Chapter 6:


GEOLOGY











introduction





Desk Studies





The objective of the two geological desk studies is to provide a basic geological framework from available literature and maps of the project area along the Cunene River.  





Two reports have been prepared for this study (enclosed in Appendices 5 and 6).





Dr. Tim Smalley:


Epupa Dam Feasibility, Preliminary Studies, A Review of the Available Literature on the Geology along the Cunene River from Svartbooisdrift to the Marienfluss Namibia. Windhoek, Namibia 1995.





Dr. Eduardo Morais:


First Attempt at correlating Precambrian Formations in SW Angola and NW Namibia. Luanda, November 1995.








In Namibia a large amount of geological literature is available for the northern part of the country, but little of the data is specific to the project area.  The literature used for Dr. Smalley’s report largely found at the Geological Survey Library, Ministry of Mines and Energy in Windhoek, but also other sources are also used.





Dr. Morais’s report is based on 1:1,000,000 geological maps published by the Geological Services in Angola and Namibia and on studies by several authors.





References are given in both reports.





Descriptions of the regional geology and how the bedrock is built up by different lithostratigraphic units are given.  Geological maps and sections are presented.





Despite substantial differences in the established geological limits of the different formations on the common border, it is possible to define the stratigraphy with enough accuracy and characterise the different geological events that have influenced SW Angola and NW Namibia.





Geological Field Investigations





Geological Mapping





Geological mapping has been performed at the different dam site and reservoir areas.





The geological  mapping has been divided in two different investigations:





The regional and detailed mapping has been performed by Dr. Tim Smalley.  Dr. E. Morais visited  the project sites during  the mapping and participated in geological discussions.


The engineering geological mapping has been performed by Mr. A. F. Saayman.





The regional geologic mapping has covered the entire area between El. 725 and 380 including the Dam Sites A, B, C, and E and the reservoir areas.  The objectives have been:





To provide an understanding of the geological history of the project area, and particularly to uncover any process that is presently of potential active (such as erosion/deposition, slope-creep, landsliding, fault movements and volcanic activity).


To determine the regional stratigraphy and the distribution of and type of contact  between the major rock units.


To explain the geomorphology of the project area in terms of regional stratigraphy, structure and geological history.


To obtain an evaluation of the existing regional groundwater conditions.


To draw attention to important geological features (faults, landslide boundaries etc.) passing through or close to the sites.





Detailed geological mapping of bedrock and overburden has been performed in the reservoir areas, in the surroundings of the dam sites, borrow areas, power stations and along tunnels.  The objectives have been:





To provide an explanation of the development of the topography at each dam site and in the reservoir areas in terms of the local geology and geological history.


To describe in detail any tectonic structure or weakness zone indicated to be near project features by the regional studies.


To provide a model showing the rock and soil distribution and geological defects and jointing in the subsurface mass at each site.





The results of the regional and detailed geological mapping are given in the enclosed Appendix 7.  In addition to descriptions geological maps and sections are given.





Engineering geological mapping has been performed at the different dam sites, power stations along tunnels and borrow pits and rock quarries.  The objectives have been:





To provide a model showing  the rock and soil distribution and geological defects and jointing in the subsurface mass at each site and at possible borrow pits and rock quarries.


To perform an engineering geological classification of the rock mass using the Q-value method.


To evaluate the rock stress situation.


To determine the groundwater features, such as delineation of areas of swampy ground, position of springs seepages and groundwater properties.


To describe rock fall and slide possibilities, volumes of potential unstable masses, height over water level, slide angle etc.


To evaluate the water tightness of the reservoir.





The engineering geological mapping results for each dam site are described in Appendix 8.


�
Seismic Refraction Survey





Seismic refraction uses the principles of Snell’s Law as it applies to the propagation of pressure waves through different mediums (in this case soil and rock).  Electromagnetic motions sensors are arrayed on a cable.  A series of shocks (often from small explosive charges) are set off and the arrival time of the shock wave at the motion sensors is recorded.  Interpretation of the arrival time of the pressure wave provides approximation of the velocity with which the pressure wave travels through the layers of overburden and rock, and the depth of the layers.  The velocities can be then used, to some extent, to interpret the quality and type of material (i.e. differentiate between hard and soft rock overburden).  In general the higher the velocity the harder or more solid the soil or rock.





