CHAPTER 7	GEOLOGY AND MATERIALS


                                                                             








7.1		REGIONAL GEOLOGY





The Epupa Falls on the westward flowing section of the Cunene River are located on the northern flank of the Damara-Katanga mobile belt, stretching from the coast of Namibia north-eastwards to the East-African Rift (See Figure 7.1). This mobile belt is characterized by generally younger rocks and more frequent occurrence of faults, folds and synclines than the Precambrian Kongo Shield to the North and Rhodesian and Kaapvaal cratons to the South-East.






























































Figure 7.1	Basement Geology of South Africa in Terms of Stable Shields and Cratons, and Mobile Belts (Fairhead and Stuart, 1982).





The bedrock geology in this region of Namibia and Angola is dominated by the metasediments and the plutonics of the coastal branch of the Damaran orogenic belt, the Kaokoveld orogen of Cambrian age, 560-510 mill years ago, (Chaen et al., 1984), which extends from Sesfontein (see Figure 7.2) northwestward across the border and trends out into the ocean at about 15oS. The NNW striking Sesfontein thrust bisects the Kaokoveld orogen in a western domain character�ized by the abundance of volcanics (miogeoclinal basin). The Epupa basement complex of Precambrian age forms a split between these two domains.
























































Figure 7.2.	Simplified Map of the Kaokoveld orogen (from Chaen et al., 1984) Depicting the Epupa Basement Complex of pre-Kaokoveld age (5), the Western Kaokoveld Domain (2) and the eastern Kaokoveld Domain (3 and 4). 1 Denotes Younger Cover.





The Epupa Basement Complex consists of mixed granitic gneisses and granodiorite.





A complex of igneous rock has  been intruded into the gneisses and consists of anorthosite, dunite, gabbro and syenite. This complex appears just southeast of the Epupa Falls and continues approximately 70 km upstream along the Kunene River with an extension of 20-50 km towards south.








7.2		GEOLOGY AT TUNNELS AND POWER STATIONS





7.2.1		Topography Overburden and Rock Types





The proposed tunnel intake is situated at approximately elevation 660. The power station might be located between elevation 500 - 550 depending on the chosen alternative selected. The alternatives are indicated on Figure 7.3.





The topography in the project area is mountainous with peak elevations at approximate 1000 m, with sparsely vegetation and in general only thin layers of soil overburden (approx. 1 - 5 m). In some of the main valleys to the south and the east of the project  area, thicker layers of soil might be found, especially along the rivers. The overburden consists mainly of in situ weathered materials. In the mountain slopes it appears mostly as colluvial deposits. In the valleys, especially along creaks and rivers, some deposits of fluvial sand and gravel have been observed. A minor wind blown sand dune was observed northeast of dam site A.





The rock types within the project area are all competent rock of precambrian age and sort under two main groups:





  -	The Epupa Basement Complex which consists of mixed medium to coarse grained granitic gneisses with bands of amfibolite together with fine to medium grained metavolcanics and metasedi�ments (gneisses).





  -	The Cunene complex which consists of medium to coarse grained anorthosite with zones of medium to coarse grained granite and doleretic dykes.





The anorthosites within the project area are mainly located to the south east and east of the Epupa Falls.





The rest of the project area consists mainly of gneisses. The fine grained gneisses are mainly found at the location of the Epupa Falls proper.





As can be seen in Appendix 7.1, laboratory analysis indicate rocks with high strength and shear resistance.





7.2.2		Weakness Zones and Jointing





As can be seen from the Geotechnical map, Fig. 7.3, the major lineaments of weakness zones might be divided into two groups:





  -	The north-east to east striking zones





  -	The approximate north-south striking zones.



























































































































































The north-east to east striking zones appear more prominent than the other system. Both systems of weakness zones will affect the rock quality unfavourably, and the tunnels should in general be located to intercept the zones in a favourable manner, i.e. with an obtuse angle. The areas most affected by weakness zones seem to be the area just south east of the Epupa Falls and the area within approximate 500 m south of the river downstream of dam Site C. At this latter location a heavily sheared zone dipping 50g south was observed along the river. Where this zone is intersected by the N-S striking zones, the rock mass is expected to be extremely poor.





