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Geophysical and hydrogeological survey in a part of the
Nhandugue River valley, Gorongosa National Park, Mozambique
— Area 2 and 3

KRISTINA ARVIDSSON

Arvidsson, K., 2010: Geophysical and hydrogeological survey in a part of the Nhandugue River valley, Gorongosa
National Park, Mozambique — Area 2 and 3. Examensarbeten i geologi vid Lunds universitet, Nr. 256, 36 pp. 45
ECTS credits.

Abstract: Gorongosa National Park in central Mozambique is situated at the southernmost extension of the East
African Rift System (EARS), the Urema Rift. The park is protecting a vast ecosystem of floodplains, grasslands
and woody coverage. From 20 years of civil war the large-mammal population in the park had in year 1994 been
reduced by 90 % or more, and in 2004 a restoration project was started in order to rebuild and rehabilitate the park.
For an ecosystem in balance, water resources are indispensable and Lake Urema in the central part of the park is
vital. In order to maintain a sound management and decision-making about water resources in the Gorongosa region
park authorities want to predict the hydrological effects due to changes in different environmental factors. For this,
new and additional information is needed about the hydrogeological conditions of the park.

Focus in this paper is to provide hydrogeological information about the western margin of the Urema Rift,
since it has been anticipated that this area is a potential major groundwater recharge zone to the deeper Rift valley
floor sediments. The methods used in the study are resistivity and induced polarisation (IP) measurements, together
with geological ground truthing and discharge measurements. Data were collected from three areas (Area 1-3)
along the Nhandugue River at the north-western border of the park. In this paper the results from Area 2 and 3 are
presented, whereas the data from Area 1 is presented in a paper by Stenberg (2010).

Three layers of Quaternary alluvial sediments and one bottommost layer of sandstone can be identified in
the resistivity models. Soil samples show variations in grain sizes and mineralogical composition depending on
where in the river valley the material was deposited. A topmost unconfined aquifer is identified, below which there
is a partly permeable aquiclude in turn covering two different semi-confined aquifers. A downstream water loss in
the Nhandugue River suggests that surface water infiltrates to the deeper aquifers and is transported as groundwater
in an east/southeast-ward direction. The hydrogeological conditions confirm that the rift margin is a likely ground-
water recharge zone and the east/southeast-ward hydraulic groundwater gradient indicate that groundwater is flow-
ing towards, and feeds, Lake Urema.

Keywords: Mozambique, geophysical methods, groundwater, Urema Rift, Gorongosa National Park, Nhandugue
River.

Kristina Arvidsson, Department of Earth and Ecosystem Sciences, Division of Geology, GeoBiosphere Science
Centre, Lund University, Sélvegatan 12, SE-223 62 Lund, Sweden. E-mail: kristina.arvidsson@gmail.com



Geofysisk och hydrogeologisk undersokning i en del av
Nhandugue-flodens floddal, Gorongosa Nationalpark,
Mocambique — Omrade 2 och 3

KRISTINA ARVIDSSON

Arvidsson, K., 2010: Geophysical and hydrogeological survey in a part of the Nhandugue River valley, Gorongosa
National Park, Mozambique — Omréde 2 and 3. Examensarbeten i geologi vid Lunds universitet, Nr. 256, 36 sid.
45 hp.

Sammanfattning: Gorongosa Nationalpark i centrala Mogambique ligger i den sydligaste delen av det Ostafrikans-
ka riftsystemet, Urema-riften. Parken ger skydd ett omfattande ekosystem av flodplan, graismark och skogsbeklddda
omraden. Efter 20 ar av inbdrdeskrig hade populationen av stora ddggdjur ar 1994 minskat med 90 % eller mer och
under 2004 paborjades ett restaureringsprojekt for att ateruppbygga och aterstélla parken. For att ekosystemet ska
fungera &r vattenresurserna ovarderliga och Urema-sjon i den centrala delen av parken &r livsnodvéndig. For att
bibehalla en héllbar hantering av och beslutsfattning kring vattenresurserna i Gorongosaregionen vill parkmyndig-
heterna kunna forutse de hydrologiska effekterna av fordndringar i miljobetingade faktorer. For att gora detta be-
hovs mer och ny information om de hydrogeologiska forhéllandena.

Fokus i1 denna uppsats ligger pa att ta fram information rérande den véstra kanten av Urema-riften, da det har
antagits att detta omrade ar en potentiell betydande grundvattenbildningszon till de djupare liggande riftdalssedi-
menten. De metoder som har anvénts i studien &r resistivitets- och inducerad polarisations (IP)- métningar, tillsam-
mans med geologisk filtkontroll och avrinningsmétningar. Data samlades in fran tre omraden (1-3) léngs
Nhandugue-floden som flyter lings med den nordvistra parkgriansen. Presenterat i denna uppsats ar resultaten frén
omrade 2 och 3, medan resultaten frdn omréde 1 presenteras i en uppsats av Stenberg (2010).

Tre lager av kvartédra alluviala sediment och ett undre lager av sandsten kan identifieras i resistivitets-
modellerna. Jordproverna visar att kornstorlek och mineralogisk sammansittning varierar beroende pa var i flodda-
len materialet har avsatts. Fran markytan och nerat kan en 6ppen akvifar, en delvis permeabel akviklud och tvé oli-
ka semi-slutna akvifarer urskiljas. En nedstroms forlust av vatten i Nhandugue-floden indikerar att ytvatten infiltre-
rar till de djupare liggande akvifirerna och transporteras som grundvatten i en 6st/sydostlig riktning. De hydrogeo-
logiska forhallandena bekréftar att riftkanten &r en trolig grundvattenbildningszon och den &st/sydostliga hydraulis-
ka grundvattengradienten indikerar att det &r mojligt att grundvatten flodar mot och tillfor vatten till Urema-sjon.

Nyckelord: Mogambique, geofysiska metoder, grundvatten, Urema-riften, Gorongosa Nationalpark, Nhandugue-
floden.

Kristina Arvidsson, Institutionen for geo— och ekosystemvetenskaper, Enheten for geologi, Centrum for GeoBio-
sfarsvetenskap, Lunds Universitet, Sélvegatan 12, 223 62 Lund, Sverige. E-post: kristina.arvidsson@gmail.com



1 Introduction

Gorongosa National Park (GNP) in central Mozam-
bique is situated at the southernmost extension of the
East African Rift System (EARS), the Urema Rift. The
park is protecting a vast ecosystem of floodplains,
grasslands and woody coverage (Beilfuss et al. 2007).
For the function of this ecosystem, water resources are
indispensable. Several rivers, among these the Nhan-
dugue River, are flowing into the park and merges in
Lake Urema in the central part of the park. This lake is
vital for GNP, and park authorities want to predict the
effects of changes in different environmental factors,
in order to maintain a sound management and deci-
sion-making about water resources in the Gorongosa
region (Beilfuss ef al. 2007). To obtain this, more in-
formation is needed about the geology and hydrology
in the area.

In 2007 the Gorongosa Research Center pre-
pared the plan Long-term plan for hydrological re-
search: adaptive management of water resources at
Gorongosa National park (Beilfuss et al. 2007). Dur-
ing an expert meeting in the same year it was sug-
gested to conduct a multi-resistivity survey, thereby
obtaining two-dimensional images of the subsurface
across the Urema Rift. The first geophysical survey
was conducted in 2008 by Farisse Chirindja and
Kristofer Hellman (Chirindja & Hellman 2009) as part
of a SIDA-SAREC funded research cooperation be-
tween Lund University, Eduardo Mondlane University
and GNP. An evaluation of the results suggested fur-
ther surveys with additional resistivity profiles. A re-
commendation was also to collect reference data to
improve the reliability of the interpretation of the pro-
files.

This paper is focusing on the western rift mar-
gin since it has been anticipated that this area is a po-
tential major groundwater recharge zone to the deeper
Rift valley floor sediments. The Nhandugue River is a
seasonal sand river which rises from outside the park
and crosses the park boundary in the north-western
corner (Tinley 1977). It was decided to pay special
attention to the area where the Nhandugue River flows
from the basement gneisses across the fault margin
and onto the Rift valley floor sedimentary fill. The
purpose of this paper is to provide new and additional
information about the hydrogeological conditions of
this setting. Field work was conducted as part of the
SIDA-SAREC funded research cooperation between
Lund University, Eduardo Mondlane University and
GNP and was conducted together with Li Stenberg,
Farisse Chirindja, Luis Magaia and Felix Oqueio in
June to August 2009. Data were collected from three
different areas along the river (Areas 1-3). The results
are presented and interpreted in two separate papers,
Area 1 and the transition to Area 2 treated by Li Sten-
berg (Stenberg 2010), while the present paper focus on
Area 2 and the transition to the downstream Area 3.
The questions to be answered are:

. How thick are the Quaternary sediments and in

what environment where they deposited?

. What changes can be seen in the sediments
(grain size, mineralogy and carbonate content),
going downstream from Area 2 to 3?

. Is the Sena Formation underlying the sedi-
ments? If so, in what way could it influence the
hydraulic conditions?

. What aquifers and aquicludes/aquitards are
present? What are the extents of these?

. What is the amount of surface water discharge?
Is it changing downstream?

. What possible routings are there for surface and

groundwater flow? Is there a possibility for
water to infiltrate to deeper aquifers?
. Is there a possibility for groundwater recharge?

2 Background

Gorongosa National Park is situated at 19°S and
34°W, within the Sofala province in the central part of
Mozambique (Fig. 1). The morphology of the central
Mozambican landscape is rising inland, from a broad
shallow continental shelf and a low coast line, to the
Great Eastern Escarpment on the border between Mo-
zambique and Zimbabwe (Tinley 1977). The park is
situated within the Urema Rift and covers an area of
approximately 3770 km®. The park together with the
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Fig. 1. A map showing the southern and central parts of
Mozambique. Gorongosa National Park is located within the
Sofala province, in the central part of Mozambique, and is
marked with green. The map is modified from GNP (2009).



surrounding areas comprises four morphological units,
which are from east to west; the Cheringoma Platform,
the Rift valley floor, the Baru¢ Platform and the
Gorongosa Mountain (Fig. 2; Tinley 1977).

2.1 History and restoration project
The Portuguese began colonising Mozambique in the
early 16th century and held it until 1975, when Mo-
zambique became independent (Halkjaer 2007). In
1960 the Portuguese government declared Gorongosa
a National Park, and even though a war was going on
for 11 years between 1964 and 1975, the park was
experiencing a golden era in the years 1960-1980
(Gorongosa National Park [GNP] 2009). In 1981 a
civil war began, and this time the park was put out to
much damage. After attacks and kidnappings of park
staff, the park was closed down in 1983. During the
war large numbers of animals were killed, both by
soldiers and by people who sought refuge in the park.
The war ended in 1992, but widespread hunting con-
tinued for two more years. In 1994 the large-mammal
population had been reduced by 90 % or more (GNP
2009).

After the war ended the African Development
Bank, in cooperation with the European Union and
International Union for the Conservation of Nature,
started to rehabilitate GNP. In 2004 the Carr Founda-

TOPOGRAPHY AND DRAINAGE
OF THE GORONGOSA REGION
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tion and the government of Mozambique agreed to
continue the work on rebuilding the park. In 2007 a
6000-hectare wildlife sanctuary had been built and
reconstruction of the Chitengo Safari Camp had be-
gun. These initial years were a success and in 2008 it
was announced that the government and the Carr
Foundation had agreed to continue the restoration and
co-management of the park for the coming 20 years
(GNP 2009).

