEB [ MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC
——A| 132 | 131 | 161 | 131 | 42 | 4 1 1 7 | 26 | 108 | 162
—=—B| 100 | 100 | 171 | 286 | 128 | 22 | 9 9 | 12 | 30 | 95 | 116
—+-C| 100 | 100 | 171 | 286 | 128 | 22 | 9 9 | 12 | 30 | 95 | 116
- D| 106 | 105 | 149 | 214 | 84 | 14 | 6 6 7 | 25 | 79 | 128
—x—E| 100 | 100 | 171 | 286 | 128 | 22 | 9 9 | 12 | 30 | 95 | 116
——F| 95 [ 101 | 178 | 239 | 88 | 17 | 4 7 | 13 | 39 [ 141 | 134
—=—G| 145 | 122 | 141 | 81 | 18 | 2 0 0 3 | 11 | 63 | 151
——H| 109 | 100 | 119 | 120 | 40 | & 1 4 3 | 15 | 52 | 112
——1] 82 | 80 | 135 [ 181 | 84 | 14 | 6 7 | 10 | 31 [ 90 | 304
month
Figure 4-23 Monthly Rainfall Change in Each Sub-basin
ET (Forest)
=
S
o
E
E
E
[
w

—e—Asub| 111 103 125 115 121 114 125 144 134 143 116 112
—=—Bsub | 121 106 123 103 94 85 93 110 117 135 112 115
—4—Csub | 121 106 123 103 94 85 93 110 117 135 112 115
——Dsub | 121 107 127 110 106 98 107 125 125 142 121 119
—%—Esub | 121 106 123 103 94 85 93 110 117 135 112 115
—e—Fsub | 121 106 123 103 94 85 93 110 117 135 112 115
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Figure 4-24 Monthly Evapotranspiration Change in Each Sub-basin
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350

300

250

200

Possible Infiltration

(mm/year) 1
150 £
100
50 £

0

A B C D E F G H I

Possible Infiltration (mm/vear)| 176 | 144 | 143 | 154 | 167 | 338 | 76 2 195
Sub—-Catchment

160

Possible Infiltration (mm/month)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
HA 25 32 40 21 0 0 0 0 0 0 3 53
mB 0 0 17 116 11 0 0 0 0 0 0 0
oc 0 0 17 116 1" 0 0 0 0 0 0 0
oD 1 6 26 106 0 0 0 0 0 0 0 14
EE 0 0 26 123 17 0 0 0 0 0 0 1
aF 0 12 76 157 9 0 0 0 0 0 47 37
mG 22 15 11 0 0 0 0 0 0 0 0 28
OH 0 0 0 2 0 0 0 0 0 0 0 0
L1 0 0 4 52 0 0 0 0 0 0 0 139

Figure 4-25 Monthly Change of Possible Infiltration (1) (unit: mm)
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8,000

Possible Infiltration

(mcm/year) 6,000

4,000

2,000

0

A B C D E F G H I

Possible Infiltration (mcm/vear)| 11,343 591 199 2,850 | 4382 1,545 | 2,007 19 2,741

Sub—Catchment

3,500

3,000

2,500

2,000

1,500

1,000

Possible Infiltration (mecm/month)

500
0
Avg g A
€P  Oct
Month Nov pe c
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
A 1,641 2,079 2,595 1,353 0 0 0 0 0 0 224 3,451
mB 0 0 17 116 11 0 0 0 0 0 0 0
oc 0 0 17 116 11 0 0 0 0 0 0 0
ob 1 6 26 106 0 0 0 0 0 0 0 14
HE 0 0 26 123 17 0 0 0 0 0 0 1
BF 0 54 347 "7 42 0 0 0 0 0 215 170
HG 593 392 294 0 0 0 0 0 0 0 0 728
OH 0 0 0 19 0 0 0 0 0 0 0 0
L1l 0 0 52 736 0 0 0 0 0 0 0 1,952

Figure 4-26 Monthly Change of Possible Infiltration (2) (unit: mcm)
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Annual Possible
Infiltration (%)

Aver
age

A B C D E F G H I

Annual Possible Infiltration (%)| 20 | 19 | 19 | 17 | 18 | 31 11 0 24 | 18
Sub—Catchment

Figure 4-27 Annual Possible Infiltration Rate (%)
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calculated using remote sensing data. The results are shown in Tables below.

Gauging Catchment Land Cover (km?)

station area (km?) Forest Grass Bare land-wet | Bare land-dry
2C2A 85 11 28 21 25
2H1A 73 25 16 24 8
2H2A 26 1 2 18 5
2K6A 303 10 117 13 163

2K7 2,326 94 437 603 1,192
2K11 8,456 676 1,935 526 5,319
2K15 4,647 2,398 1,587 62 599
2RI1A 6,649 705 2,344 554 3,045
2R23 3,374 418 927 611 1,418
2R25 811 272 379 9 150
2R26 811 272 379 9 150
2R29 1,220 134 297 232 557

Gauging Catchment Land Cover (%)

station area (km2) Forest Grass Bare land-wet | Bare land-dry
2C2A 85 13 33 24 29
2HIA 73 34 22 33 11
2H2A 26 3 7 69 21
2K6A 303 3 39 4 54

2K7 2,326 4 19 26 51
2K11 8,456 8 23 6 63
2K15 4,647 52 34 1 13
2R1A 6,649 11 35 8 46
2R23 3,374 12 27 18 42
2R25 811 34 47 1 19
2R26 811 34 47 1 19
2R29 1,220 11 24 19 46
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Reference (2)

» Earth Remote Sensing Data Analysis Center (ERSDAC), 2005, Applicability of ASTER Data for
Integrated Water Management Project in Tuul River, Mongolia, Report of research and
development of remote sensing technology for Non-renewable resources.

» Makkink GF., 1957, Testing the Penman formula by means of lysimeters, Journal of the
Institution of Water Engineers, 11, 277-288.

» Nagai, 1993, Estimation of Pan Evaporation by Makkink Equation, J. Japan Soc, Hydrol and
Water Resour, Vol.6, No.3, pp283-243.

» East Africa Meteorological Department (East Africa Community, Nairobi), 1975,

Summary of Rainfall in Tanzania for the Year 1973.
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CHAPTER 5 GEOPHYSICAL SURVEY

Resistivity survey and magnetic survey were carried out as geophysical survey in this study. Since
resistivity generally varies with rock composition, grain size, compaction and water contents, the
hydrogeological structure can be practically figured out based on the resistivity survey analysis.
Therefore, resistivity survey has been used generally for groundwater survey to clarify the
hydrogeological structure and aquifer zone. On the other hand, magnetic property is varied by rock
material: especially igneous rock has high magnetic susceptibility. Magnetic survey is applied for the

hydrogeological survey at the places where igneous rocks and sediments are contacted each other.

5.1 Outline of Survey

Geophysical survey was planned for two aims: namely, the geological structure survey and the drilling
site survey. As for the geological structure survey, Vertical Electrical Sounding (VES) was planned at
120 survey points and for the drilling site survey, VES was planned three points in each village and

two-dimensional resistivity survey and magnetic survey was planned in several villages.

5.1.1 Purpose of Survey

The purpose of this geophysical survey is shown as follows:
. To figure out the geological structure of the whole Internal Drainage Basin (IDB)

. To select the site of test borehole drilling

. To clarify the aquifer structure around the survey points.

5.1.2 Planned Survey Location

Survey points were selected by the procedure as follows:
e To disperse VES points to the whole area of IDB

e To locate VES points in each geological unit based on the geological classification
e To conduct VES at several points to select the appropriate sites for test borehole drilling
in IDB

To conduct two-dimensional resistivity survey or magnetic survey to detect geological

structure for drilling.