During the site visit some few joint observations were made in order to a preliminarily assess the general rock quality and support requirements. 





The preliminary observations done, indicate the existence of two major joint systems plus some random joints, and might roughly be summar�ized as follows:





  -	An approximate vertical system striking N 50-100g E with a joint distance on the surface in the range of 0.1 - 1.5 m. This system corresponds to rock foliation in the gneisses and to one of the orthogonal joint sets in the anorthosite.





  -	An approximate vertical system striking N 150 - 190g E with a typical joint distance of 0.2 - 1.5 m on the surface.





  -	A random system of joints in the gneiss complex was noted indicating an approximate west-east striking system with approximate 30g dip towards north. This system was somewhat difficult to map at the locations visited, due to weathered rock and overburden. Hence the system might be more prominent than observed during the  brief site visit.





The joint frequency might decrease at depth, especially beyond the zone where rock stresses and jointing is influenced by the surface topography.





A thorough investigation of weakness zones and jointing will be of importance for further studies.





7.2.3		Weathering





The weathered zone, i.e. the depth of the rock mass affected by the combination of oxidation and changes in the stress situation close to the surface, is important for the location of the tunnels and to determine the depth of required excavation and grouting in the dam foundations. The rock mass quality of weathered rock is lower than for unweather�ed rock and the permeability is higher. Hence the requirement for rock support and grouting increase because of the general opening of joints and the higher joint frequency in the weathered zone.





The depth of weathering will vary, partly as a function of the duration of exposure to atmospheric action, and partly as a function of stress relaxation.





The general impressions from the site visit suggest that the weathering is moderate to high close to the surface on ridges, resulting in talus formations. The general impression from the visit to the Ruacana underground Power Station was that the weather�ing decreases rapidly at depth and that the high degree of weathering extends to approx 5 m depth. Below 30 m the weathering appeared generally low.





The anorthosites at Dam Site A seem less weathered on the surface than the gneisses. Along the river most of the highly weathered rock has been eroded and washed out. However, it should be expected that open joints and stress relaxation still might affect the rock masses closest to the surface. The permeability of joints is probably affected to even greater depths.





A more thorough examination of the weathered zone and its variation will be of fundamental importance in the feasibil�ity and the detail design phases.





7.2.4		Rock Stresses





The topography is expected to cause moderate rock stresses at the level of the tunnels.





For an overburden of some 300 m, as on the proposed lay-out, the overburden pressure, neglecting possible topographic and tectonic effects, would be in the order of 8 MPa. Typical uni-axral compressive strength for rock in the project area is expected to vary within the range of 50 - 150 MPa. In weakness zones the strength of the faulted and crushed materials might be estimated to equal roughly 1/10 of that of the intact rock.





The ridges in the project area are in general intercepted by valleys with relatively close spacing, probably resulting in a low impact of the topography on the general stress situation.





The effect of tectonic stresses in the area is not known. Studies prior to the construction of Ruacana Hydropower Scheme indicate a magnitude for the horizon�tal stresses at twice the vertical. This might suggest the presence of tectonic stresses, but the magnitudes reported are not considered abnormal.





For tunnels with an overburden in excess of some 40 m the physical impact of stresses is mostly deemed as favourable, in so far that the rock mass around the opening is expected to be confined only to favourable levels with regards to the rock strength. In special weakness zones, some plastic deformation might occur, however, the degree of deforma�tion would depend on the thickness of the zones. In weakness zones with a thickness less than 3 - 4 times the span of the tunnel, the stresses would normally be transferred to intact rock at each side of the fault, resulting in very low or nil squeezing in the zone.





In some of the rock slopes where tunnel portals and dam foundations are located, the stress relaxation zone might cause weathering effects on fractures to a depth of 30 m or more, affecting unfavourably both the permeability and the rock mass quality.





