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EXECUTIVE SUMMARY

Successful prediction of agricultural non-point source pollution (NPS-P) requires an
understanding and quantification of the sources and pathways of sediment and nutrients in
the landscape and stream network. The migration of NPS-P is often dominated by controls
and connectivity features in the catchments and so this work aims at observation, description
and quantification of the processes for water, sediment and nutrient delivery in a research
catchment, the Mkabela catchment near Wartburg, KwaZulu-Natal. These processes include
land based connectivity and stream reach barriers and controls. The catchment selected
comprises a predominant sugar cane land use, but includes areas of vegetable cropping,
forestry and pastures. The landscape is dominated by Natal Group Sandstone geology and
the stream network has numerous impoundments, wetlands and hydraulic controls at road

crossings and changes in gradient or bed type.

The methods applied to the understanding of the NPS-P migration included:

e Sediment source fingerprinting, where surface soils were sampled and
downstream deposition profiles cored to deduce the source, timing and controls
dominant in the migration of sediments;

e Geophysical and soil pedological surveys to determine dominant pathways of
water, sediment and nutrient migration in the contributing hillslopes;

e Stable isotopes of water and nutrient sampling to illustrate flow pathways,

controls and connectivity in contributing hillslopes and the stream network.

Soil and sediment profiles were sampled in May 2008 and nutrient, sediments and isotopes
were sampled in the stream network at various spatial and temporal scales between 2009
and 2011.

The combined process zone-sediment tracing analysis resulted in the following conclusions.

e The study catchment is composed of a series of distinct process zone types,
each characterized by differences in their ability to produce, transfer, and store
sediment. The nature and spatial arrange of the process zones within the basin
show that it can be subdivided into three subcatchments, referred to here as
upper, mid- and lower subcatchments. The three subcatchments differ in their

tendencies to transport and store sediment and nutrients.



e The construction of a drainage ditch through the upstream most wetland
significantly altered the geomorphic and hydrologic connectivity of the
catchment. Prior to its construction, sediments (and associated nutrients) were
largely deposited within wetlands which encompassed a maijority of the valley
floors within the upper catchment. Sediments delivered to the mid-catchment
area were generally transported downstream as a result of confined flows and
steep channel gradients which often include bedrock reaches. There is very

little storage within the reach, except within local dams.

¢ Following construction of the ditch across the upper most wetland, sediments
could be transported from the headwaters of the catchment, through
downstream wetlands and dams (reservoirs) and to a low-gradient alluvial
channel boarded by an extensive riparian zone. Thus, the axial drainage
system is geomorphically and hydrologically connected during most events
throughout the study basin. However, current rates of sediment deposition
within the downstream most riparian wetlands is extremely high, approaching 10
cm/yr, suggesting that this reach limits the further downstream movement of

sediment.

e The complex interactions between runoff, soil type and characteristics, and
land-use (among other factors) appear to create temporal and spatial variations
in sediment provenance. Silt- and clay-rich layers found within the wetland and
reservoir deposits appear to have been derived from the erosion of fine-grained,
valley bottom soils which are frequently utilized as vegetable fields. The
deposits tend to exhibit elevated concentrations of Cu and Zn, presumably from
the use of fertilizers which contain both elements. Coarser-grained deposits
within the wetland and reservoir presumably result from the erosion of sandier
hillslope soils extensively utilized for sugar cane. Erosion of these upland cane
fields presumably occurs during relatively high magnitude runoff events that are
capable of transporting sand-sized sediment off the slopes, and which create
dam (reservoir) deposits lacking significant quantities of silt- and clay-sized
particles. Therefore, sediment source, as might be expected, varies as a

function of runoff magnitude.

e Sediment source determination on multiple cores from the wetland
demonstrated that sediment partitioning during transport not only produced

deposits of varying sedimentological and chemical characteristics, but deposits



consisting of sediment from different source areas. As a result, within highly
variable depositional environments, multiple cores should be collected and

analyzed to determine sediment provenance.

Nutrient loading and isotopic tracing behaviours reflect the following:

e The nutrient (NO3s-N and P) transport in the catchment mirrors the sediment
migration through the channel system. However, the relationship between
sediment and P is poor, suggesting that much of the P transport in contributing

hillslopes is in a dissolved phase and may occur in the subsurface.

e The loads of nutrients between the Bridge 1 and Bridge 2 section reflect the
bedrock control, where contributions from sugar cane hillslopes between these
stations are not retained, even in the short wetland upstream of Bridge 2.
Isotope ratios reveal that impounded tributaries are often effective in retaining
event water. However mixing and disturbance of the resident nutrients and

sediments results in elevated outflow concentrations during events.

e The dominant contribution mechanism for nutrients in the landscape appears to
be in the subsurface, in lateral discharge in the intermediate layer between the

sandy soil and bedrock.

e Event water, carrying high nutrient loads, dominates the responses at the field
scale, while low flows reflect the groundwater concentrations of N and P

throughout the catchment.

Future understanding of the connectivity and controls in the Mkabela and other catchments
would be improved by further sediment fingerprinting to the lower parts of the catchment and
identification of nutrient tracers to identify the sources and track the movement and
deposition of applied fertilizers. An increase in the frequency of sampling stream responses
of isotopes, nutrients and sediments during events would improve the understanding and
quantification of the connectivity between land units and stream. While the hydropedological
assessment of hilsllope response types has allowed for the definition of hillslope water
generation mechanisms in this study, improved monitoring of the hilsllope water and nutrient
responses would be invaluable in quantifying the links between land units and stream and

the nature of nutrient migration.

Vi
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1. INTRODUCTION

Successful prediction of non-point source pollution (NPS-P) requires an understanding and
quantifying of the sources and pathways of potential pollutant in the landscape and stream
network. However, the migration of NPS-P is dominated by controls and connectivity features
in the catchments and these often belie traditional methods of simulation. Nevertheless, a
clear understanding of the process mechanisms of these connectivity and control features,
based on observation, can lead to their identification and inclusion in estimating NPS-P in
ungauged basins. This project, therefore, aims at developing and applying techniques to
identify and quantify nutrient and sediment source zones, quantify the translation of these
pollutants through the landscape and quantify the impact of control features on the transfer of

pollutants through a stream system.

Specific project aims are to:

e Delineate, characterize and quantify sediment and nutrient process zones in the
Mkabela research catchment, near Wartburg, KwaZulu-Natal,

e Define the dynamics and connectivity of the process zones by observing water, and
nutrient fluxes and by physical and geochemical fingerprinting of sediments;

e Define and quantify the impact of NPS pollution controls such a riparian zones,
wetlands and reservoirs on the migration of sediments and solutes through the
catchment; and

e Develop and propose algorithms for inclusion in simulation models to allow for the

NPS dynamics in process zones and control features.

In this study we develop a description of the processes for water, sediment and nutrient
delivery in the Mkabela research catchment (Figure 1), based on a combination of
investigative techniques. No single method is likely to uncover all the nuances of the
landscape and stream connectivity and controls. Therefore, the following suite of techniques

has been applied over a period of three years (2008-2011):

e Field observations and mapping led to the delineation and description of process
zones within the catchment;

e Geophysics and hydropedology surveys were conducted to describe the hillslope
water generating mechanisms and controls;

e Stable isotopes of water (**0O and ?H), were sampled a various scales in the nested

sub-catchments to reveal sources and pathways of hydrological response;



e Sediment fingerprinting was used to identify and quantify the sources, conveyance
and depositional history of sediments from landscape to stream;

e Hydrometry, together with nutrient and suspended solids sampling in the stream
network, led to an understanding of the continuity and responses of NPS-P to rainfall
events and low flow sequences and

e Trace nutrient fingerprinting was used to identify sources and pathways of fertilizer

product from field to stream.

The study concludes with suggestions for improved application of the techniques and

identification of mechanisms requiring detailed study.
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Figure 1. The Mkabela research catchment, showing land use.



2. PROCESSES ZONE DESCRIPTION

2.1 Background and Study Area

Historically, examination of fluvial processes, including sediment transport, focussed on
moderate to low-gradient, alluvial rivers (Grant and Swanson, 1995), and sediment was
assumed to move semi-systematically through the drainage system. This classical
continuum view has be replaced in recent years by a segmented perspective of a drainage
network, resulting in the increased use of hierarchical classification systems for the analysis
and management of riverine environments (Frissell et al., 1986; Kishi et al., 1987; Grant et
al., 1990; Montgomery and Buffington, 1993; Grant and Swanson, 1995, Brierley and Fryirs,
2005). While proposed classification systems differ in their specifics, the unifying theme is
that drainage networks consist of channel and valley floor environments that can be
subdivided into progressively smaller units, each of which are morphologically homogeneous
with respect to landforms, processes, and the controlling factors of geology, vegetation,
substrate, and hillslope influences (Gant and Swanson, 1995). Commonly included
categories range from localized channel-scale units (defined on the basis of various river bed
features such as pools, riffles, bars, etc.), reach scale units (defined according to the nature
of both the channel and valley floor), and larger scale units ranging up to and beyond the
entire drainage basin. Application of the hierarchal approach for management purposes has
focused on reach-scale units, often referred to as process zones (or alternatively, a river
style by Fryirs and Brierley, 2001). Inherent within the hierarchal systems approach is the
perception that process zones (as well as units defined at other scales) differ in their ability to
produce, transport, and store sediment. For example, some zones, such as hillslope hollows
(u-shaped depressions on the hillslope) serve as significant sediment sources, whereas
others, including confined bedrock channels, serve predominantly as conduits of sediment
transport. The predominant geomorphic process (es), then, vary between the various
process zones. Differences in sediment production, transport, and storage are considered
important because they lead to differences in the behavior (type, rate, and magnitude of
erosional and depositional processes) between zone types (Brierley and Fryirs, 2005).
Confined bedrock channels, for example, are unlikely to undergo the same type of
adjustment to a decrease in sediment load as are unconfined alluvial channels bounded by
wide valley floors. Process zones therefore represent a fundamental unit of watershed
management that allows distinct strategies to be developed for specific parts of the drainage

network.



Two concepts closely linked to the hierarchal view of river systems are those of coupling and
connectivity. Coupling dictates how upstream geomorphic responses to environmental
change affect those downstream (and vice versa) (Brunsden, 1993; Harvey 1997, 2001,
2002; Hooke, 2003). Along well-coupled rivers, erosional and depositional responses are
transmitted between juxtaposed zones, whereas the effects of environmental change along
poorly coupled systems are spatially limited. Manifestations of coupling are governed by
sediment connectivity, defined by Hooke (2003) as the ability of sediment to pass through a
channel network (i.e., from one defined zone to another). Hooke (2003) proposed a five
category classification system describing the degrees of reach-scale connectivity. The
classification is primarily based on the nature of the sediment sources as well as stream
competence (and therefore discharge and grain size under consideration). Categories
defined by Hooke (2003) include unconnected, partially connected, connected, potentially

connected (competent but lacking a suppy of sediment), and disconnected.

In light of the above, the source(s), transport, and storage of NPS pollution are likely to
depend on the hierarchal structure (morphometry) of the watershed and the connectivity
between process zones and other hierarchal units. To our knowledge, however, the
utilization of a hierarchal approach, which has the ability to effectively determine the spatial
and causal linkages between human activities, watershed-scale processes, and channel

conditions, has not been applied to the investigation of NPS pollution.

2.2 Delineation, Characterization and Mapping of Process Zones

The utilized hierarchical classification system was modified from that presented by
Montgomery and Buffington (1993) and Grant and Swanson (1995) to fit the characteristics
of the catchment in the KwaZulu-Natal Midlands. Field and cartographic observations
indicated that the catchment could be subdivided into channel units (defined on channel bed
features and the underlying substrate), process zones (defined on differences in valley
shape, valley floor landforms, and substrate type), and subcatchment units (defined
according to changes in basin and valley morphometry). The utilized classification system is
presented in Figure 2. General characteristics of the process zones are presented in Table 1,
whereas photographs of selected zone types are shown in Figure 3. The processes zones
were initially defined on the basis of geomorphic criteria including their position on the
landscape, dimensions and cross-sectional form of the feature, composition and nature of
the bounding materials (bedrock vs. sediment; sediment size, stratification, etc.), and
relief/gradient of the included terrain. It is important to recognize that while zone types were
defined geomorphically, each type exhibits specific traits with regards to geomorphic

processes (including erosion and deposition), and hydrologic sources and sinks.
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Table 1. Summary of Process Zones and their general characteristics

[Process Dominant
Zone Character Process
\Waterways « Man-made, typically in upland » Sediment transport over
areas “rough” bed
+ Slope parallel * Predominantly a zone of
* Wide, shallow channel recharge (?)
« V. little sediment storage
» Grass covered channel bed
IDitch * Man-made, trapezoidal channel + Sediment transport
* Valley parallel, slope through low gradient, but
perpendicular (axial), slope efficient channel
Parallel (upland) * Recharge zone
* Relatively low gradient
+ Channel bed — sediment
Wetland * Natural, flat-lying alluvial & » Sediment deposition &
Valley lacustrine fill storage
|(with channel) *  Wide valley « Groundwater discharge
* May or may not exhibit through
flowing channel
Alluviated « “Natural’ flat, alluvial valley floor of| + Sediment transport
Valley varying width through channel
|(with riparian * Narrow, deep channel form + Sediment storage on
wetlands) * May or may not be bordered by floodplain
riparian wetlands + Dominated by
groundwater discharge
Bedrock * Narrow, bedrock controlled valley » Sediment transport
Channel « Steep channel, with multiple through highly
knickpoints present competent channel
* V. little sediment storage
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Figure 3. Examples of selected process zones; see Table 1 for zone
characteristics.

