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Abstract

Dambos, seasonally saturated wetlands, are widespread in headwater catchments in southern Africa and play an important role
in the regional hydrological cycle. However, the processes influencing runoff from these catchments are poorly understood. This
paper reports an isotopic investigation of runoff-generating mechanisms within-a Zimbabwean catchment containing a dambo.
Hydrograph separation using deuterium reveals that, once the dambo is saturated, up to 70% of total storm flow can be con-
sidered ‘new’ water (i.e. derived directly from rainfall generating the runoff event). However, both the total proportion and the
instantaneous maximum amount of ‘new’ water in hydrographs are sensitive to rainfall characteristics and antecedent conditions.
These results are (1) compatible with observations made in catchments in temperate climates when wetlands are present, and
contrast with results obtained when wetlands are absent and (2) consistent with saturation overland flow, generated in saturated
regions of the dambo, being the major storm runoff mechanism. To reconcile these observations with past perceptions that dam~
bos attenuate flood flows, a dual role for dambos in storm flow production is postulated.

Introduction

The hydrological response of a catchment to rainfall
depends on the interplay between climatic, geological and
land-use variables. Stormflow in headwater streams results
from water entering the channel via either subsurface or
overland flow paths (Ward, 1984). Overland flow is gener-
ated as a consequence of rainfall intensity exceeding the
infiltration capacity of the soil prior to the soil being satu-
rated (so called Hortonian overland flow), or because the
watertable rises to the ground surface, thereby reducing
the infiltration capacity to zero, so that all precipitation,
falling at whatever intensity, generates saturation overland
flow. The dominance of overland flow in a storm hydro-
graph depends on the permeability of the soil, rainfall
intensity and duration, and catchment relief and geometry
(Dubreuil, 1985; 1986).

Wetland features, known as dambos, are common in
many headwater catchments in southern Africa. In
Zimbabwe, it is estimated that they occupy 1.3 million ha,
close to 4% of the country’s area (Whitlow, 1984).
Described as ‘seasonally waterlogged, predominantly grass-
covered, shallow, linear depressions in the headward zones of
rivers’ (Mackel, 1974), dambos show considerable variation
in physical attributes. Common features are their low relief
and poorly-drained soils. Dambos can be considered as
‘receiving sites’ or interruptions to water moving from the

upland slopes (the interfluve) to the stream channel. Thus,
their form, function and maintenance are governed by the
soil and hydrological processes on the upland slopes, as
well as by processes within the dambo itself.

At present, there is no consensus amongst researchers
on the influence exerted by dambos on flood flows. There
has long been a widely-held perception that dambos atten-
uate flood hydrographs by providing storage and by their
vegetation impeding runoff (e.g. Kanthack, 1945; Drayton
et al., 1980). Other empirical studies have produced seem-
ingly conflicting results. In a study of four small catch-
ments in northern Zambia, catchments with greater areas
of dambo were found to generate greater surface runoff
and higher peak flows (Balek and Perry, 1973). However,
it was also observed that overland flow from dambos was
prolonged ‘as compared with a non-swampy area of similar
shape and size’ because of ‘the resistance of dambo grasses
toward the flow.’ Using a regional approach, Bullock (1992)
demonstrated that, within Zimbabwe, there is no evidence
to suggest that dambos exert any significant influence on
flood magnitude-frequency relationships but postulated
that ‘catchments containing higher proportions of dambos
exhibit greater potential for extreme floods than catchments
with lower dambo density.’ A limitation of the regional
approach, however, is that it treats dambos as ‘black boxes’
and does not provide any information on the mechanisms
of runoff generation.
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Over the last three decades, the practice of using hydro-
chemistry as a diagnostic tool to increase understanding of
catchment hydrology and to identify flow paths, has been
used in many different environments. The use of naturally-
occurring isotopes (e.g. deuterium and oxygen-18) to sep-
arate streamflow into different runoff components is well
established (e.g. Pearce et al., 1986; Bonell et al., 1990;
Wels et al,, 1991). However, few chemical studies of
streamflow generation have been conducted in the tropics,
particularly in Africa. An exception is the study of
Sandstrém (1996) which reports on the hydrochemical sep-
aration (based on end-member chemistry) of storm hydro-
graphs in a small (2.8 km?), moderately steep (slopes up to
20°), forested catchment in a semi-arid region of Tanzania
with a bimodal rainfall regime. In this catchment, the
perennial stream originates in a ‘mbuga’ (the local name for
a dambo) but of unstated size. Results indicated that ‘new’
water comprised up to 75% of total stormflow. Although
saturation overland flow was noted on the dambo, a signif-
icant proportion of the runoff generation within the catch-
ment was attributed to Hortonian overland flow.

Against this background, this paper reports on what is
possibly the first environmental isotope study to provide
an insight into the runoff-generating processes occurring
within a catchment containing a dambo. Knowledge of
storm-runoff processes within dambos is important
because their valley bottom location and their common
occurrence in headwater catchments ensure that they have
far-reaching effects on the hydrological regime of river
basins.

The use of deuterium in storm
hydrograph separation

Oxygen and hydrogen isotopes in water are not chemically
fractionated, so the isotopic content of water will change
only as a consequence of physical processes such as mix-
ing of water types and partial evaporation. Isotopic frac-
tionation occurs on partial evaporation of water because
isotopically light water molecules (i.e. 'H;1%0) evaporate
more efficiently than the heavy ones (i.e. 'HD0O and
TH'80: where D is deuterium (2H), the heavy isotope of
hydrogen).

The isotopic content of stream water represents the vol-
~umetric integration of the isotopic contents of the differ-
ent water sources existing in a catchment and rainfall that
contribute to it. Deuterium -exhibits conservative behav-
iour on mixing and so can be used to estimate the direct
input of precipitation into streamflow during an event and
to split the event hydrograph into ‘new’ and ‘old’ water.
‘New’ water is defined as the rainwater that generates a
specific flow event, which is present in the stream as part
of the hydrograph response from that event. ‘Old’ water is
defined as water from preceding rainfall events and present
in the catchment prior to the current event. ‘Isotopic
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hydrograph separation does not distinguish flowpaths.
‘New’ water may enter the stream through surface runoff
or rapid throughflow. ‘Old’ water may be contributed from
several sources: groundwater (saturated zone water),
unsaturated zone soil water and standing surface water.

At any given time, the fraction of the total stream dis-
charge which is contributed by ‘new’ and ‘old’ water can
be computed by solving the following simultaneous equa-
tions:

9=-0+0, 0y
GO, = CQ, + C,Q, (2)
where:

O; = total (measured) discharge

contribution of new water to streamflow

contribution of old water to streamflow

C; = deuterium measured in the stream water at any time
during the event

C, = deuterium measured in ‘new’ water (i.e. the rainfall
signal)

C, = deuterium measured in ‘old’ water (i.e. the signal in
the stream before the start of the event)
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Deuterium concentrations are generally expressed as 6D
values which are per mil (i.e. parts per thousand) varia-
tions with respect to an internationally agreed composition
of ocean water, Vienna Standard Mean Ocean Water (V-
SMOW):

(D/ H)unyie = (D /' H)spow

OD(%%a) = (D /" H) gpom

x1000  (3)

Waters with less and more deuterium than V-SMOW have
negative and positive 8D respectively.

The deuterium signal of rainfall varies between storm
events, and is dependent on the temperature at which
oceanic water is evaporated into the air, the temperature of
condensation at which clouds and the rain are formed, and
the amount of rainfall making up an event (Clark and
Fritz, 1997). The deuterium signature of soil water and
groundwater is a damped reflection of the medium to long-
term precipitation inputs. It is the contrast between the
more variable signature of precipitation inputs (new water)
and the more uniform signature of soil water and ground-
water (old water) that provides the basis for hydrograph
separation. In this study, deuterium has been used to
investigate volumetric contributions of ‘new’ and ‘old’
water in three flood events.

ASSUMPTIONS

Assumptions implicit in the use of equations 1 and 2
are:

i. The stream can be considered to be supplied by water
of two types only (i.e. ‘0ld’ and ‘new’) and these have
distinct isotopic signatures.
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ii. The isotopic compositions of the two types of water
are constant or the variations are known.

iii. The isotopic composition of pre-event water entering
the stream during the storm is the same as that of the
baseflow immediately preceding the runoff event.