Seismic refraction measurements were conducted by Dr. Gustaf Lindquist during the period 23 March through 22 May 1996.  The full seismic refraction study report, including location maps and profiles, is contained in Appendix 9.





Preliminary layouts of civil works for the four proposed dam sites named A, B, C and E were used to establish the seismic refraction lines.  Profiles were investigated with the following lengths:  





	790 m for Dam Site A, 


	675 m for Dam Site B, 


	380 m for Dam Site C and 


	3,850 m for Dam Site E.  


	1,210 m for a proposed tailrace tunnel for alternative A.  


	4,370 m in search for construction material for the dams.





The seismic refraction method requires sophisticated equipment and interpretation by a highly qualified professional.  The seismic profiles correlate well the results of the core drilling program.





Exploratory Drilling





Exploratory drilling using the core drillings technique have been performed at all dam sites and in the power station areas.  Totally 19 holes with an total accumulated drilling length of 1,673 m have been drilled.  The tendered quantity was 1,675 m.  The core drilling was performed by the GDS Drilling Consortium.





The distribution of holes is as follows:





Dam Site A:  3 drill holes along the dam axis and 1 hole in the power plant area. Totally 411 m.


Dam Site B:  3 drill holes  along the dam axis and 1 hole in the power plant area. Totally 352 m.


Dam Site C:  4 drill holes along the dam axis and 1 hole in the power plant area. Totally 245 m.


Dam Site E:  5 drill holes along the dam axis and 1 hole in the power plant area. Totally 665 m.





The rock cores, of  45-63 mm diameter, are logged and photographed before storing.  Lugeon tests have been performed in all drill holes.





A summary of the results of the exploratory drill is presented in the Local Geology sections of Chapters 14-18.  The Exploratory Drilling Report is contained in Appendix 8.





Laboratory Testing





Point load testing of representative rock cores was performed.





A summary of the point load test results is presented in the Local Geology sections of Chapters 14-18.  The Laboratory Test Report is contained in Appendix 8.








GENERAL GEOLOGY OF THE PROJECT AREA





The general geology of the project area consists largely of a relatively old variety of quartzo-feldspatic paragneisses an grantoid rocks.  This is the result of a series of major tectonic events (the last being the 1,000 My old Kibaran Orogeny) which caused regional high grade metamorphism, granitization and intrusion.  In addition, the present level of erosion has exposed these basement rocks virtually continuously throughout the reservoir areas.  The rock types in the dam site areas are generally highly competent with excellent fabric soundness, regardless of composition.  Effects of later structures such as faulting, jointing  and minor shearing are present locally and will cause construction problems, but their effects overall only serve to emphasise the high degree of lithological integrity.





The Weathering Process





The general weathering  process is typical of competent rocks in arid areas.  Rocks range from totally fresh, slightly weathered showing discoloration, to moderately weathered.  Extreme weathering is rarely encountered and is usually covered by coarse scree.  The depth of weathering is generally very shallow and seldom exceeds 1m.





Fragmentation is largely caused by jointing with minor fabric disaggregation.  Low frequency jointing in massive rock types forms blocks, which many places can be seen in piles of large boulders.  High frequency jointing causes finer, more unstable scree slopes of smaller aggregate size.





The Soils





The soils in this general area are an unsorted very coarse to fine-grained agglomeration of particular rock fragments with very minor clay or organic components.  They are thin, may be composed of local residual rock and/or scree material from up slope.





Periods of Erosion and Rock Stress Release





Several nonconformities in the project area between Site A and Site E indicate geological periods of erosion which may relate to regional stress release.  Each of these periods follow tectonic events of continental proportions.  The most important periods were the period between the Baynes Mountain quartzites and the basement rocks and the period between these quartzites and the Karoo sediments. 