2.3 Process Zone Deductions from Geophysics and Soil Surveys

Delineation and mapping of process zones utilized an iterative approach where distinct
reaches of the drainage network were classified and mapped on 2007 georectified SPOT
images, with the aid of stereoscopic viewing of 2004, 1:10,000 aerial photographs. Once
mapped, the geo-rectified and field checked data provided spatial information on the type
and distribution of the process zones and the ability of the drainage network to transfer

water, sediment, and any nutrients that they carry down catchment.

The process zones were characterized, to the degree possible, for basic hydrologic functions
including 1) magnitude, and spatial and temporal continuity of surface water flow, and 2)
surface water interaction with subsurface water. In a manner similar to that described by
Lerner (2003), surface water — groundwater interactions were characterized for their degree
and type of connection (i.e. gaining or losing), temporal characteristics of connections, and
the type(s) of subsurface water body that interacts with the channel (e.g. unsaturated zone
recharge, perched water tables, deep groundwater). The hydrologic characterization is

based on a combination of field observations, geomorphology, hydrologic monitoring data



from instrumented sites (e.g. flumes, tensiometers, piezometers), and, broadly, sediment

source area modeling based on geochemical fingerprinting of sediments.

Inspection of Figure 4 shows that the natural drainage density, calculated at 1.05 km/km?, is
extremely low, and is rivaled by the density of roads within the catchment. The drainage
network is characterized by a common downstream sequence of process zones. Headwater
areas, particularly within cane fields, typically possess waterways that deliver water and
sediment to upland channels. (The drainage density in the sugar cane fields is approximately
2.5km/km?). The upland channels then feed water, sediment (and associated nutrients) to
alluvial valley segments, or axial ditches. Many of the upland channels along the south side
of the catchment are short, draining relatively small areas, and are disconnected
geomorphically from the axial valley, suggesting that they deliver relatively minor amounts of

sediment to the axial channel in comparison to northern and headwater drainages.

Wetlands periodically occur along the axial valley and serve as an important type of process
zone in that they represent depositional environments that reduce the transfer to sediment
and nutrients to downstream areas. In some instances, axial ditches have been excavated
into the wetlands, modifying their transfer abilities (as will be discussed in more detail below).
A number of dams (reservoirs) have also been superimposed on the drainage network, most
of which are located along axial valley type process zones. These features will also impede

the down catchment movement of sediment and nutrients.

Both the frequency and length of waterways and upland channels decrease down catchment
as relief and hillslope gradients increase. The extent of wetlands also decreases down
catchment until reaching the downstream most section of the basin where the drainage
network is dominated by a low-gradient alluvial valley with an extensive riparian wetland. In
contrast to waterways, upland channels, and wetlands, the frequency of alluvial and bedrock
channels increase down catchment, presumably producing a more efficient system of directly
transferring sediment, and any nutrients that they carry, downstream to the alluvial valley
possessing riparian wetlands, a process zone that has the ability to store large volumes
sediment. In fact, a sediment core collected from this reach shows that more than 2 m of
historic sediment has accumulated within the wetlands. At the catchment scale, the
capability of the process zones to transfer sediment (Table 1), and their spatial distribution
(Figure 4), indicates that the movement of material through the catchment is limited and
discontinuous except, perhaps, during high magnitude runoff events. Sediment which is
delivered to and transferred through waterways and upland channels on hillslopes will
primarily be deposited downstream within wetlands and dams (reservoirs) during low- to

moderate-floods.



Thus, the upper catchment areas are characterized by a highly disconnected sediment
transport system (Figure 5). The mid-catchment areas are dominated by relatively high
gradient alluvial and bedrock channels, with fewer, natural depositional zones (although
dams now exist). Thus, the mid-catchment area possesses a greater ability to effectively
transport sediment downstream, although a larger percentage of the transported sediment is
likely to be stored along the more extensive valley bottoms (floodplains). The lower
catchment is dominated by a low gradient, alluvial channel boarded by extensive riparian
wetlands. The storage of sediment within this zone is extensive, once again limiting the

downstream translation of sediment and nutrients that they may carry (Figure 5).
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Figure 5. Schematic diagram illustrating differences in geomorphic connectivity
and sediment storage between subcatchment zones of the Mkabela
Basin.

Sediments and nutrients can reach the stream network, either through overland flow during
rainfall events or as subsurface discharge through lateral flow in hillslope profiles or deep

fractured aquifers, both during and between events.

The connectivity of water and nutrient delivery from the landscape is primarily dependant on
the function of hillslope hydrological processes. These are examined in this study using

geophysics and soil hydropedology surveys.

Surface geophysical methods have been used for many decades to investigated, locate, map
and characterize subsurface features. In groundwater hydrology investigations, surface
geophysical methods represent an extremely important approach to (1) characterize the
vadose and water-bearing (or saturated zones), (2) differentiate bedrock from unconsolidated
overburden, and (3) locate intrusive dykes, fractured rocks, and weathered zones. The
characterization of these features aims to contribute to the understanding of the groundwater

flow and pollutants behavior in the catchment.

An Electrical Resistivity Tomography (ERT) survey is one of the geophysical techniques
which have proved able to identify soil, geological and hydrogeological features. This
technique is used in the Mkabela research catchment to help characterize distribution of

water in the subsurface and identify controls afforded by the geological and pedological
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structure. These will influence the delivery of nutrients and identify zones of high runoff
potential, where sediments are likely to be generated.

2.3.1 Methodology of the Electrical Resistivity Tomography Survey

Hillslope process zone characterization using Electrical Resistivity Tomography was initiated
by sourcing previous findings related to the Mkabela catchment, such as geological maps
and literature, satellite images and field observations made when visiting the site before
geophysical surveying. A geological map was available at a 1:50 000 scale from the Council
for Geosciences, Pietermaritzburg. A soil survey report from the Department of Soil, Crop
and Climate Sciences, University of the Free State was also available. These data provided
a general understanding of soils types and geologic setting in the catchment. Five transects

were identified in the headwater subcatchment for ERT surveys as shown in Figure 6.

A Silwatersensor o
[ Wischmeier Runoff Plot |

O H-Flume

- A
2
i e ~
1 Wi,

Figure 6. ERT transect locations in the upper Mkabela subcatchment.
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The Electrical Resistivity Tomography (ERT) technique is a 2D electrical imaging system
which is carried out using a large number of electrodes connected to a multi-core cable
(Griffiths and Barker 1996). In order to obtain a 2D electrical image, horizontal and vertical
data coverage is achieved by automatic sequential measurements of current and potential
locations. The ABEM Lund Imaging System together with a Terrameter SAS 1000 was used
on site for data acquisition. The Lund system consists of a basic charging unit, Electrode
Selector ES10-64; four Lund spread cables, a suitable quantity of cable joints and cable
jumpers, and a supply of electrodes (ABEM 2005). Transect W1 and W5 were extended
using a roll-along method. The Electrical resistivity using Wenner alpha array consists of
injecting a certain current into the subsurface through two electrodes and measuring the
resulting voltage difference at two middle potential electrodes; the four electrodes are equally
spaced. The Wenner array has the advantage of resolving horizontal layers more accurately

than vertical layers.

2.3.2 Soil and Geologic Setting

2.3.2.1 Soils

The soil survey conducted on the Mkabela catchment indicated that there are a nine soil
types including the Avalon (Av), Cartref (Cf), Clovelly (Cv), Glencoe (Gc), Hutton (Hu),
Katspruit (Ka), Longlands (Lo), Westleigh (We) (Figure 7), (Le Roux et al., 2006). The soil
types Westleigh, Avalon and Longlands are the only ones that can be related to the ERT

survey area; they are described in Table 2.

Table 2. Brief description of the primarily soil types found in the study area (after
Le Roux et al., 2006)

Soil Type General Characteristics

Avalon (Av) The Avalon soil type surveyed to 120 cm depth and consists

primarily of soft plinthic B horizons which is a sandy yellow-
brown apedal B horizon underlain by hard plinthic horizons.

Cartref (Cf) Shallow, sandy soils with very little water holding capacity
found on steep, short, convex hillslopes.

Clovelly (Cv) Associated with, and similar to, Longlands soil type.

Glencoe (Gc) Similar to Avalon soil type, but dominated by hard plinthic

subhorizon; found on steeper slopes of higher relief. Parent
material is thought to be the Natal Group Sandstone (NGS).

Hutton (Hu) Found near crest and midslopes of high relief, steep
hillslopes. Moderately drained, underlain by NGS.

Katspruit (Ka) Clayey, strongly gleyed soils found on low-relief (10-15 m)
terrain, particular valley bottoms.

Longlands (Lo) The Longlands soil type was surveyed up to 120 cm depth

and consists of soils that are sandier than the Avalon soils
with similar profile of soft plinthic B horizons well developed
underlain by hard plinthic horizons.

Westleigh (We) The Westleigh soil type was surveyed up to 110 cm depth and
consist a poorly drained hydrosequence dominated by clayey
soils with prominent mottling and deep, clayed subsoils.
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Figure 7. Six dominant soil sequence zones (hillslope types) found in the Mkabela
catchment. Colours represent the slope range, (after Le Roux et al.,
2006).

2.3.2.2 Geology

According to Le Roux et al., 2006, the Westleigh and Longland soil types are underlain by
the Natal Group sandstone while the Avalon soil type is underlain by sedimentary rocks of
the Dwyka Group and sandstone of the Natal Group.

A geological map (Figure 8) supports the presence of the Natal sandstone beneath all ERT

survey areas. The Dwyka group is also found at the north of the catchment, but out of the

ERT survey area.
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Geological map covering the Mkabela catchment (modified from 1:50 000
geological map, Council for Geosciences, Pietermaritzburg).

Figure 8.
Combining the soils survey results and the geologic data a conceptual model can be drawn

of the surficial stratigraphy within the study area (Figure 9):

o First a layer: from South East to North West of the ERT survey area, a sandy soil of
Avalon type and sandy soil of Longlands type.
e Second layer: sandstone of Natal group.

¢ Anintermediate weathered saprolite zone.
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Figure 9. Geological conceptual profile of the ERT survey area.

2.3.2.3 Groundwater Setting

In general there are four modes of groundwater occurrence in KwaZulu-Natal are dictated by

the regional geology. The primary water-bearing units include the following:

e An intergranular aquifer which occurs in unconsolidated coastal deposits of the
Maputoland Group.

e Fractured aquifers which are associated with cracks, fissures and joints in sandstone of
the Natal Group and diamictite (tillite) of the Dwyka Group.

e Karstic aquifers found in weathered carbonate rocks in the Natal metamorphic Province.

e Intergranular and fractured aquifers are found in the Karoo Supergroup rocks, including
dolerite and lava of the Drakensberg Group and crystalline rocks of the Natal

Metamorphic Province.

In the survey area, groundwater occurrence is also dictated by the lithology of the area.
According to Le Roux et al., 2006, there is evidence of a phreatic water table fluctuating in
the saprolite and underlying rocks with changes of seasons and contributing to the wetting of

the different soils profiles in the catchment.

Recent water lever data (Figure 10) collected from one borehole located in the upper
headwater catchment, reveals that the groundwater level fluctuates during the rain season
depending on the degree of recharge. Water levels vary from a high of 4.7m below ground

level (b.g.l), towards the end of the wet season, to a low of 6.6m b.g.l. in the dry season.
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Figure 10. Groundwater level fluctuations December 2009-January 2011.

2.3.3 Electrical Resistivity Results

2.3.3.1 Transect W5

Transect W5, which is located adjacent to Flume 2, exhibits a conductive thin layer of soil
(<70 Qm) followed by a sandy soil horizon which thickens upslope. A perched aquifer (<100
Qm) is located in the weathered zone as indicated on Figure 11. The bed rock which is
fractured sandstone forms a resistive bottom layer (> 200 Qm). It is located from 2m to 12 m
deep, increasing upslope. This ties in with the observation of the water table fluctuations

between 4 and 6m below ground level.

16



sSw
A probable perched aquifer in
the weathered zone

Elevation rodel resistraty with topography
=30

\leralmn 5 RMS e
10104

416

Sand SOI| 448
54

10054
=50 352

) e UW:@

N
Fractured Natal Sandstone

N N T D O B O ) D O D B B .
142 202 287 409 582 828

Resistivity in ohrr.m

Unit Electrode Spacing = 2.00 m

Figure 11. Transect W5 located immediately upstream of Flume 2.