One feature of the restoration project is the
Long-term plan for hydrological research: adaptive
management of water resources at Gorongosa Na-
tional park (Beilfuss et al. 2007). For protection of the
park ecosystem water resources are fundamental and
thus an important research object in connection with
the work of restoring GNP (Beilfuss et al 2007).

2.2 Geological settings
2.2.1 Geological and tectonic development of
Mozambique

To describe the geological development of Mozam-
bique it is necessary to look at the development of the
entire southern African region. During the Eoarchean
and Paleoarchean (4000-3200 Ma), crustal formation
and development took place and it was at this time the
Gondwana supercontinent was formed (Léchelt 2004).

% plasieies dv inendagds

Fig. 2. Block model over the four morphological units present in the Gorongosa region. The four units are from east to west the
Cheringoma Platform (1), the Rift valley floor (2), the Baru¢ Platform (3) and the Gorongosa Mountain (4). The blue line marks
the location of the vertical geological cross-section in figure 3 and the read rectangle marks the part of the Nhandugue River
valley where field work was conducted. The figure is adapted from Tinley (1977).
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The following Mesoarchean and Neoarchean eras
(3200-2500 Ma) were characterised by formation of a
cratonic cover, granite-greenstone belts and a develop-
ment of intracratonic mobile belts. Several tectonic
cycles then took place during the Proterozoic (2500-
542 Ma), ended with the Pan-African-Early Palaeozoic
Cycle (In Mozambique: 850-410 Ma) (Lachelt 2004).

When the tectonic activity decreased in the
early Palaeozoic the development continued with de-
nudation and formation of local terrigenous sedimen-
tary basins (Léchelt 2004). In the Late Palacozoic-
Early Mesozoic the activity increased again, and dur-
ing the Karoo Period (300-157 Ma) sedimentary ba-
sins, depressions and rifts formed, coupled to volcanic
eruptions forming the Karoo Supergroup. Correspond-
ing to the Karoo Period is the Gondwana Period (300-
157 Ma), which can be subdivided into the Gondwana
Rifting Phase (300-205 Ma; Upper Carboniferous to
Upper Triassic) and the Final Phase (205-157 Ma;
Lower to Middle Jurassic) (Lédchelt 2004). During the
first phase, rift structures and platform depressions
developed and were filled with mostly terrigenous
sediments. In the second phase ocean margin basins,
rifts and rift-accompanied structures were formed
(Léchelt 2004). Magmatism was also active and basalt
lavas formed vast lava plains, covering the low relief
formed by the Karoo desert-like formations (Tinley
1977). At the end of Jurassic, denudation and sedimen-
tary processes had cut across many geological forma-
tions and the landscape was reduced to a vast planation
surface (Tinley 1977).

At the end of Jurassic and in the early Creta-
ceous the large break-up of Gondwanaland was initi-
ated (Tinley 1977). This Post-Gondwana (Post-Karoo)
Period (157 Ma to recent) can be divided into the three
phases; (i) disintegration of the Gondwana Superconti-
nent (157-118 Ma), (ii) stabilization (118-35 Ma) and,
(iii) neorifting (35 Ma to recent) (Lachelt 2004). Dur-
ing the first phase active seafloor spreading took place
in the Mozambique Channel and Mozambique Basin.
By this the Gondwana Supercontinent was divided into
two regions. The western part comprised Africa and
South America, while the eastern part consisted of
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what today are Antarctica, India, Sri Lanka, Madagas-
car, the Seychelles and Australia (Léchelt 2004). The
second phase was characterised by another expansion
of the continental margin basins, subsequently leading
to detachment of Madagascar from India and the Sey-
chelles. In the third phase, active tectonic movements
resulted in formation of grabens and, most impor-
tantly, the formation of the East African Rift System
(EARS). In addition to tectonic activity this phase was
also characterised by thick sedimentation.

During the Quaternary, rifting and basin devel-
opment continued and shallow-water shelf sediments
were uplifted. They were by that exposed at the sur-
face during the Holocene and the Gondwana planation
surface was eroded (Tinley 1977).

2.2.2 Local geology

The Urema Rift, which comprises the most southern
extent of the EARS, is a 40 km wide rift valley. Sets of
NNE-SSW and NNW-SSE orientated faults and frac-
ture zones on both sides of the valley (Tinley 1977)
are responsible for the system of half-grabens that con-
stitute the Urema Rift. A schematic vertical cross-
section of the Urema Rift can be seen in figure 3. On
the eastern side the valley is defined by the
Cheringoma Platform and on the western side it is
bounded by the Barue Platform. Rising west of the
Barue Platform is the Gorongosa Mountain with its
highest peak at 1836 metres above sea level (m a.s.l.)
(The CGIAR Consortium for Spatial Information
[CGIAR-CSI] 2008). Appendix 1 is a geological map
over the Urema Rift and the area around GNP. Below
is the geology of each morphological unit described in
further detail.

2.2.2.1 The Barué Platform

The surface of the Barue Platform is gently sloping
towards southeast until an abrupt decline at the rift
margin (Tinley 1977). The Baru¢ Supergroup, which
constitutes the major part of the platform and is the
source of its name, is of Mesoproterozoic (1600-1000
Ma) age and consists of a metamorphic crystalline

ALTO DE INHAMINGA

: Mazamba Sandstone;

: Cheringoma Limestone;
: Grudja Formation;

: Sena Sandstone;

: Sena Igneous Members;
: Belo Formation;

: Stormberg Basalts;

: Gorongosa Granite;

: Basement Complex
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Fig. 3. Vertical geological cross-section of the Urema Rift, stretching from the Gorongosa Mountain to Inhaminga. The location
of the transect is marked by the blue line in figure 2. The figure is modified from Lachelt (2004).
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basement. The supergroup comprises five groups of
granitic and migmatitic gneisses and feldspathic
quartzite (Tinley 1977, National Directorate of Geol-
ogy [DNG] 2006). North and south of the Gorongosa
Mountain, swarms of granophyre and dolerite dykes
has intruded the basement (Tinley 1977).

North and south of the Nhandugue River, east
of Gorongosa Mountain, the Sena Formation and the
Lupata Group is present. The Sena Formation formed
during the lower Cretaceous in a continental setting.
The formation consists of more or less massive con-
glomeratic arcosic sandstones, cemented with calcic-
argillaceous material (Tinley 1977, Lachelt 2004,
DNG 2006).

Lupata Group formed during the Post-Karoo
Period and comprises red sandstones and phonolitic
lava (Tinley 1977, Léchelt 2004, DNG 2006). The
sandstones are divided into two formations, the Lower
and Upper Lupata Formations (Lachelt 2004). The
lower formation is 80-100 m thick and consists of a
series of terrigenous conglomerates and sandstones
(Léchelt 2004). Also the Upper Lupata Formation is
composed of conglomerates and conglomeratic sand-
stones but also contains quartz-feldspar sandstones and
fragments of the surrounding intrusive rocks (Tinley
1977, Lachelt 2004). Together with the upper forma-
tion the phonolitic lava forms a volcanosedimentary
sequence (Lachelt 2004).

The Barue Platform is mainly covered with
poor sandy soils, weathered from the Baru¢ Super-
group. However, the mica associated with the Barue
Supergroup have produced layer-silicate clays such as
montmorillonite and the intruding dolerite dykes
breaks down into fertile red clayey latosols (Tinley
1977). The upper Lupata Formation, found south of
the Nhandugue River, produces calcium-rich red clays
and sandy clays, while the Sena Formation, north of
the river, weather into sands and calcareous sandy
clays (Tinley 1977).

2.2.2.2 The Gorongosa Mountain

The igneous complex consisting of granites and gab-
bros that now forms the Gorongosa Mountain intruded
the Barué Platform in the late Jurassic to early Creta-
ceous (Léchelt 2004, DNG 2006). Gabbros were first
to intrude, and in the contact with the crystalline
gneisses of the platform pyroxene and amphibolite
hornfels were produced (Tinley 1977). The major part
of the mountain consists of a micropegmatite granite
pluton. When that intruded it also produced quartzitic
hornfels on its contact with the crystalline gneisses
(Tinley 1977).

The soils of the Gorongosa Mountain have
mainly been produced by denudation and colluviation.
Large deposits of colluvium are found on the northern
and the south/southeastern slopes of the mountain
(Tinley 1977, DNG 2006). The acid micropegmatite
granite has produced mainly sandy ferralitic soils and
humus-rich podsols, while the gabbros have been bro-
ken down into gritty ferromagnesoium-rich loamy
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clays (latosols) (Tinley 1977).

2.2.2.3 The Cheringoma Platform

The Cheringoma Platform on the eastern side of the
rift valley consists of a cuesta, a seaward inclined
block (Tinley 1977). The slopes facing the rift are
steep, while the seaward slopes are gently sloping to
the southeast. The cuesta consists of upper Cretaceous
to recent sediments, but on the rift ward side of the
block the slightly older Sena Formation is present
(Tinley 1977).

The lowest part of the cuesta block is composed
of the 200 m thick Grudja Formation mainly consist-
ing of a marine sequence of yellowish-green glauco-
nite sandstone. Interbedded in the sandstone are marls
and limestone containing high amounts of fossiliferous
arenaceous (Tinley 1977). Overlaying the Grudja For-
mation is the Cheringoma Formation, a white to pink-
ish calcareous limestone, formed during Eocene
(Tinley 1977). The formation is ~70 m thick and con-
tains a large amount of fossil foraminifera. The
Cheringoma Formation continues into the Miocene
Mazamba Formation, divided into a lower and an up-
per formation. The lower formation is ~130 m thick
and consists of red and purplish sandstone (Tinley
1977). The upper Mazamba Formation, which is also
called Inhaminga Sandstone, is a yellowish-grey me-
dium to coarse arcosic sandstone with conglomerate
horizons (Tinley 1977, DNG 2006).

The soils of the Cheringoma Platform have
developed from eluviation and illuviation, while its rift
ward slopes have been subject to erosive processes
(Tinley 1977). Weathering of the Mazamba Formation
has resulted in a lower unit of pallid sands and an up-
per unit of beige pinkish-yellow to orange or deep red
siliceous sand. The lower unit is rich in iron oxides
and has an impermeable layer of clay, while the upper
unit is massive and compact (Tinley 1977).

2.2.2.4 The Rift valley floor

The Rift valley floor constitutes the lowest part of the
park and around Lake Urema it is situated at approxi-
mately 26 m a.s.l. (CGIAR-CSI 2008). The sedimen-
tary fill consists mainly of Quaternary alluvial sedi-
ments, resting on top of the Mazamba Formation
which in turn overlies the Sena Formation (Fig. 3;
Lachelt 2004, DNG 2006). Strong seasonal variations
in climate and extent of flooding, together with dis-
charge from rivers on the rift sides, have influenced
the development of the soils on the Rift valley floor. In
general coarse sediments, like gravel and sand, have
formed alluvial fans on the sides while finer sediments
have been deposited further out on the valley floor
(Tinley 1977, Chirindja & Hellman 2009). Related to
different ages of the eastern and western faults, the
fans on the eastern side of the valley are younger than
those on the western side. At the eastern side of the
Rift valley floor widespread deposits of colluviums are
present (DNG 2006).