Verification of the prevailing rock stresses would be important to examine more in detail further design phases, since they affect both the stability of the openings and the risk of hydraulic fracturing of the rock in unlined pressure shafts and tunnels.





7.2.5		Ground Water, Permeability





The average precipitation in the area is reported to be approximately 200 mm per year. The slopes in the area are sparsely vegetated indicative of low humidity. In the valleys water springs appear close to the dry riverbeds and the vegetation seems relatively vigorous in some areas. A hot spring is indicated on the 1:50.000 topographic map close to the Epupa Falls and is most likely connected to a weakness (fault) zone. (See Appendix 7.1).





The observations might imply the existence of an in situ ground water table that varies with the topography in the sense it might be located in the ridges at a depth slightly above the valley bottom. Hence a relatively low gradient towards the valleys, would be possible where the groundwater might be exposed at shallow depth. The configuration of the groundwater table should be verified in further studies.





Substantial parts of the tunnels might be excavated below the ground water table, and water leakages into the tunnels during construc�tion should therefore in general be anticipated.





The amount of water would probably be small for tunnels located in virgin rock, where the permeability of the rock mass is expected to be low. Local open fractures and isolated water deposits may be encountered. Such fractures may drain water for some days until the deposit is empty, and subsequently the water inflow will be governed by the ambient permeability. The residual flow should be low, except in areas where a direct connection to the Cunene River might occur.





A relatively high in situ ground water table would be favourable for the excavation of unlined pressure tunnels, especially where a the ground water pressure would be equal or higher than the operational water pressure. In this regard any required sealing and impermeabilisation of the permeable zones could be avoided since the risk of significant out�leakage would be low. In the proposed lay-out this problem is envisaged to be balanced out by the high permanent ground water level induced by the reservoir.





7.2.6		Seismicity





A review of Tectonics and Earthquake Activity in Namibia has been done by NORSAR, Norway. The report is enclosed as Appendix 7.2.





A brief summary of findings and recommendations is presented in the following.





The earthquake activity in Namibia is concentrated to the elevated areas of the coastal mountain chain. The largest earthquake encountered in the study is the mb 5.3 earthquake of Nov. 26, 1954, located about 200 km south of Epupa Falls. A recurrence relationship developed for North Namibia based on an earthquake data set covering the time period 1954 to present, shows that the 10-2/year probability (100 year return period) earthquake will have a magnitude of mb 5.5. The 10-3/year probability earthquake will have a magnitude of mb 6.0 and the 10-4/year probability earthquake will have a magnitude of mb 6.5. These key numbers are broadly comparable to what is generally found in Northwest Europe, e.g. on the continental margin offshore Norway. However, there is some uncertainty related to the earthquake catalog completeness and the location accuracy in the location of the Namibian earth�quakes. The results provided in the report should therefore only be used only as a rough guideline for the earthquake problem at Epupa Falls.





Earthquakes with a magnitude of 6 mb and above, often cause damage to structures due to the severe ground vibrations, and may cause secondary effects like rockfall and liquefaction. Earthquakes below magnitude 7 mb are considered to cause surface rupture only on rare occasions.








7.3		GEOLOGY AT DAM SITES





7.3.1		Dam Site A





Measured along the river the dam site is located approximately 4 km  upstream of Epupa Falls, in the most narrow part between Quedas Do Monte Negro at approximate el. 850, on the right bank and the Peak +855 on the left bank. The river plane at el. 620 is approximately 250 m wide. The valley sides slope gently between 1:2 and 1:3. Fig. 7.4 presents the valley with the dam site.





Based on the topography, it would be possible to build a 200 m high embankment dam at Dam Site A.





The valley floor is vegetated by a variety of trees and bushes. The valley sides are sparsely vegetated with some few bushes and some grass. 





In the river bed and the valley slopes there are numerous outcrops of bedrock. The bedrock is only lightly weathered and sparsely covered by coarse grained slope wash. Fig. 7.5 and 7.6 present close-ups of the river bed and the abutment.
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Fig. 7.4	Dam Site A, Looking Downstream from Right Bank.
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Fig. 7.5	Dam Site A, Rock Outcrop in River Bed







































































 Fig. 7.6


Dam Site A, Typical Ground


 Surface in Left Abutments


7.3.2		Dam Site B





The dam site is located approximately 9 km downstream of Epupa Falls, in the most narrow part between Techon�gombe Vicuna, with a peak exceeding el. 1000 on the right bank, and the Peak +766 on the left bank. A saddle at el. 739 is located approximately 0.2 km south of Peak +766. The river bed at el. 560 is approximately 60 m wide. The valley sides slope between 1:1,5 and 1:2. Fig. 7.7 presents a view from Peak +766 looking north at the right abutment. Fig. 7.8 presents a view from Peak +766 looking south at the Saddle +739.





Based on topographical evaluations, it would be possible to build a 200 m high dam at Dam Site B. 





The valley sides are sparsely vegetated with a few trees, some bushes and some grass.





In the river bed and the valley slopes there are numerous outcrops of bedrock. The bedrock is moderately weathered with open fractures and loose blocks. It is sparsely covered by coarse grained slope wash. Fig. 7.9 presents close-up of the left abutment.





7.3.3		Dam Site C





The dam site is located approximately 11 km downstream of Epupa Falls, just upstream of the river bend at el. 550. The valley side at the right bank extends to el. 640 and on the left bank to el. 660. The river-bed is approximately 50 m wide. The valley sides slope between 1:2 and 1:3. Fig. 7.11 presents the dam site looking upstream.





Based on a preliminary technical evaluations, it would be possible to build a 70 m high gravity dam or higher at Dam Site C. 





The river bed consists of rock with a lot of potholes. Along the valley sides there are numerous outcrops of bedrock. The bedrock is moderately weathered with open fractures and loose blocks. Fig. 7.10 presents close-up of the river bed.



















































































Fig. 7.7	Dam Site B, Looking at Right Abutment from Left Side
























































Fig. 7.8	Dam Site B, Looking South from Left Abutment at Proposed Location of Combined Quarry and Spillway













































































Fig. 7.9	Dam Site B	Typical Pound Surface in Left Abutment Close to Peak + 766

































































Fig. 7.10	Dam Site C, Bedrock in River Bed
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Fig. 7.11	Dam Site C, Looking Upstream
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7.4		ENGINEERING CONDITIONS





7.4.1		Slope Stability in the Reservoir





Slides in reservoirs may be developed in steep areas as both the rising water and wave erosion can reduce the slope stability.





Based on the topographic configurations in the Epupa reservoir, with rather wide flat areas and few steep slopes, the occurrence of any major slides is improbable. The effect of the damming will probably be limited to erosion by wind generated waves in some of the steepest slopes. The observed fact that the slopes are covered with rather thin layer of overburden, lower the hazard of serious slides even further.





For the feasibility study the following is recommended:





To confirm that slides will not be a problem, both maps and air photos should be scrutinized. Susceptible areas should be studied in more detail by reconnaissance. Special attention should be paid to the areas nearest to the dam.





7.4.2		Leakage from the Reservoir





There are no rock types in the reservoir area that should cause substantial leakage, i.e. limestones or other carbonates. 





Several springs in the area indicate open fissured fault zones. With regard to the topography surrounding the reservoir, the 1:50,000 map indicate the lowest saddle approximately at el. 720, 4.5 km SV of Dam Site B. Although it is unlikely that leakage will be a serious problem, both the topography and the geology should be further investigated.





For the feasibility study the following is recommended:





Based on map at scale 1:10,000, the whole reservoir should be examined with regard to low saddles which may can contain pervious materials below the FSL. 


7.4.3		Dam Sites and Quarries





Dam Site A





The dam site provides favourable conditions both for a rock fill dam and a concrete gravity dam.





The bedrock consists of competent anorthosite with some colerite veins, suitable for dam foundation and supporting fills.





Some shear zones are expected to overcross the foundation in the riverbed. Some stress relaxation might occur close to the surface, especially in the abutments, causing a relative deep weathering on fractures which would need to be sealed by grouting.





By placing the rock quarry south of the left abutment it would be possible to combine it with a spillway canal. 





Diversion can be done by tunnels in the left abutment combined with upstream and downstream cofferdams.





A foundation excavation depth of 1 m under the supporting fill and 3 m under the core and filter zones are deemed appropriate for the costing of alternatives.





Dam Site B





The dam site provides favourable conditions both for a rock fill dam and a gravity dam. In addition it is deemed well suited also for an arch dam.





The bedrock consists of competent gneisses. The impact of stress relaxation on sealing requirements would be similar to Dam Site A, the surface weathering seems more accentuated with open fractures and talus formation.





Some minor weakness zones were observed in the right abutment. These zones are not expected to be of significance for dam construction. Burrow areas for the supporting rock-fill can be found close by.





By placing the rock quarry in the Saddle +739, south of the Peak +766 in the left abutment, it will be possible to combine it with a spillway canal. A weakness zone is indicated to strike along this depression approximately 500 m south of the dam location. The characteris�tics of this zone is of importance for further design of rock quarry and spillway. 





Diversion can be done by tunnels in the left abutment combined with upstream and downstream cofferdams.





An excavation of 1 m under the supporting fill and 6 m under the core and filter zones seems appropriate for the costing of alterna�tives.





Dam Site C





At this site the construction of a crucial gravity dam would be rather straight forward.





The bedrock consists of competent gneiss. 





Considering the narrow river bed just downstream of Dam Site C, it is assumed that a canyon has been eroded in the river bed. The area is characterised by pot hole erosion and open fractures close to the river. This is a surface phenomena and would only influence the depth of required foundation excava�tion. A weakness zone is inferred to strike approximately east-west crossing approximately 150-200 south of the northern turn of the river, and might have a significant thickness. The impact on stress relaxation and weather�ing at depth close to this zone depends on its characteris�tics and distance from the dam site. However, since the river in the geological past did not choose the alignment of this zone until 500 m downstream of the dam location, this might suggest less problems at Dam Site C than further downstream.





Diversion can be done by a canal in the right abutment combined with upstream and downstream cofferdams.





An excavation of 8 m under the core zone seems appropriate for costing alternatives.





7.4.4		Tunnelling





The field observations and the assessment made in Chapter 7.2, indicate suitable conditions for an unlined pressure tunnel design. However, further investigations will have to verify this preliminary position.





The rock quality at the tunnel elevation with more than 40 m rock cover, is inferred as fair to good outside the weakness zones. (Barton et al.)





Weakness zones and weathered rock will reduce the rock quality, and rough estimates indicate that such conditions might be encountered along 15-40 % of the tunnels, reducing the quality to poor or extremely poor in local areas.





Assuming tunnel sections of 140 m2, the support requirements are mainly expected to consist of systematic rock bolting combined with thin to moderate layers of shotcrete in the roof section and only partially in the walls.





In weathered zones, or local weakness zones the support requirements will increase. Adverse rock conditions might require cast in place concrete lining of 0.3-0.6 m thickness.





The proposed underground power station is located approximately 200 m southwest of the dam axis as shown on Dwg. 3. The rock condi�tions at elevation 500-600 is inferred as fair, resulting in relative moderate rock support requirements. The rock quality should, however, be verified by future investigations, as should the potential of leakages from the reservoir towards the power station.





At this stage of planning, special sealing of potential leakage zones is envisaged only locally for the tunnels, while some moderate drainage and sealing works are envisaged upstream of the power station. The preliminary joint observations would support a favourable orientation of the power station at approximately 20gE or N130gE.





The preliminary review of the seismicity indicate a hazard level of minor significance for the underground constructions. Hence, no earthquake design criteria has been applied on rock support measures at this stage.