2.3.3.2 Transect W4

The resistivity section obtained along transect W4 exhibits three major layers including 3.7 m
of sandy soil ( 200-600 Qm), followed by groundwater bearing saprolite (<100 Qm) with a
water table located at approximately 4 m depth. Sandstone is located at 20 m depth (Figure

12). This transect reveals the extent of the perched aquifer described for the transect W5.
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Figure 12. Transect W4 located between W5 and the upstream Flume 1.

2.3.3.3 Transect W2

Transect W2 is located adjacent to the upstream Flume 1. The resistivity section indicates a
3m sandy and resistive layer overlies a weathered zone comprising two shallow perched
water bodies, one along the northern side that is about 36 m long and 10 m thick and another
in the south of the transect, (Figure 13). These may be connected through transverse water

bodies, running in NW and NE directions.
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Figure 13. Transect W2 located adjacent to upstream Flume 1.

2.3.3.4 Transect W1

Transect W1 is located upslope of Flume 1 to between the two runoff plots. The northern
edge of the transect is characterized by high soil moisture in the top layer that probably
communicates with a perched aquifer (<100 Qm) at 6 m below ground level, (Figure 14). In
the field, water seepage can be seen on the ground surface. There appears to be a near
surface supply to the water way as well as a deeper water body, which is likely the same as

that observed in the borehole.
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Figure 14. Transect W1 located between the Runoff Plots and Flume 1.

2.3.3.5 Transect W3

Transect W3 is located along the four nests of tensiometers and watermarks in the upper

catchment (Figure 6). The section traverses the waterway as indicated in Figure 15. A sandy
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layer (200-800 Qm) covers both sides of the stream. It is underlain toward the west by a

perched aquifer (<100 Qm) at about 4 m depth.

w E
Sandy soil

odel resistivity with topography

lteration & RMS error= 26 R
Elevation Sandy soil

1030400

Waterway position

1025
10204
1015
1010

15| Probable perched aquifer T -

qpppd  HEEE N N N N T O OO0 N O ) O O .
80.0 7.2 107 144 208 292 416 291

Resistivity in ohr.m

Unit Electrode Spacing = 2.00 m

Figure 15. Transect W3 adjacent to the nests of soil moisture sensors.

2.3.4 Hillslope Hydropedology Transects

Cross-sectional and longitudinal transects were derived from topographical and soil
descriptions for various hillslope sections in order to identify the likely water generating
mechanisms based on hydropedological evidence. The sections chosen for cross-sectional
transects were from different hillslope types. The longitudinal transects were extracted for the
two main river reaches that meet at a junction and continue as an outlet reach. Table 3
shows the criteria for choosing the transect locations and Figure 16 shows their locations on

a topographic map.

Table 3: Criteria for choosing cross- sectional and longitudinal transect points.

Transects Hillslope Soil Type | Remarks

A1-A2 Avalon Runoff plots/Flume1water way
B1-B2 Avalon Flume 2 water way

C1-C2 Glencoe Alluvial valley

D1-D2 Cartref Wetland

E1-E2 Hutton Bedrock channel

River Reach 1 | Glencoe, Hutton Longitudinal profile

River Reach 2 | Cartref , Hutton Longitudinal profile
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Figure 16. Mkabela catchment showing the location of hillslope and stream
transects.

2.3.4.1 Transects on Avalon hillslopes (A;-A, and B+-B.)

Within these transects, the most common soil form within the hillslope was the Avalon saoil
form, which is characterised by an orthic A horizon over a yellow-brown apedal B horizon
over a soft plinthic B horizon (Figure 17). The sandy nature of the soils allows the easy
infiltration of rain water, while the soft plinthic horizon acts as the aquitard supporting the
perched water table. The soft plinthic B horizons are underlain by hard plinthic horizons and
the hard plinthic horizons have large pipes of soil material connecting the solum with the
saprolite (Le Roux et al., 2006).
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Figure 17. Upper sub-catchment transects A1-B2 showing the soil profile in the
Avalon hillslope.

According to Le Roux et al. (2006) the morphological character of these soils implies that the
material underlying this hillslope is impermeable. Water tables form in the subsoil when the
rainfall exceeds evapotranspiration on a daily basis. Drainage is therefore dependent on
lateral movement only. The hydrological behaviour of this hillslope is expected to result in
accumulation of water during the rainy season and lateral drainage in the saprolite and soft
plinthic horizons. During very wet spells lateral drainage is also expected to occur in the
sandy yellow-brown apedal B horizon. The water table of the Avalon soils may drop below
the solum in the rainy season. The time it takes to form a water table will depends on the
rainfall. The soil profile can hold a large amount of water before water tables will form. The
water table periodically rises into the yellow-brown apedal B horizon and may occur there for
one to four months on average in the rainy season. The water draining from the Avalon soils

feeds the water table of the Katspruit soils lying down slope.

2.3.4.2 Transects on Glencoe hillslopes (C4-C5)

This hillslope is steeper than the Avalon hillslope. Transect C1- C2 (Figure 18) has a slope
ranging from 4 -15 %. Its soil horizons can go up to maximum depths of 0.9 m. The
hydrological behaviour of the Glencoe hillslope is expected to be similar to that of the Avalon
hillslope except for the effect of the steeper slope and higher relief (Le Roux et al., 2006).
The hard plinthic subsoils are matured plinthic horizons and may be an indication that the
redox process is more intense compared to the Avalon hillslope. Water tables may occur in

and under the plinthic layer most of the rainy season and several months after.
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The Cartef area probably serves as a source of water to the Avalon area (A). The hydrology
of the Avalon A hillslope therefore is dominated by more water in the soils than received by
vertical drainage from rainfall. Some of the water may originate by overland flow as the
Cartef soils are shallow with an E horizon and saturation access is possible. The Cartref soils
also lie on steep slopes. After saturation the shallow profile will drain laterally for a short
period as the soils are shallow. Although some water may enter the orthic A, yellow brown
apedal B and soft plinthic B horizons by lateral flow, the water probably moves in the
intermediate vadose zone under the soft plinthic B horizon. Indications are that a water table
sits below and in the soft plinthic B horizon of the Avalon soils for significant periods during
the peak rainy season. The relative flat slope support a low interflow component of which

most moves in the intermediate vadose zone.

The same is true of the Avalon area (B1-B2) except that an increase in wetness is expected.

C;{1038m})
&

C:{1018m)

0.9m Max depth

Figure 18.  Middle sub-catchment transects C1-C2 showing the soil profile in the
Glencoe hillslope.

The occurrence of hard plinthic horizon on steep slopes requires a special environmental
setup. Iron rich parent material or a special hydrology can explain it. The hydrology of the
Glencoe area (C1-C2) can only be explained by significant water supply by the crest feeding
the Glencoe soils in the hillslopes to create a water table under the hard plinthic B horizon

(Figure 18) of some significant duration in the rainy season.
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2.3.4.3 Transects on Cartref hillslopes (D4-D,)

The steep, short, convex slopes of the ridges combined with undulating planform shape, is
typical of this hillslope. Transects D1 — D2 (Fig 22) has slope ranging from 4 — 15 %. The
underlying material is Natal Group sandstone while the soils under this transects are shallow

and sandy with very low water holding capacity (Le Roux et al., 2006). It has a relief of 60 m.

The hydrology of the Cartref area (D1-D2) is characterized by an infiltration excess
component as the shallow soils saturate quickly (Figure 19). The E horizon indicates a

significant interflow component although for relative short periods.

D, {1038 m)

r -

Infiltration

-

0.3 m Max Depth

0;-;20”
‘H’Sang
(. Sh
- aﬂow)

D,{1018 m)

HorizonE

Figure 19. Middle sub-catchment transects D1-D2 showing the soil profile in Cartref
hillslope.

2.3.4.4 Transects on Hutton hillslopes (E+-E;)

The Hutton hillslope has the highest relief (120 m) and occurs in the steepest sloping area
with some slope exceeding 20 %. Transect E1 —E2 (Figure 20) has slope ranging between 7
— 20 %. Shallow Glenrosa soils occur on the steep slopes and deep well drained Hutton soils
on the more gentle slopes of the crest and midslope (Le Roux et al., 2006). The underlying
material is Natal Group sandstone. The Hutton soils are deep and well drained with

moderate water holding capacity while Glenrosa soils have very low water holding capacity.
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Figure 20. Lower Sub- catchment transects E1-E2 showing soil profile in Hutton
hillslope.

The Hutton area (E) has deep recharge soils. Although some water will run overland the ET
excess water draining through the soils probably drain into the lower vadose zone as an
impermeable intermediate layer is absent in these soils. From the intermediate vadose zone
the water may split into a lower vadose zone interflow (that supplies the wetland and/or feeds

the river) and a vertical drainage that recharges the ground water.

2.3.4.5 Longitudinal transects along the river reaches

Longitudinal profiles record the downstream changes in elevation, and hence slope, along a
river course. Overlaying longitudinal profiles from different sub-catchments can be used to
assess the area draining into each section of the river course and compare downstream
changes in slope and discharge. It also defines the relative contributions of area from
different parts of the catchment, and provides a quick, visual overview of changes in
catchment area (and hence discharge) at tributary confluences. From the longitudinal
transect performed in the catchment it can be seen that river Reach 1 is longer and steeper
than river Reach 2 (Figures 21 and 22).
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2.4 Process Deductions from Water Isotope Analyses

Water quality and stable isotopes of water, ®0 and ?H, have been determined for
samples collected from the catchment headwaters to the outlet, some 12km downstream.
Samples were collected from overland flow Runoff Plots, from the Flumes in the water

ways of the sugar cane and at the grab sample sites named, Road Crossing, Dam in,

Dam 1 Out, Dam 2 Out, Bridge 1 and Bridge 2 as shown in Figure 23.
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The isotope data have been plotted in three ways:

- As atime series for each station from January 2009 to January 2011,

- For specific events, showing the responses to rainfall and runoff,

- As snap-shot profiles from the headwaters to the catchment outlet for specific
wet and dry periods (10 January, 28 February and 15 December 2009, 7 June
2010 and 11 January 2011).

SAMPLING STATIONS
LEGEND:

BH Borehole

RP1 Runoff Plot 1

RP2 Runoff Plot 2

F1 Flume 1

F2 Flume 2
Road Crossing
Dam In
Dam 1 Out
Dam 2 Out
Bridge 1
Bridge 2

Figure 23. The Mkabela catchment showing the sampling stations.

2.4.1 Isotope Time Series

The time series of ?H and "0 isotope results for 2009 are presented in Figures 27 to 29
for individual monitoring stations, starting at the outlet of the catchment, Bridge 2, (Figure
27) and ending at the runoff plots in the headwaters, (Figure 29). Distinct behaviours are

identified from these results:

- In the downstream stations (Bridge 2, Bridge 1 and Dam Out), the isotope ratios
become lighter during the dry period between April and October, except during

rainfall events (Figure 24);
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- All isotope H and 'O comparisons (right, Figure 24), reveal an evaporated
source of water with regression slopes lower than the Global Meteoric Water Line
(GMWL). This reflects the retardation impact of the many farm dames between
the Flumes (Figure 25, middle and bottom, right) and the catchment outlet, Bridge
2 (Figure 24, top right);

- Comparison of the evaporation signal from the Dam Out station to the catchment
outlet, Bridge 2, shows a decreasing influence of evaporation (Figure 24, right) in
the downstream direction as the contribution from adjacent land sources
increases relative to upstream reservoir discharges (this is analysed further in
2.4.3);

- The isotope signals during the dry period do not reach the values determined for
the groundwater borehole values (Approximately ?H -14%,, and 0 -3.5 °/,)
(Figure 26 bottom) indicating that reservoir storage and local hillslope

contributions both contribute to the low flows.

- The isotope comparisons for Flume 2 and Flume 1 (Figure 25, right) show little
evidence of evaporation and generally reflect the rainfall patterns represented by
the runoff plot samples (Figure 26, right). This indicates a significant contribution
from event rainfall to the two flumes. Nevertheless, large changes in isotope ratios

occur during events (this is analysed further in 2.4.2);

- The groundwater borehole signal remains constant during dry and wet conditions

for the two years of monitoring.

Similar observations can be made for the time series of 2010 (Appendix B3.2). A unique
sampling sequence during a rainfall event of 35mm on 10 November 2010 shows that the
isotope values vary widely within an event and reflect relative contributions of event and pre-
event water, even at the large scale sampling stations (Appendix D3.2.1). These

contributions are evaluated in the following section.
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Bridge 1, Bridge 2 and Dam Out and Dam In.
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Figure 24. Rainfall and isotope responses for 2009 at the monitoring stations:
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Crossing, Flume 2 and Flume 1.
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2.4.2 Isotope Event Results

The isotope ratios for selected precipitation events have been analysed for rainfall and
runoff at the headwater flume stations. These include events on 10 January 2009,
(27mm), 28 February 2009, (51mm), 27 January 2010 (43mm) and 10 November 2010.
In addition, samples were collected periodically throughout the catchment during the

event of 10 November 2010. Details of these four events are presented in Appendix C.