The latter one was accomplished before fluvio-glacial sedimentation in the glacial valley began (350 My ago).  The total thickness of Karoo deposition in this area was only of the order of a few hundred metres which was largely stripped during the early to late Cretaceous (135 - 65 My ago), during continental break-up.  Therefore, little significant erosion has taken place during recent geological time.





The Age of the Present Cunene River





Specific features of the topography along the course of the Cunene river downstream of Epupa Falls, such as a discontinuous, but recognisable “shoulder” along the left bank of the river from Dam Site C to Dam Site E, hanging valleys, steep sided, narrow gorges (which is absent upstream Epupa Falls) and the abundance of significant potholes and remnant pothole cusps above present water level, indicate a recent dramatic increase  in the flow rate/volume which is the result of river capture.





River Knick Points





Streams whose base level has fallen, try to recreate their previous long profile of equilibrium, causing a steepening of the gradient which gradually migrates upstream.  Knick points are abrupt changes in the river gradient where the old and new profile intersect.





In the Cunene river, the dramatic increase in volume flow has effectively caused rejuvenation.





The tectonised rocks in the Epupa Falls area are not resistant, relative to the surrounding rock types and do not appear to control the position of the falls.  Furthermore, the contrast in the character of the Cunene valley upstream and downstream of Epupa Falls strongly infers that the present position of the fall is a major knick point representing the boundary between the upstream pre-juvenation profile and the younger downstream profile, which is migrating upstream in an attempt to create a new stable profile.





The rapids downstream of Site C are probably a subtle knick point caused by small changes in sea level changes in the recent geologic past which is also travelling upstream.





Landslide Potential





The potential in this area for landslide risk to a dam, and the magnitude of such a landslide depends on the build-up of scree, and its proximity to the dam.  Scree thickness seldom exceeds 2 m, except where bedrock topographic gradients decrease abruptly below lower parts of steep slopes or cliffs.  Screes in basement areas have relatively stable slopes.  However, the Baynes Mountain quartzite cliffs between Site C and Site E have developed relatively large scree aprons extending from the base of the cliffs outwards over the underlying bedrock.  These screes are mainly of two types:





Low angled quartzite surfaces that cover the Karoo sediments in Site E region


Steep scree aprons that extend from the base of the cliffs themselves





The low angled quartz surfaces are partly compacted, stable without any rapid movement indications.  The steep screes are less stable showing evidence of debris avalanche movements along narrow elongate, linear landslide scars, usually into depressions or tributaries.





The potential risk to a dam in this area is, however, greatly reduced because debris slides initiate from outer sides of the valley and terminate in tributaries in the old, wide, u-shaped valley bottom.  These slides reach stability long before reaching the Cunene river gorge.  As this risk is limited to the area between Site C and Site E, only the Site E dam is affected.  Moreover, the high water level of Site E roughly coincide with the shoulder of the Cunene gorge and hence with the u-shaped valley floor.





Groundwater Conditions





Despite of the low rainfall in the area (100 to 200 mm/a) a remarkable feature is the abundance of springs in the tributaries to the Cunene river.  These springs are a result of the impermeable nature of the basement.  The rainwater will flow slowly down the gradient until it encounters impermeable, massive bedrock where it will be forced to the surface.





In areas where amphibolite or other mafic rock types are common, the water may contain CaCO3, and the springs produce minor deposits of calc tufa or calcrete as the water evaporates in pools and in seeps over bare rock.





Except for obvious stagnant or contaminated conditions, all spring waters encountered at the dam site areas were potable and fresh tasting.





Potential for Reservoir Leakage





All the dam reservoir options lie wholly within the crystalline basement areas.  No CO3 lithotypes such as limestones and/or dolomites are present which could result in karsting and high permeability.





All large structures encountered (faults, shear zones and fracture swarms etc.) which could lead to reservoir leakage, indicated a very low permeability due to hydrothermal mineralisation or CO3 cementation.





