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SUMMARY
This Report discusses the results of a geophysical site survey for one borehole at Susan Wangari Chimba's parcel of land in the former Embakasi Ranching Company Limited which has since been subdivided into individual shares. The plot N0.P.6967 comprising of 2 acres is located to the west of Kamulu shops and east of Rui Market in Nairobi Province.

Our Client has constructed her residential house in this plot and that is where she currently living with about fourteen orphaned childrens which she is taking care of. Our Client has also put a fishpond wher she is growing tilapia and other small fish for commercial purposes. She is currently getting her water supply from a neighbours borehole which is the only water source in this area hence it is overstretched by demand.

The water is rationed so that everybody can get some. She has also harvested rain water which she uses for drinking purposes. Our Client plans to develop this plot fully but is hampered by lack of enough and reliable water supply hence the need to drill a borehole. Drilling a borehole is the only sustainable and available option. She needs water for her fish project and for irrigation in order to grow food for these adopted children.

The Climate is savanna subtropical with about 800 mm rainfall per year.  The site is underlain by thin layers of Athi Tuffs and Lake Beds which overly Kapiti Phonolites and Basement rocks, mainly gneisses and schists.

Groundwater occurs within the Athi Series, Kapiti phonolites and at the contact zones between the Athi Tuffs and Lake Beds and Kapiti phonolites and the underlying Basement rocks and also within the weathered and fractured zones of these rocks.

Recharge of the aquifers is by direct and indirect replenishment.

One suitable site has been located by means of geophysical field measurements, where the rock is found to be deeply weathered and fractured to greater depth (estimated 200 metres).  The quality of groundwater at site is expected to be good.

The report is accompanied by maps, field data and graphs.
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1.0INTRODUCTION.
1.1General.

Aqua Well Services was commisioned by the Daughter of Susan Wangari Chimba to undertake a hydrogeological and geophysical survey for a borehole within her Mother's plot in Gituamba area of Kamulu in Nairobi Province.

The following are the details of the applicant;


SUSAN WANGARI CHIMBA


P.O. BOX 4722 - 00200


NAIROBI.
The project area is situated about 1.4 kilometres from the Kamulu- Tala Tarmac Road. The parcel of land is on the northern part of this Koma Rock.

Susan's parcel of land is in the former Embakasi Ranching Company Limited which has since been subdivided into individual shares. The parcel of land is located to the west of Kamulu shops in Ruai Location of Embakasi Division in Nairobi Province.

Our Client has already constructed her residential house and other structures and is currently living in this plot. She is currently taking care of about 14 orphans with assistance of her daughter who live in Europe. The childrens age is between 8 years to fourteen years and they even take of their education in the neighbouring schools. 

Their aim is to put up proper Childrens home in this plot so that they can cater even for a larger number of children. For this purpose they need enough and reliable water supply.

Our Client has already started fish farming which obviously require regular water. She also plans to keep few grade cows on zero grazing. She is also doing alittle bit of farming. Our Client plans to develop this plot but for her to succeed, she will need to have a reliable water supply in place. Drilling a borehole is the only sustainable and available option.

The objective of the survey was therefore to establish the optimum location of a borehole planned to provide water to this plot mainly for domestic purposes and minor irrigation.

The area does not have public water supply and the only source of water is from the Athi River which is several kilometres on the southern side of the area or from privately owned neighbouring boreholes which she is currently getting her supply from.

1.2Existing Water Supply Situation.

There is no public water supply in the area and people draw raw water from Athi River or buys from privately owned boreholes.

The other sources of water is from roof catchment and shallow wells in the area. The water from shallow wells is not safe for drinking and is only used for general purposes unless is boiled. Due to this problem the Client is intending to drill a borehole to cater for his water needs so as to develop and utilise this parcel land fully.

It was therefore necessary to carryout a detailed hydrogeological and geophysical survey in order to determine the best drill site within this plot with good groundwater prospects.

2.0PHYSICAL SETTING.
2.1Location and Physiography.

The Client's two acres parcel of land is located about 5 kilometres to the west of Kamulu Shops and about 4 kilometres from Rui Market. The plot is about 1.4 kilometres from Rui - Koma Rock Tarmac Road on the northern side. The access murram road is at Makongeni stage along this tarmac Road which is almost midway between Kamulu Shops and Rui Market.

The approximately grid reference of the plot is 37M 0280254; UTM 9859993 on map sheet Nairobi 149/3 at an elevation of about 1512 metres above sea level.

The project plot is situated in an area of mild topography with extensive plains which are only interrupted by low lying ridges and shallow gullies.

The landscape in the project area slopes towards the north and northeast. The higher ground is covered by sandy silty soils whereas the lower parts are covered by sticky black cotton soils.

2.2Drainage.

The area is drained by Athi River and it's tributaries which flows northeastwards and eastwards. Athi river which drains this area has several seasonal tributaries which have water during the rain seasons and immediately after, otherwise they are normally dry most part of the year.