The 28 February 2009 results show a distinct drop in isotope ratio during the event
(Figure 27). The runoff at Flume 1 has an increasing contribution from the event water,
indicated by the progressive change in the isotope ratios, from the initial value close to
the groundwater signal, towards the isotope ratio of the event water. (The event water
isotope signal is reflected by that for the runoff plots collected on 2 March 2009, although
this sample will be an average of the rainfall contributing to overland flow during the
event). The contribution from event water (rainfall) peaks about 2 hours after the peak of
the discharge event, at which time most of the discharge is contributed by event water.
Following this peak, the runoff contributions are increasingly dominated by the
subsurface water (Figure 27). The discharge isotope signal has returned to values

representative of the groundwater within 24 hours of the cessation of the rainfall.

During less intense events, such as the one on 27 January 2010, the isotope ratios do
not decrease significantly, although the sample representation is small (Figure C3.2 in
Appendix C). Thus, there appears to be a threshold of event magnitude and intensity
which controls the connectivity of overland flow and subsurface event water discharge to

the lower slopes in the sugar cane fields.

Three isotope samples were collected from the flumes during the event of 10 November
2010 (Figure 28). The resultant isotope values have been used, together with end
member values for the groundwater and average rain water, to render the fractional
contribution of the subsurface or pre-event water to the total discharge at Flume 2. This
pre-event contribution comprises 19% of the total discharge at the peak of the event and
typically returns to 100% of the contribution within 24 hours of the cessation of rain
(Figure 28).

Also sampled during this event was the network of stations downstream of the flumes.
The Road Crossing and Dam-In stations both show significant response to the event
water (Figure C4.6), but, with discharge from the first dam consisting only of the over

flow, no evidence of event water is discernable (Figure C4.7, left). The rainfall event has

31



thus only displaced resident water from the dam. At the outlet of the second dam,
however, event contributions are evident again (Dam 2 Out Figure C4.7). This indicates
effective retention of event water in the upper wetland and first dam, but discernable
contributions from event water through the following two, smaller impoundments. It is
interesting to note, however, that the NO3;-N and P concentrations in the outlet from the
large upper dam (Dam 1) increase dramatically during the event, (Figure C4.3), indicative
of possible disturbance of the impounded water in Dam 1, yielding a peak in nutrient load
from the reservoir, despite the absence of event water. This rise in NOs;-N and P
concentrations is not present in the outflow from the second two impoundments, where

the discharge is diluted by event water.

Further downstream, event water comprises 34.5% and 29.2% of the total discharge at

the peak of the event at Bridge 1 and Bridge 2 respectively (Figure 28).
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2.4.3 Isotope Transects

In order to get an indication of the sources of water, sediments and nutrients from
the headwaters to the catchment outlet, sampling events were conducted in
which the complete stream network was sampled within a 2 hour period. Selected
events have been analysed for 10 January, 28 February, 15 December 2009, 7
June 2010 and 11 January 2011 as detailed in Appendix D. The 11 January
2011 sampling campaign comprised comprehensive sampling throughout the

catchment with negligible precipitation in the preceding four days.

The stable isotope signals at the two flumes differ slightly on 7 January 2011
(Figure 29), reflecting different mixes of water. The recorded isotope delta values
at Flume 1 are similar to that in the groundwater as reflected in the borehole
sample, BH. This is not surprising as there is a spring upslope of the first flume.
The isotope delta values at Flume 2 reflect a mixture of groundwater and possibly
hillslope water from preceding rain (a total of 20mm precipitation occurred during
the preceding 7 days). The isotope values at the Road Crossing and the Dam In
sampling stations are similar to those at Flume 2. However, further downstream,
samples at the Dam 1 Out and Dam 2 Out stations reflect the evaporation from
the reservoirs which occur between the Dam In and Dam Out stations. These

isotope values are highly enriched and are similar for Dam 1 and Dam 2 outlets.

5%H; 50 (°/oo)

January 2011
Q---- - 0.

20 A

----180 .

---o-- 2H \O\
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Figure 29.  Isotope transect results from the headwater Flumes
to the outlet at Bridge 2 for the event of 7 January 2011
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Figure 30.  Isotope &°H/5"0 ratios for the transect results for the event of 7
January 2011.

Downstream of the reservoir outlets, the isotope values at the Bridge 1 and
Bridge 2 stations reflect a mixture of upstream inflow from the impounded
tributaries as well as contributions from the land units between the reservoirs and
the Bridge sampling stations. The isotope ratios (Figure 30), can be used to
estimate the proportion of the discharge, at each of the Bridge stations,

emanating from local land units, downstream of the reservoirs.

First, it is assumed that the eastern, impounded tributary, upstream of Bridge 1
(Figure 23), will yield a similar evaporated isotope signal as that in the discharge
from the Dam Out stations (D10 and D20 in Figure 30). Next, the isotope values
of the contributing land units between the reservoir outlets and the Bridge stations

are assumed to be similar to the Flume 2 values.

Using the 6'®0 values a simple mass balance mixing model can be developed
with the end members as the combined discharge from the impounded tributaries
(Qpo); the contribution to stream flow of the land unit between the impoundments
and the Bridge stations (Q_y;) and the Bridge station discharge (Qgs and Qgy). For
the discharge at the first bridge station, this takes the form of:

36



QB1-5B1 = QDO-6DO+ QLU1 6LU1

Where:  8g; = 8'®0 value at the Bridge 1 station,
doo = 0'%0 value for discharge from both impounded tributaries and
Su1 = 6'°0 value for discharge from the sub-catchment (3.6km?)

between the most downstream reservoir and the Bridge 1 station.

Recognizing that Qg = Qpo + Quu1, the ratio of discharge from the contributing
sub-catchment to the total discharge at the Bridge station, can be expressed as a

function of the isotope ratios as in:

QLU1 — 551 _600

QB1 6LU1 - 6DO

For the sampling event of 11 January 2011, this ratio is 45%, which implies that
just less than half the discharge at Bridge 1 is generated from the 3.6km? sub-
catchment between the most downstream reservoir and the Bridge 1 station.
Similar estimates can be performed for the Bridge 2 station. These show that for
the 11 January 2011 sampling event, the contribution from the 13km? sub-
catchment between the Bridge 1 and Bridge 2 stations, comprises 71% of the
total discharge at Bridge 2 (Figure 30). Analysis of the remaining selected

sampling events yields the contributions listed in Table 4.

Table 4. Percent contribution of the sub-catchment between the
impounded ftributaries and the Bridge stations to total discharge.

Station Jan-09 Feb-09 Dec-09 Jun-10 Jan-11
Bridge 1 0.0 0.0 47 49 45
Bridge 2 36 53 22 34 71

The isotope values consistently show decreased evaporated signals at the Bridge
1 and Bridge 2 stations, reflecting the significant contribution from non-
impounded sources between the dams and the downstream reaches. This
progressive return of the isotope signal to the MWL indicates complete
connection between the contributing hillslopes and stream in the landscape
between the Dam Out and Bridge stations. This connectivity continues through
the base flow period, as reflected by the analyses for June 2010 where 49% of
the discharge at Bridge 1 and 34% of that at Bridge 2 are contributed by the
relatively small connected sub-catchments immediately upstream of the Bridge
stations (Table 4).
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3 SEDIMENT SOURCE DETERMINATION

3.1 Upland Sediment Sampling and Analysis

Sediment sources have been defined in geochemical fingerprinting studies in different
ways (e.g. by land-use category, geological unit, or tributary basin) depending on the
primary intent of the analysis. For this investigation, the sampling strategy was developed
to allow the data to be stratified (categorized) in different ways to determine the relative
contribution of sediment from six land-use categories and seven soil types, thereby
allowing an assessment of how each influence sediment production and availability (Table
5). A total of 73 samples were collected from upland areas in May, 2008 in order to
characterize sediment sources (Figure 31). The number of randomly collected samples in
each land-use category roughly corresponds to the area that it covers within the
catchment. Road samples were not use to calculate statistical properties of specific
soil types because of the degree to which the soils were disturbed. All of the sampled
upland sediments were obtained from approximately the upper 2 cm of the ground
surface. The sediments therefore represent the material most likely to be eroded
during a runoff event. In order to reduce field variance, subsamples were collected
from about 10 locations within a 5 m radius of the site and composited to create a

single sample.

Table 5: Summary of samples collected in May, 2008.

Land-Use Category | # samples Soil Type #
Samples

Pasture 10 Avalon 10

Pine Forest 2 Cartref 12

Roads 10 Clovelly 3

Sugar Cane 35 Glencoe 18

Vegetables 10 Katspruit 6

Wattles 6 Longlands 5
Westleigh 9

Total 73 Total 63

All of the upland samples were loaded into pre-cleaned sampling containers, which were
subsequently placed in plastic sampling bags, and shipped to the Nevada Bureau of Mines
and Geology in the U.S. for analysis. The samples were analyzed using a Micromass
Platform ICP-HEX-MS for major elements (e.g. Si, Al, Fe, Ca, Mg, Mn, Na, K, Ti, and P),
total acid-soluble trace metals and metalloids (e.g. Pb, Zn, Cd, Cu, Au, Ag, Se, As),

selected rare earth elements (e.g. Ga, Nb, La, Lu, Hf), and selected isotopes (e.g. ***Pb,
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26pp  27pp - 2pp)  Analysis involved the digestion of 200 mg of dried and
homogenized sediment, < 2 mm in size, in 125 mL polypropylene screw-top bottles
containing 4 mL of aqua regia. These were sealed and held in a 100°C oven for 60
min. As the bottles heated up, they were re-tightened every 5 minutes until they
remain tight (2 or 3 times total). The leaches were then transferred to 200 mL
volumetric flasks, brought up to volume and stored until analyzed by ICP-MS. With
respect to total elemental concentrations, the Platform was calibrated using USGS,
NIST, and in-house standard reference materials (SRMs). Reagent blanks and the
analyte concentrations for the SRMs were plotted against blank-subtracted integrated
peak areas. A regression line was fitted to this array of calibration points and the
equation of the line was used to quantify unknown sample concentrations. Deviation
of standards from the regression line was used to estimate analytical accuracy, which
was generally +/- 3 to 5 % of the amount present when determining total
concentrations. Replicate analyses were used to determine analytical precision,

which was generally < +/- 5 % for most elements. With respect to Pb isotopic

analyses, precision when comparing data from individual digestions was 0.2 to 0.3 %

@ Sampling Location
[ coring Location

Figure 31. Upland surface soil (circles) and profile (squares) sampling
locations.

relative deviation (one sigma) for 2°Pb, ?’Pb, and ?®®Pb. Instrumental precision was

better. Accuracy of isotopic measurements was assessed with the NIST 981 lead
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isotope standard. Accuracy was typically better than +/- 0.5%, and systematic

instrumental bias was corrected.

3.2 Delineation of Geochemical Fingerprints

An inherent assumption in the use of sediment mixing models is that the utilized elemental
fingerprints are conserved during transport. A comparison of the average concentrations
within the upland samples to the maximum concentrations in sediments collected from
cores in the downstream wetland and reservoir revealed that the upland averages were
often much higher for a number of elements (e.g. Ca, Mn, P, Cu, and Zn). The lower
concentrations within the wetland and reservoir sediments, observed even for silt- and
clay-dominated units, suggest that these elements were not conserved (i.e., elemental
mass was being lost from the system, presumably in the aqueous phase). Thus, not all of
the elements for which the samples were analyzed could be utilized as geochemical
fingerprints. Operationally, elements were removed from consideration as a fingerprint
when the average upland concentration was 10 % higher than the maximum concentration
observed within stratigraphic units of the wetland and reservoir cores. The remaining
elements were then utilized in a stepwise discriminate analysis to determine which
elements were effective at differentiating sediment sources. The results suggest that
effective fingerprints can be developed for sediment sources when defined according to

either soil type or land-use category (Table 46).

With respect to the soil type, eight elements were identified as fingerprints, including Ti, Cr,
Ga, Nb, La, Ce, Lu, and Hf. The majority of these are rare Earth elements which are
known to be highly immobile in freshwater systems with normal Eh and pH conditions.
The eight elements correctly classified 79 % of the samples (Table 5). The most
incorrectly classified samples were obtained from Cartref and Glencoe soils. Interestingly,
these soil types primarily resided within areas where the soils had been mapped at only a
1:100,000 scale. Thus, it is possible that some of the samples were incorrectly classified in

the field with regards to soil type.

The stepwise discriminate analysis was also carried out for sediment sources defined by
land-use. The selected parameters were the same as those used to differentiate soil types
(Ti, Cr, Ga, Nb, La, Ce, Lu, and Hf) (Table 6). Sediments collected from specific land-use
categories were incorrectly classified about a third of the time. The difficulty of correctly
identifying a particular land-cover may be related to two factors. First, once planted, cane

fields remain the dominate crop for several years at that location, some crop rotations do
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occur through time, particularly with corn. Crop rotations may potentially produce a mixed
geochemical signal with regards to land-use. Second, a given land-use category may be
underlain by several soil types, complicating its geochemical signature. In fact, when soil
type is added to the discriminate analysis as numeric values the ability to correctly classify

land-cover increases significantly (to 86 %).