5.1.3 Survey Quantity
The number of survey points by survey items is shown in Table 5-1.

Table 5-1 Number of Survey Points for Geophysical Survey

Purpose Survey Method Quantity
Geological Structure Vertical Electrical Sounding 114 points
Vertical Electrical Sounding 76 points

Investigation for Test

Borehole Drilling Site 2-D Resistivity Survey 2 lines

Magnetic Survey 12 places
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5.2 Survey Methodology
Three kinds of geophysical survey technique were applied in this study. These are vertical electrical

sounding, two-dimensional resistivity survey and magnetic survey.

5.2.1 Vertical Electrical Sounding

Vertical electrical sounding was conducted to figure out general geological structure of IDB and to
determine the test borehole drilling sites.

Although most of all fresh bedrocks have quite high resistivity except for mudstone or shale, an actual
resistivity of the strata usually are dominated by the resistivity of the groundwater in pore spaces. Pore
spaces in fault and fracture zones are often larger than the pore spaces of the original rocks. Such a
zone with high water content: namely, fracture zone, usually has considerably low resistivity. In
addition, the resistivity of the fresh rocks remarkably decreases since weathering or alteration
transforms them into sandy or clayey materials. Consequently, rock resistivity usually varies widely:
e.g. about 10™ ohm-m for fault clay to about 10° ohm-m for fresh rocks. Therefore, resistivity should
be dealt with an effective index for detecting anomalous zones in strata for groundwater exploration.
Figure 5-1 and 5-2 show the conceptual diagram about resistivity and the range of resistivity for each

rock and soil respectively.

Resistivity | Small < » Large
Soil (Clay) (Silt) (Sand)  (Gravel)
Particle size Small <« »  Large
Water saturation Large <« »  Small
Water contents L P >  Small
(Porosity*Saturation) arge < " ma
Electric Conductivity Large >  Small

(EC) of groundwater
Figure 5-1 Conceptual Diagram of the Factor which Defines Resistivity
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Resistivity (Qm) 10° 100 1 10" 100 100 10" 10’
Soft- S?ll’ld ehpecccee cocol
i Silt PO P — Y
sediment Clay P pr—— s
) Conglomerat Joees P P
Sedimentary [Sandstone Py m—
Rock Tuff Y Py— ———
Shale
Granite
Iguneous [Diorite .ee coeeed
Rock Gabbro .ee ceeeed
Basalt
Rock Salt J pp—
Limestone PP [y ——— P
Sulfide [ o e e
Others & aphite  ppp— ——ees
Surface water coee oo
Sea water -

After "Zukai Buturi Tansa (in Japanese)"

Figure 5-2 Range of Resistivity Values for Various Materials

(1) Principle
Schlumberger electrode array (Schlumberger configuration) is used for vertical electrical sounding.
A pair of current electrodes is arranged around the measurement point on the both sides
symmetrically. The spacing of the current electrodes (A-B) has to be more than three times of the
spacing of electric potential electrodes (M-N). Electric potentials were measured by the

Schlumberger configuration shown in Figure 5-3.

(1)
N
V)
V)
A M B
/ < > Ground
MN
2 .
< Survey point
AB MN
— (23x% )
2 2 A,B :Current Electrode

M,N :Potential Electrode

Figure 5-3 Schematic Diagram of Schlumberger Configuration

When the electrical current is injected from the current electrodes put on the outside, the electric
potential difference (voltage) around the center is measured between potential electrodes. An
apparent resistivity value can be calculated from the electrode spacing, the electric current value and
the electrical potential difference value that these are measured at that time. As the actual ground is
not homogeneous, apparent resistivity value shows the average resistivity in hemisphere, which
makes an electrode spacing at that time a diameter. In general, the data in the depth direction are

acquired by extending electrode spacing gradually from the little one to the big part. If electrode
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spacing is small, apparent resistivity value reflects the resistivity of the shallow part. If electrode
spacing is big, the value which contains information on the resistivity of deeper part is measured.
Therefore, the analysis of the underground structure becomes possible if electrode spacing is
changed and a series of measurement is done and apparent resistivity is obtained as a function of the
electrode spacing.

Vertical electrical sounding can be applied in case that underground has an approximately

horizontally layered structure.

(2) Field Measurement
Table 5-2 Measurement Schedule

VES two t f electrodes: t electrodes (A,
uses two types of electrodes: current electrodes ( of Schiumberger Electrode Array

B) and potential ones (M, N) which are driven into the

ground as shown in Figure 5-4. The measurement point is AB2(m) | MN/?2(m) K
the center of the pair electrodes. The current electrodes 12'5 g:z ffj:
inject electrical current into the ground and the potential 2.5 0.5 18.85
lectrodes measure electrical potential > 0> 27489
clee p ’ 4 0.5 4948
5 0.5 77.754
: 6 0.5 11231
A M:N B 8 0.5 200.28
R N ST () 10 05 313,37
PHY 10 25 58.905
+—man > 12 25 86.551
15 25 137.44
u 20 25 247 4
A M N B 25 25 388.77
S S S TR S S z 30 2.5 561.56
» (b) 30 5 27489
< hlld . 40 5 494.8
AB>3MN 50 5 777.54
@ 50 10 376.99
60 10 549.78
A M : N B 75 10 867.87
< < R N < < Q 100 10 1555.1
T «— (c) 100 25 589.05
P : 125 25 94248

| O L
AB>3MN 150 25 1374.4
) Lo . 180 25 1996.5
Figure 5-4 Schematic Diagram of Field Measurement 700 7 37
and Measurement Procedure

Two sets of electrodes spread out by turns based on the measurement schedule as shown in Table
5-2. The distance between A and B are maintained at least three times more than the distance
between M and N. K is a coefficient to calculate an apparent resistivity that is explained in the

following section:
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It is regarded that the electric potential gradient can be measured between the current electrodes in
the case of Schlumberger configuration. The current electrodes spacing must be more than three
times of the spacing of electric potential electrode in order to assure above mentioned assumption.
However, it is very difficult to measure electrical potential by the resistivity meter when the spacing
of current electrodes (A-B) is more than 30 times of the spacing of potential electrodes (M-N).
Therefore, the current electrode spacing is between 3-30 times of the potential electrode spacing in

the potential electrode.

 smay
The flow chart of the automatic inversion

. . . . ‘ Input the data ‘
is shown in Figure 5-5. This is based on ¥

an iterative method. ‘ Calculate apparent resistivity ‘

Establish an initial model
First, an apparent resistivity is calculated by multilayer analysis

from the collected data by following

equation. Compute theoretical potentials
2 _ 2 by li filt thod
p, = 7Z-AB—MV .K: K K v inear e metho Correct parameters
¢ 4-MN 1 1 ¢ automatically

(nonlinear least

This apparent resistivity is plotted in Calculate residuals between squares method)

original data and theoretical data

graphical paper on logarithmic scale. An

abscissa is electrode spacing No

corresponding to the prospecting depth. Converge ?

Yes

Next, theoretical potential data
Output the final model

corresponding to the model are computed.

Alternatively, if the underground has an End
n
approximately horizontally layered

structure, the digital linear filter method Figure 5-5 Flow Chart of Automatic Analysis
can be used to conduct continuous

one-dimensional inversion. After theoretical potential data are calculated, the model is modified to
reduce the residuals between the theoretical data and the measured data. To find the model giving
the minimum residuals, the non-linear least squares technique is applied. This modification process
is iterated until the residuals become sufficiently small or subsequent changes to the model no
longer improve the fitting. At this point, the inversion is considered to have converged. An
analysis program called ELPAC1 developed by OYO Corporation was used for the study. The
specifications of our geophysical survey equipments are shown in following table. How to read

the figure of analysis result for VES is as follows (See Figure 5-6):
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An analysis result is shown on both
logarithm graphs, which a vertical
axis is depth or electrode spacing, a
horizontal axis is  apparent
resistivity or resistivity. The point
of "M " shows the measured
The

hatched block shows the resistivity

apparent resistivity value,
structure model of the underground,
and the curve connected with line
"-" is the apparent resistivity curve
computed from the model.