Athi River is several kilometres to the eastern side of this area and although it is perennial the the level of pollution may make it very expensive to exploit besides the security of the pumping equipments and the distance. However, no attempt has been made to tap this water which cannot be recommended for domestic use unless it is treated.

2.3Rainfall and Climate.

The area displays a bi-modal rainfall pattern with two rainy seasons lasting from about March to May and mid-October to mid-December. The region receives a mean annual rainfall of about 600 mm.

Temperatures are highest in the months of January-March before the rain season and lowest in the months of July-August. The climate is savanna type with seasonal dry and wet periods.

3.0GEOLOGY AND GROUNDWATER CONDITIONS.
3.1Regional Geology

The geology of the area is characterized by a succession of lava and pyroclastics of Cainozoic Age overlying a foundation of folded Pre-Cambrian schists and gneisses of the Mozambique Belt. The crystalline rocks are rarely exposed but occassionally fragments are found in agglomerates and in the Basement Hills.

This area which forms the eastern border zone of the Rift Valley is associated genetically with volcanicity with tectonic movements attendant upon rifting. Doming, linear warping and erosion of the sub-miocene erosion surface had taken place prior to extrusion of the first lava flows which flooded the eastern plains during sub-Miocene time. Subsequently volcanicity continued intermittently until recent time leading to development of Rift valley.

The lava which was laid down on an eroded surface covered in places by Tertiary conglomerates and grits, formed part of the first Miocene flood eruptions. Derived from the area to the south, it flowed in a northerly direction from vents either situated on the flanks of the Rift Valley, or, what is more probable from the site of the former central volcano, Olorgasaile. 

The lava lapped the west flank of the Mua Hills and Kanzalu range which formed an eastern barrier to the flow and thence flowed in a north-westerly direction where it was joined by the flows of similar lava, of similar age, derived from the north and which gave rise to the Yatta Plateau Phonolite. The Kapiti lava flooded the Athi River area, thinning against the higher grounds.

The concealed ridge of Pre-Cambrian rocks beneath Wattle Blossom Farm probably formed a local barrier preventing the spread of lava in this part of the area.

Predominantly, the area is covered by black cotton soils which overly the Athi Tuffs and Lake Beds, Kapiti phonolites and Pre-Cambrian rocks.

3.2 Geology of the Project Area

The project plot is situated in an area covered by Athi Tuffs and Lake Beds, Kapiti Phonolites underlain by gneisses and schists of Pre-Cambrian rocks. The top black cotton soils overly thin layers of sediments and tuffs of Athi Tuffs and Lake Beds which overly Kapiti phonolites which in turn are underlain by gneisses and schists of Pre-Cambrian rocks. These rocks are sometimes intercalated with sediments and clayey layers which are evidence of Old Land Surfaces.

3.2.1Athi Tuffs and Lake Beds. 

The Athi Tuffs and Lake Beds consist mainly of sandy sediments, lacustrine deposits, tuffs, pyroclastics, decomposed clayey tuffs and welded tuffs. The clays are present in large quantities in most of the area. The thickness of the Athi Series increases westwards but they are thin under the project area.

These Athi tuffs and Lake Beds resulted by consolidation of fragmental volcanic material deposited sub-aerially into water washed into a lake from the west. Their big extent is an indicator of the presence of an extensive lake or swampy region where rivers drained from the edges of Rift Valley. Evidence of periods of seasonal changes are all deduced from observation of Athi Tuffs and Lake Beds.

These Athi Tuffs and Lake Beds forms the best aquifers (water bearing zones) where they are well developed. In our project area they are very thin and hence do not contribute much as far as groundwater is concerned, but all the same most of the shallow aquifers are encountered in this area tap water from them, especially the shallow hand-dug wells.

3.2.2Kapiti Phonolites.

This series lies directly on Basement metarmorphic rocks. The phonolite is characterized by long slender insets of feldspar.

There are several flows separated by strata that are usually argillaceous. The thickness of this flow varies from place to place being, as far as is known, greatest (160 metres) against slopes of the Basement hills along the eastern and southern edges of the tertiary cover.

The Kapiti phonolites are extensively exposed in the valleys of Athi River and it's tributaries and it seems the flow in the eastern edge and is limited to tens of metres in width within these valleys. The thicknesses of these lava is greatest close to the gulleys and thins out away from the gullies.

Sometimes the phonolites are intercalated with sediments (water bearing), and where it is highly fractured then it forms a very rich aquifer (water bearing materials).

3.2.3Basement Metamorphic Rocks.

These are mainly gneisses and schists which have formed as a result of intense pressure and thermal activity over a long time. These rocks outcrops at Mua Hills, Komarock and Kongoni Hills several kilometres to the east of the project area.

Due to the fact that the volcanics are resonably thick in this area, the yield of most of the drilled boreholes are medium to high. In areas where the volcanics are very thin the yields of drilled boreholes are quite low and even dry boreholes are quite common especially in areas where Basement Rocks is encountered at very shallow depth or is dominant.    