2.3 Climate and hydrology

2.3.1 Climate

The Gorongosa National Park falls within Kdppen’s
tropical savannah climate (Tinley 1977). The Goron-
gosa Mountain, situated outside the park boundary, is
an exception with its warm temperate rainy climate
(Tinley 1977). The major determinant of the climate,
especially the rainfall, in this area is the Inter-Tropical
Convergence Zone (ITCZ) and the El Nino Southern
Oscillation (ENSO) (United Nations Environment
Programme [UNEP] 2002). The park is located within
the southeast trade wind belt, but is during the south-
ern summer (November-April) close to the southern
limit of the northeast monsoon. The average tempera-
ture is high (25-30° C) and heavy rain (100-450 mm)
falls during the summer, referred to as the rainy or wet
season (Owen 2004, Beilfuss et al. 2007). When the
ITCZ moves northward during winter (May-
September) a shift takes place in the South Indian
Ocean anticyclone, which results in a dry season with
lower temperatures (average temperature 20-25° C)
and less rain (>50 mm) (Owen 2004, Beilfuss et al.
2007).

2.3.2 Water balance — precipitation and
potential evapotranspiration

The annual amount of precipitation (P) varies between
the different morphological units (Fig. 4). Highest
amount of rain is falling on the Gorongosa Mountain
where the topography is generating a rainy microcli-
mate. In total the maximum P on the mountain is 2000
mm/yr. On the Baru¢ Platform and the Cheringoma
Platform less rain fall and on an annual basis P is 800-
1200 mm/yr and 1000-1400 mm/yr, respectively
(Owen 2004). The Rift valley floor experiences the
lowest amount of rainfall, ranging from 600-1000
mm/yr. Opposite to P the potential evapotranspiration
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Fig. 5. Map showing values on annual potential evapotran-
spiration (PET) for the Southern African Sub Global Assess-
ment (SAfMA) Gorongosa-Marromeu (GM) area. Highest
PET values are concentrated to the Rift valley floor, while
the lowest PET values are concentrated to the Gorongosa
Mountain. The black rectangle marks the study area. The
figure is adapted from Owen (2004).

(PET) is low on the mountain and high on the Rift
valley floor, ranging from 1050-1650 mm/yr (Fig. 5;
Owen 2004). Due to the strong seasonal variations in
rainfall the major part of the park experiences a cli-
matic water deficit during the dry seasons. It is only on
the Gorongosa Mountain the annual water balance is
positive. From here water drains trough perennial
streams and probably much of the water is recharging

Avg. Monthly Rainfall for Major Landscape Units in the SAfMA-GM Area
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Fig. 4. Graph displaying average monthly rainfall in the different morphological units of the Southern African Sub Global
Assessment (SAfMA) Gorongosa-Marromeu (GM) area. The graph is modified from Owen (2004).
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groundwater storages along the rift margin. As long as
the monthly P-PET water balance is positive the cli-
matic water deficit does not automatically mean a lack
of water in the ecosystem, and large parts of the Rift
valley floor can remain wet during most, maybe even
all, of the year.

2.3.3 The Urema Lake

The Nhandugue River, along which field work was
conducted, is situated within the Urema Lake
(Appendix 1) catchment area, which covers an area of
8755 km® (Béhme et al. 2006). The outlet of the lake
is through the Urema River to the Pungwe River
(Appendix 1), which then flows into the Indian Ocean.
Due to annual variations in precipitation and
evapotranspiration the naturally shallow Lake Urema
is typified by large expansions and withdrawals of its
shorelines. In high flood seasons the lake expands to
cover more than 200 km?, while during the dry seasons
it recedes to between 12 and 15 km? in area (Bohme et
al. 2006).

2.3.4 Effects of climate changes and land use

Consequences interpreted as due to global warming
have been observed in the region and it has been an-
ticipated that regional temperatures will rise, and thus
increase the potential evapotranspiration (Moss et al.
2001). This will, even though the changes in precipita-
tion have been simulated to be modest, increase the
negative P-PET water balance, which will in turn con-
stitute a threat on the water resources in the park. The
effect of these climatic changes on the Urema Lake
and associated floodplains needs to be understood and
mitigated in order to effectively manage the water re-
sources of the park.

Except for temperature and precipitation, sev-
eral other factors affect the state of the Urema Lake.
According to Chirindja & Hellman (2009) the lake is
mainly fed by groundwater during dry seasons. This
means the largest threats to the Urema Lake becoming
desiccatated are structures which modify groundwater
levels and create an increased gradient of subsurface
drainage from the lake. Reintroduction of water-
intensive cotton production and other irrigation pro-
jects may include extraction of groundwater and dams
on seasonal and perennial rivers. Especially at the end
of the dry seasons and during prolonged drought peri-
ods this will have a significant impact at some loca-
tions.

Around 250.000 people are living within the
Urema Lake catchment area and of these ~15.000 are
living in the park and ~25 000 just outside the park
boundaries (GNP 2009). The slash-and-burn agricul-
ture practised by the people affects the hydrology by
reducing the total evapotranspiration, increasing the
direct discharge and decreasing the groundwater re-
charge (Beilfuss et al. 2007). This has an especially
important impact on the microclimate on the Goron-
gosa Mountain which is supporting the annual water
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flow into the Urema Rift. But if some of the surface
discharge is captured as groundwater at the rift margin,
and the Urema Lake is mainly fed by groundwater,
then the effect of the land clearing may not be as se-
vere (Beilfuss et al. 2007).

The Pungwe River is flowing along the south-
ern park boundary, in the southeast joined by the
Urema River. During the wet season the Pungwe is
flooded and the water is inundating the wetlands south
of the Urema Lake (Beilfuss et al. 2007). This flood-
ing is vital for the wildlife sanctuary in the park and
any changes in the natural discharge pattern by dams
or water extraction from this river pose a significant
threat to the GNP.

Not only changes in the hydrology are an effect
of land use, but also the quality of the water may be
affected. The ecosystem can only tolerate pollution
and heavy minerals to a certain degree and to avoid
toxic accumulation these limits of tolerance must be
understood.

3 Study area

The Nhandugue River arises at the Great Escarpment
on the border between Mozambique and Zimbabwe,
and flows over the Baru¢ Platform just north of the
Gorongosa Mountain. From the last outcrops of the
crystalline basement the river flows in an incised river
valley in the alluvial sands and then further onto the
Rift Valley floor. Just before the Nhandugue River
reaches the Rift valley floor, the Muche River
(Appendix 1) is joining from the north. According to
Tinley (1977), and confirmed during the field work,
the Nhandugue River is a seasonal river. This means it
has a surface flow that reaches Lake Urema only dur-
ing the rainy seasons. Instead water might be flowing
in the sediments from the rift margin and reach Lake
Urema as groundwater.

Due to high discharge in the rainy seasons and
low discharge in the dry seasons the river valley can
be divided into three morphological units; (i) a dry-
season channel (permanently filled with water), (ii) a
wet-season channel (filled with water during rainy
seasons) and, (iii) the river flanks (Fig. 6). The extent
and location of these three units may show slight
variations between different years, due to varying
amount of discharge and changes in the route of the
dry-season channel. Further, the river channel is be-
coming entirely dry during the dry seasons further
towards Lake Urema, which was visually confirmed
during the field work.

The field work was conducted during the dry-
season, which made it possible to work on the river
flanks, in the wet-season channel and also across the
dry-season channel. Two areas, ~5 km apart from each
other, were chosen. Area 2 is located approximately
half a kilometre after the inflow of the Muche River
into the Nhandugue River in the most eastern part of
the Barue Platform and Area 3 is located further down-
stream, on the Rift valley floor.



Fig. 6. Photo from Area 1, west of Area 2, showing the division of the Nhandugue River valley into three morphological units:
(i) a dry-season channel (permanently filled with water), (ii) a wet-season channel (filled with water during rainy seasons) and,

(iii) the river flanks. The width of the dry-season channel and wet-season channel is here approximately 200 m. The photo was
taken in July 2010.

Fig. 7. Photos from Area 2 showing the dry-season channel and parts of the wet-season channel (left) and typical dense vegeta-
tion alternating with cultivated land in a part of the wet season channel (right). The photos were taken in July 2010.

Fig. 8. Photos showing side by side sections of the dry-season channel, the wet-season channel and parts of the river flanks from
Area 3. The width of the dry-season channel and wet-season channel in the left photo is approximately 50 m. In the right photo

the wet-season channel is approximately 100 m wide. The dense elephant grass present to the right in the left photo is same ele-
phant grass present to the left in the right photo. The photos were taken in July 2010.
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The soil cover in the selected Areas 2 and 3 is
constituted to large extent of fine to coarse sands
(Fig. 7-8). Finer material (silt and clay) is also present,
mainly on the river flanks but also to some extent in
the wet-season channel. Determined by field visits
before the field work was started was that the vegeta-
tion cover is varying and at several locations very
dense. The river flanks are entirely covered by alter-
nating woody coverage, grass, bushes and cultivated
land. Vegetation is also abundant in some parts of the
wet-season channel. Especially in Area 2 the wet-
season channel is to large extent covered by elephant
grass, other types of grass, bushes, banana trees and
cultivated land (Fig. 7). Breaking of the abundant
vegetation is smaller open sand areas (Fig. 7). In Area
3 large parts of the wet-season channel are open sand
areas, but parts covered with elephant grass, other
types of grass, bushes and cultivated land also occur

(Fig. 8).

4 Methods and materials

The methods used in this study was geophysical meas-
urements (resistivity and induced polarisation), to-
gether with geological ground truthing and discharge
measurements. Below all methods are described in
further detail.

4.1 Geophysical surveying

4.1.1 Physical background and geological appli-
cability

4.1.1.1 Resistivity

Resistivity (p) describes the ability of a material to be

an isolator, i.e. the ability not to conduct an electric

current. Depending on several factors different geo-

Resistivity in chm.m

logical material have different resistivity. Igneous and
metamorphic rocks have the highest resistivity values,
which ranges from 1000 to 10° Qm (Fig. 9;
Loke 2004). The main factors affecting the resistivity
for these types of rocks are the degree of fracturing
and the percentage of fractures filled with water. Sedi-
mentary rocks are often more porous and contains
more water than the igneous and metamorphic rocks
and have therefore lower resistivity values (10-1000
Qm) (Fig. 9; Loke 2004). Unconsolidated sediments
generally have even lower resistivity (from about 10 to
>1000 Qm), and the resistivity to great extent depend
on porosity, degree of saturation and clay content
(Fig. 9; Loke 2004).

To determine the resistivity for a geological
material a controlled electrical current (/) is trans-
mitted into the ground by two current electrodes and
the potential (U) between two other electrodes
(potential electrodes) is measured. By using Ohm’s
law (Equation 1) the resistance (R) can then be calcu-
lated (Dahlin 1993).

Equation 1:

R = resistance (QQ)
U = voltage in Volts (V)
1= current in Amperes (A)

From R the resistivity (p) can be derived in Qm
with Equation 2 by introducing a geometrical factor
(K) (Reynolds 2007). This geometrical factor is
depending on the electrode configuration, i.e. the
arrangement of the electrodes and the distances be-
tween the individual electrodes.
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Equation 2:
p=KxR

p = resistivity (Qm)
K = geometrical factor
R = resistance (Q)

Where the ground is not homogenous, which is
almost always the case, the resistivity calculated is not
the true resistivity, but the apparent resistivity (p,)
(Reynolds 2007). Measured in field is always the ap-
parent resistivity, while estimates of true resistivities
are obtained by data processing.

4.1.1.2 Induced polarisation
When a current is transmitted into the ground it will
take some time for the potentials to reach a stationary
value and also the potentials will not disappear imme-
diately after the current is turned off (Dahlin 1993).
Hence, the ground acts like a capacitor, which tempo-
rarily stores charge (becomes polarised) (Reynolds
2007). This phenomenon is known as IP-effect, where
IP stands for induced polarisation. IP measurements
can be useful complementary to resistivity measure-
ments in cases where the resistivity model can be in-
terpreted in alternative ways, due to broad and over-
lapping resistivity intervals (Jeppsson 2009). There are
four different types of IP measurements available; time
domain, frequency domain, phase domain and spectral
IP. To combine measurements of resistivity and IP is
usually not a problem as resistivity measurements are
included in time-domain IP measurements.

With time-domain measurements the variation
in voltage (U) with time is measured (Jeppsson 2009).
This variation can be presented in mV/V or %, which

is defined as chargeability (M). But most common is to
present the results as apparent chargeability (M,) in
milliseconds (ms). The apparent chargeability is de-
fined as the area under the decay curve of the overvolt-
age, arisen from switching of the current, between two
times, t1 and t2 (Reynolds 2007).

4.1.2 Data collection

In total, resistivity and IP data were collected along six
profiles, three within each area (Fig. 10). The locations
of the profiles were chosen in order to get an as exten-
sive data cover over the river valley sediments as pos-
sible. Hence, the river valley morphology, i.e. the ex-
tension of the dry-season and wet-season channels and
the river flanks, together with the distribution of the
soils and vegetation, which are further described in
chapter 3 (Study area), were considered. For both
areas a long profile was placed along the river channel,
which was then crossed by two perpendicular profiles,
stretching from the river flanks across the wet-season
channel and the dry-season channel. To get measure-
ments on where the profiles were located a GPS was
used to mark the start- and endpoint of each profile,
and every point along the profile where the instrument
was measuring.

The method used for collection of data was
4-channel multi-electrode gradient array CVES roll-
along measurements. For CVES (continuous vertical
electrical soundings) measurements four multi-
conductor cables are used. Every cable has 21 elec-
trode takeouts at equal distances of either 2 or 5 me-
tres, depending on wanted resolution and depth pene-
tration (Jeppsson 2009). In this case an electrode spac-
ing of 5 m was chosen, giving a depth penetration of
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Fig. 10. Map showing locations of the measured resistivity profiles for Areas 2 and 3. Geologic units are transferred from the
geological map (DNG 2006). The geological map has been mapped at the scale of 1:250 000, which means when zooming in to
this extent there is a certain degree of inaccuracy in boundaries between different geological features. Due to natural variations
in the position of the Nhandugue River with season and between the years, the map shows a mean position of the river. There-
fore an inaccuracy occurs in the location of the resistivity profiles in relation to the river and the different geological features.



~60 m and the array a total length of 400 m. In order to
measure continuous data for a longer distance than
400 m, so called roll-along measuring was applied.
This means when all measurements on four cables are
complete, the first cable of the array is moved to a new
position after the fourth cable in the profile direction
and new measurements are started (Fig. 11; Jeppsson,
2009).

The maximum depth penetration is depending
on chosen electrode configuration, which in this case
was a multiple gradient array. In a multiple gradient
array a direct current (DC) is injected, in this case
varying between 20 mA and 200 mA, with a separa-
tion of (s+2)a and simultaneously or sequentially pick-
ing up all the potential differences between electrodes
with spacing a (Fig. 12; Dahlin & Zhou 2006). The
separation factor (s) is here the maximum number of
potential readings for a current injection, i.e. an inte-
ger. The smallest relative spacing between a potential
electrode and a current electrode can be defined as the
n-factor and the midpoint of the potential electrode
dipole and the relative midpoint of the two current
electrodes can be defined as a midpoint-factor, m
(Dahlin & Zhou 2006). The m-factor can be negative
or positive, depending on if the potential electrode
dipole is situated to the left (negative) or to the right
(positive) of the current electrode midpoint (Dahlin &
Zhou 2006). Opposed to traditional gradient survey-
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Fig. 11. Principle sketch of CVES resistivity roll-along
measurements. The sketch is modified from Jeppsson
(2009).
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Fig. 12. Principle sketch showing electrode positions of a
gradient array with a separation of (s+2)a, where the separa-
tion factor (s) = 7, the n-factor = 2 and the midpoint factor
(m) = -2. The sketch is adapted from Dahlin & Zhou (2006).
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ing, multiple gradient surveying uses a large number
of current electrode combinations, scanning across the
electrode array with several different spacings (a)
and/or separations (s) (Dahlin & Zhou 2006). The lar-
ger the relative separation of current and potential
electrode is, the deeper the depth penetration of the
configuration.

The equipment used was an ABEM Terrameter
SAS 4000, an ABEM LUND Resistivity Imaging Sys-
tem, an Electrode Selector ES10-64C, four multi-
conductor cables with 21 takeouts on each, cable-to
electrode jumpers, a 12V DC battery and steel elec-
trodes. To measure both IP and resistivity the terra-
meter was adjusted to IP mode. For logging of data in
the instrument the two protocol files GRAD4LXS8 and
GRADA4S8 were used, since they are intended for
4-channel multiple gradient CVES with 4 electrode
cables (ABEM 2009). First the long GRAD4LXS8-
protocol was measured, using an electrode spacing of
10 m, i.e. every other electrode. To improve the data
cover for the largest depth the GRAD4LX8-protocol is
supplemented with Wenner-Schlumberger measure-
ments (i.e. another electrode configuration). When the
long protocol was finished the short GRAD4SS-
protocol was measured, using an electrode spacing of
5 m, in order to improve the near-surface data-cover
(ABEM 2009)

4.1.3 Measurement and calculation of profile
topographies

To get the topography along the resistivity profiles,
elevation surveying was conducted. The materials used
were two cm-graded sticks, a just over 20 m long
string, a clinometer and a regular compass (360°). The
string was attached to the sticks at fixed heights above
ground, while the length was adjusted along the profile
in order to reflect the surface morphology. The
clinometer was attached on the string in the middle of
the two sticks. An angle (in degrees) of the slope could
then be read and noted together with the length of the
string.

All data were put into an Excel-file and all an-
gles in degrees were converted to radians. The height
variation in relation to the previous measuring point
could then be calculated according to equation 3.

Equation 3:
Height difference = a + (sin( b) x ¢)

a = previous height
b = angle in radians
¢ = distance from previous height measuring point

To get the height variation in m a.s.l. the
elevation of the starting point was taken from a digital
elevation model (CGIAR-CSI 2008) in ArcGIS 9 soft-
ware. For the long profile in Area 2 the topography
had to be corrected due to an excessive height differ-
ence from start to end. This correction was made by
extracting a corrected height value (Vens corr) for the
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end-point from the digital elevation model (CGIAR-
CSI 2008) and then recalculation of false height values
(Vyuise) for all points along the profile according to fig-
ure 13. The measured surface topography is shown in
each profile in figure 15 and 21 and in Appendices 2
and 3

4.1.4 Data processing

In the field apparent resistivity and apparent charge-
ability were measured. Such data is usually presented
in so called pseudosections, but in that format it can
not be used as a base for geological interpretation
since the values are not referring to a specific point,
layer or unit (Jeppsson 2009). In order to obtain resis-
tivity models displaying estimations of true resistivity
values, computer processing of the data is needed.
This process is called inversion and can be described
with the following steps.

1. Measured data are displayed in a pseudo-
section.

2. A starting model is assumed.

3. The program calculates the pseudosection the
assumed model would give rise to.

4. The measured pseudosection is then compared
to the calculated section.

5. From the difference between the two
pseudosections the model is adjusted.

6. A new pseudosection is calculated for the ad-

justed model and then steps 4 and 5 are re-
peated until the difference between the
pseudosections is less than a prescribed num-
ber, e.g. 5 %. Then the iterations are stopped
and the last model is adopted.

In order to process the measured data, softwares
SAS4000 Utilities, RES2DINV ver.3.58.14 and Eri-
graph 2 were used. The data was first downloaded
from the instrument and converted to DAT-format in
the SAS4000 Utilities software from ABEM Instru-
ment AB. The calculated topography values were then
added to the DAT-file before it was opened in the
RES2DINV software. In RES2DINV removal of bad
data points and inversion (Robust inversion) with 3-7
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iterations of the resistivity data was conducted. Final
editing (depth interval, resistivity intervals, etc.) of the
resistivity and IP models was made in Erigraph 2.

4.2 Geological ground truthing

For geological ground truthing surface soil samples,
from a depth of ~15-30 cm, were collected at locations
along the resistivity profiles (Fig. 14). In addition,
three rock samples from an outcrop of Sena Formation
and one soil sample from a gravel pit (G.P) north of
the long resistivity profile in Area 2 were collected.
The surface sampling was complemented with hand-
held auger drilling at five sites along the profiles (Fig.
14). Table I shows the augering depth for each bore-
hole. Samples were collected from borehole BHI1-2,
BH4 and BH6. In total 43 soil samples and three rock
samples were collected from Area 2 and 3. The
samples were to be analysed at Lund University, but
due to transport costs only 33 of the soil samples and
two pieces of the rock samples could be transported to
Sweden. Representative surface samples from each
profile were sent together with all borehole samples,
two pieces of the rock samples and the soil from the
gravel pit. To minimize the weight, only 500-600 g of
each sample was taken. Performed analyses on the
samples were grain size analyses (including sieving
and hydrometer analysis), determination of loss on
ignition (LOI), mineralogical composition and carbon-
ate content. An overview of which analyses were per-
formed on which samples is presented in table II.

4.2.1 Grain size analyses

4.2.1.1 Sieving

All samples were oven-dried at 105 °C overnight.
Then, depending on grain size and sorting, 200-500 g
of each sample was used for sieving analyses. Each
sample was put in a plastic bowl and dispersed with
0.05 M sodium pyrophosphate (NasP,05) to dissolve
all aggregates. To remove all grains smaller than
0.063 mm all samples were wet sieved through a sieve
with a mesh size of 0.063 mm. The samples were col-
lected in metallic bowls with a low water beam, then
decanted and dried over night in 105 °C. After weigh-
ing each sample and bowl the samples were put in
sieve stacks and placed in a sieve shaker for 15 min-
utes. The content in each sieve was then weighed.

4.2.1.2 Hydrometer analyses

Hydrometer analysis was conducted on all samples
containing over 10 % grains smaller than 0.063 mm.
The clay content was expected to be low and therefore
approximately 100 g, or what was left after sieving, of
each sample was used for the analysis. The oven-dried
samples were pulverized and placed in a 1000 ml
plastic measuring cylinder. 100 ml sodium pyrophos-
phate (NasP,0,) and 300 ml distilled water was added
and the top of the cylinder was sealed with parafilm.
The cylinders were rotated in a cradle for 15 minutes
and the distilled water was added up to 990 ml. The
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o SRR Due to natural variations in the position of
the Nhandugue River with season and be-
tween the years, the map shows a mean
position of the river. Therefore an inaccu-
racy occurs in the location of the resistivity
profiles in relation to the river and the dif-
ferent geological features.

Tab. I. Augering depths for borehole BH1-4 and BH6.

Borehole ID Augering depth (m)
BH1 1.48
BH2 4.15
BH3 1.45
BH4 2.52
BH6 2.20

content was mixed for one minute with an agitator.
When the agitator was taken out the time for the analy-
ses was started. The agitator was washed with distilled
water up to 1000 ml and a hydrometer was placed in
the mixture. Readings were conducted at 30 seconds,
1, 2, 5, 10, 20, 50, 100, 200 and 400 minutes and 24h
from the start. To get more reliable values the analysis
of each sample was restarted after the last reading, and
mean values were then calculated for the first 20 min-
utes.

4.2.1.3 Data processing
All data from the sieving and hydrometer analyses was

18

put into the Excel-file KORNSTOR.xls. There grain
size distribution in percentages and cumulative per-
centages were calculated and grain size distribution
graphs were drawn. From the distribution graphs and
calculated percentages grain sizes were determined
according to guiding values in Kompendium i jordarts-
analys — laboratorieanvisningar (Ambrosiani 1995).

4.2.2 Calculation of hydraulic conductivity

Hydraulic conductivity (K) was calculated with
Hazen’s formula (Equation 4), as defined by Chapuis
(2004), for samples with a uniformity coefficient (C,)
<5. The uniformity coefficient describes the sorting of
a material and is given by Equation 5 (Bowen 1986).
Values for dg and d;) were extracted from the grain
size distributions graphs

Equation 4:
K =0,0116 xd,,’

K = hydraulic conductivity (m/s)
d;o = grain size that is 10% finer by weight



Tab. II. Chart over all soil and rock samples with performed analyses marked for each sample.

Sample |Sieving Hydrometer

Loss on ignition

Carbonate content

guick-test Mineralogy

Area 2

2 1b X
2 1d

X X

X X

X X X X X

x

)
T
>
(0]
XXXXXXXXXXXXXXXXXXX
X X

Rock
sample A
Rock
sample B

X X X X X X

X X X

X

X X XXXXXXXXXXXXXXXXXXXXXXXX

Area 3

3 1a
3 1c
3 2a
3 2b
BH1a
BH2a
BH2b
BH2c
BH2d

x X

X X X X X X
X X X X

X X X X

XX XX XX XXX

Equation 5:

dg = grains size that is 60 % finer by weight
d ;o = grain size that is 10 % finer by weight

4.2.3 Loss on ignition

Loss on ignition analyses (LOI) were conducted to
determine the amount of organic matter in organic
containing samples. Ceramic crucibles were oven-
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dried at 105 °C overnight and cooled in a desiccator.
Dried samples of 4-5 g were pulverized and placed in
the crucibles and then oven-dried again at 105 °C for
one hour. The crucibles and samples were weighed on
a balance with a three decimal accuracy and were then
combusted for 2 h at 550 °C. To prevent incomplete
combustion the samples were placed in a cool oven
and the temperature was slowly increased. After com-
bustion the samples were cooled in a desiccator and
then weighed. The weight difference between before
and after combustion was then calculated and LOI was
calculated in percentages by dividing the weight



difference with the weight of the dried sample, multi-
plied by 100.

4.2.4 Mineralogical composition

In order to attain an idea of the origin of the fluvial
deposits in the river valley the mineralogical composi-
tion of five soil samples were optically analysed.
Grains chosen for this analysis had a diameter of
2 mm. A light microscope was used and the grains
were divided into pure quartz, other crystalline, sand-
stone, volcanic and secondary concretions. In total
~300 grains were counted in each sample. The number
of grains in each group was counted and percentages
were calculated.

The two pieces of rock samples were optically
studied with a light microscope and classified accord-
ing to Tucker (2001) (Fig. 15). The intact samples
were studied and, due to the poor consolidation, a
piece of each sample was also pulverized and studied.

4.2.5 Carbonate content

The Sena Formation sandstone has been classified as
arcosic sandstone cemented with calcic-argillaceous
material. In order to complement the mineralogical
composition study and to decide if a part of or all the
material in the soil samples originates from the sand-
stone the amount of calcium carbonate (CaCO3) in
both the sandstone and soil samples was estimated
with a quick-test with hydrochloric acid. Approxi-
mately 2 g of soil was moistened with some water in a
ceramic bowl. For the rock samples a small piece of
the sample was pulverized by hand and moistened. A
few drops of hydrochloric acid (10 % solution) were
then added and the amount of CaCO3 was determined
from the magnitude of milling according to table III.

4.3 Discharge measurements (dilution

tests)
To estimate the downstream change in surface dis-
charge (Q) dilution tests were conducted. A dilution
test is a tracer method, which is based on measure-
ments of the passage of an upstream injected known
amount of a tracer substance (Benischke & Harum
1990). Test were conducted at two locations, one in
Area 2 and one in Area 3 (Fig. 14). In order to get

Tab. 111. Chart of approximate amounts of calcium carbonate
(CaCO0s) in relation to the amount of carbon dioxide devel-
opment. The chart is translated from Ambrosiani (1995).

Approximate
amount of CaCOg

Milling (Carbon
dioxide development)

0.5% or less None

0.5-1% Extremely weak
1-3% Weak
3-5% Strong, but not sustained
> 5% Strong and sustained
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reliable data sections where the river flowed in one
single were chosen. For the tests 500 g of normal table
salt (mainly NaCl) was dissolved in 20 L of water and
the electrical conductivity (EC) of the solution was
measured using an HQ40d Dual-Input Multi-parameter
Meter Configurator. By using “EC-masses” (M X EC)
instead of NaCl-masses it was avoided to have to dry
and weigh the salt and to determine the specific rela-
tionship between salt and electrical conductivity,
(Merkel & Steinbruch 2008). The solution was poured
into the water stream in a way that it would be well
mixed with the water. At the same time continuous
measurements (approximately every second) of the EC
was started 10 m downstream of the injection point.
Reading of data was conducted until the conductivity
value was stabilized. O was then calculated in L/s by
equation 6, modified from Merkel & Steinbruch
(2008).

Equation 6:
0= M xEC,
[EC

EC = electrical conductivity in uS/cm downstream
of injection point

M = the amount of water used (L)

EC; = electrical conductivity of the tracer solution

5 Results

5.1
5.1.1

The profiles from Area 2 all have a depth penetration
of ~60-70 m. The long profile has a length of 2500 m,
while the two cross-profiles are both 900 m long. The
upstream cross profile (2_2) crosses the long profile at
200 m, while the downstream cross profile (2_3)
crosses at ~1850 m.

Area 2
Geophysical surveying

5.1.1.1 Resistivity
A three-dimensional resistivity model over Area 2 is
shown in figure 15. Two-dimensional resistivity mod-
els of the three profiles with layers outlined in black
are displayed in Appendix 2 (A-C). The resistivity is
in general highest at the surface and decreases with
depth.

In the long profile, several small vertical het-
erogeneities are visible and four horizontal layers can
be identified (Fig. 15, Appendix 2A):

. A topmost continuous high resistivity (330-
1400 Qm) layer of 5-10 m thickness.
. A ~5 m thick discontinuous layer of low to me-

dium resistivity (8.8-37 Qm)

. A medium resistivity (18-160 Qm) layer which
thickens, from ~10 to 30-40 m, in downstream
direction.

. A bottommost low resistivity (1-18 Qm) layer
which becomes thinner, from ~40 to ~15 m, in
downstream direction.
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Fig. 15. Three-dimensional resistivity model for Area 2 including the long profile and the upstream and downstream cross pro-
files 2 2 and 2_3. Four different layers can be distinguished. The black line at the top of the sections represents the levelled
ground surface.
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The mean residual for the long profile is 7.1 % after
seven iterations.

For the upstream cross profile (2_2), two main
horizontal layers can be identified in the resistivity
model (Fig. 15, Appendix 2B):

. A top layer with medium to high resistivities

(37-1400 Qm) and a varying thickness between

10 and 30 m.

. An underlying low resistivity (1-18 Qm) layer
of 45-65 m thickness.

In the SSW end of the profile and at midpoints 300 m

and 500 m thin low resistivity (1-37 Qm) lenses and a

underlying medium resistivity (18-330 Qm) layer of

10-15 m thickness can also be identified. The mean

residual after three iterations is 5.8 %.

In the resistivity model for the downstream
cross profile 2 3, four horizontal layers can be identi-
fied (Fig. 15, Appendix 2C):

. A topmost continuous high resistivity (330-
1400 Qm) layer of 10-15 m thickness.
. A discontinuous and thin low to medium resi-

stivity (8.8-37 Qm) layer of ~5-10 m thickness.

. A medium resistivity (18-160 Qm) layer of 20-
30 m.

. A bottommost low resistivity (1-18 Qm) layer
of about 30 m thickness.

The mean residual for the downstream cross profile

2 31is 5.2 % after six iterations .

5.1.1.2 Induced polarisation

The results from the IP measurements show very high
percentages of error. The mean residual is 45.1 % for
the long profile after seven iterations, 37.5 % for the
upstream cross profile (3_2) after three iterations and
22.0 % for the downstream cross profile (3_3) after six
iterations (Appendix 3 A-C). These high error percent-
ages indicate the profiles are not usable as a base for
interpretations.

5.1.2 Geological ground truthing

All results from the grain size analyses, hydraulic con-
ductivity calculations, loss on ignition and carbonate
content analyses are presented in table IV. In figure 17
an overview of sample locations and types of

Tab. IV. Chart showing all samples from Area 2 and their respective grain size/type of soil, hydraulic conductivity, loss on igni-

tion and approximate amount of CaCOs.

Sand fraction  Hydraulic Organic Approximate
Sample | Grain size/type of saoil for sand conductivity content amount of
samples (m/s) (%) CaCO; (%)

2 1b Gravelly sand 1.85x10 <0.5
2 1d Mineral soil with organic matter 11.4 <0.5
2 1f Sand Medium 0.61x107 0.3 <0.5
2 19 Silty sand 3.0 <0.5
2 2b Mineral soil with organic matter 10.7 <0.5
2 2e Sand Fine 1.7 <0.5
2 3a Clayey silty sand 3.3 <0.5
2 3b Sand Medium 0.38x10° <0.5
2_3c | Sandy gravel 2.45x107 <0.5
2 3d Sand Medium-coarse  0.38x10 <0.5
G.P Clayey gravelly sand <0.5
Rock

sample A <0.5
Rock <0.5

sample B
BH4a | Silty clayey sand 3.8 <0.5
BH4b | Silty clayey sand 3.2 <0.5
BH4c | Silty clayey sand 3.4 <0.5
BH4d | Silty clayey sand <0.5
BH4e | Silty sand <0.5
BH4f |[Sand Medium-coarse <0.5
BH4g | Clayey sand <0.5
BH4h | Silty gravelly sand <0.5
BH6a | Clayey silty sand <0.5
BH6b | Partly silty clayey sand <0.5
BH6c | Partly silty sand 0.22x107 <0.5
BH6d |Sand Medium-coarse ~ 0.41x10° <0.5
BH6e | Partly silty sand 0.30 x10°° <0.5
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soils/grain sizes are presented. All but three surface
samples are classified as sand. Sample 2 _1f, 2 2e,
2 3b and 2 3d consists of pure sand and are further
classified into fine, medium and coarse sand. The re-
maining sand samples are further classified by the
supplementary adjectives gravelly, silty and/or clayey.
Of the three non-sand samples, sample 2 3 is classi-
fied as sandy gravel and samples 2 1d and 2 2b as
mineral soil with organic matter. The amount of or-
ganic matter for these two samples is 11.4 % and 10.7
%, respectively.

According to table IV and the log in figure 18
the topmost layer (0-0.35 m) of borehole BH4 is
classified as mineral soil with organic matter, while
the main part of the borehole (0.35-2.50 m) consists of
sand with varying silt, clay and gravel content. The
colours of the different layers are varying between pale
brown, dark brown and brown-reddish. From 0.35 m
down to 1.95 m, larger angular particles and bedrock
fragments are present. In the underlying layer (1.95-
2.10 m) the larger particles (~2 cm) are rounded and
larger pieces of pegmatite, quartz and iron oxide are
present. Charcoal and iron oxides are present in the
bottommost silty gravelly sand layer.

For borehole BH6 the first 0.75 m consists of
mineral soil with organic matter (Fig. 18). The remain-
ing part of the borehole (0.75-2.2 m) consists of fine-
medium to medium-coarse sand (Tab. IV, Fig. 18).
The second and sixth layer from the top layer consists
of pure sand, while the other layers contain various
amounts of silt and clay. The colours are varying from
dark brown and pale brown to pale orange. Layer four
from the top is homogenous and contains no large par-
ticles, while larger rounded particles are present in the
underlying layer five.

BH 4
Depth (m)

Sample ID  Field ohservations

Mineral soil with
Fine minerogenic particles mined imii] arganic matter

with a lot of organic matter. [—] Dark brown
:H"a Larger angular bedrack — Paleb:

g fragments are present. N Falebrovm
BHac Larger particles are angular, |— B riddish
BHad e Sand

1
Silt
Angular bedrock fragments are
BHae present and the amount increases — Clay
downwards.
" Gravel

Larger rounded particles

{~ 2 cm) are present,

Rounded pleces of pagmatite,
quartz and ironcxide are present

BHAF
BHig

Pieces of charcoal and
iron oxides are present.

7| K Grain size

Clayl Silt] San

BH6
Depth {m)
Field ob: i i i
0 SamplelD  Field observations [ Mineral soil with
Fine minerogenic particles mixed ofganic matter
with a lot of arganic matter. Dark brown
[ Pale brown
17 Pale orange

Cirganic mattes present.

wone Sand
BHEa AR

+ Silt

Hemogenous, no large
particles. Clay
Larger rounded
particles are present

BHED

BHEC

BHed

BH&e

Clayl silt] sandl Gravel | Bralistee

Fig. 18. Logs for borehole BH4 and BH6 in Area 2,
showing types of soils, grain sizes, location of soil
samples and field observations throughout the bore-
holes.
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Conglormeratic sandstone

Migmatitic paragneiss
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conglomeratic sandstone (high Th signature)

Fig. 17. Map showing location of different grain sizes and soil types in Area 2. Geologic units are transferred from the geologi-
cal map (DNG 2006). The geological map has been mapped at the scale of 1:250 000, which means when zooming in to this
extent there is a certain degree of inaccuracy in boundaries between different geological features. Due to natural variations in the
position of the Nhandugue River with season and between the years, the map shows a mean position of the river. Therefore an

inaccuracy occurs in the location of the resistivity profiles in relation to the river and the different geological features.
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The hydraulic conductivity ranges from
0.22x107 m/s to 2.45x10” m/s (Tab. IV). The highest
value is for sandy gravel (sample 2 3c), while the
partly silty sand of sample BH6c has the lowest value.
The amount of carbonate (CaCO3) is <0.5 % for all
samples, including the rock samples (Tab. IV).

Analyses of mineralogical composition
(Fig. 19) show that all four analysed samples are
dominated by crystalline fragments (52.4-83.5 %). The
second largest group is pure quartz, constituting 11.3-
42.3 % of all grains. A few percentages (1.9-5.2 %) of
sandstone fragments are present in all samples. Secon-
dary concretions are present in sample 2 3d and the
gravel pit sample, and 1 % volcanic fragments are pre-
sent in 2_3d.

The mineralogical study of the rock samples
shows Rock sample A to be massive, homogenous and
fine grained (grains are in the sand fraction), while

Mineralogical composition
2_1b

1.9%

BH4b

3.0 13‘/‘|10%

3.0%

Rock sample B is conglomeratic and consists of grains
of varying size in the sand to gravel fraction (Tab. V).
They are both poorly consolidated and contains <15 %
matrix. They consist of much quartz, but also feldspar,
dark minerals and iron oxides. A white precipitation is
visible in both samples. (Tab. V). Both pieces are
classified as feldspar rich sandstone.

5.1.3 Discharge measurement (dilution test)

Measured values f electrical conductivity (EC) down-
stream of the injection point are presented as ps/cm
over time (s) in figure 20. The integral for the meas-
ured EC-values was calculated to 2889 s-uS/cm, the
EC of the tracer solution used was 30 900 uS/cm and
the background EC-value for the river was
108.8 uS/cm. Calculations with equation 6 gave a dis-
charge of 214 L/s on the 14™ of August 2009.

2 3d

B Crystalline
B Quartz

G.P O Sandstone

0.7%

O Volcanic

B Secondary
concretion

Fig. 19. Pie charts displaying the mineralogical composition for sample 2_1b, 2 3d, BH4b and G.P in percentages of total

amount of counted grains.

Tab. V. Chart over observations and classification for rock sample A and B.

Sample ID Observations

Classification

Rock sample A

white precipitations.

Massive, homogenous and fine grained (sand fraction).
Consists of much quartz. Contains feldspar, dark minerals
and iron oxides. Poorly consolidated, low matrix content,

Feldspar rich
sandstone

Rock sample B

content, white precipitations.

Conglomeratic with grains of varying size (sand-gravel
fraction). Consists of much quartz. Contains feldspar, dark
minerals and iron oxides. Poorly consolidated, low matrix

Feldspar rich
sandstone
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5.2.1

The profiles from Area 3 all have a depth penetration
of ~60-70 m. The long profile has a length of 1400 m,
while the two cross-profiles are both 400 m long. The
upstream cross profile (3_2) crosses the long profile at
300 m, while the downstream cross profile (3_3)
crosses at ~1150 m.

Geophysical surveying

5.2.1.1 Resistivity

A three-dimensional resistivity model over Area 3 is
shown in figure 21. Two-dimensional resistivity mod-
els of the three profiles with layers outlined in black
are displayed in Appendix 2 (D-F). The resistivity is in
general highest at the surface and decreases with
depth.

In the resistivity model for the long profile
three horizontal layers can be identified and a fourth
underlying layer is indicated at the bottom (Fig. 21,
Appendix 2D);

. A topmost continuous medium to high resistiv-
ity (37-1400 Qm) layer of 5-8 m thickness.

3 A low somewhat discontinuous resistivity (1-18
Qm) layer of 5-8 m thickness.

3 A low to medium resistivity (4.3-77 Qm) layer

of ~50 m thickness.

The mean residual for the long profile is 15.7 % after
seven iterations.

For the upstream cross profile (3_2) three hori-
zontal layers can be identified in the resistivity model
and a fourth underlying layer is indicated at the bottom
(Fig. 21, Appendix 2E);

. A 5-10 m thick top layer with medium to high
resistivity (37-1400 Qm).

. A somewhat discontinuous layer with low
resistivity (1-18 Qm) of ~10 m thickness.
. A low to medium resistivity layer (2.1-77 Qm)

of ~45 m thickness.
The mean residual for the upstream cross profile 3 2 is
10.9 % after seven iterations.

In the resistivity model for the downstream
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cross profile 3 3 three horizontal layers can be identi-
fied and a fourth underlying layer is indicated at the
bottom (Fig. 21, Appendix 2F);

. A ~5-10 m thick topmost medium to high resis-
tivity (37-1400 Qm) layer.

. A low somewhat discontinuous resistivity
(1-18 Qm) layer of ~5-7 m thickness.

. A 45-50 m thick low to medium resistivity

(4.3-37 Qm) layer.
The mean residual for the downstream cross profile
3 3is 7.3 % after seven iterations .

5.2.1.2 Induced polarisation

The results from the IP measurements show very high
percentages of error. The mean residual is 157.6 %
after seven iterations for the long profile, 403.7 % for
the upstream cross profile (3 2) and 22.8 % for the
downstream cross profile (3_3) (Appendix 3 D-F).
These high error percentages indicate the profiles are
not usable as a base for interpretation.

5.2.2 Geological ground truthing

All results from the grain size analyses, hydraulic con-
ductivity calculations, loss on ignition and carbonate
content analyses are presented in table VI. In figure 22
an overview of sample locations and types of
soils/grain sizes are presented. Three of the four sur-
face samples (3_la, 3 1c and 3 2b) consist of pure
sand, and they are further classified into medium and
coarse sand. The remaining surface sample, 3 2a, con-
tains 6 % organic matter and is classified as mineral
soil with organic matter.

The log for borehole BH1 (Fig. 23) shows the
entire borehole consists of pale brown sand. From the
top and downwards the grain size changes from coarse
to medium sand. In layer two from the top and in the
bottommost layer, larger particles (~0.5-1 cm) are pre-
sent. Borehole BH2 consists of medium to coarse pale
brown sand (Tab. VI, Fig. 23). In varying amount lar-
ger particles (~ 0.5 cm) are present. For borehole BH3
the main part (4 m) consists of partly silty clayey sand
(Tab. VI, Fig. 23). The colour is varying between
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Fig. 21. Three-dimensional resistivity model for Area 3 including the long profile and the upstream and downstream cross pro-
files 3_2 and 3_3. Three different layers can be identified and a fourth underlying layer is indicated in the bottom. The black line
at the top of the sections represents the levelled ground surface.
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Tab. VI. Chart showing all samples from Area 3 and their respective grain size/type of soil, hydraulic conductivity, loss on igni-
tion and approximate amount of CaCOs.

Sand fraction Hydraulic Loss on Approximate
Sample | Grain size/type of soil for sand conductivity ignition amount of
samples (m/s) (%) CaCOs3 (%)
3 _1a |Sand Coarse 1.18x107 0.5 or less
3 _1c |Sand Medium to coarse  0.46x10™ 0.5 or less
3_2a | Mineral soil with organic matter 6.0 0.5 or less
3 2b |Sand Medium 0.72x10° 0.5 orless
BH1a |Sand Medium 0.67x107 0.5 or less
BH2a | Partly silty clayey sand 2.8 0.5 orless
BH2b | Partly silty clayey sand 1.6 0.5 orless
BH2c |Partly silty clayey sand 21 0.5 or less
BH2d | Silty clayey sand 2.7 0.5 or less
Legend
@  Soil sample locations
*  Resistivity measuring points
* River
Alluvium, sand, silt, gravel
? 125 ESIIJ 50:3 Meters

Fig. 22. Map showing location of different grain sizes and soil types in Area 3. Geologic units are transferred from the geologi-
cal map (DNG 2006). The geological map has been mapped at the scale of 1:250 000, which means when zooming in to this
extent there is a certain degree of inaccuracy in boundaries between different geological features. Due to natural variations in the
position of the Nhandugue River with season and between the years, the map shows a mean position of the river. Therefore an
inaccuracy occurs in the location of the resistivity profiles in relation to the river and the different geological features.
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brown and pale brown. At the bottom a grey-brown
layer of much consolidated silty clayey sand is pre-
sent.

The hydraulic conductivity ranges from
0.46x10~ m/s to 1.18x10™ m/s (Tab. VI). The high-
est value is for coarse sand (sample 3 _1a), while the
medium-coarse sand (sample 3 1c) has the lowest
value. The amount of carbonate (CaCO3) is <0.5 %
in all samples (Tab. VI). From the mineralogical
analysis of sample 3 1la it is concluded the sample
consists of 64.6 % crystalline fragments, 33.2 %
pure quartz, 1.9 % sandstone fragments and 0.3 %
volcanic fragments (Fig. 24).

5.2.3 Discharge measurement (dilution test)

Measured values of electrical conductivity (EC)
downstream of the injection point are presented as
ps/cm over time (s) (Fig. 25). The integral for the
measured EC-values was calculated to
7824 s-uS/cm, the EC of the tracer solution used
was 28 800 pS/cm and the background EC-value
for the river was 105 uS/cm. Calculations with
equation 6 gave a discharge of 74 L/s on the 14th of
August 2009.

6 Discussions

6.1 Area 2

The grain size analyses show that sand is covering
most parts of Area 2, and in the close vicinity of the
dry-season channel it is in almost all cases a pure
sand. Only one sample is classified as sandy gravel.
The two boreholes show the sand in the wet-season
channel and on the river flanks is often mixed with
silt and clay. This is probably due to seasonal
changes in water velocities.

Mineralogical composition

In all three resistivity profiles from Area 2, four
different layers can be identified. The topmost 5-15 m
thick medium to high resistivity layer (37-1400 Qm)
consists of alluvial sand, changing from very dry sand at
the surface into more moist sand further down. This was
confirmed visually during the field work, from grain
size analyses and by the augering. Due to vegetation
growing on the river flanks and within the wet-season
channel, the topmost part of this sand layer is often
mixed with organic matter. According to the surface and
borehole soil samples silt and clay is also mixed into the
sand at some locations. Between the years the wet-
season channel is probably varying in areal extent, de-
pending on the amount of water, and this is probably the
reason for the mixing of sand and finer sediments at the
margins of the channel and on the nearest parts of the
river flanks.

Underlying the topmost sand layer in the long
profile and the downstream cross profile 2 3 is a thin
discontinuous layer (5-10 m) of low resistivity
(8.8-37 Qm), which most likely consists of fine alluvial
sediments (clay and silt). The sediments have most
likely been deposited during stages with lower water
velocities in high flood seasons. In the upstream cross
profile 2_2 this layer is clearly visible in the SSW part.
It is more diffuse if this layer is present in the NNE part
of the profile, but there are some indications, e.g.
around 300 m and 500 m, which indicates that it is most
likely present throughout the entire profile.

A third medium resistivity (18-160 Qm) layer is
present in all profiles. In the long resistivity profile this
layer thickens in a downstream direction, from ~10 m to
30-40 m, which is confirmed by the two cross profiles.
In the SSW part of the upstream cross profile, where it
crosses the long profile, this layer is ~5-10 m thick,
while it is about 30 m thick in the downstream cross
profile. The resistivity values indicate that this layer
probably consists of saturated sand or sand mixed with
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Fig. 24. Pie chart displaying the
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ple 3_lain percentages of total
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Fig. 25. Graph showing the relation between conductivity in pS/cm and time in seconds
(s) for the dry-season channel in Area 3.



some finer material. It seems likely these sediments
are alluvial and that they were deposited by the river
when it reached the rift margin and the Rift valley
floor.

The bottommost layer present in the profiles is
another low resistivity (1-18 Qm) layer. This layer
most likely consists of a saturated sandstone with a
high porosity, possibly the Sena or Lupata sandstones,
or both. These sandstones are present north and south
of the area. Both collected rock samples from the Sena
sandstone outcrops were classified as arcosic sand-
stone and the occurring white precipitation is most
likely kaolin-weathered feldspar. The samples were
found to be poorly consolidated, confirming a high
porosity of the sandstone layer.

Vertical extended heterogeneities are visible in
the resistivity models, and the upper layer boundary of
the bottommost layer is displaying horizontal irregu-
larities (Appendix 2A). These heterogeneities and
irregularities are somewhat diffuse, but due to the
sandstone being located on a rift margin they most
likely indicate the presence of several small faults and
displacement features. The upper layer boundary
seems to be gently dipping in a downstream direction,
which is confirmed by both cross profiles. This dip
could be a visual effect related to the small faults and
displacement features. In the geological map (DNG
2006) the sandstones causes a narrowing of the river
valley at the location of Area 2. This narrowing seems
to separate the great alluvial plain on the Rift valley
floor from a small basin west of the narrowing.

Another possible interpretation of the resistivity
profiles could be that the repeated faulting of the sand-
stone have caused the alluvial sediments to form
wedges of coarse sediments fining upwards (Fig. 26).
However, in the case of this alternative interpretation
the hydrology would most likely not be affected since
the sandstone in both cases is most likely heavily frac-
tured and porous, and have a high permeability.

The mean residuals in the IP models are high,
ranging from 22.0 % to 45.1 %. These high percent-
ages of error are too high for the models to be used as

Long profile Area 2

a base for interpretation. The downstream cross profile
(2_3) has the lowest percentage of error. This IP
model is very homogenous and no IP effects are visi-
ble, which could indicate that the interpretation of the
resistivity model is correct since neither sand, nor
sandstone, would give rise to any IP effects. But since
the percentage of error still is to high this can not be
undoubtedly concluded. The reason for the high error
percentages are further described in chapter 6.4
(Sources of error), but is basically depending on poor
electrode contact during the measurements.

6.2 Area 3

The grain size analyses show medium to coarse sand
covers both the dry- and the wet-season channels. On
the northern river flank, borehole BH2 shows the top-
most 3.5 m of sand is mixed with some silt and clay.

In all three resistivity profiles from Area 3,
three different layers can be identified. The topmost
5-10 m thick medium to high resistivity (37-1400 Qm)
layer consists of alluvial sand, changing from very dry
sand at the surface into more moist sand further down.
This was visually confirmed during the field work,
from the grain size analyses and by the augering. Due
to vegetation growing on the flanks, and in some areas
also within the wet-season channel, the top layer is
here mixed with some organic matter. According to
the surface soil samples and the soil samples from
borehole BH2, silt and clay is also mixed into the sand
at some locations. Between the years the wet-season
channel is probably varying in areal extent depending
on the amount of water, and this is probably the reason
for the mixing of sand and finer sediments at the mar-
gins of the channel and on the nearest parts of the river
flanks.

The underlying layer is a discontinuous 5-8 m
thick layer with low resistivities (1-18 Qm) in all three
resistivity profiles. These low resistivity values indi-
cate that the layer consists of fine alluvial sediments
(clay and silt), deposited during stages with lower wa-
ter velocities in high flood seasons. Borehole BH2
reaches just over four metres depth and at this depth a

2D INVERTED MODEL (mean residual 7.1%)

2.3 Distance[m] sg

Level[m a.s.l]
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Fig. 26. Two-dimensional resistivity model for the long profile in Area 2. Marked by pink lines are suggested major faults and
the yellow lines marks wedges of coarse sediments fining upwards. The black line at the top of the sections represents the lev-

elled ground surface.
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thin layer of highly consolidated silty clayey sand is
present. It is possible that this thin layer represents the
upper boundary of the finer grained sediments.

Below the low resistivity layer a 45-50 m thick
layer of low to medium resistivities (2.1-77 Qm) is
visible. The resistivity values indicate that this thick
layer consists of saturated sandy sediments mixed with
some finer material (silt and clay). The river is flowing
in an incised valley in the western part of the Rift val-
ley floor sedimentary fill and it seems likely that this
layer consists of alluvial sediments, deposited by the
river.

Bottommost in the resistivity profiles very low
resistivities are indicating that another layer is present
below the sandy sediments. Most likely this layer con-
sists of sandstone of either/or Lupata and Sena sand-
stones.

The mean residuals in the IP models are
157.6 %, 403.7 % and 22.8 %. These high percentages
of error are, in at least the two former cases, far too
high for the models to be used as a base for interpreta-
tion. The downstream cross profile (3_3) has the low-
est percentage of error. This IP model is, in accordance
with the downstream cross profile (2 3) in Area 2,
very homogenous and no IP effects are visible. This
could indicate that the interpretation of the resistivity
model is correct since neither sand, nor sandstone,
would give rise to any IP effects. But since the per-
centage of error still is to high this can not be undoubt-
edly concluded. The reason for the high error percent-
ages are further described in chapter 6.4 (Sources of
error), but is basically depending on poor electrode
contact during the measurements.

6.3 Combining and comparison of the

two areas
The resistivity values are in general slightly lower in
Area 3 than in Area 2, which means the alluvial fill
becomes less resistive in a downstream direction. This
could be related to the sediments becoming finer while
moving away from the rift margin. But since no refer-
ence material is available from deeper layers, it can not
for certain be confirmed this being the case. The sur-
face and borehole soil samples show the coarsest ma-
terial in Area 2 is sandy gravel and gravelly sand,
while coarse sand is the coarsest material in Area 3.
This variation in grains size most probably only re-
flects channel natural discharge variations and not dis-
tance from the rift margin.

Sediment samples from boreholes in Area 2
display both angular and rounded particles. This indi-
cates variation in transportation distances of the mate-
rial. The mineralogical composition of the close-to-
surface soil show little variation, both within Area 2
and between the two areas, suggesting the material in
all five samples have the same origin. All samples are
predominated by crystalline fragments, and since the
river is flowing in an east/southeast-ward direction,
this material most likely originates from the crystalline
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basement (Baru¢ Supergroup) of the Barue Platform.
The sample from borehole BH2 contains the highest
amount of sandstone grains, which is to be expected
with respect to its location close to the sandstone out-
crops. The lowest amounts of sandstone grains are in
samples 2 _1b and 3_1a, which seems reasonable since
they are both located in the middle of the wet-season
channel where the most substantial transportation
takes place. According to Lachelt (2004) and Tinley
(1977) the sandstone is calcareous, but the carbonate
content analyses showed that both the sandstone
samples and the soil samples contained <5% carbon-
ate. This neither contradicts nor confirm that a part of
the grains in the soil samples originate from the sand-
stone. The few percentages of volcanic rock fragments
present might originate from the phonolitic lava of the
Lupata Formation. This formation is present both next
to the Nhandugue River at the western end of Area 2
and next to the Muche River, which is joining the
Nhandugue River just west of Area 2.

Figure 27 is a schematic block model of the
interpreted geology in Areas 2 and 3. The three top-
most layers in Area 2 correspond to the three layers
distinguished in Area 3 (Fig. 27). Indicated by very
low resistivities in the bottom of the resistivity profiles
from Area 3 the bottommost layer of sandstone in
Area 2 is most likely present below the bottommost
alluvial sediments in Area 3 (Fig. 27). In both cases
the topmost layer consists of sands with a relatively
high hydraulic conductivity. Due to the layer being in
direct contact with the atmosphere it constitutes an
unconfined aquifer (Fig. 27). The calculated values on
hydraulic conductivity range from 0.22x10~ m/s to
2.45x10” m/s in Area 2 and from 0.46x10~ m/s to
1.18x10” m/s in Area 3 which is well within the limits
of unconsolidated sands according to Cherry & Freeze
(1979): hydraulic conductivity for unconsolidated
clean sands is 10° - 10? m/s and 107 - 10 m/s for
silty sands.

The underlying finer sediments are discontinu-
ously distributed in both areas, forming an aquiclude
through which there is a possibility for leakage in a
downward direction (Fig. 27). In Area 2 the third layer
from the top is thickening in downstream direction,
from ~10 m to ~30-40 m, and in Area 3 this layer be-
comes even thicker (~50 m) (Fig. 15 and 21, Appen-
dix 2). The layer most likely consists of permeable
sediments, hence forming a semi-confined aquifer.
The bottommost sandstone layer present in Area 2 and
indicated in Area 3 shows very low resistivities, indi-
cating high porosity and water-saturated conditions.
Several small water filled-fracture zones are also most
likely present due to heavy faulting. Hence, the layer is
forming a semi-confined pore aquifer (Fig. 27).

An east/southeast-ward flow direction of the
river together with the gently dip of the sandstone
layer is indicating a hydraulic groundwater gradient
towards the Rift valley floor. This direction is also
indicated by the gently east/southeast-sloping ground
surface.



I handugue River
D Sand and sand mixed with finer material (unconfined aquifer)
- Silt and clay (aquiclude)

|:| Sand mixed with finer material (semi-confined aquifer)
Sandstone (semi-confined pore aquifer)

Fig. 27. Schematic block model of the geology in Area 2 and 3. Areas 2 and 3 are marked by red rectangles; Area 2 to the left
and Area 3 to the right. All scales and the extent and location of the different morphological units, i.e. the dry-season channel,
wet-season channel and the river flanks, are somewhat approximate. Four different layers and also four different aquifers/
aquicludes can be distinguished; (i) a topmost layer of sand, (ii) a second layer of finer sediments, (iii) a layer of sand, mixed
with some finer material and, (iv) a layer of sandstone which is faulted.

The water discharge is changing from 214 L/s
in Area 2 to 74 L/s in Area 3. Hence, there is a loss in
surface water downstream. In field it could also be
concluded that the Nhandugue River channel became
dry about 14-15 km downstream of Area 3. As men-
tioned above the stratigraphy of the areca makes it
possible for water to infiltrate from the surface to
deeper layers. It is therefore suggested that this lost
surface water is in parts evapotranspirated and in parts
infiltrating downwards, forming groundwater in the
lowermost layers. To sum up, it can be confirmed that
the rift margin is a likely groundwater recharge zone
and the probable east/southeast-ward hydraulic
groundwater gradient indicate that groundwater flows
towards and feeds Lake Urema.

6.4 Sources of error
During the collection of resistivity and IP data it was
concluded that the contact between the electrodes and
the ground was very poor due to the very dry and often
coarse material at the surface. Water was poured on
the electrodes and small pits were dug to increase the
contact, but negative resistivities were still a signifi-
cant problem. The poor ground contact also lead to
serious data quality problems for the IP data due to
capacitive coupling in the multi-conductor cables. The
long profile in Area 3 was the first profile to be meas-
ured and here the problems were especially large. This
was, except for the poor ground contact, due to one of
the five multi-conductor cables, used to speed up the
roll-along procedure, which had takeouts that were not
working properly. During the processing of data, as
many bad data points as possible were removed, but
the quality of the data set for some of the profiles were
still not very good. For some of the profiles very few
data points were remaining at some depths, causing the
inversion of the data to be less reliable at these depths.
For the elevation surveying the only available
levelling equipment was very basic and during the
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measurements several problems were faced. The string
used was slightly elastic, which caused the distances
between the measuring sticks to slightly vary and the
string to slacken due to the weight of the clinometer.
The measuring sticks had a small diameter, which
made them sink into the soft ground at some locations,
causing alterations in the fixed height above ground.
Another difficulty was to place the measuring sticks in
an absolutely correct angle (90°) in relation to the
ground, due both to the elasticity of the string and to
the softness of the ground. Subjectivity was a problem
during readings of the clinometer, since the weight
was not directed straight down and the low numbers
had been almost completely erased. For the regular
compass used to get the orientation of the profile, the
needle was sluggish and not rotating properly. Espe-
cially slow was the needle if the compass was not
stored horizontal. All these sources of error during the
measurements contributed to inaccuracies in the calcu-
lated height difference values, making it necessary to
correct this for one of the profiles.

For the geological ground truthing a few
sources of error can be highlighted. During the hand-
held augering no casing was used to stabilize the bore-
hole walls. In cases where the soils were coarse and
dry, some of the material from the walls fell into the
hole. When the groundwater level was reached the
material in the bottom of the hole was unstable and
collapsed. Therefore there is a risk of some samples
being contaminated by soil from other layers, and also
a risk that the bottommost samples in some cases are
in fact samples from the same depths.

Before the transportation of the samples to
Sweden, they were split in order to minimize the
weight. Due to this splitting there is a small risk the
composition of some samples might have been slightly
altered from the natural composition. For the hy-
drometer analyses the sample weight used was settled
to ~100 g according to expected low clay content.



Based on the results, the clay content was higher than
expected in some cases and therefore smaller samples
should have been used for the analysis. Another source
of error during the hydrometer analyses are the read-
ings during the first couple of minutes after the hy-
drometer was placed in the mixture. During this time
the hydrometer was bobbing up and down, making it
hard to do readings.

7 Conclusions

. Three different layers of Quaternary sediments
are present in the two areas: (i) a topmost layer
of sand, (ii) a second layer of finer sediments
and, (iii) a layer of sand mixed with some finer
material. The thickness of the topmost and the
second layer are 5-15 m and 5-10 m,
respectively. The third layer is thickening in
downstream direction, from ~10 m to ~50 m.
All Quaternary sediments are alluvial deposits,
which most likely have been deposited by the
river.

. A slight decrease in the resistivity values can be
seen in downstream direction, indicating the
sediments becoming finer when moving away
from the rift margin. The grain sizes and min-
eralogical composition of the samples can not
clearly confirm the sediments becoming finer.
Instead these properties seem to vary depending
on where in the river valley they have been
deposited.

. A layer of most likely sandstone of either, or
both, Sena Formation and Lupata Group is
probably underlying the Quaternary sediments.
The layer is gently dipping to the
east/southeast, causing an east/southeast-ward
hydraulic gradient.

. Three different aquifers and one aquiclude can
be distinguished. The bottommost sandstone
and the overlying sandy sediments form two
major semi-confined aquifers, while the top-
most sand layer forms a 5-15 m thick uncon-
fined aquifer. The finer sediments in between
the sandy sediments are forming a 5-10 m thick
aquiclude.

. The surface water discharge is 214 L/s in Area
2 and 74 L/s in Area 3, i.e. the river discharge
decreases in downstream direction.

. The thin aquiclude present is an in part perme-
able layer. This makes it possible for surface
water to infiltrate to the deeper aquifers and to
be transported as groundwater in an
east/southeast-ward direction.

. The hydrogeological conditions confirm that
the rift margin is a likely groundwater recharge
zone. The east/southeast-ward hydraulic
groundwater gradient further suggests ground-
water is flowing towards, and feeds, Lake
Urema.
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8 Recommendations

For continued work along the western rift margin it is
recommended to do water chemistry analyses on river
water, groundwater and the water in Lake Urema, in
order to determine whether some of the water in Lake
Urema is truly originating from the Nhandugue River
or not. To get more representative and statistical val-
ues on discharge it is also recommended to repeat and,
preferably, to do continuous dilution tests.

To properly confirm the interpretation of the
resistivity profiles it is recommended to drill at least
one borehole to a depth of at least 60 m. It is suggested
to place this borehole in the middle of area two in or-
der to reach what has been interpreted to be sandstone.
This borehole could then be used for collecting con-
tinuous data on changing groundwater levels and for
sampling water for chemistry analyses. In order for a
better mapping of the groundwater flow and the hy-
draulic gradient there is a need for a number of drilled
wells. From such an observation net it would be possi-
ble to do more proper groundwater recharge calcu-
lations.

The obtained two-dimensional images of the
subsurface across the Urema Rift are only a start; it is
recommended to continue with additional resistivity
profiles. One interesting location would be the flood-
plain north of Lake Urema. Other interesting locations
are the eastern rift margin and the area at which the
Vunduzi River flows on to the Rift valley floor at the
western rift margin. The Vunduzi River is supported
throughout the year by water from the Gorongosa
Mountain.

The problems with poor electrode contact were
extensive during conducted field work. For work in
areas with dry permeable soils it is recommended to
try with mixing starch compound (e.g. Johnson Revert
intended to stabilize wells during drilling) into the
water that is poured onto the electrode, this to increase
the ground contact. This is intended to make the water
more viscous and can serve to keep the water in place
for a sufficiently longer time according to ABEM
(2009). When it comes to collecting reference material
for interpretation of resistivity data it is recommended
to set the sample depth to ~1 m depth instead of 15-30
cm. This is preferable since the topmost half to one
metre of the ground is not included in the resistivity
measurements due to the data collecting procedure.
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Appendix 2

Resistivity models from Area 2 and 3. (A) Long profile Area 2, (B) Upstream cross profile 2_2, (C) Downstream
cross profile 2_3, (D) Long profile Area 3, (E) Upstream cross profile 3_2 and (F) Downstream cross profile 3_3.
Outlined in black are the different layers. The dashed line in (B) indicates uncertain layer division. Indicated by
pink vertical lines are faults and displacement features. The black line at the top of the sections represents the lev-
elled ground surface and the blue lines marks the location of the dry-season channel.

(A)
Long profile Area 2 2D INVERTED MODEL (mean residual 7.1%)
2.3

Level[m a.s.l]

1 2.1 4.3 8.8 18 37 77 160 330 680 1400
Resistivity[ohm-m]

(B)

Cross profile 2_2 2D INVERTED MODEL (mean residual 5.8%)
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Cross profile 2_3 2D INVERTED MODEL {mean residual 5.2%)
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(D)

Long profile Area 3 2D INVERTED MODEL (mean residual 15.7%)
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(E)

Cross profile 3_2 2D INVERTED MODEL (mean residual 10.9%)
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Cross profile 3_3 2D INVERTED MODEL (mean residual 7.3%)
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Appendix 3

IP models from Area 2 and 3. (A) Long profile Area 2, (B) Upstream cross profile 2_2, (C) Downstream cross pro-
file 2_3, (D) Long profile Area 3, (E) Upstream cross profile 3_2 and (F) Downstream cross profile 3_3. The black
line at the top of the sections represents the levelled ground surface.

(A)
Long profile Area 2 2D INVERTED MODEL (mean residual 45.1%)
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A 500 1000 1500 1 2000 2500

0
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(B)

Cross profile 2_2 2D INVERTED MODEL (mean residual 37.5%)
NNE Leng prefile Distance[m] gew
100 200 300 400 500 600 700 l, 800 900
105 . . . . - . . 105
a0 90
75 75
60 60
45 45
30 30
15 15
0 0
Level [m a.s.l.]

1 7.9 15 22 29 36 42 49 56 63 70
Chargeability [m\/\V]

(©)

Cross profile 2_3 20 INVERTED MODEL (mean residual 22.0%)
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(D)
Long profile Area 3 2D INVERTED MODEL (mean residual 157.6%)
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Cross profile 3_2 2D INVERTED MODEL (mean residual 403.7%}) .
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(F)

Cross profile 3_3 2D INVERTED MODEL (mean residual 22.8%)
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