7.5		CONSTRUCTION MATERIALS





The anorthosite at Dam Site A and the gneiss at Dam Site B, is both suitable for supporting fill. It is also considered possible to produce filter materials from these rocks in a crushing and sieving plant.





At most places the overburden is shallow, seldom exceeding 0,5 - 1.0 m. However, during the site visit the following observation were made:





  -	Downstream of Dam Site A, a fluvial plane exists along the left river bank. Both fine sand and clayey materials were found on the surface. The area is approximately 200 m wide and 800 m long. An average depth can hardly exceed 4 m, which means that a quantity of maximum 600,000 m3 can be available.





  -	1.5 km upstream of Dam site A, a windblown sand dune exists on the right riverbank. The sand is uniform in the range of 0.1 - 0.5 mm. It consists mainly of quartz. The volume is assumed to be from 100,000 to 200,000 m3.





  -	At the confluence between two seasonal rivers approximately 17 km west of Epupa Falls, and just south of the road, a large fan exists. The western part, i.e. left bank area, consists of a coarse calcreted conglomerate and seems to be the oldest part of the fan. In the eastern part a 1 km2 large area may consist of stony gravel with some sand. The boulders consist mainly of a sound quartzite. The area is marked with "P" in Fig. 7.3. By proper processing the materials can most likely serve as filter materials and possibly also as concrete aggregates.





7.5.1		Core Materials





2 km west of the road conjunction, 7 km from Epupa Falls, an area of approximately 1 km2 consisting of a red clayey soil, Fig. 7.13, has been investigated by excavating four test pits to 3 m depth. It is marked with "N" on the 1:50,000 map in Fig. 7.3. Just west of the road conjunction a smaller area of red soil, marked "O" has been observed. This has, however, not been investigated at this stage.





The results together with photos are presented in detail in Appendix 7-1. Figure 7.12 a) presents grain size distribution of 2 representa�tive mixed samples from Area "N". Figure 7.12 b) presents the plastic�ity chart for the samples taken. According to the "A"-line diagram, they are mainly in the lower range between CL (inorganic clays of low to medium plasticity) and CH (inorganic clays of high plastic�ity). 





Although the test pits show some variation of the soil quality, it can be concluded that Area "N" probably contains 1 to 2 million m3 of clayey sand. Most likely this soil can be used as core material.



















































































Figure 7.12.a	Grain Size Distribution and Atterberg Limits for Possible Dam Materials.

































































Fig. 7.12.b	Grain Size Distribution and Atterberg Limits for Possible Dam Materials





7.5.2		Filter Materials





In Area "P", 17 km west of Epupa Falls, the alluvial fan between two rivers has been investigated, Fig. 7.14. Five test pits have been excavated to 1.5 - 2.2 m depths, covering an area of approximately 0.3 km2.





The results together with photos are presented in detail in Appendix 7-1. Figure 7.12 a) presents grain size distribution of a representa�tive mixed sample from Area "P". 





The test pits show a variation of silt, sand, gravel and cobbles to hard conglomerate. At present, it is uncertain whether it can be used as filter. To arrive at a firm conclusion it has to be processed by sieving, and probably also by crushing.





7.5.3		Rock-fill Materials





The anorthosite at Dam Site A and the gneiss at Dam Site B are both suitable for supporting fill. It is also considered possible to produce filter materials from these rocks by a crushing and sieving process.





7.5.4		Concrete Aggregates





By proper processing of the materials from Area "P" they can possibly serve as concrete aggregates. Alternatively, concrete aggregates can be processed from these quarried rock. 





Samples of the river water have been analyzed, indicating adequate water quality for concrete production.





The following is recommended for the feasibility study:





  -	Evaluate the ongoing laboratory tests.





  -	Depending on the final laboratory results, supplementary investigations have to be considered.

























































































Fig. 7.13	Area "N", Possible Burrow Pit for Core Materials







































































Fig. 7.14	Area "P", Possible Burrow Pit for Filter Materials
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