The topmost part of these rocks, that is the contact zone between them and the phonolites is normally water bearing. This zone is mostly made up of sediments and clayey conglomerates.

3.3Hydrogeology. 

The volcanic rocks of the area are not favourable aquifers since they are not particularly permeable. Groundwater, never the less can occur in fractured zones and weathered layers and may also be found in the "Old Land Surfaces" which act as fractured zones. The weathered layers are normally the erosion layers or Old Land surfaces formed between successive lava flows.

The area taps adequate water supply from semi-confined aquifers in the Athi Series, fractured zones of the phonolites and at the contact zone between the phonolites and the Basement rocks.

In the project area, the Athi Series are thick hence they do play a significant role as far as groundwater in this area is concerned. They are one of the main contributors of groundwater in this area besides the fractured phonolites and the contact zones with the Basement rocks.

During drilling, more than one aquifer is struck within the lavas but the main aquifer is at the contact zone between these lava and the Basement rocks. 

The water is expected to be a bit mineralised but potable.

Recharge at the project area is good and is by both direct and indirect replenishment.

From the available borehole data more than one aquifer have been struck in the horizons of various thin flows of Kapiti phonolites. Infact the yield of boreholes in this area is high where the volcanic are thick and quite poor in areas where Basement rocks predominate.

In summary, the groundwater in the area can be obtained from four types of aquifers as follows:

Contact Zones. 

Contact zones between various lava flows and the Basement rocks form the most common aquifer system in the area. These aquifers are basically confined.

Old Land Surfaces.
Old Land Surface layers, sometimes consisting of gravels and sands form the principal aquifers though the lateral extent of these materials is usually not very large and their corresponding yields are low.

Fractured Zones.
These occur where the rock has been broken down due to tensional forces and cooling of lava. This would be one source of groundwater, since fractured zones form very important aquifers in otherwise impermeable rocks. The fractures also play an important role in recharge system.

Sands and Sediments.
Where these are trapped between impermeable rocks can form very good storage zones hence very good aquifers. These are normally found within the Athi Series and at the contact zones between phonolites and Basement rocks.

3.4Existing Boreholes.

Several boreholes have been drilled in the surrounding area. Data regarding these boreholes are given in Table 1, and their locations are shown on Figure 1.

These boreholes have been drilled to various depths ranging from 43-225 metres below ground level. Water struck levels ranging from 26 to 225 metres and water rest level ranging from 24 to 60 metres below ground level. Their yields vary from 4 to 46 m3/hr.

The differences can be explained in terms of different geological setting. Some of the boreholes tap their water from the Upper Athi Series aquifers while others get their water from within and at the base of Kapiti phonolites and at the contact of the volcanic lavas with Basement System rocks.

It is therefore important to note that there is no clear cut groundwater trend in this area. This is due to the fact that the structural geology in the area is complicated due to undulating Basement surfacial terrain. These structures make the area to have anti-clinal and synclinal features which determine the storage and the yield of groundwater from boreholes drilled in this region.

It can thus be concluded that the area has a medium to high groundwater potential.

TABLE 1:  SUMMARY OF THE EXISTING BOREHOLES

	PRIVATE 

B/H NO.


C 


	Dist./Bearing From Site (Km)
	
Total


Depth


(m bgl)
	
WSL


(m bgl)
	
WRL


(m bgl)
	
Tested


Yield


(m3/hr)

	4329
	6.9/NE
	100.0
	36
	30
	46.02

	1057
	5.1/SE
	225.0
	39,225
	60
	13.0

	1086
	5.0/SE
	43.0
	37-40
	24
	5.3

	10534
	3.5/SE
	70.0
	26,60
	26
	10.0

	11310
	2.5/SE
	78.0
	34-38
	30
	4.3

	12891
	2.7/SE
	104.0
	91
	38
	6.0

	11757
	6.8/SE
	-
	-
	-
	-

	1094
	4.5/SW
	125.0
	104
	69
	5.9

	1095
	4.9/SE
	79.0
	52
	46
	6.1

	ONYANGO'S BOREHOLE
	0.8/NW
	-
	-
	-
	-

	13560
	3.3/SE
	100.0
	48-92
	36
	139


3.5Recharge/Discharge Considerations.

Storage, porosity and permeability form the most important parameters in groundwater discharge and recharge.

The suitability of volcanic material as aquifers will depend very much on weathering, formation characteristics (cracks, joints or vesicules) and actual rock properties.

Fresh lava conduct water extremely swiftly. Extensive vegetation slows down surface run off and facilitates percolation and a substantial amount lost in evapotranspiration. Assuming that a suitable storage media exists below the ground, the mechanism by which water must reach it also affect aquifer potential.

Recharge and depletion of groundwater is usually determined by periodic measurements of the water level in boreholes.

In the project area where there is predominantly semi-confined aquifers, recharge may take place at the upper and by free groundwater or elsewhere by leakage from other aquifers if the confining formations are merely semi-permeable. The mode of recharge is by the latter, i.e. indirect replenishment by water stored in fracture zones.

Percolation takes place in high grounds to the west and northwest of the project area and this reaches the faults from where it is distributed into permeable aquifers.

3.6Groundwater Quality.

Generally, groundwater may be saline or hard, or have peak concentrations of chloride, sulphate, fluoride, carbonate, sodium, calcium and potassium ions, especially where groundwater is shallow, groundwater flow is low or absent and the evapo-transpiration rate is high.

The factors which determine the degree of salinity in Arid and semi-arid are as follows:-

Evaporation and Transpiration.
Direct evaporation by the heat of the sun and preferential uptake of certain mineral ions by plants can, in certain environments, lead to salinisation.

Dissolution of Evaporites.
The process of evapotranspiration may, in arid conditions, lead to the precipitation of salts in the unsaturated zone (soil).  These salts may then be carried down to the groundwater store during periods of rain, thus leading to high ion concentrations in space and time.  

This process is exacerbated in an intensely seasonal climatic regime, such as is present in the project area.

Dissolution of Host Rock.
Given relatively long residence times and fairly high ambient temperatures in groundwater systems, progressive salinity of groundwater can be expected via the host rock.  This will vary according to local geology, local structures (which may speed the passage of water through an aquifer by means of faults, etc, and so limit retention time), local climate and so on.

Thus the groundwater quality in the project area is expected to vary between permanent hardness and a certain degree of mineralisation.

3.7 BOREHOLE SPECIFIC CAPACITIES (S) TRANSMISSIVITIES SPECIFIC 

PRIVATE 
YIELDS/ STORAGE COEFFICIENTSYIELDS/ STORAGE COEFFICIENTS
YIELDS/ STORAGE COEFFICIENTS"

Borehole specific capacities have been calculated using the formula S=Q/s (Driscoll, 1986) where Q is the yield during pump test and s is the drawdown that is represented by pumping water level less static water level (PWL–SWL).

Transmissivity is calculated using the formula using the formula T=0.183Q/s. This formula has a limitation because borehole completion data from Ministry of Water and Irrigation gives the summary of pump test. It is ideal if the test pump data is in log scale. 

Logan’s formula T=1.22 Q/s is the best for estimating transmissivity.

The area does not have aquifer tests and it is difficult to ascertain specific yields, 

TABLE 3: SPECIFIC YIELD RANGES OF DIFFERENT MATERIALS

	PRIVATE 
Earth Material


	Specific Yield %

	Limestone
	0.5 – 5%



	Shale 
	

	Sandstone
	5-15%

	Clay
	1-10%

	Sand and Gravel
	15 – 25%

	Gravel
	15 – 30%

	Sand
	10-30%


PRIVATE 
HYDRAULIC CONDUCTIVITY (K) AND GROUNDWATER FLUXHYDRAULIC CONDUCTIVITY (K) AND GROUNDWATER FLUX
HYDRAULIC CONDUCTIVITY (K) AND GROUNDWATER FLUX"

Locations laboratory investigations and Isotope methods are very expensive methods and are the best for determining hydraulic conductivity and groundwater flux correctly. The results are confined to few locations, and they depend on the scale of the investigation method. Rock sample measurements in laboratory vary from well test results. Ministry of Water and irrigation data is also not very reliable. 

Hydraulic conductivity calculated using the formula k=T/D where k is the hydraulic conductivity, T is the transmissivity and D is aquifer thickness. In the Ministry of Water and Irrigation data the start of the aquifer is the one recorded and most of the time the thickness is not given. Due to this a lot of assumptions will be made in order to calculate hydraulic conductivity. 

Darcy’s formula is used to calculate groundwater flux it is given as Q=T.i.W, where it T is the transmissivity of the borehole, i is the gradient and W the width. 

PRIVATE 
tc  \l 2 ""
PRIVATE 
ASSESSMENT OF AVAILABILITY OF GROUNDWATERASSESSMENT OF AVAILABILITY OF GROUNDWATERtc  \l 2 "ASSESSMENT OF AVAILABILITY OF GROUNDWATER"
Aquifers in this are found within the weathered, fractured and decomposed volcanic rocks and basement rocks.  Annual recharge of the underlying aquifers is not known. The aquifers are also not uniform and can not talk of it's width and extend. 

PRIVATE 
ANALYSIS OF RESERVE AND GROUNDWATER LEVEL EVOLUTIONANALYSIS OF RESERVE AND GROUNDWATER LEVEL EVOLUTIONtc  \l 2 "ANALYSIS OF RESERVE AND GROUNDWATER LEVEL EVOLUTION"
It is not possible to determine the storage of groundwater in the underlying aquifer. To determine this it requires a very intensive exercise and accurate data that will show the boundaries and its extend both horizontal and vertical. So many techniques are also involved.

4.0GEOPHYSICAL INVESTIGATION METHODS.
A great variety of geophysical methods are available to assist in the assessment of geological subsurface conditions.  In the present survey, the resistivity method (also known as the geo-electrical method) and the Horizontal Electrical Profiling (HEP) method has been used.  The latter was used to detect any anomalous conductive zones in the subsurface, which might be associated with faulted or fractured zones.  

Vertical electrical soundings (VES) were carried out to probe the conditions at such anomalous zones within the sub-surface and to confirm the existence of deep groundwater.  The VES probes the resistivity layering below the site of measurement.  The techniques are described below.

4.1Basic Principles of the Resistivity Method.

The electrical properties of the upper parts of the earth's crust are dependant upon the lithology, porosity, the degree of pore space saturation and the salinity of the pore water.  Saturated rocks have lower resistivities than unsaturated and dry rocks.  The higher the porosity of the saturated rock, the lower its resistivity, and the higher the salinity of the saturating fluids, the lower the resistivity.  The presence of clays and conductive minerals also reduces the resistivity of the rock.

The resistivity of earth materials can be studied by measuring the electrical potential distribution produced at the earth's surface by an electric current that is passed through the earth.

The resistance R of a certain material is directly proportional to its length L and cross-sectional area A, expressed as:

R = Rs *L/A  (in Ohm)                         (1)

Where Rs is known as the specific resistivity, characteristic of the material and independent of its shape or size.

With Ohm's Law

R =  dV/I   (Ohm)                              (2)

Where dV is the potential difference across the resistor and I is the electric current through the resitor; the specific resistivity may be determined by:

Rs = (A/L)  *(dV/I)  (in Ohm.m)                (3)

4.2General

The field investigations carried out in the project area to locate a suitable site for drilling a borehole included the following:

-Geomorphological interpretation and hydrogeological reconnaissance to establish overview impression of the area;

-Execution of geo-electrical measurements comprising the following:

-Horizontal Electrical Profiling using the ABEM Terrameter SAS 300C;

-Vertical Electrical Sounding using the ABEM Terrameter SAS 300C.

4.3Methods

4.3.1Horizontal Electrical Profiling (HEP)

This was carried out to determine changes in electrical properties laterally with a constant electrode spacing and interpreted as a continuous profile. The electrode spacing controls both the profiling depth and the resolution of the survey. 

The observed resistivity values are plotted on logarithimic paper and the graph obtained depicts lateral resistivity variation at constant depth. Geological structures such as faults, fractures, burried stream channels that may conduct groundwater, can be inferred.

4.3.2Vertical Electrical Soundings (VES)

Vertical electrical soundings were carried out to probe the electrical properties and depth to sub-surface layered formations below the site of measurement. 

When carrying out a resistivity sounding, electric current is led into the ground by means of two electrodes and the potential field generated by the current is measured.

The separation between the electrodes is step-wise increased (in what is known as a Schlumberger Array), thus causing the flow of current to penetrate greater depths. The observed resistivity values are plotted on log-log paper and the graph obtained depicts resistivity variation against depth.

This graph can be interpreted with the aid of a computer, and the actual resistivity layering of the subsoil is obtained.  The depths and resistivity values provide the hydrogeologist with information on the geological layering and thus the occurence of groundwater.

4.4Fieldwork

Fieldwork was carried out on 14th October 2009.

One Horizontal Electrical Profile (HEP-1) was carried out within our Client's parcel of land covering a total distance of 70 metres and two Vertical Electrical Sounding (VES-1 and VES-2) spread to a maximum of 250 metres eletrodes spacing were carried out within the lower part of the homestead.

The field data and the graphs of the HEP-1 and VES's are presented in the appendix.

5.0RESULTS AND INTERPRETATIONS.
HEP-1.

This Horizontal Electrical Profile (HEP-1) was carried out across the plot on an north-south direction and perpendicular to the direction of a tributary of the Athi River. The Horizontal Electrical Profile (HEP-1) covered a total distance of 70 metres. The probing depth was kept constant at 50 metres where 14 stations were probed at station intervals of 5 metres. The results are graphically plotted in Figure HEP-1. 

In this profile the most interesting zone with promising low resis​tivity values were detected between station numbers 4-8 and 11-14 and this was the zone where VES-2 and VES-1 were conducted, respectively. VES-1 was conducted on the lowerside of the compound near the northern boundary fence at station number 13 while VES-2 was conducted on the lower side of the home compound of the plot at station number 7 along the profile line.

When the two VES's were analysed, it become evident that the site of VES-1 has better groundwater potential than that of VES-2. It's anomally is better and also it has thicker water bearing formations at depth. For this reason we have only given its interpretation below since this is the site we have recommended for drilling the proposed borehole. 

VES-1

This was executed at the anomalous zone at station number 13 along HEP-1 profile to a maximum electrode spacing of 250 metres. The site of this VES-1 is on the lower side but near the northern boundary fence. The results are presented in the computer model in Figures VES-1 and it's geo-electrical interpretation is summarized in the table below:

INTERPRETED MODEL OF VES-1

	PRIVATE 
FORMATION DEPTH

(METRES)
	APPARENT RESISTIVITY

(OHM-M)
	EXPECTED GEOLOGICAL FORMATION
	REMARKS

	0.0 - 3.5

3.5 - 7.0

7.0 - 18.0

18.0 - 49.0

49.0 - 116.0

116 - 170.0

170 - 201.0

 > 201.0
	 10.0

 5.5

 36.0

 60.0

 25.0

 22.0

 30.0

 42.0
	Top soils.

Clayey deposits.

Weathered tuffs.

Fresh lava.

Highly fractured lava.

Tuffaceous sediments

Highly fractured formation.

Fractured lava.
	Dry.

Dry.

Dry.

Moist

Wet.

Wet.

Wet.

Wet.


The interpreted model of VES-1 shows layers of top volcanic soils underlain by weathered to decomposed tuffs upto a depth of 7 metres. These are overlain by highly fractured to tuffaceous sediments at depth. The formations becomes more weathered at depth.

Water is expected within the weathered and fractured layers of both volcanics and Basement Rocks and at the contacts between different lava flows and between volcanics and Basement Rocks. This site has good groundwater potential and been recommended as the drill site for the proposed borehole.

When the above geophysical data is analysed, it is found that the project area has medium to high groundwater potential. The Athi Tuffs and Lake Beds layers are thick hence has good groundwater potential in terms of storage.

The volcanic lavas are weathered and fractured at different levels making them to have good groundwater storage. The contact zones in between the lava and the Basement Rocks which are the other materials which can store water in this area are fairly developed in terms of formation of fractures or cracks which can store and transmit water.

The site of VES-1 has therefore quite good groundwater prospects and has been recommended as the drill site for the proposed borehole.

6.0CONCLUSION AND RECOMMENDATIONS
Based on the foregoing discussion on geomorphology, geology, hydrogeology and geophysical work carried out, it can be concluded as follows:

(i)The occurrence of groundwater in this area is mainly obtained within the Athi Tuffs and Lake Beds and at the contact zones of Kapiti phonolites and the Basement rocks.

In addition groundwater is encountered within the weathered and fractured zones of both the phonolites and the Basement rocks.

(ii)The yields of boreholes in this zone may be limited by the presence of clayey layers which adversely affect groundwater production. However, boreholes located in highly fractured zones are expected to have satisfactory yields. In areas where the sediments and tuffs of Athi Tuffs and Lake Beds are thick the yields of boreholes are high.

(iii)The results of the Vertical Electrical Soundings point towards the interception of significant weathered and fractured zone at VES-1 with thick layers of sediments and tuffs, highly fractured lava offering good storage for groundwater. This site has a good groundwater potential and has been recommended for drilling the proposed borehole.

(vi)The groundwater quality is expected to be good and may be slightly mineralised.

Considering the above conclusions, it is recommended as follows:-

(a)A borehole should be drilled at the exact site marked on the ground at the positions of VES-1 located on the lower side of the plot near the northern fenceof the plot to a depth of 200 metres below ground level. The site was benchmarked and was also shown to the Client.

(b)The borehole should be lined with appropriate casings and screens of 152mm minimum diameter. 

(c)The boreholes should be properly gravel packed, developed, test pumped to establish sustained yield. They should also be properly sealed at the surface to prevent surface water from entering thus preventing contamination.

(d)The drilling, construction and test pumping of the borehole should be properly supervised by a consulting Hydrogeologist.  The supervising hydrogeologist should also provide the borehole design and prepare the completion report.
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APPENDIX - Drilling

Drilling should be carried out at a diameter of not less than 8”, using either a rotary type machine. The drilling rig should be able to drill to a depth of at least 160-m, at the specified diameter. The rig and the drilling method adopted must be suitable for drilling through both unconsolidated material, and hard, compact rocks. The rotary drilling technique offers very high penetration rates in all types of materials, rig mobilisation and demobilisation are rapid, minimal casings are required during drilling exercise and reliable yield estimates can easily be made during drilling.

Drilling additives to be used (e.g. foam or polymer) must be non-toxic and bio-degradable. In no circumstances will bentonic additives considered to be acceptable, as they may plug the aquifer zones and are extremely difficult to remove during development.

Percussion method will however considerably prolong the required time for drilling, which may be undesirable if water is required at short notice. Another main disadvantage is that no reliable yield estimates can be made during drilling. As a result, a reliable judgement whether to stop or continue drilling at a certain depth can not be made.  In addition, borehole development techniques will be less efficient than with a rotary plant compressor. This may reduce the capacity of the borehole, and may fail to stop the intake of fine sediments during pumping. In case of friable materials and/or loose sediments, bentonite is used to stabilise the materials when drilling using percussion technique. The sticky clay-based mud seals the aquifer pores reducing the aquifer transmissivity and hence borehole yields. In rotary drilling, the biodegradable polymers or foam is used to stabilise collapsing formations. This biodegradable mud can easily be removed during borehole development.

On the other hand, the percussion method is considerably cheaper than the modern rotary technique, partly because of the lower drilling rates, but also due to the often much lower sum charged for mobilisation. However, it must be noted that the initial savings may be offset against the continuing costs of labour, fuel, etc., the prolonged absence of a water source, and the time input of the Client and his representatives. Regarding the long time required when applying the percussion drilling technique. 

Geological rock samples should be collected at 2 metre intervals.  Water struck and rest levels should be carefully recorded, as well as water quality and estimates of the yield of individual aquifers encountered.

Great care should be taken that the water quality of the different aquifers is accurately determined. Upon the first strike, drilling fluids should be effectively flushed, and after sufficient time, a water sample should be taken of the air‑blown (rotary) or bailed (percussion) yield. On-site analysis using an EC meter, and preferably a portable laboratory, is recommended. 

Well Design

The design of the well should ensure that screens are placed against the optimum aquifer zones. The final design should be made by an experienced hydrogeologist.

Casing and Screens

The well should be cased and screened, in order to avoid collapsing and sediment intake. Considering the moderate depth of the borehole, it is recommended to use Mild steel casings and screens of 6" diameter. They should be machine cut not gas-slotted. Screen slots should be a maximum of 1.5 mm in size. The minimum open area of the screens should be 5%.

Gravel Pack

The use of a gravel pack is recommended within the aquifer zone, because the aquifer could contain sands or silts, which are finer than the screen slot size. An 8" diameter borehole screened at 6" will leave an annular space of approximately 1", which is sufficient to allow the insertion of fine, quartzitic gravel. The grain size of the gravel pack should be within the range of 2 to 5 mm, and granules should be rounded to well rounded. Over 95% should be siliceous.

Gravel pack should be washed down with copious volumes of water to avoid bridging. The best method, which is unfortunately rarely used, involves the insertion with a tremie pipe.

Well Construction

In installing screen and casing, centralizers at 6 metre intervals should be used to ensure centrality within the borehole. This is particularly important to insert the artificial gravel pack all around the screen. If installed, gravel packed sections should be sealed off at the top and bottom with clay or bentonite seals (2 m). In this case, it is also recommended to install a 3 m long, cement grout plug at the surface, to prevent contamination from entering the borehole.

The remaining annular space should be backfilled with inert material (drill cuttings may be used), and the top five metres grouted with cement to ensure that no surface water at the well head can enter the well bore and thus prevent contamination.

Well Development

Once screen, gravel pack, seals and backfill have been in​stalled, the well should be developed. Development is the term used to describe the procedures designed to maximise well yield.  Although an expensive element in the comple​tion of a well, the additional costs are usually justified by longer well life, greater efficiencies, lower operational and maintenance costs and a more constant yield. 

Development has two broad objectives, which can be divided into borehole and aquifer stimulation:

To repair the damage done to the aquifer material during drilling and restore the natural hydraulic properties.

In both cable tool (i.e. percussion) and air hammer drilling, the bit action chips and crushes the rock, and mixes it with water and other fine material into thick mud slurry. The pounding of the bit forces this slurry into the openings in the wall of the borehole, thus blocking the pores and impeding the flow of water from the aquifer. A thick "wallcake" may form, especially when clay additives (such as bentonite) are used during drilling or where natural clays occur in the penetrated formations. This cake, if not removed, may virtually plug the borehole, and significantly reduce the discharge. It should be noted that the maximum yield of a formation can only be realised if all the fractures and crevices are unblocked and able to supply water to the well.

Borehole development techniques are applied to break down and remove the impermeable layer of clayey material from the borehole wall. Swabbing, wall-scratching, airlift rawhiding and polyphosphate dosing are all borehole development techniques.

To alter the characteristics of the aquifer volume in the vicinity of the borehole, by improving hydraulic contact between the aquifer and the hole. This is essentially aquifer development, and is also known as aquifer stimulation.

Polyphosphate dosing, hydrofracturing and acidification are examples of aquifer stimulation techniques.

The development methods to be applied depend on the available equipment, and differ significantly between percussion and rotary drilling (the latter being superior, when it comes to efficiency):

Development with a percussion rig: if a cable tool rig has been deployed the available development techniques are relatively simple, but less effective than the methods used in modern rotary drilling.  The following measures are recommended:

listnum "WP List 1" \l 1Backwashing and bailing: using a surge block with rubber flaps slightly smaller than the internal diameter of the hole, start near the top of the water bearing zones and surge downwards (surging upwards may lead to the surge block sand-locking, which can jeopardise the hole).  Bail the borehole clean periodically.  Repeat this cycle until no more material is brought up, bailed water is clear and electrical conductivity is stable.

listnum "WP List 1" \l 1Polyphosphate dosing: percussion equipment does not include mudpumps and drillpipe, so jetting is impossible.  Polyphosphate dosing comprises no more than simply pouring water with dissolved sodium hexametaphosphate and calcium hypochlorite into a pipe, the base of which is located near the bottom of the hole.

Recommended concentrations are 3.8 kg/m3 of sodium hexametaphosphate (a locally available, common food additive and clay disaggregant known under the trade names “Calgon” or “SHMP”), and 1.5 kg/m3 of calcium hypochlorite.  The polyphosphate is allowed to act for 12 hours or overnight.

Repeat the backwashing and bailing cycle until the water is clear and electrical conductivity stable.

If a rotary rig equipped with a strong air compressor is available, more effective development techniques can be applied:

Airlift rawhiding, into and through the aquifer zones. This should continue until the water lifted is clean and clear, with electrical conductivity stable.  Rawhiding comprises cyclic airlifting: once the airlift has been established, air supply is cut off and water allowed to cascade down the hole.  This creates overpressures across the borehole wall, which agitates the formation and enhances cleaning.  The airlift is then started again and the cycle repeated.

Water jetting with an on-wall velocity of 30 m/s: at least 0.3 m3 of fluid should be jetted per linear metre of screen. The water used for jetting must be absolutely clean, and it is dissolved as in the polyphosphate dosing described under Section 4.2. The jetting tool should be so constructed that the jet openings are not more than 1" (25 mm) from the borehole wall. Jetting should start from the top of the water bearing formation rotating downwards.  After the entire saturated zone has been jetted, the hole should be left for at least 12 hours or overnight, to allow the hexametaphosphate to work on the “wallcake” and any clayey material in the aquifer material.

Airlift rawhiding again, from the bottom of the hole, until airlifted water is absolutely clean and electrical conductivity

During development, an estimate of the bailed or air-blown yield should be made. This usually gives a fair indication of the final range of abstraction that can be expected from the borehole.

The use of overpumping as a means of development is not advocated, since it only increases permeability in zones, which are already permeable.

Well Testing

After development and preliminary tests, a step-drawdown test and a 24-hour long​‑d​uration well test at constant discharge rate should be carried out.  Well tests have to be performed on all newly-completed wells: apart from providing information on the quality of drilling, design and development, it also enables the hydrogeologist to compute sustainable abstraction rates, design drawdown, and other important well and aquifer parameters.

During the test, the well is pumped from a measured static water level (SWL) at a known yield. Simultaneously, the discharge rate and the pumped water level (PWL) as a function of time are recorded. After stopping the pump, recovery is measured until the water level has returned within 5% of the original level, in comparison with the total pumped drawdown.

The specific capacity and the efficiency of a borehole are determined during a step-drawdown test. Simultaneously, target yields for the constant discharge test can be set. The step-drawdown test usually comprises 4 to 6 steps of 60 to 90 minutes each. The pumping rates are increased step-by-step, e.g. by gradually opening a gate valve. Recovery may be measured after the last step, but this is not really necessary if a constant discharge test is conducted as well. However, before starting the constant discharge test, 95% of the pumped drawdown must be recovered, or, alternatively, no increase in level must be observed for a period of more than 4 hours.

The constant discharge test allows calculation of specific aquifer parameters, such as transmissivity, hydraulic conductivity and storage coefficient. In addition, the sustainable volume of abstraction, the design drawdown and the final pump specification and setting can be determined. The minimum duration of the test should be 24 hours, followed by 12 hours of recovery observations, or alternatively until 95% of the total drawdown has been regained.

Legal Requirements

It is a legislated condition imposed by the Water and Irrigation and Water Act 2002, that all boreholes in Kenya be equipped with a master/flow meter and a means by which water levels can be measured. These measures have been designed to allow the collection of data, which will enable both the authorities and the borehole operators to learn more about the reliability and limitations of their groundwater resources.

The easiest method of water level monitoring is through a narrow (1.25” to 2”) dipper line which is installed along the rising main. An electric dipper should be used to measure water levels directly, with an accuracy of approximately 1 cm. An electrical dipper should also be equipped in the borehole to monitor water rest level. 

Pumping Plant

Several options are open to the Client:

 a)Submersible pumps: Currently, these are arguably the most popular borehole pumps in Kenya. Electrical submersibles are efficient and require little maintenance, though of course they do require electrical power on site, e.g. from a generator set.

b)Electrical solar submersible pumps: These are not widely used mainly because the plant is comparatively expensive. Generally, solar pumps are not routinely stocked by the main pump suppliers.

c)Turbine or Mono pumps: Given the yield requirements of the Client, both turbine and Mono-type pumps would be needlessly expensive.

d)Reciprocating pumps: Formerly the most popular type of pump used in Kenya. With the introduction of electrical submersibles and modern windpumps, reciprocating pumps. They have gradually fallen out of favour. However, when it comes to simplicity and robustness, coupled with a wide range of power plant (almost any suitable diesel driving belt), there is little to beat a reciprocating pump. 

To avoid sediment ingress, and ensure a long lifespan of both the borehole and the pumping unit, the permanent pump should be installed at least 2 m above, and certainly not within, the screened section.