The large valley 5 km south of Site B (hosting the landing strip) has a low potential for leakage from the B reservoir.  Even if the ground in this area contains fractures quartzites, which are relatively permeable, their base lies at an altitude of approximately 760 m, which is higher than the water level.








Material Sources





Introduction





Investigations were performed to evaluate the suitability of overburden materials for use as earth core and filter material for embankment dams and for aggregate for concrete dams. The methodology for the field investigations of the overburden was as follows:





Reconnaissance of promising areas for core, filter and concrete aggregates.


Primary excavation of test pits for sampling and inspection.


Laboratory analyses of the soil samples to ascertain the soil quality.


If the soil quality seems promising, seismic sounding are performed.


If the seismic sounding indicates quantities which are of interest, secondary test pit excavation and sampling are conducted.


Routine laboratory analyses of the soil samples from the secondary round of test pits, to map the soil quality with regard to utilising the area as a borrow pit.


Representative samples are shipped to a qualified geotechnical lab for special analyses.





A total of 13 areas have been investigated. Locations are presented on map 1:250,000 in Figure 6.1. Table 6.1 summarise what has been done at each area.





Table 6.1	Field Investigations at Potential Material Sources





Area�
Seismic 


sounding


m�
Test pits


Auger holes


No�
Samples


No�
�
A�
0�
2�
�
�
E�
1,450��
14�
9�
�
EN�
0�
9�
16�
�
N�
1,880�
53�
224�
�
P (1992)�
�
5�
17�
�
RNB�
�
5�
11�
�
RO�
440�
17�
56�
�
RS�
�
2�
5�
�
S�
440�
7�
31�
�
TB�
410�
3�
8�
�
TE�
�
3�
8�
�
V�
330�
�
�
�
W�
880�
16�
16�
�
13�
5,830�
136�
401�
�



The complete seismic refraction report is presented in Appendix 9, "Refraction Seismic Investigations", August 1996. The field investigations for construction materials are presented in Appendix 10, "Study of Material Sources for Potential Rockfill Dams for Sites A, B, C and E", August 1996. 





Evaluation of the Potential Material Areas





Area A





Just downstream of Dam Site A, there is a flat area along the river bank on the Namibian side, Area A.  Two test pits showed shallow depths, 0.5-1.0 m, of red soil with a large content of stones.





Area E





The upper part of the right abutment of Dam Site E consists of a gently sloping formation which is covered by a quartzite scree.  The properties of this material are of interest with regard to design of the dam foundation.  A large part of the Baynes area is, however, covered by the same sort of scree, therefore the investigations carried out at this part of  Dam Site E serves two purposes, dam foundation investigations, and potential dam material source.





The scree consists of a red soil with a very high content of rounded stones in a matrix of silty sandy gravel with a low clay content.  Photo on page 17 in Appendix 13, "Photographs of Dam Sites", gives a visual impression of the scree material.





Grain size distribution of nine samples show a clayey sandy gravel with a high stone content. The content of stones bigger than 19 mm is 55-85%, with a mean value of 80%. The clay content is 1-10%.  On average stones bigger than 10 mm accounted for 90% of the samples.


�
Figure 6.1	Location of Material Source Investigations


�



Out of eight tested samples, two are Non-Dispersive (ND), four are Slightly Dispersive (SD), and two are Dispersive (D).





There are practically unlimited quantities available in the immediate area.





Area EN





Area EN is located 6 km upstream of Dam Site E on the Namibian flank of the Cunene river. Three test pits on the crest represents similar material to Dam Site E, however, with a lower stone content. Six test pits on the slope indicate a weathered shale with large variation of the grain size distribution.





Out of thirteen tested samples, ten are Non-Dispersive (ND), two are Slightly Dispersive (SD), and one is Dispersive (D).





There are practically unlimited quantities available in the nearest surroundings.





Area N





Area N is located near the existing landing strip approximately 10 km from the Epupa Falls. 





A total of 58 test pits and auger holes were excavated and drilled, and 224 samples were taken and analysed. The majority of the samples belongs to the group of clayey sand without stones.  