If obtained data "H" and computed

curve are fit well, a residual error is
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Elec Config : Schlumberger
Line Name : No.214-1

Depth Res. Apparent Resistivity Curve & Resistivity Model
[m] [Q-m]

1000

[Q-m]

= 10 —

- 100 —

- 1000 —

RMS = 1.18 (%)

Figure 5-6 Example of VES Analysis

OBS.
W Schlumberger

CAL.
— Schlumberger

small, the resistivity structure of the underground can be explained with this model, and this model

becomes an analysis result. “RMS” shows a root mean square of residual error.

Table 5-3 Specification of Vertical Electrical Sounding Equipments

Name

Specification

Number

Manufacturer

Transmitter

Resistivity meter

(SAS-300C) Receiver

Power 12V DC

Weight: 4.6kg

Voltage: 400 V (Max)
Maximum current: 1.0A
Maximum power: 100W

Resolution: 30nV (Theoretical)
Input impedance: 10Mohm

Dimension: 105 x 325 x 300 mm

AB

ABEM Instruments

(Sweden)

Cable

200m with cable dram 4

Electrode

Form: f10mm x 1000mm
Material: Copper Steel

20

Battery 12V, 70Ah

5.2.2 Two-dimensional Resistivity Survey

Two-dimensional resistivity survey was conducted to detect fracture zone in rocky areas where In

Vertical electrical sounding is not suitable because it is not estimated horizontal layered structure.

Since the structure of those areas is more complicated than sedimentary strata area, this method was

applied to determine the drilling points.

5-6



The Study on the Groundwater Resources Development and Management in the Internal Drainage Basin

-Supporting Report- Chapter 5 Geophysical Survey

(1) Principle

Horizontal Electrical survey is one of the resistivity surveys that lateral resistivity changes can be
detected. Vertical sounding was explained in above section as the method which vertical resistivity
changes can be detected. Two-dimensional resistivity survey can be considered as a combined
method of the horizontal survey and the vertical sounding. Two-dimensional resistivity survey uses
inversion techniques to analyze a two-dimensional resistivity distribution and displays the results as
a color profile. These analysis results show a more detailed and reliable resistivity distribution than
vertical sounding. Electric potentials are measured by the pole-pole electrode array shown in Figure
5-7.

Bba~10a <+— —» 5a~10a
- v
) )
‘a‘ ‘a ‘aua‘
C2 C1 i P1 P2

N
AN

/ / Ground

“« , >
Survey Line

C1:Cureent Electrode (moving)

C2:Cureent Electrode (remote)

P1:Potential Electrode (moving)

P2:Potential Electrode (remote)

Figure 5-7 Schematic Diagram of Pole-pole Electrode Array

In general, the relation between resistance R (€2 ) and resistivity o (€2-m ) obtained by pole-pole

array is expressed as equation (1).

R=p- (1)

S

Point current source

And electric potential V' (volt) by Ohm’s low

1S

V:R'[:p'é-l —(2)

where [ is length, Sis the area section, [
(ampere) is the intensity of the injected
current.

In hemisphere in flat ground (see Figure 5-8),
electric potential difference VO_ between Equipotential surface

I n

Infinite distance point

radius 7, and r; is obtained as:

/ Figure 5-8 Potential Distribution with Point
Current Source
VrO—rl = IO. E * I - (3)
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Surface area of hemisphere S is

47m*
S =
2

= 2m? - (4)
Ifr, = r,, then e.q. (4) gives

S =2m’ =2m,n - (4)
Since! =r, —r,, e.q. (3) is written as:

n—nr

Vr -7 = p. - ° I
o 27, ¢ 1,
~(5)
ol (1 1)
Y r, 1

Electric potential at P is obtained the sum of electric potential difference from equipotential surface
atradius r, to 7.

Ve =V, _, +V _. +

yol 1 I 1 1 1 1
= — ===+ ===+ "t — - — ---(6)
2r Ty hon o r .., T,

ol [1 1)
Y r, T,

r, 1s defied as an infinite distance point from current point source (C). Thus e.q. (6) is given as:

-1 1
y =L 2. —(7)
2 7,
1
where — =0.
rn

In the case of homogeneous, resistivity o is given as

p=2m —(®)

(2) Field Measurement
Figure 5-9 shows that simple diagram of field measurement of pole-pole array. In this array, one
electrode: C1 injects electric current into the ground and another electrode: P1 measures the electric
potential. These two electrodes are called “moving electrodes”. Another potential electrode: P2 is
needed to provide a reference for the potential at P1. Electrodes C2 and P2 should be located very

far from the moving electrode so that they have a negligible effect on the measurement. C2 and P2

are called as “remote electrode”.
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For actual measurement, the distance between a remote electrode and a moving electrode is

maintained at least five times than the maximum distance between the moving electrodes.

Current Electrod b2
urren ectrode :
(remote) Potengglm}?élee trode
}m H CcC1l1-P1
Switching ueomu || Resistivity
. J o=
Takeout Cable Ho- H
Electrode %%
Surface
L] L] L] L] L] L]
e Cl ePl1 eP2 eP3 R : e Pn
1st measurement array
e Cl] eP1 eP2 eP3 c e Pn
2nd measurement array
e (Cl] eP] eP2 eP3 - - - - - - ® Pn

3rd measurement array

Figure 5-9 Schematic Diagram of Field Measurement and Process for two-dimensional
Resistivity Survey

Table 5-4 Specification of Two-dimensional Resistivity Survey Equipments
Name Specification Number Manufacturer

Transmitter
Voltage: 50, 100, 200, 400V
Maximum current: 1.2A

Resistivity meter M.a ximum power: 100W IRIS
Receiver

(SYSCAL Jr.) " Resolution: 1 Y 1 Instruments

Input impedance: 10Mohm (France)
Power 12V DC
Dimension: 310 x 210 x 160 mm
Weight: 5.0 kg
Switching Box |7 terminals x 3 (switchable) | 0OYO Corporation
Extension Box |7 terminals 3 0OYO Corporatio
200m x 20 20
Cable Takeout Cable (7 cores) 70m 3 -
Extension Cable (7 cores) 70m 2
Form: ¢10mm x 1000mm
Electrode Materijl)l: Copper Steel 40 i
Battery 12V, 70Ah 2 -
(3) Analysis

The flow chart of the automatic inversion is shown in Figure 5-10. This is based on an iterative
method.

First, terrain effects are estimated using the finite element method (Coggon, 1971). These effects

then are eliminated from the measured potential data. Next, an apparent resistivity pseudo-section is
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produced from the corrected data. This pseudo-section is usually used as the initial model for the

inversion. If the pseudo-section does

not produce adequate convergence,

an average model is used for the

Input the data

initial model.

Next, theoretical potential data i

. Correct terrain effects
corresponding to the model are

(FEM Simulation)
computed. Alternatively, if the i
underground has an approximately Establish an initial model
horizontally layered structure, the i‘
digital linear filter method (Ghosh, Compute
Theoretical potentials
1971a, b) can be used to conduct i C
orrect parameters
Continuous one-dimensional Compute residuals (nonlinear least squares method)
inversion. After theoretical potential
data are calculated. the model is Converge 2 >0
modified to reduce the residuals Yes
between the theoretical data and the ‘ Output the final model ‘
measured data. To find the model
.. .. . End
giving the minimum residuals, the "
non-linear least squares technique is Figure 5-10 Automatic Inversion Flow Chart of

applied. This modification process is Two-dimensional Resistivity Survey

iterated until the residuals become sufficiently small or subsequent changes to the model no longer
improve the fitting. At this point. The inversion is considered to have converged.

Finally, resistivity model is displayed as a color profile that clearly shows the resistivity structure.
How to read the figure of analysis result for two-dimensional resistivity survey is as follows (See
Figure 5-11):

An analysis result is shown on cross-section, which a vertical axis is depth, a horizontal axis is
distance from the start point of the measurement. Red color shows high resistivity and blue shows
low resistivity.

("3 village-12

10 legend

20

30 750. 00
= o 600. 00
2 50 -
2 60 450.00

70 300. 00

o 150. 00

90

100 : , : 0.00

0 2 50 75 100 125 150 175 200 225 250 275 3(00) ohm. m
m,
Distance Seale = 1 / 2000

Figure 5-11 Example of Two-dimensional Resistivity Survey Analysis
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5.2.3 Magnetic Survey

Magnetic survey was conducted to detect lateral change of geology by magnetic anomaly of rocks.
Rocks have some magnetization which is characterized by magnetic susceptibility. Magnetic survey
can detect as magnetic anomaly where different kinds of rocks are facing each other. This method was

conducted to determine the drilling point too.

(1) Principle
Magnetic survey measures geomagnetism on the ground surface. Position of the source of magnetic
anomaly is estimated by detecting the magnetic anomaly pattern in the distribution of magnetic field.

Rock magnetism is described by magnetic susceptibility, for example, shown in Figure 5-12.

Magnetic Susceptibility/4n (SI) | 10° 107 107 19'3 102 10"
Basalt Ooo.o.pooo+oooo
Gabbro cu-ooo#oooooo
Igneous Rock |[Andesite poe vese
Diorite decccocdoammmmmmecccoes
Granite eccohocoammmmmmecochoce
Metamorphic Serpentinite N PYTTYY
ROCk Gnelss ..CIQ.....P..
Schist P Y
Sedimentary SandStone Y P P T
ROCk Shale * 0 ¢ o = o
Limestone o commmp— o o
Magnetite PP m—
Pyrrhotite PP PR R
Ore Pyrite eee eee
Galena qu—) o o o

After "Zukai Buturi Tansa (in Japanese)"

Figure 5-12 Range of Magnetic Susceptibility Value for Various Materials
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6}\ 4X Ground surface X_ Magnetic
l north
z
AZ t Spherical shell
Sglslist(i)én a ‘/ (magnetic substance)
Ho
Z0 0

Fo : Total Geomagnetic Field
Zo : Vertical component of FO (=F0sin 0 )
Ho : Horizontal component of FO (=F0 cos 0 )
A4Z : Vertical magnetic anomaly
4X : Horizontal magnetic anomaly
0  : Inclination
k : Magnetic susceptibility of the spherical shell
t : Thickness of the spherical shell
a : Radius of the spherical shell

r(=+/x’+y +Z") : Distance from sensor to the spherical shell

Figure 5-13 Schematic Diagram of the Model of Spherical Shell
in the Geomagnetic Field

Geomagnetism is disturbed above the buried body of magnetic substance. It can be detected as a
magnetic anomaly on the ground surface. When a spherical shell shown in Figure 5-13 as a
simplified model is considered, the magnetic anomaly which is occurred by this shell is shown in
following equations.

Vertical magnetic anomaly AZ and horizontal magnetic anomaly 4AX at the sensor position in

Figure 5-13 are expressed as follows, respectively:

AZ = kI:SZO {(x2 +y? —222)—3xzcot 6’}
AX = kI:SZO {(—2x2 +y? +zz)cot9—3xz}

where, V is the volume of the shell. V is expressed as follows:
V=4m’t.
(2) Field Measurement
Magnetometer G-858 manufactured by Geometrics Inc. was used for magnetic survey measurement.
G-858 is cesium magnetometer which is used that the energy level width of cesium atom in static

magnetic field is proportional to intensity of magnetic field at the position. Since the cesium type
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sensor is more stable than Fluxgate type magnetometer, the measurement is possible to shift 2 or 3

times faster. The specification of the magnetometer is shown in Table 5-5.

Table 5-5 Specification of Magnetic Survey Equipment
Name Specification Number Manufacturer

Cesium Magnetometer

Measurement range: 17,000nT~100,000nT
G-858 Resolution: 0.05nT 1 Geometrics
Memory: 250,000 data (US.A)
Power: Rechargeable Battery

Data output: RS-232C

The measurement was conducted by two persons, one observer measured the magnetometer by

shifting and the other measured the position of the sensor by GPS. The observers were not wearing
any metal material. In order to avoid the diurnal variation of the magnetic field, the measurement
point was duplicated to the first point several times in the measurement duration. The schematic

diagram of measurement was shown in Figure 5-14.

GPS Controller — Sensor

Shift

IIIIIIIIIII>

Magnetic
substance

-

Figure 5-14 Schematic Diagram of Measurement for Magnetic Survey (G-858)

(3) Analysis
Analysis procedure is as follows:
e After transferring the data from G-858 to computer, the data are combined with
position data observed by GPS.
e The diurnal variation was subtracted from each data.
e The data were drawn in magnetic force to distance graph.

e Ifthe data were correct, the data were drawn to contour map in X-Y plane.
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e The magnetic anomaly would be

detected. <—

Figure 5-15 shows the flow chart of analysis for

Data transfer to
the magnetic survey. computer

v

‘ Input the position data ‘

!

Correct the diurnal
variation Measurgment

v e

Draw into the graph

e
Ye

es

Draw the contour map

|

‘ Selection the anomaly ‘

Figure 5-15 Analysis Flowchart for
Magnetic Survey
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5.3 Survey Result

Geophysical survey has two aims. One is to figure out the geological structure and the other is to
select the test boreholes drilling sites. Vertical Electrical Sounding (VES) was conducted for the
geological structure survey in a whole IDB. Three kinds of survey: VES, two-dimensional resistivity
survey and magnetic survey were conducted in selected villages for the test borehole drilling site

survey.

5.3.1 Geological Structure Survey (Vertical Electrical Sounding)

VES was conducted to figure out the outline of geological structure of whole IDB. Additionally, it was
conducted to determine the sites for test borehole drilling survey. Total number of VES points was 166
points, 113 points for the geological structure survey and 53 points for test drilling site survey. The
survey points are shown in the Table 5-6. The survey point name (ID number) for the survey of
geological structure consists of “GS-” and the serial number of the planned point on the map.
Furthermore, the survey name which was initiated with "T-" shows the ID number for the drilling site
survey. For example, “T-1-1" means the first point of the test drilling number “1”.

The results of the geophysical survey in whole IDB are fundamental data to analyze the

hydrogeological conditions. The survey points which VES was conducted are shown in Figure5-16

33" 00°E 34" 00E 35" 00E 36 00°E 37" 00°E 38" 00°E

[} Survey Point

'
* catchment

I:I Region Boundary
l:l Lake

60 90

s 00"s

i
0 1530

{ |

T
33 00°E 34° 00°E 35" 00°E 36" 00°E 37" 00°E 38" 00°E

0
Kilometers

Figure 5-16 Location Map of Survey Points for Vertical Electrical Sounding
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(1) Relationship between Resistivity and Geology

The resistivity values resulted from VES were compared with the geology confirmed by the test
borehole drilling as shown in Table 5-7.