None of these assumptions is necessarily valid, so that esti-
mates of stormwater volume may be in error. The assump-
tion most likely to be invalid is (ii). Although pre-event
(i.e. ‘old’) water comprises water of different residence
times and isotopic concentrations, isotopic differences are
generally greatly reduced as a consequence of mixing.
However, considerable variation of the isotopic composi-
tion of rainfall can occur during individual storm events
(McDonnell ez /. 1990). In this study, it was not possible
to collect samples during events and the C, values deter-
mined from daily bulk samples are volume weighted aver-
ages. This is acceptable if any temporal variability during
a storm occurs randomly around the weighted average
value, but will introduce error if there is a trend in the
rainfall composition through the event. Studies in South
Island, New Zealand report an average within-storm rain
6D range of 34%o (standard deviation = 27) for 17 events.
In one event in which the 6D range in the rainfall was
32.9%o0, volume weighted averaging over the whole storm
overestimated the absolute contribution of ‘new’ water by
between 14.5 % and 10.7 % in comparison to calculations
based on different ways of averaging data collected incre-
mentally through the storm (McDonnell er al, 1990).
Since there is no way of knowing the temporal variability
of the isotopic composition of rainfall within the storms
sampled in this study, it is not possible to put definitive
error bars on the results obtained. Nevertheless the possi-
bility of errors of £10-20% in the absolute contribution of
‘new’ water to storm hydrographs, should be borne in
mind throughout the remainder of this paper.

Description of the study area
TOPOGRAPHY AND DRAINAGE

The study catchment, located near the Grasslands
Research Station, at Marondera, 70 km south-east of
Harare (Fig. 1), forms the headwaters of the Manyame
River. Catchment relief is low, with slopes less than 4%
and altitude ranging from 1654 to 1611 metres above sea
level. The catchment area is 3.33 km?. The stream chan-
nel starts approximately half-way along the length of the
catchment, about 1 km from the gauging station.

The catchment comprises an upslope or interfluve
region 2.12 km? in area, and a dambo 1.21 km? in area i.e.
36% of the catchment; areas were estimated from the tonal
colour change on aerial photographs and from observations
of soil moisture throughout the 1995/96 wet season. The
dambo extends the whole length of the catchment and
incorporates a narrow spur on its northern slope which
crosses the catchment boundary and joins another dambo

in the neighbouring catchment (Fig. 1). The stream chan-
nel is incised into the dambo and consists of a number of
interconnected pools, two to three metres deep and several
metres across.

GEOLOGY AND SOILS

The catchment is underlain by Precambrian granite
(Savory, 1964). Small outcrops (single residual core stones)
scattered randomly within the catchment, indicate an
irregular bedrock surface. Occasional intrusions of dolerite
dykes within the catchment are typical of areas of
Precambrian rock in Zimbabwe.

The catchment soils have been derived predominantly
from the underlying granite, but in places texture and
mineralogy reflect the influence of the dolerite dykes. A
distinct catena exists on the slopes of the catchment; this
is typical of the zonation seen in many catchments con-
taining dambos (Fig. 2). The interfluve soils are acidic,
strongly-leached and at an advanced stage of weathering.
They are moderately deep coarse-to-medium grained
Joamy sands overlying sandy clay loams. The pedogenesis
of the dambo soils has been influenced greatly by the
extent and fluctuating pattern of waterlogging (Savory,
1964). The hydromorphic influence manifests itself in the
accumulation of organic matter in the topsoils and gleying
of subsoils. There is a well-defined clay wedge of irregu-
lar shape, embedded within a lens of sandy clay, at shal-
low depths within the dambo (Fig. 2). The clay and sandy
clay act as a barrier, physically separating near-surface (i.e.
above-clay) and deeper (i.e. below-clay) groundwater.
However, the clay is discontinuous so that the two aquifers
are to a large extent in hydraulic continuity. The soil pro-
file over much of the dambo is saturated in the wet season
because vertical drainage is impeded by the heavy textured
subsoils and the low slope angle reduces throughflow effi-
ciency. The infiltration capacities of surface soil on both
the interfluve and the dambo are high and exceed 10-
minute duration rainfall rates with return periods of up to
30 years. Consequently, Hortonian overland flow occurs
only rarely within the catchment.

CLIMATE

The climate is largely dependent on the movement of air-
masses within the Intertropical Convergence Zone
(ITCZ). Rainfall occurs predominantly during the sum-
mer (October to April) whilst the winter months (May to
September) are usually dry. Annual rainfall varies con-
siderably from year to year but the long-term average
(1956 to 1995), determined at the Grasslands
Meteorological Station (located less than 1.5 km from the
catchment) is 859 mm. During the winter, the mean tem-
perature is about 12.5°C, although night temperatures
sometimes drop below freezing. During the summer,
mean - temperature is 18.4°C. Average annual potential
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