Out of 224 tested samples, 49 are Non-Dispersive (ND), 59 are Slightly Dispersive (SD), and 116 is Dispersive (D). It shall be pointed out that distilled water was used for the tests. For comparison, 24 tests were also done with Cunene river water. Eight of these samples showed less dispersive characteristics, by changing five from dispersive to non-dispersive, and three from dispersive to slightly dispersive.





With a total area of 1 km2 and an average depth of 1.5-2.0 m, a total of 1.5-2.0 million m3 of clayey soil is available.





Area P





Area P was investigated during the Prefeasibility Study in 1992. It is located at the confluence of two seasonal rivers, 17 km west of Epupa Falls, on the way to Orokane. The entire area is covered with boulders.


 


Based on 17 samples from five test pits which were excavated in 1992, the materials can be described as a silty and sandy gravel with a very high content of stones and boulders. Relatively thick layers, more than 1 m, of calcretized conglomerate was found in three of the test pits.  For more details, reference is made to Appendix 7.1 in "Epupa Hydropower Scheme. Prefeasibility Study. Final Report", February 1993.





Area RNB





Area RNB is located 10 km upstream of Dam Site A. It is a relatively narrow river bed of a seasonal river on the Namibian side. Five test pits and 11 samples show a gravely sand with a low stone content.





Assuming an average width of 20-30 m, a length of 3 km, and a depth of 1 m, the area can produce a quantity of 50,000-100,000 m3 of gravely sand.





Area RO





Area RO is located 12 km upstream of Dam Site A. It is a relatively wide meander area on the Angolan side of Cunene river. Seventeen test pits have been excavated and 56 samples taken of which eleven samples represent a sand, while the rest represents a silty sand.





Assuming an average width of 100 m, a length of 0.5 km, and a depth of 1-2 m of sand, the Area RO can produce a quantity of 50,000-100,000 m3 of sand. Similar areas are located further upstream along Cunene river.





Area RS





Area RS is located 15 km upstream of Dam Site A. It is a wide and shallow river plain of a seasonal river on the Angolan side. Two test pits and five samples show a uniform sand.





It is assumed that the area can produce some 10,000 m3 of a uniform sand.





Area S





Area S is located 1 km upstream of Dam Site A.  It is an aeolian deposit on the Angolan side of Cunene river.  Seven test pits were excavated and 31 samples taken.  Twenty-nine samples represents a uniform medium sand.  Two samples consist of a sandy gravel and of gravely stones.





It is assumed that the area can produce 100,000-200,000 m3 of a uniform medium sand.





Area TB





Area TB is located 4.5 km upstream of Dam Site E. It is an alluvial deposit  on the Namibian side of Cunene river. Three test pits have been excavated and six samples taken. Three samples represent a uniform fine sand. Two samples represent a sand stony gravel.





Area TE





Area TE is located 5 km upstream of Dam Site E.  It is an alluvial deposit forming an isle in Cunene river.  Three test pits have been excavated and eight samples taken.  The samples represent a silty sand and stony gravel with silt.





Area V





Area is located 9 km downstream of Dam Site E. It is an alluvial deposit on the Angolan side of Cunene river. Three seismic profiles were measured. The results indicate mainly calcretized conglomerate. 


�
Material Area W





Area is located 8-9 km downstream of Dam Site E on the Namibian side of Cunene river. Five seismic profiles were measured. Sixteen test pits have been excavated and 16 samples taken. The samples represent a silty gravely sand with high stone content.





Conclusions with Regard to Core and Filter Materials





General





The required quantities to construct a rockfill dam with a core of clayey soil are presented in Table 6.2





Table 6.2	Core and Filter Volumes Required for Potential Rockfill Dams





Dam Site�
Total Volume


million m3�
Core Volume


million m3�
Filter Volume


million m3�
�
A, Max HWL 710�
8.5�
1.3�
0.5�
�
B, Max HWL 710�
10.3�
1.6�
0.5�
�
C, Max HWL 575�
1.2�
0.2�
0.2�
�
E, Max HWL 580�
12.9�
2.0�
0.6�
�



In general the requirements are:





Core material should preferably consist of a clayey non-dispersive soil with a low stone content. 