Table 6: Discriminate Analysis Classification Matrix;(A) Soil Type; (B) Land-Use

(A) Number of Samples Classified per Soil Type %

Soil Av Cf Cv Ka Gc Lo We Correct
Type

Av 9 0 0 1 0 0 0 90
Cf 0 9 3 0 3 0 0 75
Cv 0 0 3 0 0 0 0 100
Ka 0 0 1 5 0 0 0 83
Gc 3 0 1 0 11 1 2 61
Lo 0 0 0 0 0 5 0 100
We 0 0 0 0 1 0 8 89
Totals 12 9 8 6 12 6 10 79

Av — Avalon; Cf — Cartref; Cv — Clovelly; Ka — Katspruit; Gc — Glencoe; Lo —
Longlands; We — Westleigh

Totals 9| 9| 5| 0| 3] 6| 12] 3|96
(B) Number of Samples Classified per Land Use Type %
Land- Sc Veg Wit Pine Rds Past Correct
Use

Sc 22 3 9 0 1 0 63
Veg 0 8 2 0 0 0 80
Wt 0 0 5 1 0 0 83
Pine 1 0 0 1 0 0 50
Rds 0 0 2 0 6 2 60
Past 0 0 2 0 1 7 70
Totals 23 11 20 2 8 9 67

Sc — Sugar Cane; Veg. — Vegetables; Wt — Wattles; Pine — Pine Grove; Rds —
Roads; Past — Pasture

3.3 Source Modeling Procedures

The complex processes involved in the erosion, transport, and deposition of sediment
ultimately result in a deposit that represents a mixture of material derived from multiple
source areas within the catchment. If the physical and geochemical properties of the
source area sediments are conserved during transport and deposition, then it is possible to
determine the relative contributions that each source contributed to the resulting mixture.
Total conservation of parameter values is rarely achieved in nature. Nonetheless, some

properties are generally conserved. This led to the development and subsequent
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modification of an empirically based, sediment mixing models that estimated the relative
contributions of material from different source areas (Yu and Oldfield, 1989, 1993; Foster
and Walling, 1994; Collins et al., 1997a, 1998; Kelley and Nater, 2000; Miller et al., 2005).
Recent studies, however, have questioned the validity of these mixing model results
because of the problem of equifinality, whereby similar goodness-of-fit values on
which the models are based can be generated by different combinations of
parameter (source) contributions (Beven, 1996; Rowan et al., 2000). In other words,
the derived solution of source contributions is only one of a subset of possible
statistically equivalent outcomes, in terms of relative error. During this investigation,
the original models were modified by Gail Mackin using MATLB to estimate sediment

source contributions while more fully characterizing the uncertainty in the models.

Constraints on the mixing model require that (1) each source type, (x,, j=1, 2,...n),

contributes some sediment to the mixture, and thus the proportions derived from n

individual source areas must be non-negative (0 < x, < 1), and (2) the contributions

from all of the source areas must equal unity, i.e.:

Zn:szl. (1)

In addition, some differences (error) between the values of the m measured

parameters, b, (i=1, 2, 3.....m), in the source area and the mixture must be allowed.

The residual error corresponding to the /" parameter can be determined as follows:
E =b —Zai/.xj (2)
j=1
for i=1,2,...m, where a; (i=1, 2, 3....m, j=1,2,...n) are the measurement on the

Y

corresponding /" parameter within the /" source area and X; is the proportion of the /"

source component in the sediment mixture. When the number of measured
parameters is greater than the number of source areas (m>n), the system of
equations is over-determined, and a “solution” is typically obtained using an iterative
computational method that minimizes an objective function using a gradient search,
thereby obtaining a best fit solution to the entire data set (Yu and Oldfield 1989).
There are several ways to obtain a best fit, but in previous studies, the objective

function, f, has taken the form of the sum of the relative errors where

f(x50X,) = D |€ /b| (Yu and Oldfield 1989) or f(x,,....x,) = (& /b,)" (Collins
i=1

i=1
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et al.,, 1997a). However, in the case where f is relatively “flat”, the gradient near

zero may halt an iterative search method prematurely.

We take an alternative route, following Rowan et al. [2000], and Nach and Sutcliffe

[1970], whereby we create the efficiency function

E(xl,...,xn) =1- m—2
> (b —d;)

i=1

where d, (i=1, 2, 3.....m), is the means of the " parameter over all source regions.
An ideal solution would result in £ =1 or 100% efficiency. We then create a partition
of all possible combinations of non-negative n-tuples (x,,...,x,)satisfying the unity
constraint (1), by increments of Ax=0.05. By evaluating E at each of the n-tuples,

we are able to determine the specific combination of X =(x,,...,x,)yielding the

maximum efficiency on the partition.

As Rowan et al. [2000] pointed out, the efficiency function E, has a maximum value
at x, but there may be a range of n-tuples having an efficiency within a specified
tolerance of the maximum efficiency. That is, there are a number of solutions that
are statistically equivalent. For example, using the data from WT-C1-1, the optimal
efficiency value was 0.9963 with the 50% of the contribution from cane, 25% from
corn and vegetable, and 25% from wattle groves. Yet we see that there is a range
for the proportion for each source that yields efficiency levels at the 0.95 level or

above.

3.4 Collection, Sedimentology and Analysis of Sediment Cores

Five cores were collected in 2008 from the Mkabela basin, including one core from
the margin of the upstream most reservoir (R1-C1); three cores from the wetland
(WT-C1, WT-C2, and WET), and one core from the hillslope (HS-1). Two additional
cores were collected in 2009 from sites along the axial drainage system (TB1, PB1).
All of the cores were shipped to the Nevada Bureau of Mines and Geology and
subsequently described, photographed, and sampled for geochemical analyses. The
samples were then analyzed for the same elements that were analyzed in the

surface soil samples.

43



3.4.1 WT1-C1

3.4.1.1 Core Location and Characteristics

Core WT1-C1 was obtained from approximately 40 m upstream of the wetlands
downstream terminus. The area is dominated by a relatively flat surface about 1 m
above a small channel that traverses the wetland. At the time of coring, the water
table was about 20 cm below the surface, but based on the vegetation, periodically

rises to ground level.

The core exhibits a total length of 122 cm. Stratigraphic relationships (Figure 32),
including the presence of a buried paleosols consisting of a light brown, very sticky,
gravelly clay loam, suggests that historic age sediment is 107 cm thick. A total of 17
samples, collected at 7 cm increments were obtained from the core for geochemical
analyses. Sixteen of the samples were taken with the historic deposits. No sample
was collected across stratigraphic a unit boundary; thus, the lower sample in each

unit is often slightly less than 7 cm.

3.4.1.2 Source Modeling by Soil Type

The soil source modeling shows that three distinct intervals are present in WT-C1
(Figure 33). Samples 10-16 (69.5-107 cm) are composed exclusively of Clovelly
(CV) and Katspruit (Ka) soil types. The relative contributions of Clovelly range from

10 to 70 %, and average 4.1 %; Katspruit ranges from 40 to 90 %.

Samples 7-9 (41.5-69.5 cm) are dominated by Katspruit (>60 %), with minor
contributions of Westleigh (We), Avalon (Av), Catref (Cf), and Longlands (Lo), in
three of the samples. The upper part of the core (samples 1-4) primarily consist of
Avalon, Katspruit, and Longlands soil types, with minor contributions of Glencoe (Gc)

and Westleigh.

Boundaries between the two of the major source intervals within the core roughly
correspond to stratigraphic unit boundaries. The boundary between mid-interval
(samples 7-9) and the lower interval (samples 10-16) imprecisely correlates with a
gradational stratigraphic boundary within the core. Moreover, source contributions
vary as a function of sediment grain size. Loamy sediments exhibit relatively high

proportions of Katspruit and Avalon soil materials, as would be expected from the
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fine-grained nature of these soil types. Sandy loams possess larger contributions of

Longlands and Clovelly, which tend to be sandier soils.
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3.4.1.3 Source Modeling by Land-Use Type

Core WT1-C1 can also be subdivided into three distinct intervals with respect to source
contributions modeled according to land-use (Figure 33). The three intervals correlate
precisely with the intervals denoted for soil type. Samples 10-16 are composed
predominantly of materials from cane (15-75 %) and vegetable (30-80 %) fields. The
samples also contain minor amounts of sediment from pastures (<10%). The intermediate
interval (samples 7-9) are dominated by sediment from vegetable fields (generally > 70%).
The interval also exhibits a notable increase in sediment from pastures (~10-25%), and
localized, minor amounts of material from roads and wattle-covered terrain. The upper 6
samples contain a wider range of source inputs, containing significant quantities of sediment
from vegetable fields, pastures, and cane fields, with lesser amounts of sediment from

wattle-covered terrain (Figure 33).

3.4.2 WT1-C2

3.4.2.1 Core Location and Characteristics

Core WT1-C2 was obtained from a flat surface about 1 m above the wetland channel,
approximately 250 upstream of the wetland’s downstream terminus. The location was
located about 15 m from the channel edge. The water table was about 20 cm below the

surface at the time of coring.

The core exhibits a total length of 112.5 cm. Sediments below 90 cm in depth have been
interpreted to pre-date historic deposition as they are heavily weathered, and exhibit
significant accumulations of clay (Figure 32). A total of 16 samples were collected from the
core at 7 cm increments. As was the case for the other cores, samples did not cross

stratigraphic boundaries.

3.4.2.2 Source Modeling by Soil Type

Core WT1-C2 can be subdivided into three intervals on the basis of sediment provenance
with respect to soil types (Figure 32). The lower most interval ranges from 78-90 cm
(samples 13-14), consists of a medium sandy loam, and possesses sediment from a variety
of soil types including Longlands (10-60 %), Glencoe (20-40 %), Cartref (0-30 %), Katspruit
(0-30 %), and Clovelly (0-10 %). The lower most interval of historic sediment is overlain by a
unit ranging from 62-78 cm (samples 11-12). This interval is dominated by sediment from
Clovelly (30-90%) and Katspruit (10-60 %) soils, with minor contributions from Avalon soils
(0-10 %). The majority of the core, ranging from 0-62 cm in depth), is dominated by
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sediment from Katspruit (80-90 %), with <20 % coming from Catref soils, expect in the lower

most sample. This latter sample contains sediment from Glencoe rather than Catref soils.

Changes in sediment source contributions correspond to stratigraphic unit boundaries. In
addition, the lower most units, containing larger quantities of Clovelly and Longlands soils
exhibit larger percentages of medium-sized sand, as might be expected from the sandy

nature of these soil types.

3.4.2.3 Source Modeling by Land-Use Type

The provenance of sediment within core WT1-C2 can be subdivided into two intervals which
closely, but not precisely, match the boundaries denoted for soils. The lower most historic
deposits (below 55.5 cm, sample 10) contain relative large percentages of sediment from
cane fields (Figure 33), whereas the overlying sediments are predominantly derived from
vegetable fields (>80 %) with lesser contributions from roads. Sample 10, located along the
boundary between the two intervals appears transitional in terms of source, consisting of
large amounts of sediment from vegetable fields (as is the case for the overlying deposits, as
well as minor amounts of sediment from cane fields and pastures (as is the case for the
lower deposits). Sample 10 also appears somewhat anomalous in-terms of the soil types

with which it is composed.

3.4.3 WET

3.4.3.1 Core Location and Characteristics

Core WET was collected from the lower end of the channeled wetland, some 600m upstream

of the reservoir (Figure 32).

The total length of Core WET is 130 cm, the upper 69.5 cm of which is thought to be of
historic age based on stratigraphic and geochemical data. A total of 18 samples were
collected at 7 cm increments, with the exception of the last stratigraphic unit, which was
sampled at 11 cm increments. None of the samples cross stratigraphic boundaries; thus, the

samples were obtained from a single stratigraphic layer.

3.4.3.2 Source Modeling by Soil Type

The historic sediments in Core WET can be subdivided into two predominate intervals in

terms of the soil types from which the sediments were derived (Figure 33). The lower most

sediments (37-69 cm, samples 7-10) are composed primarily of sediment from Avalon,
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Westleigh, and Katspruit soils, with minor amounts (10 %) of Catref and Longlands in sample
7. The upper most part of the core (from 0-30 cm) consists primarily of sediment from
Longsland soils, with lesser (~10 %) from Catref soils. Sample 6, which separates the two
intervals and which is found at the top of a stratigraphic unit, is highly anomalous, consisting

exclusively of sediment from Clovelly soils.

Interestingly, sampling intervals dominated by Longlands sediment generally consists of fine
sand (as might be expected), whereas those composed of Avalon derived sediment tend to

finer-grained, consisting of sandy loams.

3.4.3.3 Source Modeling by Land-Use Type

Changes in sediment provenance modeled by land-use sources closely parallel noted
changes in provenance assessed by soil type. The lower most sediments (37-69 cm,
samples 7-10) are composed primarily of sediment from pastures (15-70), and in decreasing
order, vegetable fields (5-70%), wattles groves (5-15 %), pine groves (0-15 %), cane (5-20)
and roads (0-10). The upper most part of the core (from 0-30 cm) consists primarily of
sediment primarily from cane fields (10-100 %) and wattles (45-85 %), with small amounts (5
%) from vegetable fields and pastures in sample 5. Sample 6, which separates the two
intervals and which is found at the top of a stratigraphic unit, consists exclusively of sediment

from cane fields.

3.4.4 R1-C1

3.4.4.1 Sample Location and Characteristics

Core R1-C1 was collected approximately 3 m from the edge of the first reservoir along the
main drainage in a low-lying area that is likely to be inundated during flood events. The
length of the core is 140 cm. The core was sampled at 7 cm increments for Pb-210 dating,
generating a total of 20 samples. For geochemical analysis, two samples of similar thickness
were collected for units more than 5 cm thick. A total of 21 samples were collected for

geochemical analyses. All of the sediment appears to be of historic age.

3.4.4.2 Source Modeling by Soil Type

Source modeling with respect to soil types suggests that the majority of the sediment within

the reservoir environment is derived from Longlands soil, with the exception of five, notable,

but thin horizons. Sampling intervals 18 and 21 at the bottom of the core is composed

exclusively of sediment from Katspruit type soils. The sampling interval from 60-73 cm
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(samples 13-14) contains 30-50 % Covelly soils material, in addition to Longlands. Thin
loamy fine sand to loam layers between 29.5 and 39 cm contain no definable sediment from
Longslands soils, but are dominated by Katspruit (sample 6) or a mixture of Katspruit,
Glencoe, and Clovelly (sampling interval 7). The upper most sediments also contain
significant amounts of Clovelly material, as well as Glencoe and Katspruit in the case of

sampling interval 1.

Intervals dominated by sediment from Longlands soils are dominated by fine to medium
sands. Layers consisting of loam or loamy sands contain less material from the sandy
Longsland soils, and more from the typically fine-grained Katspruit, Avalon, Glencoe, and

Clovelly sails.

3.4.4.3 Source Modeling by Land-Use

The majority of the sand dominated sediment within Core R1-C1 appears to have been
derived from cane fields. Fine-grained, loamy sediments (e.g. found in sampling intervals 1,
6, 7, 18, and 19) appear to have been derived primarily from vegetable plots. Figure 33 also
shows that there is a notable increase in the contribution of sediment from wattle groves
above 55.5 cm, as well as vegetables and roads, above 39 cm following a period of input

primarily from cane fields between 55.5 and 106 cm.

4 SEDIMENT DATING

Based on their stratigraphy and location, two cores (WT-C1 and R1-C1) were dated using
2%Pb. The analysis of ?'°Pb was carried out by Dr. Robert Flett (Flett Research Ltd.) located
in Winnipeg, Canada. Dr. Flett was also contracted to use the raw #'°Pb data model to age-
depth relationships within the cores. The results were then used to determine sedimentation

rates at the site.

2%Pb in the relatively fine-grained sediment of core WT-C1 was measurable and could be
used to determine both sediment age and sedimentation rates (Figure 34). However, the
21%Pp content of the sediment from R1-C1 was very low and irregular, showing no consistent
pattern. The chemical recovery of the ?*°Po isotope spike, needed to separated the amount
of supported and unsupported ?'°Pb in the sample, was unusually poor, indicating that the
sediment contain elements or compounds that are interfering with the distillation and/or
plating processes. However, the **Ra content of the deepest sediment samples (from
133-140 cm) was 3.05 DPM/g, very close to the ?'°Pb activity of 3.15 DPM/g. This indicates
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that the deep sediments are probably older than 100 yr. It is possible that all the sediments
are older than 100 yr (which we believe is very unlikely), or, they contain very limited
quantities of organic and fine sediment that typically sequester atmospheric '°Pb. The latter
is consistent with core descriptions (Appendix A), and the high dry bulk density measured for
the samples. In summary, then, it was not possible to confidently determine the date of
deposition of any of the sediments within the core from the reservoir's margin (R1-C1), other

than to suggest that the lower most materials are likely to be more than 100 years old.

In core WT-C1, '°Pb were also low. The single ?Ra measurement of 0.82 DPM/g in the
deepest section (at 112-122 cm depth), which based on stratigraphic data represent pre-
historic sediment, is similar to the 2'°Pb measurement of 0.60 DPM/g in the same section.
This suggests that background levels of 2'°Pb have been attained at 105 cm, and perhaps at
the shallower depth of 70 cm in the core. Depth-age relations were modeled using the

constant rate of supply (CRS) method for background values at both depths.
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Figure 34.  Estimated age of the sediments in Core WT-C1 as determined by *"°Pb
analysis. The slope of the line in age-depth plot represents the
sedimentation rate. Sedimentation rates/slope increase at above 41.2
cm, or after about 1992.

Age-depth relations for both models are similar for the upper 6 samples (last 20 years), but
progressively diverge after that (Figure 34). Data from both models indicate that
sedimentation rates within the wetland are relatively uniform until the end of the 1980s, at

which point sedimentation rates begin to increase significantly to the present.
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5. DISCUSSION: CONNECTIVITY AND CONTROLS OF SEDIMENT

A difficult question in the use of geochemical fingerprinting methods to determine sediment
provenance is the grain-size of the material that should be analyzed. Many investigators
focus only on the <63 um fraction because (1) it comprises a significant portion of the
suspended sediment load in rivers, (2) it generally represents the chemically active phase,
and (3) it is less effected by the dilution of chemical concentrations by relatively inert,
particles composed of quartz, feldspars, and, perhaps, carbonates. Analysis of only fine-
grained sediment is not, however, without its problems. Sand, in some cases, can comprise
a significant part of the suspended sediment load, and may dominate alluvial and/or reservoir
deposits. Such is the case in the Wartburg Catchment where the reservoir deposits are
composed almost exclusively of sand-sized particles. Some wetland deposits, such as those
found near the top of Core WET, are also composed of sand-sized materials. As a result,
documentation of sediment provenance within the catchment required an analysis of both the

silt- and clay-sized sediment and the sand-sized fraction.

Two approaches have been utilized when attempting to determine the provenance of both
fine- and course (sand-sized) sediment using geochemical tracers. First, the sediment may
be subdivided into a coarse- and fine-grained fraction, and analyzed separately. This
approach is rarely used because of its considerable effort and cost. Second, the bulk sample
is analyzed, and if necessary, a grain-size correction factor is included in the mathematical
mixing model to account for the possible effects of dilution. During this study, we utilized this

latter approach.

An examination of the core data collected from the wetland and reservoir shows that the
deposits exhibit significant spatial (depth, areal) variations in grain size. These variations
between process zones are dramatic. The upstream most reservoir within the catchment is
dominated by sand, as was mentioned earlier. The wetland, however, consists primarily of
loamy or sandy loam deposits. The observed variations in deposit grain size presumable
reflect changes in sediment source and the nature of the source materials, hydraulic sorting

of the sediment during transport and deposition, or a combination of the two.

The utilized sediment mixing model suggests that the nearly all of the sand-sized sediment
within the reservoir is derived from Longlands and, to a much lesser degree, Clovelly soils.
Both of these soil types exhibit sandy textures within the catchment (Le Roux et al., 2006).
They tend to be sandier than the clay-rich Westleigh or Avalon hillslope soils, and much
sandier than valley bottom soils such as clayey Katspruit soil (Le Roux et al., 2006). The

geographic distribution of Longlands and Clovelly soils has been mapped in detail for only
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the headwaters of the Wartburg Catchment. Here Longlands and Clovelly soils are located
along the eastern corner of the Catchment, and are shown to abut Cartref soils on the
1:100,000 soils map (Figure 7). ltis likely, however, that Longlands and Clovelly soils extend
further south beyond the region mapped in detail, and therefore underlay a majority of the
eastern hillslopes which drain into both the wetland and the reservoir. It appears reasonable,
then, that Longlands and Clovelly soils could in fact serve as the primary source of sand-
sized sediment within the reservoir, particularly given the relatively steep slopes (4-7 %)
upon which they occur. It is perhaps reassuring to note that near surface sediment from a
soil core (HS1) obtained from a hillslope underlain by Longlands was modeled to consist of

predominantly of Longlands derived sediment.

The hillslopes underlain by Longlands and Clovelly soils are primarily covered by sugar cane
fields. This is also consistent with the land-used based mixing model results which indicate

that the maijority of the sand-sized sediment was derived from cane fields.

Several loam textured layers occur within the reservoir core (R1-C1). These finer-grained
units were modeled to consist of sediment primarily derived from Katspruit, and to a much
lesser degree, Cartref, Glencoe, and Avalon soils. As would be expected, Katspruit soils are
rich in clay as are Avalon and Glencoe soils (although not to the degree of Katspruit soils),
(Le Roux et al., 2006).

The Katspruit soils are primarily covered by vegetable fields on relatively flat sections of the
valley bottom, and the land-used based modeling suggests that the loamy deposits within the
reservoir are primarily derived from vegetable fields, with minor contributions from roads
(with a clay-plinthic base) and cane fields (presumably underlain by Avalon or other clayey

hillslope soil).

Similar texture, soil type, land-use associations occur with all three of the cores obtained
from the wetland. These are particularly apparent for the lower portions of the historic
deposits. For example, core WT-C1 sediments below approximately 69.5 cm (sample 10
and below) exhibit a fine sandy loam texture. Modeling suggests the sediments were derived
from Katspruit soil (fine component) and Clovelly soils (sand component), covered primarily
by vegetables and cane, respectively (Figures 32 and 33). Finer grained deposits (loam
textured) between 41.5 and 62.5 cm (samples 7-9) Katspruit and Westleigh soils (both fine

grained) overlain by vegetables (including corn, which can be found on Westleigh hillslopes).

A detailed examination of the modeling results indicates that a significant change in sediment

source near the middle to top of the wetland and reservoir cores is superimposed on the

texture, soil type, land-use association. In Core WT-C1, the change in source begins at
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approximately 55 cm depth (sample 8) with a progressive increase in the contribution of
sediment from pastures, wattles, and, to a much lesser degree, roads. Avalon and
Longlands soil contributions also become more prevalent. The top of Core WET (above
sample 6) also exhibits an increase in the contribution of sediment from wattle groves, and
an increase in Longlands and Cartref (the latter of which underlies wattle groves). In Core
WT-C2, sediment above 62 cm (sample 10), the sediment is derived almost exclusively from
areas composed of Katspruit soils and vegetable fields, with a rather abrupt input of material
from roads. Further downstream in the reservoir, the change in source is characterized by

an increase in sediment from wattle groves, and an increase in sediment from Glencoe soils.

Interestingly, changes in sediment source coincide with a notable increase in sedimentation
rates in Core WT-C1, from approximately 0.67 cm/yr to 2.21 cm/yr. The ?'°Pb data suggest

that the change occurred between approximately 1988-1992.

The noted changes in sediment source may be related to (1) changes in land-use and crop
type through time, both in terms of the absolute area covered and their position on the
landscape, and (2) changes in management strategies. More likely, however, is that the
alterations are associated with a major alteration in the geomorphic connectivity of
headwater drainages to the wetland and reservoir further downstream in the catchment.
Discussions with a local sugar cane farmer stated that in the early 1990s, the lower half of
his fields were changed from maize to sugar cane (Zone A, Figure 35). This would have
involved contouring and water way development associated with cane, in order to limit
sediment yield off-site. In addition, the valley bottle upstream of the cored wetland
consistently flooded, resulting in the deposition of sediment in an area which he was
attempting to pasture. Thus, it appears that drainage across a road that limited flow into the
wetland was altered. More significantly, a ditch was excavated within the valley immediately
south of the road to downstream of the confluence of a tributary entering from the west and
which drains the wattle grove. The net result of the change was an increase in geomorphic
and hydrologic connectivity that allowed drainage from the fields within the headwater areas
of the catchment to be transported further downstream. The change appears as an increase
in sedimentation rates in Core WT-C1 as well as an increase in sediment from the wattles
and cartfer soils from the tributary, as well as road material that previously limited
downstream drainage. The increased contribution of sediment from pastures, present in

Core WT-C1, is probably due to bank erosion along the excavated ditch.

Core WT1-C2 exhibits a significant increase in sediment from vegetable fields underlain by
Katspruit soils, at the expense of sediment from cane fields. Given the conversion of corn
fields to sugar cane around 1990, the change in sediment provenance is surprising.
However, it may be related to better sediment control practices on the cane fields which
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Figure 35. Zones affecting sediment delivery to the wetland.

allowed a larger proportion of the sediment to be derived from the vegetable plots. It is also
important to remember that sediment source is texture dependent, so that the contribution of
sand-sized sediment from the cane fields was shown to increase as a result of the drainage
alteration within Cores WET and WT-C1.
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6. DISCUSSION: CONNECTIVITY AND CONTROLS ON NUTRIENTS

6.1 Nutrient and Suspended Solids Observations

The nutrient and suspended solids responses have been analysed in three ways:

- As a time series from January 2009 to January 2011,
- On a rainfall event basis and

- As transects from headwater to outlet for selected sampling events.

6.1.1 Nutrient Time Series Results

The time sequence of nutrient and suspended solids concentrations during 2009 and 2010
are shown for all stations from the catchment outlet (Bridge 2) to the headwaters (Runoff
Plots) in Appendix B1-2. Of note in these sequences is the significant drop in concentrations
of nutrients and suspended solids between the Flume 2 and Road Crossing or Dam 1 Out
stations, reflecting the barrier to nutrient and sediment flux afforded by the wetland and first
farm dam. Beyond the Dam 2 Out station, however, nutrient loads increase downstream as
reflected by the higher concentrations and the Bridge 1 and Bridge 2 stations in Figure 36.
The analysis of isotopes in Chapter 2 verifies that the source of this increase in nutrient load
originates from the sugar cane hillslopes between the reservoirs and the Bridge stations and
the lack of load reduction in the predominantly bedrock channel. The wetland upstream of

Bridge 2 also, does not seem effective in reducing loads.

Also of significance is the apparent lack of relationship between suspended solids and P
concentrations (Figure 37). This gives credence to the notion that much of the P load may be
organic and that P appears to have a significant subsurface pathway. Examination of the
instantaneous profiles of nutrient and suspended solids concentrations from headwater to
outlet (Appendix D1 and D2), however, show some correlation between the suspended
solids and P concentrations. This suggests that the suspended solids-P relationship may

depend on event intensity and thus transported particle size fraction.

In general, the concentrations of NO; and P are lower in the dry season than in the wet,
although concentrations vary greatly during rainfall events. However, the range of NOj
concentrations in the groundwater, 5-25 mg/l, (Appendix B2.2.3), is similar to that observed
in the time series at Bridge 2, 5-16 mg/l, (Appendix 2.2.1), suggesting that the dominant

contributions to stream flow NOs are subsurface.
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Figure 36.
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Figure 37.

Rainfall and suspended solids responses for Bridge 2 (top), Bridge 1
(middle) and Dam 2 Out (bottom) for 2009, showing the relationship

between P and Suspended Solids (right).
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6.1.2 Nutrient Event Results

Results of the nutrient (NO3; and P) and suspended solids responses to the 28 February 2009
high intensity rainfall (51mm) and the 10 January 2009 low intensity rainfall (27mm) events

are shown in Figures 38 and 39 respectively.

It is clear that the 51mm event results in a significant contribution of nutrients and sediments,
with concentrations increasing during the event. Unfortunately the automatic sampler at the
Flume 2 station had not been serviced for four weeks and the last sample in the container
(24™ sample) was taken at the peak of the runoff event (Figure 38 left). Nevertheless, the
increase in concentrations is similar to those observed at Flume 1. Of note, in the event
observed at Flume 1, is the double peak of the nutrient and suspended solids during the
event, which mimics the double discharge peak. However, the nutrient and suspended

solids concentration peaks lag the runoff peaks by about one hour.

No significant increase in either nutrients or sediment concentration is observed during the
moderate event of 10 January 2009 (Figure 39). Again, there is only one sample at both
flumes during the event, but concentrations are similar to background values and are much
lower (almost 10 fold) than during the 28 February 2009 event. These results, again, reflect
connectivity thresholds for sediments and nutrient delivery which are dependant on event

depth and intensity.
The nutrient and sediment concentrations are diluted by event water between Dam 1 Out

and Dam 2 Out stations during the 10 November 2010 event, (Appendix C4.3), but beyond

this, local sub-catchment contributions are evident at the Bridge stations (Appendix C4.4).
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6.1.3 Nutrient Transect Results

The water quality data show an interesting drop in sediment and associated P

concentrations between the runoff plot, RP1 and the first flume, Flume 1 for an event of

7 January 20111 (Figure 40).
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Figure 40. Concentrations of nutrients from headwater to outlet for the event

of, 7 January 2011.

This is associated with the dilution of the runoff with subsurface water between the
runoff plots on the upper slopes and the flume, down slope of the emergence of a
subsurface seepage zone. Interestingly, however, the sediment concentration
continues to drop between the first and second flume, while the P (and NOs)
concentration increases. This could be due to further subsurface sources
contributing nitrate and phosphate (Deasy et al., 2007). Sediments and NO; are
clearly retarded in the wetland and reservoir between the Flume 1 and Dam Out
stations. Loading of sediments and nitrates increases beyond Dam Out, reflecting
contributions from the sugar cane land use between the Dam Out station and the

outlet of the catchment.

A complete set of nutrient responses along the stream network for selected events

is presented in Appendix D.
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6.2 Nutrient Processes through Trace Element Observations

Several trace elements were excluded as geochemical tracers because of their non-
conservative nature, but provide useful information regarding the downvalley transfer
of sediment and nutrients within the catchment. The two of most importance are

copper (Cu) and Zinc (Zn).

Both elements are contained in fertilizer known to have been used on vegetable fields
within the catchment. In fact, the utilized fertilizer is reported (on its bag) to contain 2.5
% Zn. The potential impact of the fertilizer on Zn concentrations in the soil is illustrated
by comparing the amount of Zn within pasture and vegetable fields underlain by the
same soil type (Katspruit). The pasture samples exhibit a mean Zn concentration of
3.58 ug/g, compared to a concentration of 139 ug/g for the vegetable plots, the latter
higher by two orders of magnitude (Figure 41). In addition, Zn concentrations with
soils of the vegetable plots are much higher than is typically found in uncontaminated
bedrock (16-105 pg/g) or soils (60 pg/g), (Turekian, 1971; Buonicore, 1996; Miller and
Orbock Miller, 2007). Similar trends are found for Cu, although differences are
between background materials and the vegetable plots are not as significant (Figure
41). Cu and Zn concentrations are also very strongly correlated for the core samples,

suggesting that they were derived from the same source (Figure 42).

Cu and Zn concentrations within the wetland cores vary systematically with depth, but
the trends are distinctly different (Figure 43). Variations in observed trends can be
explained, however, by differences in sediment provenance. In Core WT-C1, for
example, both Cu and Zn concentrations increase from the bottom of the core toward
the surface (from samples 16 to 7). The concentrations then abruptly decrease by a
factor of 5 before remaining relatively constant until reaching the ground surface. The
change in concentration is coincident with the observed increase in sedimentation
rates (discussed early), and a change in sediment source. More specifically, Zn and
Cu concentrations tend to increase as contributions from vegetable fields increase, and
decrease as contributions from pastures and cane fields increase (compare Figures 43
and 34). The influence of sediment provenance on Cu and Zn concentrations within
the cores is illustrated more directly in Figure 44. Although the trends are weak and
numerous outliers exist, there is a clear tendency for Zn and Cu concentrations to
increase as the modeled contribution of sediment from vegetable fields increases,
whereas indirect relations exist for cane and pasture. The dramatic decrease in

concentration above sample 7 in Core WT-C1 can therefore be explained by (1)
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increasing contributions of sediment from pasture and cane fields, and (2) higher rates
of sedimentation which presumable exacerbated the effects of dilution on Cu and Zn

concentrations.

In contrast to Core WT-C1, contributions of sediment from vegetable fields in Core
WT1-C2 increase toward the surface (decreasing age) above sample 12 (Figure 43).
As expected from the above paragraph, concentrations of Cu and Zn increase as the
contributions of sediment from vegetable fields increase. It is also notably that the
lowest Cu and Zn concentrations are associated with sample 12 which the source

model suggests contain the most sediment from the cane fields.

The indirect relationship between Cu and Zn concentrations and the relative
contribution of sediment from pastures is understandable, but it is surprising with
regards to cane fields given the relatively high mean concentrations calculated for Cu
and Zn for the upland samples (Figure 41). The mean values, however, vary widely
across the cane fields, in part, as a function of soil type. High Cu and Zn
concentrations in the upland areas are associated with Cartref and, to a less degree,
Avalon soil types. They are also high in Katspruit soils which underlie the vegetable
plots that were fertilized (Figure 41; Katspuit soils underlying pastures were not
included in the calculations). Low Cu and Zn are found in Westleigh, Clovelly, and
Glencoe soils. Longlands soils exhibit very high Cu concentrations, but very low Zn
concentrations. It is possible, then, that sediment from the cane fields within the
wetlands was primarily derived from those soil types (or areas) possessing low Cu and
Zn values; specifically, Westleigh, Clovelly, Glencoe, Katspruit (in pastures) and, for
Zn, Longlands soils. Outliers on Figure 44 (high Cu and Zn with no significant input of
sediment from vegetable fields, and high Cu and Zn with high input from Cane fields
and pastures) is presumably related to the influx of sediment to the wetland from cane

fields with high Cu and Zn concentrations.
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Figure 41. Mean concentrations of Cu and Zn calculated for upland
soil (a) and land-use (b) types. Note that the mean
shown for Katspruit soils does not include samples from
pastured areas.

Cu and Zn concentrations in general tend to be much high within cane fields than
within pastured areas where Zn enriched fertilizers presumably were not utilized. Cu
and Zn concentrations are also higher within the cane fields than is typically found in
bedrock. The data suggest, then, that the fertilizers used on the vegetable plots were
also used on cane fields, or alternatively, used on corn fields which were then

converted into cane fields.
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Figure 42. Relationship between Cu and Zn concentration with
wetland and dam (reservoir) core samples.

The difference in Cu and Zn concentrations in Longlands soils is interesting as the
parent material for it is thought to be the same as that for the other soil types in the
catchment (Natal Group Sandstones). Moreover, if the high Cu concentrations
consistently observed for Longlands soil samples were related to fertilizer, high Zn
concentration would also be expected as shown on Figure 42. It is unclear at this time
why such large differences exist, when they do not for the other soil types. It is
possible, however, that the sandy nature of Longlands soils, combined with their
occurrence on relatively steep slopes, allowed the more mobile Zn to be leached from

the sampled surface sediments.

Figure 45 shows that Cu and Zn concentrations are relatively low from the bottom of
the core (R1-C1, Sample 21) to Sample 9. Concentrations of both above sample 9 are
generally 3 to 5 fold higher. The change in concentrations is roughly coincident with
the modeled change in sediment provenance that was attributed earlier to the
construction of a drainage ditch through an upstream wetland. In other words, the
higher Cu and Zn concentrations appear to result from an increase in system
connectivity and the capacity for sediment derived from headwater vegetable fields and
other sediment sources to be transported downstream through the wetlands and to the

reservoir.

Interestingly, Cores WT1-C2 and B2WTC1 exhibit similar variations in Cu and Zn
concentrations to that observed for approximately the top third of R1-C1 (Figures 43,
45). Concentrations are high at the surface and then systematically decrease with
depth before increasing further down core. The primary difference is that the abrupt

decrease in Cu and Zn concentrations observed at depth within Core R1-C1 is not
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present in the other two cores. The zone of relatively low Cu and Zn concentrations
corresponds sedimentologically to layers containing significant amounts of sand-sized
sediment which the source modeling indicates was derived in part from cane fields.
The Cu- and Zn-enriched horizons are finer-grained and derived predominantly from
vegetable plots in Cores WT1-C2 and R1-C1 (source modeling was not performed on
Core B2WTC1 because it was located well downstream of the sampled upland
sediment sources). The similarities in concentration with depth suggest that all three
locations, spanning the entire study catchment, received similar contributions of
sediment from the various sources. It therefore appears that following the construction
of the upstream drainage ditch through the upstream most wetland, the axial drainage

network was geomorphically and hydrologically connected.
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Figure 43. Variations in Cu and Zn concentrations with depth
in wetland cores WT1-C1 and WT1-C2.
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Figure 45. Variations in Cu and Zn concentrations with depth
in wetland cores R1-C1 and B2WTC1.

From a process oriented perspective, the combined data set suggests that during
periods of low-runoff/discharge, fine-grained sediment eroded from vegetable fields
underlain by fine-grained soils (e.g. Katspruit) were delivered to the axial drainage and
transported downstream through the catchment (Figure 46). Very little of this fine
sediment was deposited and stored with the reservoir, indicating that the dams had
little impact on the storage of silt- and clay-sized particles during most events. This is
not necessarily surprising given that water overflows the dams during periods of
surface runoff. Apparently, cane fields, underlain by sandier materials, are not
significantly eroded during these relatively low-magnitude events or, alternatively, what

sediment is eroded, is redeposited on the hillslopes as a result of the utilized
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Figure 46. Schematic diagram of the primary processes occurring in each of
the three delineated subcatchments, and the variations in
sediment size and source from varying runoff magnitudes.

management practices. During larger runoff/discharge events, sediment is not only
eroded from the valley bottom sediment sources, but from sandier hillslope soils
covered largely by sugar cane. The sandier sediments, exhibiting lower elemental
concentrations, tended to dilute the concentrations of Cu and Zn within the wetland
and reservoir sediments, and produce relatively coarse-grained wetland and dam
(reservoir) deposits. Although a larger quantity of sand-sized material was deposited
and stored in the reservoir, the sand-sized fraction also appears to have been
transported downstream at least until reaching the riparian wetlands located at coring
site B2ZWTCH1.

In spite of the fact that Core B2WTC1 is 1.79 m long, it does not appear that sediments
pre-dating the construction of the drainage ditch were reached as Cu and Zn
concentrations were not observed to abruptly decrease as in Core R1-C1. Thus, as
suggested during the discussion of the various process zones, alluvial reaches
characterized by extensive riparian wetlands appear to be a significant site for
sediment and nutrient storage. In fact, if it is assumed that the bottom of the core
represents the time at which the drainage ditch was constructed, then the average rate

of sediment deposition at the site was 9.47 cm/year, an extremely high value.
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7. CONCLUSIONS AND RECOMMENDATIONS

The combined process zone NPS delivery analysis resulted in the following

conclusions:

(1) The study catchment is composed of a series of distinct process zone types, each
characterized by differences in their ability to produce, transfer, and store sediment.
The nature and spatial arrangement of the process zones within the basin show that it
can be subdivided into three subcatchments, referred to here as upper, mid- and lower
subcatchments. The three subcatchments differ in their tendencies to transport and

store sediment and nutrients.

(2) The construction of a drainage ditch through the upstream most wetland
significantly altered the geomorphic and hydrologic connectivity of the catchment.
Prior to its construction, sediments (and the nutrients that they carry) were largely
deposited within wetlands which encompassed a majority of the valley floors within the
upper catchment. Sediments delivered to the mid-catchment area were generally
transported downstream as a result of confined flows and steep channel gradients
which often include bedrock reaches. There is very little storage within the reach,

except within local dams.

(3) Following construction of the ditch across the upper most wetland, sediments could
be transported from the headwaters of the catchment, through downstream wetlands
and dams (reservoirs) and to a low-gradient alluvial channel boarded by an extensive
riparian zone. Thus, the axial drainage system is geomorphically and hydrologically
connected during most events throughout the study basin. However, current rates of
sediment deposition within the downstream most riparian wetlands is extremely high,
approaching 10 cm/yr, suggesting that this reach limits the further downstream

movement of sediment.

(4) The complex interactions between runoff, soil type and characteristics, and land-
use (among other factors) appear to create temporal and spatial variations in sediment
provenance. Silt- and clay-rich layers found within the wetland and reservoir deposits
appear to have been derived from the erosion of fine-grained, valley bottom soils which
are frequently utilized as vegetable fields. The deposits tend to exhibit elevated

concentrations of Cu and Zn, presumably from the use of fertilizers which contain both
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elements. Coarser-grained deposits within the wetland and reservoir presumably
result from the erosion of sandier hillslope soils extensively utilized for sugar cane.
Erosion of these upland cane fields presumable occurs during relatively high
magnitude runoff events that are capable of transporting sand-sized sediment off the
slopes, and which create dam (reservoir) deposits lacking significant quantities of silt-
and clay-sized particles. Therefore, sediment source, as might be expected, varies as

a function of runoff magnitude.

(5) Sediment source determination on multiple cores from the wetland demonstrated
that sediment partitioning during transport not only produced deposits of varying
sedimentological and chemical characteristics, but deposits consisting of sediment
from different source areas. As a result, within highly variable depositional
environments, multiple cores should be collected and analyzed to determine sediment

provenance.

(6) The nutrient (N and P) transport in the catchment mirrors the sediment migration
through the channel system. However, the relationship between sediment and P is
poor, suggesting that much of the P transport in contributing hillslopes is in the
dissolved phase and likely occurs subsurface during recession and low flow

sequences.

(7) The first reservoir in the monitored network (Dam 1) is effective in retaining event
water from connecting with the downstream network. However, increased nutrient and
sediment loads from the reservoir during these events suggest a disturbance and

release of resident nutrients and sediments from the reservoir.

(8) The loads of nutrients between Bridge 1 and Bridge 2 stations reflect the bedrock
control, where contributions from sugar cane hillslopes between these stations are not

retained, even in the short wetland upstream of Bridge 2.

(9) Stream discharge and consequent NPS-P from the two impounded tributaries is
limited by the storage afforded in these impoundments. The contributions of event
water from the upper 70% of the catchment often comprise less than 50% of the

discharge at the Bridge 1 and Bridge 2 stations.
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(10) The dominant contribution mechanism for nutrients in the landscape appears to be

in the subsurface, in lateral discharge in the intermediate layer between the sandy soil

and bedrock.

(11) Event water, carrying high nutrient loads, dominates the responses at the field

scale, while low flows reflect the groundwater concentrations of N and P.

It is recommended that:

(M

2

3)

“4)

)

Sediment fingerprinting and dating are further developed to determine the
connectivity and depositional history of deposits in the lower part of the Mkabela

catchment.

Specific indicators of nutrient migration are identified and sampled in the
sediments of the wetlands and reservoirs throughout the catchment to determine

their sources, pathways and associations with sediments.

Detailed experiments are conducted to determine the mobility of P in the

subsurface.

Sampling of nutrients, suspended solids and stable isotopes should continue, but
the frequency of sampling increased during rainfall events so that the
connectivity from headwaters to outlet can be assessed. Selected geochemical
species should be added to the sample analyses to better identify sources,

pathways and travel times.

Modifications to the use of simulation models require detailed use of GIS
mapping and on-site truthing to identify the types of controls and connectivity
features identified in this study. The techniques of hydropedological delineation
of typical hillslope response types should be further improved and tested against
hillslope monitoring of water and nutrient movement. Algorithms for sediment
trapping and nutrient exchange mechanisms in control features have been widely
developed and applied and these should be judiciously selected and introduced
in new algorithm developments. Modifications to model algorithms will also
require features for simulating threshold responses in hillslope and streams to

mimic the connectivity features identified.
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Table A1. Samples collected from cores during the excursion of 28-30 May 2008 and 3

June 2008 (WET samples).

Core samples

Name Depth
R1-C1-A 0-22
R1-C1-B
R1-C1-C
R2-C1-D 87 -117
R1-C1-E 117 -140

WT1-C2-A

WT2-C1-B

WT1-C2-C 0-99
WT1-C2-D 99 -130
WT1-C1-A 0-33
WT1-C1-B

WT1-C1-C 46 -98
WT-C1-D

WET4 0-340

WET4 340 -660

WET4 660 -1000

WET4 1000 -1300

WET4 1300-1310

HS1 0-340

HS1 340 -600
HS1 600 -980
HS1 980 -1050

03-Jun-08
03-Jun-08
03-Jun-08
03-Jun-08
03-Jun-08
03-Jun-08
03-Jun-08
03-Jun-08
03-Jun-08

mineralized sandstone from vegetable patch

03-Jun-08

79



Table A2 Samples collected from the surface during the excursion of 28-30 May 2008.

Bottled Samples

Name Land Use Soil name Land Use Soil

Av-1 Cane Avalon Rd 1 Road

Av-2 Cane Avalon Rd 2 Road

Av-3 Cane Avalon B-1

Av-4 Cane Avalon B-2

Av-5 Cane Avalon B-3

Av-6 Cane Avalon B-4

Av-7 Cane Avalon B-5

Av-8 Cane Avalon B-6

Av-9 Cabbage Avalon B-7

Av-10 Veg. Bare | Avalon B-8

Wit-1 Wattle B-9

Wit-2 Wattle B-10

Wit-3 Wattle C-1 Cane

Wit-4 Wattle C-2 Cane

Wt-5 Wattle C-3 Cane

Wt-6 Wattle C-4 Cane

We-1 Cane Westleigh C-5 Cane

We-2 Cane Westleigh C-6 Cane

We-3 Cane Westleigh C-7 Cane

We-4 Corn Westleigh C-8 Cane

We-5 Cane Westleigh C-9 Cane

We-6 Veg, bare Westleigh C-10 Cane

We-7 Corn Westleigh C-11 Cane

We-8 Corn Westleigh C-12 Cane

We-9 Veg, bare Westleigh C-13 Cane

Lo-1 Cane Longlands C-14 Cane

Lo-2 Cane Longlands Ka-1 Corn Katspruit

Lo-3 Pasture Longlands Ka-2 Corn Katspruit

Lo-4 Cane Longlands Ka-3 Corn Katspruit

Lo-5 Cane Longlands Ka-4 Cane Katspruit
Rd 1 (3-Jun-2008) Road Ka-5 Cabbage Katspruit
Rd 2 (3-Jun-2008) Road Ka-6 Cabbage Katspruit
Rd 3 (3-Jun-2008) Road CD-1
Rd 4 (3-Jun-2008) Road CD-2
Rd 5 (3-Jun-2008) Road Cv-1 Cane Clovelly
Rd 6 (3-Jun-2008) Road Cv-2 Cane Clovelly
Rd 7 (3-Jun-2008) Road Cv-3 Cane Clovelly
Rd 8 (3-Jun-2008) Road Bf-1

T-1 tillite Bf-2
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B1
B1.1

B1.2

B2
B2.1

B2.2

B3
B3.1

B3.2

APPENDIX B

Time Series: Suspended solids, Nutrient and Isotope

Suspended solids

Suspended solids time series 2009

B1.1.1 Bridge 2, Bridge 1 and Dam Out

B1.1.2 Road crossing, Flume 2 and Flume 1

B1.1.3 Runoff plot 1, Runoff plot 2 and Groundwater
Suspended solids time series 2010

B1.2.1 Bridge 2, Bridge 1 and Dam Out

B1.2.2 Road crossing, Flume 2 and Flume 1

B1.2.3 Runoff plot 1, Runoff plot 2 and Groundwater

Nutrients

NO; and P time series 2009

B2.1.1 Bridge 2, Bridge 1 and Dam Out

B2.1.2 Road crossing, Flume 2 and Flume 1

B2.1.3 Runoff plot 1, Runoff plot 2 and Groundwater
NO; and P time series 2010

B2.2.1 Bridge 2, Bridge 1 and Dam Out

B2.2.2 Road crossing, Flume 2 and Flume 1

B2.2.3 Runoff plot 1, Runoff plot 2 and Groundwater

Isotopes

Isotope time series 2009

B3.1.1 Bridge 2, Bridge 1 and Dam Out

B3.1.2 Road crossing, Flume 2 and Flume 1

B3.1.3 Runoff plot 1, Runoff plot 2 and Groundwater
Isotope time series 2010

B3.2.1 Bridge 2, Bridge 1 and Dam Out/Dam In
B3.2.2 Road crossing, Flume 2 and Flume 1

B3.2.3 Runoff plot 1, Runoff plot 2 and Groundwater
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Figure B1.1.1 Rainfall and Suspended solids for 2009 at the monitoring
stations: Bridge 2 (top), Bridge 1 (middle) and Dam Out (bottom)

showing Suspended solids-P relationship (right).
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(bottom) showing Suspended solids-P relationship (right).
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(right).
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Figure B1.2.1 Rainfall and Suspended solids for 2010 at the monitoring
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showing Suspended solids-P relationship (right).
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Figure B1.2.2 Rainfall and Suspended solids for 2010 at the monitoring
stations: Road Crossing (top), Flume 2 (middle) and Flume 1
(bottom) showing Suspended solids-P relationship (right).
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(right).
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Figure B2.1.2 Rainfall, and NO; and P responses for 2009 at the monitoring
stations: Road Crossing (top), Flume 2 (middle) and Flume 1
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APPENDIX C
EVENTS : RAINFALL, RUNOFF and WATER QUALITY

EVENT 1: 10 January 2009
C1.1 NOs,, P and sediments: Flume 1 and Flume 2

C1.2 Isotopes: Flume 1 and Flume 2

EVENT 2: 28 February 2009
C2.1 NOs;, P and sediments: Flume 1 and Flume 2

C2.2 Isotopes: Flume 1 and Flume 2

EVENT 3: 26 January 2010
C3.1 NOs3;, P and sediments: Flume 1

C3.2 Isotopes: Flume 1 and Flume 2

EVENT 4: 10 November 2010

C4.1 NO;, P and sediments: Flume 1 and Flume 2

C4.2 NOj;, P and sediments: Road Crossing and Dam In
C4.3 NOs;, P and sediments: Dam 1 Out and Dam 2 Out
C4.4 NOj;, P and sediments: Bridge 1 and Bridge 2
C4.5 Isotopes: Flume 1 and Flume 2

C4.6 Isotopes: Road Crossing and Dam In

C4.7 Isotopes: Dam 1 Out and Dam 2 Out

C4.8 Isotopes: Bridge 1 and Bridge 2
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D1

D2

D3

APPENDIX D
WATER QUALITY EVENTS: STREAM TRANSECTS

SUSPENDED SOLIDS
D1.1 Suspended solids transect January, February and December 2009

D1.2 Suspended solids transect June 2010 and January 2011

NO; and P
D2.1 NOj; and P transect January, February and December 2009
D2.2 NOj;and P transect June 2010 and January 2011

ISOTOPES
D3.1 Isotopes transect: January and February 2009
D3.2 Isotopes transect: December 2009 and June 2010

D3.3 Isotopes transect: January 2011
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Figure D1.1 Suspended solids concentrations in the stream network for events in January
2009, February 2009 and December 2009.
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June 2010
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Figure D1.2 Suspended solids concentrations in the stream network for events in June 2010
and January 2011.
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Figure D2.1 NOj; and P concentrations in the stream network for events in January 2009,

February 2009 and December 2009.
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June 2010
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Figure D2.2 NOj; and P concentrations in the stream network for events in June 2010 and
January 2011.
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APPENDIX E
BOREHOLE TIME SERIES

E1 NO; and P (2010-2011)

E2 ISOTOPES (2010-2011)
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