Fresh igneous and metamorphic rock showed high resistivity more than 400 ohm-m. Resistivity
value of gneiss is higher than granite. If they were weathered, the resistivity value deceased to 100
to 200 ohm-m. Strongly weathered granite or gneiss showed very low resistivity less than 10 ohm-m
because they contain much clay mineral. In the granite and the metamorphic rock area, their
resistivity values vary widely depending on the degree of weathering. Since aquifer in these areas is
presumed the weathered layer or fracture zone, low resistivity layers have high possibility of
aquifer.

As for sedimentary rocks, banded iron-rock and tuff were found in IDB. Banded iron-rock has low

resistivity (44 ohm-m) because it contains much iron.

In general, clay showed very low resistivity (less than 10 ohm-m) and other soft-sediments: sand
and gravel, also showed very low resistivtiy (10 to 43 ohm-m). It is considered that the
soft-sedimentary layer is saturated with the groundwater containing many minerals. Besides, saline

water with very low resistivity is accumulated in the soft-sediment area.

Table 5-7 Comparison between Geology and Resistivity Value by VES

Geology Range Average (Qm)
Granite 35.8 - 2000 472
Igneous Rock | Weathered Granite 879 - 3554 189
Strongly weathered granite 75 - 15 8
Gneiss 357.9 - 5000 2331
Metamorphic | Weathered Gneiss 10.5 - 864.1 212
Rock Strongly weathered gneiss 84 - 84 8
Schist 3579 - 3579 358
Basalt (Lava) 83.3 539.0 311.2
Volcanic Pyroclastic Deposit 105.2 180.9 143.1
Rock Tuff Breccia 13.5 141.1 60.7
Agglomerate 19.9 677.1 245.3
Sedimentary | Banded Iron-rock 43.7 - 437 44
Rock Tuff 124 - 1475 92.1
Gravel with sand 342 - 524 43
Sand with gravel 129 - 129 13
Medium sand with gravel 40 - 229 11
Soft-sediment | sand 21 - 822 31
Clayey sand 185 - 279 23
Sandy Clay 26 - 129 8
Clay 1.2 - 4.7 3
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(2) Resistivity Analysis Pattern and Aquifer
Typical resistivity analysis pattern is categorized by following three patterns. Note that the

resistivity of the shallow layer is depending on the soil conditions which correspond to the weather

Elec Config : Schlumberger
Line Name : GS-108

at the survey date.

0BS.

Depth Res. Apparent Resistivity Curve & Resistivity Model
W Schlumberger

[m] [Q-m]

Pattern 1: High (Middle) - Low — High

This pattern is typical for igneous rock o

— Schlumberger

and metamorphic rock area. Since the
survey was conducted in dry season, first - @

layer from the surface had relatively "
higher resistivity. Low resistivity of the ,5 %

middle layer is estimated as weathered I . ‘ ‘ /(a
layer or fracture zone. If there is no low
resistivity in the middle layer or the low @

{1000 — 1 5081 —

resistivity layer is very thin, it means that

groundwater potentiality is very low. On

the other hand, if the resistivity is less

than 10 ohm-m, the layer may be clay or . . oo
Figure 5-17 Typical Resistivity Structure

the groundwater may be salty water. The -Pattern 1-
deepest layer shown high resistivity is
presumed to be bedrock. Although the

possibility of water struck is low in the

Elec Config : Schlumberger
Line Name : GS-74

bedrock, fissure water can be expected in

08S.

Depth Res. Apparent Resistivity Curve & Resistivity Model
W Schiumberger

granite area. m] (9-m]

0 100 1000 [Q-m]

CAL
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This pattern is typical for soft-sediment

Pattern 2: Middle (High) — Low @
area. If the value of low resistivity layer is

less than 10 Qm, it can be regarded to be w H
clay layer or contained salty groundwater. " //'

= 100 —

It is difficult to get freshwater in this very

low resistivity site. In the soft-sediment “ '.3/ <Li>
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Figure 5-18 Typical Resistivity Structure
-Pattern 2-
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Pattern 3: Low(Middle) — High

Elec Config : Schlumberger
Line Name : No.T-21-2

This pattern is typical for granite area

0BS.

Depth Res. Apparent Resistivity Curve & Resistivity Model
W Schlumberger

with shallow weathered Zone.

[m] [Q-m]

Weathered layer which shows low ‘ ) 00 o0 fo-r

CAL
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resistivity (over 500 (Qm) appears L

immediately. The high resistivity shows [ — :

intact rock. Possibility of groundwater

is very low.

- 100

8056
{1000 —
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Figure 5-19 Typical Resistivity Structure
-Pattern 3-

(3) Resistivity Distribution by VES
Based on the geophysical survey, resistivity distribution is illustrated focusing on the bedrock as
shown in Figure 5-19. The distribution of resistivity is well-corresponded to geology which has

resistivity as shown in Table 5-8.

Table 5-8 Resistivity Range and Geology in IDB

Resistivity

(Qm) Area Bedrock geology Remark
Kondoa, Shinyanga, Granite Few fault and
Very High | Kishapu Meatu, Maswa,, . lineament
(800-2000) South of Babati i\gglt(amorphlc -

Singida, [ramba, Hanang, :
High West of Uyui, Sikonge Granite _

(500-800) Mbulu, Kiteto, Karatu, i\(/fglt(amorphic -
Middle Bahi, Manyoni, East of Uyui I(\}/Iranite . -
(200-500) | Simanjiro ro(eﬂt(amorphlc -
(10(]; SV;OO) %&rﬁgxf Ngorongoro, Volcanic rock -
Very Low | South of Shinyanga, South of Sofi-sediment bNeO(i[rgréiollllI%?red

(10-100) [ Kisyapu, Igunga, Nzega

200m
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Figure 5-20 Distribution of Bedrock Resistivity Based on Geophysical Survey

On the other hand, a distribution of the bedrock depth based on VES results is shown in Figure 5-21.

The feature of the distribution is described below.

e  Very shallow area: Singida and Kondoa, Mbulu

e Very deep area: Manonga river and Wembele river area,
Magugu (Babati district),
Ndedo and Makame (Kiteto district).

These are also well-corresponding to the geological distribution.
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Figure 5-21 Distribution of Bedrock Depth Based on Geophysical Survey
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5.3.2 Geophysical Survey for Test Borehole Drilling

Three kinds of geophysical survey method were conducted to select test borehole drilling sites. The
Vertical Electrical Sounding (VES) was carried out to figure out the outline of geological structure.
When the site wasn’t horizontal layered structure, two-dimensional resistivity survey or Magnetic
survey was carried out at appropriate line in the candidate areas. Finally, the drilling points were
determined on the basis of geophysical survey result, accessibility and topographic feature. The
candidate areas for test borehole drilling were selected in the whole IDB. Criteria for selection were
explained in Chapter 6. Quantity for survey is shown in Table 5-9. The location map of the test
borehole drilling sites is shown in Figure 6-1 of Chapter 6.

VES was conducted 76 points in total, Two-dimensional resistivity survey was carried out in 2 villages,

and Magnetic survey was carried out in 11 villages.
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Drilli . . . No. of
rIiIOI.Hg Region District Ward Village Survey Su(;v(e)y
TD-1 Singida Manyoni Kintinku Lusilile VES 2
TD-2 Dodoma Bahi Babayu Kongogo VES 1
TD-3 Dodoma Kondoa Farkwa Bubutole VES 3
TD-4 Dodoma Kondoa Kalamba Loo VES 6
TD-5 Dodoma Bahi Mpalanga Nholi VES 3

. VES 3

TD-6 Manyana Hanang Balangi Dalalu Numbeta -
Magnetic 1
VES 2

TD-7 Manyara Babati Dareda Bermi/Seloto -
Magnetic 1
TD-8 Singida Manyoni Sanza Tkasi VES 2
TD-9 Singida Manyoni Makuru Ilalo VES 2
. . VES 3

TD-10 Manyara Hanang Hirbadaw Hirbadaw

2-D Res 1
VES 4

TD-11 Manyara Mbulu Tlawi Tlawi -

Magnetic 1
VES 3
TD-12 Singida Iramba Msingi Misingi
2-D Res 1
. — VES 3
Td-13 Singida Singida Rural | Sepuka Sepuka -
Magnetic 1

TD-14 Tabora Igunga Nanga Igogo VES 2

TD-15 Tabora Uyui Kizengi Nkongwa VES 3

TD-16 Tabora Igunga Mwamashima Kininginila VES 1
. VES 4

TD-17 Manyara Babati Magugu Mapea -
Magnetic 1
VES 3

TD-18 Dodoma Kondoa Masange Masange -
Magnetic 1
TD-19 Manyara Kiteto Makame Makeme VES 2
TD-20 Shinyanga Kishapu Ngofila Ngofila VES 1
. . . VES 3

TD-21 Shinyanga Maswa Nughu/Kigoku Mwasayi -
Magnetic 1
E 2

TD-22 Shinyanga Meatu Kimari Mwangudo VES -
Magnetic 1
TD-23 Arusha Ngorongoro Orgosorok Loliondo VES 3
TD-24 Manyara Hanang Bassotu Bassotu VES 1
TD-25 Arusha Longido Kitumbein Orkejuloongishu VES 3
TD-26 Arusha Monduli Manyara Engaruka Chini VES 2

E

TD-27 Arusha Monduli Monduli Juu Mfereji VES - 3
Magnetic 1
VES 2

TD-28 Arusha Longido Olmolog Olmolog -
Magnetic 1
E 2

TD-29 Arusha Arumeru Ngarenanyuki Uwiro VES -
Magnetic 1
TD-30 Arusha Longido Sinya Tingatinga VES 2
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(1) Test Drilling No. 1 ( Lusilile Village, Manyoni District, Singida Region)
At first, the site No.l area was selected in Bahi district in Dodoma region. But the survey result was
not fitted in our purpose. Because the results indicated that the bedrock depth too shallow. This site
was expected to drill in soft-sediment area. Therefore the site was shifted to Manyoni district near

previous site beyond the regional boundary.
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Figure 5-22 Location of Test Borehole Drilling No.1 and Survey Result
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(2) Test drilling No. 2 ( Kongogo Village, Bahi District, Dodoma Region)
The site No.2 area was planned in the middle of the G sub- basin. This area is a granite area in
existing geological information and the remote sensing analysis showed many faults and lineaments

in this area. In the VES result, this area is typical granite area. The bedrock would expect to get at

76 m depth. The weathered layer was expected as an aquifer.
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Figure 5-23 Location of Test Borehole Drilling No.2 and Survey Result
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(3) Test Drilling No. 3 ( Bubutole Village, Kondoa District, Dodoma Region)
This site was planned in the middle of Bubu river in the G sub-basin. This place is the bottleneck of
Bubu river system which the river water gathered from upper stream is flowing through this place to
the down stream. Three points of VES were conducted in this area. The results of them are almost

the same. T-3-3 point was finally selected for the drilling site.
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Figure 5-24 Location of Test Borehole Drilling No.3 and Survey Result
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(4) Test Drilling No. 4 ( Loo Village, Kondoa District, Dodoma Region)

This site was planned in the upper part in the G sub-basin. The geology of this area was assumed as

metamorphic rocks.

Satellite image analysis indicated existence of a fault around this area.

Geophysical survey was conducted to find the fault. The results of VES show some difference
among T-4-1, T-4-2 and T-4-3. The location of the fault was estimated between T-4-2 and T-4-3.
After the analysis, VES were conducted additionally at T-4-4, T-4-5 and T-4-6. The location of the

fault was assumed between T-4-4 and T-4-5. The drilling site was finally selected at T-4-5 based on

the fault dip.
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Figure 5-25 Location of the Test Borehole Drilling Site No.4 and Survey Results
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(5) Test Drilling No. 5 ( Nholi Village, Bahi District, Dodoma Region)
This site was planned in the Dodoman System which was the oldest formation in Tanzania. T-5-1
was located at hilly site of the Dodoman System; however, the result of VES indicated no aquifer
there. Besides, the access road was very bad. T-5-2 and T-5-3 were located at the foot of the hill.
Since T-5-3 has lower resistivity value in the bedrock based on the comparison between T-5-2 and

T-5-3, T-5-3 was selected for the drilling site.
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Figure 5-26 Location of Test Borehole Drilling No.5 and Survey Result

5-31



The Study on the Groundwater Resources Development and Management in the Internal Drainage Basin

-Supporting Report- Chapter 5 Geophysical Survey

(6) Test Drilling No. 6 ( Numbeta Village, Hanang District, Manyara Region)
This site was selected as volcanic rock or pyroclastic sediment area from Mt. Hanang. This area is
also located upstream of the G sub-basin. T-6-1 and T-6-3 have almost the similar resistivity
structure and the resistivity value of T-6-2 shows lower than other two points. Magnetic survey was
conducted to determine the drilling point. Since T-6-2 has more clear magnetic anomaly which

means some different type of rocks is contacted below ground, T-6-2 was selected for the drilling

site.
PRa— p—
T-6-1 T-6-2 T-6-3
» P & O R R e . " [ — s
. »
] o
|
i | TR
| 5 | \\\
I\ :I\ .
35° 35° 260°E 35" 280°E
2 3 4
1km
& 2o Legend s
@  VES Point
* Test Drilling Point
DistrictOffice
Bl Resional Capital
| ®  District Capital
Numbeta Vill/t/ge Road and Rail
/ === Main Road
/
. / Manyara
Moglitu / N Local Road
J e SubvarRaSype! Road
e Magnetic Survey Result
- / . . | s D2y . A
L
%
-~ -4.584-
e
e (nT)
z
g
- -4.5845-|
-~ TD- 33020
/ ¢
s 33000
& ~6-2
e O -4.585+ 32980
v T-6-1
e 132960
-
// o, 45855 {32940
-
2 T-6-3 132920
< wr—B-atangdataty PP 3
\ : (32880
—132860
35 20°E 35 200°E -4.58651 130840
—132820
45871 32800
-4.5875-|

T T T T T T T
35.3665 35.367 35.3675 35.368 35.3685 35.369 35.3695

Figure 5-27 Location of Test Borehole Drilling No.6 and Survey Result
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(7) Test Drilling No. 7 (Bermi/Seloto Village, Babati District, Manyara Region)
This area is located at the foot of the escarpment of the Great Rift Valley. This site was selected not
only as the upstream of the G sub-basin but expected much groundwater in the fracture zone by
tectonic movement. As the result of comparison between T-7-1 and T-7-2, the bedrock depth at T-7-1
is shallower than T-7-2. Since magnetic anomaly was found around T-7-2 by the magnetic survey,

T-7-2 was selected for the test borehole drilling site.
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Figure 5-28 Location of Test Borehole Drilling No.7 and Survey Result
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(8) Test Drilling No. 8 (Ikasi Village, Manyoni District, Singida Region)
This site is located in the downmost area of the G sub-basin. The Bahi swamp whose water is much
salty is lying beside the site. The southwest of the area is facing to the escarpment of the Rift Valley.
The result of VES of T-8-1 shows very low resistivity from GI-10m to the deeper part. As for T-8-2,
the resistivity structure has slightly high resistivity layer in the deeper part. They were expected that
the fresh water would be gotten; however, the drilling site was shifted to the site 2 km apart from
T-8-2 because of accessibility problem. The drilling site was finally selected by topographic feature

etc.
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(9) Test Drilling No. 9 (Ilalo Village, Manyoni District, Singida Region)
The western escarpment of the Gregory Rift Valley is running through the eastern side of this area;
however, the topographic feature of this is unclear than the eastern escarpment. Test drilling site
No.9 was selected around the western escarpment to check the possibility of groundwater
development near the rift fault. The result of VES at T-9-2 shows very high resistivity. This high
resistivtiy was assumed as granite which had no fissure. T-9-1 was expected as the place where was
located near the fault zone because of the low resistivity. Finally, the drilling site was shifted to the
south of T-9-1 because of accessibility for drilling rig, where has the same topographic feature of

T-9-1.
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Figure 5-30 Location of Test Borehole Drilling No.9 and Survey Result
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(10) Test Drilling No. 10 (Hirbadaw Village, Hanang District, Manyara Region)

This area is located in the middle of the A sub-basin. The geology of the area was expected to be the

Nyanzian System and an existence of fault was presumed in the area base on the satellite image

analysis. T-10-1 and T-10-2 belong to the Nyanzian System with high resistivity and the

soft-sediment area with low resistivity respectively. On the other hand, a fracture zone caused by the

fault was expected at T-10-3. Two-dimensional resistivity survey was conducted along the

measurement line which cut across this fault. The fault could be apparently detected around T-10-3

by the survey as shown in Figure 2-30. Therefore, T-10-3 was selected for the drilling site.
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Figure 5-31 Location of Test Borehole Drilling No.10 and Survey
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(11) Test Drilling No. 11 (Tlawi Village, Mbulu District, Manyara Region)
This area was selected as an upstream of the A sub-basin. The geology of the area is regarded as
metamorphic rock area. Each VES could detect the bedrock with high resistivity. The bedrock of
T-11-1 and T-11-2 sites was shallow around 10 m depth. T-11-3 and T-11-4 showed almost the same
resistivity structure. T-11-3 had a low resistivity layer in the range from 20 m to 30 m which was
probably a fracture zone. Based on magnetic survey results around T-11-3, the result some anomaly
was detected in the northern side of T-11-3. Since this anomaly was assumed to be fault, T-11-3 was

finally selected as the drilling site.
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Figure 5-32 Location of Test Borehole Drilling No.11 and Survey Results
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(12) Test Drilling No. 12 (Misingi Village, Iramba District, Singida Region)
This area was selected as the middle part of the A sub-basin. The geology of the area belongs to
Nyanzian System. The existence of faults was presumed in the area based on the satellite image
analysis. The result of VES at T-12-1 showed higher resistivity than T-12-2 and T-12-3. T-12-1
was regarded as Nyanzian bedrock area. On the other hand, T-12-2 and T-12-3 was regarded as
soft-sediment area. Two-dimensional resistivity survey was conducted around T-12-1 area and
detected a low resistivity zone on the end of the measurement line. The drilling site was finally

determined in the low resistivity zone in consideration of the topographic feature and accessibility.
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Figure 5-33 Location of Test Borehole Drilling No.12 and Survey Result
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(13) Test Drilling No. 13 (Sepuka Village, Singida Rural District, Singida Region)
This area was selected as the typical granite area. Each result of VES showed very high resistivity
from shallow to deep part. Magnetic survey was conducted along the road in this area. Although
magnetic anomaly was detected slight near the start point of the measurement line, the point was

selected as the drilling point.
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Figure 5-34 Location of Test Borehole Drilling No.13 and Survey Results
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(14) Test Drilling No. 14 (Igogo Village, Igunga District, Tabora Region)

This area is located in the soft-sediment area in the A sub-basin. Hill of banded iron-rock of
Nyanzian System is distributed around the area. T-14-1 was just located in the foot of the hill of
banded iron-rock and T-14-2 was located in the soft-sediment area about 500m apart from the hill.
T-14-2 was selected to confirm the dip angle of the hill into underground. Based on the result of
VES, the angle was approximately 6 degree.

It was presumed that the soft-sediment area had very low resistivity and the banded Iron-rock had
slightly higher resistivity than it. T-12-2 was selected for the test borehole drilling site whose

weathered zone over the bedrock or sandy layer in the soft-sediment was expected as aquifer.
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Figure 5-35 Location of Test Borehole Drilling Site No.14 and Survey Results
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(15) Test Drilling No. 15 (Nkongwa Village, Uyui District, Tabora Region)

This area was probably located in the boundary zone between granite area and soft-sediment area.

Based on the VES, three survey points have almost the same resistivity structure. The weathered

zone over the bedrock was expected as an aquifer. Since the resistivity of weathered zone at T-15-2

showed the lowest value of them, T-15-2 was selected as the drilling point.
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Figure 5-36 Location of Test Borehole Drilling No.15 and Survey Results
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(16) Test Drilling No. 16 (Kininginila Village, Igunga District, Tabora Region)
This area was selected as the downmost of the A sub-basin. It was estimated that the very thick
soft-sedimentary layer was distributed in this area. The result of VES showed that the low resistivity
layer continued to 200 m depth (exploration depth). This implies that the bedrock is lying deeper
than 200m.
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Figure 5-37 Location of Test Borehole Drilling No.16 and Survey Results
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(17) Test Drilling No. 17 (Mapea Village, Babati District, Manyara Region)

This area was selected as downstream of the D sub-basin. Soft-sedimentary layer is distributed

widely in this area. Since the results of VES showed very low resistivity, it was assumed that the

groundwater was much salty. T-17-4 was located the upper than T-17-1, T-17-2 and T-17-3 in order

to avoid very thick sedimentary layer. Although the result of the magnetic survey around T-17-4

could not detect clear anomaly, T-17-4 was finally selected as the drilling point.
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Figure 5-38 Location of Test Borehole Drilling No.17 and Survey Result
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(18) Test Drilling No. 18 (Masange Village, Kondoa District, Dodoma Region)
This area was selected as the upstream of the D sub-basin. Gneiss of the Mozambique Metamorphic
Belt is distributed as bedrock in the area. Bedrock depth of T-18-1 was estimated deeper than which
was estimated by the others based on the result of VES. Since magnetic anomaly was detected

around T-18-3, it was determined finally as the drilling point.
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Figure 5-39 Location of Test Borehole Drilling No.18 and Survey Result
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(19) Test Drilling No. 19 (Makame Village, Kiteto District, Manyara Region)

This area was selected for the downstream of the C sub-basin. The groundwater in this area was
assumed salty based on the existing borehole data. VESs were conducted at the sites where the
bedrock was shallower along hilly side (T-19-1) and the soft-sedimentary layer (T-19-2). T-19-2 was
finally selected because of its relatively better accessibility. This area was selected as the
downstream of the A sub-basin. This site was selected in order to detect the continuity of aquifer in
the soft-sediment area by comparison with the drilling site No. 16. The results of VES indicate that
the soft-sedimentary layer is thick and the bedrock is lying at 120 m depth.

T-19-1

e

r o T-19-2

>~

=]
|

Legend

©  VES Point

* Drilling Point
Place 19
[El  Resional Capital
@ District Capital GS\52-2(T-19. 5[*
Road and Rail

=== Main Road

" 380°s

4 380"s=4—|

Local Road
———— Rural Road Makame Village
Makame Manyara

===== Rail_way

[ Bsin Boundary
[ Region.Boundary

District Boundary
Stream

Main river

GS-52-1(T-19-4)

4° 400"s=— Small river

Lineament

Fault

36° 380°E 36 400°E 36° 420°E 36" 40°E

Figure 5-40 Location of Test Borehole Drilling No.19 and Survey Result
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(20) Test Drilling No. 20 (Ngofila Village, Kishapu District, Shinyanga Region)
depth.

This area was selected as the downstream of the A sub-basin. This site was selected in order to
detect the continuity of aquifer in the soft-sediment area by comparison with the drilling site No. 16.

The results of VES indicate that the soft-sedimentary layer is thick and the bedrock is lying at 120 m
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40°E

5-46



The Study on the Groundwater Resources Development and Management in the Internal Drainage Basin

-Supporting Report- Chapter 5 Geophysical Survey

(21) Test Drilling No. 21 (Mwasayi Village, Maswa District, Shinyanga Region)
This area was selected as a granite area in north-west side of the A sub- basin. Any lineaments
were not recognized by Satellite Image analysis in this area. And, this area has very few deep well
information. Therefore, in order to know the hydrogeological condition in this area, this site was
selected for test borehole drilling. VESs were conducted at the sites where the small river is flowing.
First and second VES points (T-21-1 and T-21-2) show high resistivity from shallower part. In the
magnetic survey result, small anomaly was appeared at the south-east of T-21-1. Third VES point
(T-21-3) was selected by the magnetic survey result. In the VES result of T-21-3, low resistivity

layer is lain deeper than the other points . Therefore, the drilling point was selected at T-21-3.
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Figure 5-42 Location of Test Borehole Drilling No.21 and Survey Result
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(22) Test Drilling No. 22 (Mwangudo Village, Meatu District, Shinyanga Region)
Typical granite area was selected for the test borehole drilling site in northern part of A sub-basin.
This area has no existing borehole data. In order to know the hydrogeological information, this site
was selected. VES results show very high resistivity granite zone. Drilling point was selected by low
anomaly of magnetic survey result and its accessibility.
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(23) Test Drilling No. 23 (Loliondo Village, Ngorongoro District, Arusha Region)
This site is the most northern part of IDB area, which is belonging in E sub-basin. This area is in the
metamorphic rock (Xs) area. In this area, spring water is used for town water supply. Three VESs
were conducted in this area. These three are along the axis of valley. Existing well is near the VES
point T-23-1, it is used for dry season only. In the result of VES, bedrock is expected to encounter
45m approximately at the site T-23-1 and 2. There are 20 m layers on the upper part of the
bedrock, and the layer is expected as aquifer. On the other hand, T-23-3 shows the bedrock depth is
expected approximately 20m. And the upper layer which shows very low resistivity is expected as

clayey layer. Therefore, T-23-2 was selected as a drilling site.
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Figure 5-44 Location of Test Borehole Drilling No.23 and Survey Result
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(24) Test Drilling No. 24 (Bassotu Village, Hanang District, Manyara Region)
This area was selected as an alternative site of Engarasero village, Ngorongoro District, Arusha
Region. Engarasero site was selected as the deep well which fresh water will be taken from the fault
of the Great Rift Valley in the contaminated area by fluoride. This Bassotu site is expected as the
site which the water is also contaminated by fluoride from the volcanic ash of Mt. Hanang. The

drilling site was selected near the fault escarpment which is continuing to Singida.
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Figure 5-45 Location of Test Borehole Drilling No.24 and Survey Result
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(25) Test Drilling No. 25 (Orkejuloongushu Village, Longido District, Arusha Region)
This area is the foot of Mt. Ketumbeine which is consist of basalt in C sub-basin. VESs were
conducted three points in this area. T-25-1 and 2 are in lowland area. However, the resistivity results
didn’t show a good aquifer. T-25-3 was conducted at the hilly area near the fault line. The resistivity
result shows good curve which has low resistivity layer. Therefore, T-25-3 was selected as a drilling

point.
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Figure 5-46 Location of Test Borehole Drilling No.25 and Survey Result
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(26) Test Drilling No. 26 (Engaruka Chini Village, Monduli District, Arusha Region)
This site was selected as one area which is in the B sub-basin. This area is covered by volcanic ash.
This village has some rivers which are flowing from Ngorongoro mountain area. Therefore, this
area was expected to have much groundwater. T-26-1and 2 are conducted at the same point, but the
direction of measurement line was perpendicular. These results were obtained almost same. This

shows the area around the site has horizontal layered structure perfectly.
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Figure 5-47 Location of Test Borehole Drilling No.26 and Survey Result
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(27) Test Drilling No. 27 (Mfereji Village, Monduli District, Arusha Region)

This area is in the south-east of B sub-basin and the foot of Mt. Monduli. One of basalt lava flow

made this hilly site. At the west side of this site, there is a escarpment of basalt lava. Many springs

are flowing out from the escarpment. Existing water supply facility is taking water from the spring.

But it was not accessible. Three VESs were conducted on the hilly area of basalt lava. And magnetic

survey was conducted crossing the lava hill. The results of VESs are the similar; fresh basalt is

expected to encounter 40 to 70 m depth. T-27-3 shows the deepest bedrock depth in the VES results.

Magnetic survey result shows also negative anomaly around T-27-3. Therefore, T-27-3 was selected

as the drilling point.

e T-27-1

s Sthnbere I 2 7 3
et 724 - -
B —

( 5

Monduli

-3.1695-

347

-3.1705+

3171

31715

-3.172

-3.1725+

-3.173

-3.1735+

3174

-3.1745

-3.175%

T-27:

7:3

T T T T T T T T T T
36.4445 36.445 36.4455 36.446 36.4465 36.447 36.4475 36.448 36.4485 36.449

33210
33200
33190N0 0.2

33180 ) e A km

|

Legend

O VES Point

* Drilling Point
Place

[E  Resional Capital
@  District Capital

Road and Rail

===== Main Road

Local Road
—===" Rural Road

===== Rail_way

[ Basin Boundary
[ Recion Boundary

District Boundary

Village Boundary
Stream

0.5 1 1.5 2

33170

33160
33150
33140
33130
33120
33110
33100
33090

Figure 5-48 Location of Test Borehole Drilling No.27 and Survey Result
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(28) Test Drilling No. 28 (Olmolog Village, Longido District, Arusha Region)
This area is in the I sub-basin and the foot of Mt. Kilimanjaro. There are many scoria cones around
this area. Two VESs and magnetic survey were conducted in this site. The results of VESs showed
that the bedrock which has high resistivity is encountered 10 m depth approximately. This high
resistivity layer is expected as basalt lava. Generally, basalt lava has much fracture zone on its upper
and lower side of lava flow. and the aquifer was expected in such a fracture part of the lava.
Magnetic survey result shows the negative anomaly is near T-28-1. Therefore, T-28-1 was selected

as a drilling point.
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(29) Test Drilling No. 29 (Uwiro Village, Arumeru District, Arusha Region)
This area is in the I sub-basin and the northern foot of Mt. Meru. There are many springs in the foot
of Mt. Meru, and the water is contaminated by much fluoride. To confirm the fluoride contents in
groundwater in this area, this site was selected. Two VESs points was selected around the fault
escarpment. The results of T-29-1 shows that the high resistivity layer is lain deeper than T-29-2.
Magnetic survey result shows the negative anomaly around the fault escarpment. Finally, T-291 was

selected as a drilling site.
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Figure 5-50 Location of Test Borehole Drilling No.29 and Survey Result
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(30) Test Drilling No. 30 (Tingatinga Village, Longido District, Arusha Region)

This area was selected as the downstream of the I sub-basin. Two VESs were conducted in this

village. The result of T-30-1shows very high resistivity, and it was not expected any layer has

groundwater. The result of T-30-2 shows that the resistivity increases in deeper part, and it shows

the good aquifer is not expected in the site. However, there is a spring in the southern part of this

village, which is higher altitude than T-30-2. Groundwater was expected in the layer of the upper

part of bedrock. T-30-2 was selected as a drilling point.
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Figure 5-51 Location of Test Borehole Drilling No.30 and Survey Result
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