Filter material should preferably consist of a gravely sand.


The transport distance should not exceed 10-20 km, and there should be few borrow-pits.





Core Materials





The most promising area for core materials seems to be Area N.  However, the dispersivity may cause a problem.  More tests and analyses are required.





Another possibility could be the scree in the Baynes area.  Further investigations are needed.





Filter Materials





Considering the quantities which are required, none of the investigated areas represents an adequate area for a borrow-pit.





seismicity





The Norwegian seismic institute NORSAR has made an estimate of the earthquake load for the Epupa hydropower schemes.  The estimate is based on earthquake catalogues acquired specifically for this project for Angola and South Africa augmented by reports held in NORSAR’s data base of global earthquake observations.  The complete report is contained in Appendix 11 Preliminary Earthquake Loading.


�



It should be noted that the NORSAR report includes some statements which were assumed to be correct at the commencement of this report but which subsequent field work has modified:





The rejuvenation of the Cunene is associated with river capture and not uplift.


The alignment of the Cunene through the Baynes Mountains is in general not governed by fault lines.





The study provides estimates of PGA (peak ground acceleration) at 5 % damping of critical for bedrock outcrops, for the mean horizontal component of ground motion. The location considered is Dam Site E, but loading estimates are also given for the sites A, B and C further upstream from site E.





The earthquake hazard computations performed for the Epupa Hydropower schemes are based on a probabilistic seismic hazard analysis techniques designed to incorporate uncertainties and to quantify the uncertainties in the final hazard characterisations.





The procedure for identifying potential seismic sources in the region comprise:





An evaluation of the tectonic history of the region in light of available geological data, with particular emphasis on the fault pattern.





An evaluation of the historical and recent instrumental seismicity, emphasising that these data comprise the primary empirical basis for conducting seismic hazard analyses.





Seismic hazard analysis is based on both the geological and seismological history of the region, including recent and historical seismicity, and paleoseismicity if available. The information called for here includes not only the earthquake catalogue but also data and models on source processes and characteristics, mode of faulting, focal depths, inferred stress field, etc.


�



Earthquake Hazard Results





The results of the earthquake hazard computations for the Epupa Falls, site E, (geographical location 12.893oE, 17.038oS) are shown in the form of earthquake hazard curves in Figure 6.3.   The curves show PGA (peak ground acceleration) versus annual exceedance probability for the expected value and the expected value plus/minus one standard deviation (sigma).








































































































Figure 6.3 	Seismic Acceleration v. Probability of Annual Exceedence





Note:  Figure 6.3 represents Epupa Falls, site E, PGA versus annual probability of exceedance for the mean horizontal component of ground motion at 5 % damping.  The solid line represents the expected PGA while the dashed lines represent the expected value minus/plus one standard deviation respectively.





	Preliminary earthquake loading estimates are given for site E in Table 6.3 for annual exceedance probability 10-2, 10-3 and 10-4.


�



Table 6.3	Seismic Acceleration





�
PGA (m/s2)�
�



Exceedance probability�



expected -s�



expected�



expected + s�
�
10-2 /year�
0.16�
0.34�
0.44�
�
10-3 /year�
0.49�
1.04�
1.28�
�
10-4 /year�
1.24�
2.54�
2.94�
�



Note:  Table 6.3 represents Epupa Falls, site E, peak ground acceleration (PGA) values for the mean horizontal component of rock site (5 % damping) for annual exceedance probabilities 10-2, 10-3 and 10-4.
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� This seismic profile is part of the investigation of Dam Site E, upper right abutment (see Appendix 9).





	6 - � PAGE  \* MERGEFORMAT �15�





� FILENAME \p\* Lower \* MERGEFORMAT �l:\epupa\5368\reports\formulat\technica\ch-6.doc�		� SAVEDATE \@ "d MMMM yyyy" \* MERGEFORMAT �30 September 1996�











