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ABSTRACT

The effects of changes in climate or landscape on wetlavgystems in drier regions need to

be considered within the context of natural processigsirological processes are a key
component in the development and maintenance of wetlands. The source of water, for
instance, can determireewetlands vulnerability © a changing landscape and environment.

To understand these integrated processes and functions, the genesis dodyhpélelarge
natural mire (1462 ha), located in the subtropical eastern part of South Africa has been
studied, with a focus on peat é¢dopment, surface and groundwater exchanges and the water

balance of the mire

Mfabeni Mire is a groundwater dependant ecosystem that was formed in the Late Pleistocene
and continued to develop during the Holoceltge basapeat of the mire was datedcat 44

000 cal years Before Presaitadepth of 9.9 mThe average accumulation rate during the

Late Pleistocene was 0.15 mm/year and during the Holocene it was higher at 0.3 mm/year.
Despite climate change over this period, peat formation has hardly ibesrupted,
suggesting that the system has been able to almost continuously sustain peat formation
processesThe infilling of a northsouth paleevalley with peat (11 m) resulted in a reduction

in permeability for eastwartlowing groundwater, which faes a rise of the groundwater as

peat accumulated. This set of circumstances created a consistent and permanent discharge of
groundwater into the peatland, allowing for the uninterrupted formation of peat over an
extended period. Wetlands with inputs framgional groundwater sources are buffered
against climatic variability, and are therefore less vulnerable to changes in climate. Mfabeni
Mire is an example of such a dynamic ecosystem that is presently adapting, as in the past, to a

changing environment.

Wetlands are an integral part of the hydrological cycle and their position in the landscape
determines their contribution in regulating flow to downstream ecosysfEnes average

rainfall for the Mfabeni peatland was determined over a period of 48 manthsas 942

mm/year compared to the long term annual averade3®4 mm/year (1961 to 1989) at the

coast (Wejden, 2003)The streamoutflow of Mfabeni responds rapidly to larger rainfall
events (040mm) and | ow fl ow witlea relatdedy lowoi nci
baseflow 860 m%/day) sustained by groundwater inputs from the western inland .diihes

annual flow is more tha2 orders of magnituddéess than the long term annual average

rainfall indicating the importance of evapotranspiration and groundwater losses in the system.
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Direct rainfall on the fen due to its relatively large size is important and together with
groundwagr inflows these water inputs maintain a high water level in the fen (80% of the
time less than 0.4 m below surface), with the surface inundated 2® % of time.
Groundwaterefflux from the western inland dunes provides substantial recharge towards
Mfabeni at the swamp forest on its western boundarile coastward hydraulic gradients
from the dune complex through the wetland are evid&inthe swamp forest the discharging
water has a similaiH - ™0 ratio than the groundwater from the western inlandes.
However, only a small portion of groundwater from the inland dunes is flowing through the
mire towards the coast in the eddtwever, a more likely alternative is that rainwater (the
dominating influx into the systenirom the sedge fen rechargethe eastern margin of the

fen tothe eastern dunes. In these dunedithie- (%0 line follows similar slopes (i.e. having

an evaporation signature) to fen waters, suggesting that evaporatively enriched water from
the fen enters the eastern dune at the maidie. major portion of groundwater from the
inland dunes is forcedtdischarge southwards into Lagé Lucia due to the plug effect of

the lesser permeable peat in Mfabeni Miretss hydraulic conductivity of the peat (1o

10° cm/s) is more than an order of magnitude less than in the duriéso(10° cm/s).The
surface flow and subsurface flow along the surface gradient are more critical in keeping the
peatland wet and maintaining its functions as the groundwater contribution thhsugbkat

are limited due to the very low hydraulic conductivity of the deepeemecomposed peat.

Based on its water balance, Mfabeni Mire is, primarily functioning as a control mechanism of
the regional water table in order to maintain wetness of the accumulated peat within the mire.
Groundwater inflow (at 14 mijx 2%] of the yealy water balance) is therefore an important
component, not only in developing, but also in maintaining peatland integrity by ensuring
waterlogged and anaerobic conditions in drier periods. The groundwater outflow is an
insignificant component (0.3 mm/yeagmpared to the othevater balanceomponents. The
annual outflow through the Nkazana stream was 9 mm/year with storage accounting for 3
mm/year. Evapotranspiration losses from the system are the largest component of the
Mfabeni Mire water balanc€1053 mm/year) and have exceeded rainfall (1031 mm/year)
during the period of monitoring by 22 mm (2.1% of the rainfall). The swamp forest

evapotranspiration rates were higher than the sedge/reed fen contributing 34% of

evapotranspiration whilst only covering®8 of Mf abeni Mireds surf ace
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In conclusion, the majority of thgroundwaterdischarged into Mfabeni Mire was lost to
evapotranspiration, and the Nkazana stream, although perennial, is characterised with
persistently low flows during dry periods, providirsg freshwater refugia for plant and
animals at the inflow to Lak8t. Lucia. However, the value of Mfabeni Mire is more likely

in dampening climate turbations, thereby contributing to stegdoemdwaterconditions in a
landscape where seasonal changg langterm drier periods are major ecological drivers.

This creates also a more stable environment for adjacent ecosystems. Consequently peatlands
in semtarid climates should be recognised as an asset in natural resource management and
their potential tosupport adjacent ecosystems should be protected through proper planning

and conservation practiceapported by appropriate research.
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1. INTRODUCTION

Wetlands are not only one of the most important ecosystem types in the world, providing
various goods and services to both humans and the environment but are also o$tthe mo
threatened with about 50% of the worl doés we
(Mitsch and Gosselink, 2000; Rusi al, 2013).Wetlands are maintained by hydrological
processes and their position in the landscape determines their charactesponse to

change fitsch and Gosselink, 200Qapenet al,2 0 0 5) . Of the worl dds v
peatlands contributing greatly to biodiversity, regulating hydrological functions, and hosting

a third of the eart hos rkee2002)e Mostrpéathahds aceurib on  (
temperate climates where precipitation exceeds evapotranspiration; a significant proportion

do occur i n subtropical climates with a wa

peatlands occurring in Africa (Lappalaim 1996).

Southern Africa is a serairid region with an average rainfall of 497 mm/year, which is well
below the world average of 860 mm/yeB\WAF, 1986 where wetlands are characterized

by strong seasonal variations of water table and stream flownsattflecting the variability

in precipitation and evapotranspiration. Wetlands in South Africa are therefore mostly
seasonal and temporarily wet and comprise less than 15% of the land surface with only as
much as 10% of those being peatlands (SANBI, 2006e Maputaland Coastal Plain on the
eastern seaboard, in the KwazZNatal Province, South Africa hosts approximately 50% of

t h e c o uatlands,yintlading Mfabeni Miregne of the largestl(462ha) and deepest

(11 m) peatlands in South Africa. Tdeepeatlands are often groundwater deperatahtand

cover change such as plantation activity and agricultural encroachment onto peatlands can
alter water available to both terrestrial and aquatic ecosystems (Grundling, 2014). It is
important to determinghe nature and importance of surfagreundwater interactions in
landscapes where rainfall is seasonal and there is highambeial variability as the
dependency of these systems on groundwater leaves them vulnerable to catchment changes
and groundwateexploitation. Inadequate knowledge of these processes and their linkages
compromise our ability to make sound management decisions in the conservation of wetlands

in semtarid regions.



11 STUDY AREA

Mfabeni Mire is located on the Eastern Shores of L%ikd ucig an area between the Indian
Ocean in the east and Laké. Luciato the west, within the catchment of the Mkuze River
(Figure. 11). The region of the entire coastal plain in northern KwaNgtal is known as
Maputaland and has a subtropicalnm@ie with hot and humid summers and mild, drier
winters where frost rarely occurs (Tayld©91). Sixtypercentof the annual precipitation
occus in summer; the mean annual temperature is 21°C with the mean maximum monthly
temperature 35°C for January ath@ mean minimum monthly temperature 5.5 °C for June
(Mucina and Rutherford, 2006).

The mean annual precipitation is364 mm/year (1961 to 1989) at the coast and is 950
mm/year (1957 to 1989) at Charters Creek, 10 km inland (Wejden, 2008gver, ranfall
records over the past 100 yeamslicate distinct cyclicarier and wetter episodes with a
marked reduction (up to 50%) in annual precipitation prolonged period¢Baker et al,
2014).
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Figure 1.1: Location of the study area: Mfabeni Mire on the Maputaland Coastal Plain,
KwaZulu-Natal Province, South Africa.

Wetlands, ranging from seasonally inundated depressions to permanently wet mires and

swamp forests are common on the Eas8mores (Figurel.2), whilst coastal dune forest and
2



wooded grassland dominate terrestrial areas (Gruneling., 1998; Goge 2003; Venter

2003). The langtover within the catchment comprises bare sand, wetland, grassland, thicket,
dune forest and open water (Figut®). Wetlands occurring in the central part of the
catchment (excluding Lake Bangazi) form in total 57% of the landcover: Mfabeni Mire 44%
(Nkazana swamp forest 12%, and the sedge fen 32%) and the smaller ephemeral systems
13%. The dune forest and most of théket occur across large parts of the eastern dune
complex with the bare sand areas restricted to the western dunes (ERJur@rasslands,

dominant on the western dune cover the remainder of the catchment.

The Eastern Shores comprises high coastadl slunes and lolying plains located on the
Maputaland primary aquifer, which hosts one of the highest concentrations of wetlands in
South Africa and the greatest extent of swamp forests, which are common in the region but
rare in South Africa (Grundlingt al, 1998). Within the lowlying plain occurs Mfabeni

Mire, bordered in the east by an BA00 m high coastal vegetated dune cordon and in the
west by the older 16 70 m high Embomveni (Western) dune ridge (Daweieal, 1992). The
peatland is ca.Q.Lkm long, 3 km wide in places and compri$e#2ha (31% of the 436 ha

of the topographically defined catchment). It is triangular with the main surface drainage
within the swamp forest on its western edge, flowing southwards to $&kKeaucig and is

bound by beach ridges in the north and south separating it fromBaaigaziand LakeSt.

Lucia, respectively. Minor intermittent water exchanges to or from LB&agazioccur
depending on lake levels, which vary depending on wet and dry climate cydsesovered

in the north and the east with sedge/reed communities, with swamp forest in the south and
west (Grundlinget al, 2000). The swamp forest achieves its maximum extent across the
peatland towards the centre of the system. On the Eastern Smokesdan the past focused

on Pinusplantations established on terrestrial areas and in wetlands. These plantations were
cleared in the early 20006s to make way fo
primary designated landse activities. It is wah mentioning that substantial economic
mineral resources of heavy minerals (e.g. titanium and zircon) occurs in the dune sands in the
eastern dunes (Davies al, 1992), but these will not be exploited due to the conservation

status of iSimangaliso Wethd Park.
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Figure1.2: The catchment and landscape setting of Mfabeni Mire within the Eastern Shores
of the iSimanagaliso Wetland Park, located between Bakeuciain the west and the Indian
Ocean in theast (Google Earth, 2010; Image date: 18/08/2005)

The idealised geology of the Eastern Shores (Tali)eds derived from Daviest al (1992),
Johnsonand Anhauesser (2006), Bothand Porat (2007), and Porand Botha (2008),
consists of Jurassic rhyws and basalts of the Lebombo range, which are overlain by
Cretaceous siltstones of the Zululand Group. An unconformity (a break in a stratigraphic
sequence) exists between the Zululand Group and the younger Port Durnford Formation of
Middle Pleistoceneage consisting of lacustrine mud and clayey carbonaceous sand. The
overlying Pleistocene sands and sandstones (Kosi Bay, Isipingo and KwaMbonambi
Formations) and Holocene sands (Sibayi Formation) are well sorted, highly porous and
permeable. The older Kwabbnambi Formation forms the lower Embomveni (Western)
dune ridge, whilst the younger Sibayi Formation covers the Kosi Bay formation to form the
higher coastal dune in the east. The Mfabeni peat has accumulated in the valley between
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these two dune ridge$hin denseorganic and/or clay rich layers low permeabilityhave

been encountered at depth adjacent to the eastern boundary of the mire. These buried layers

in the sand are not uncommon in the regmh Grundling, 2014).

Tablel.1: The idealised geology of the Eastern Shores

Western dune cordon

Low Lying Plain
(Including Mfabeni Mire )

Eastern dune cordon

KwaMbonambi
Formation:
Remobilised underlying
dune sand (Late
PleistoceneHolocene 20
T 8 ka)

Kosi Bay Formation:

Orange ¢ Yellowish
brown silty sands (Olde
Aeolian Sands). Inlan

Sibayi Formation: Brown
and orangdrown aeolian
sands (cover sands); Coas

Barrier Dune Cordor
(Holocene<10 ka)
Kosi Bay Formation:

Orange to Yellowish browt
silty sands (Older Aeolia
Sands). Forms core of coas

dune system(Middle to dune (Middle to Late

Late Pleistocene, >30 Pleistocene, >300 Ra

ka) Isipingo Formation
(Upper): Interlayered

Calcareous Sandstones 3
Uncemented Sand&emian

beach d25kasi
Isipingo Formation
(Upper): Carbonate
cemented sandston
(Pleistocenea e o | i 200
ka)

Port Durnford Formation: Lacustrine mud and clayey carbonaceous sand (Ear
Middle Pleistocene)

Unconformity

Zululand Group: Siltstone(Upper Cretaceous)

Lebombo Group lavas:basalts and rhyolitggdurassic)

RESEARCH GAPS

Mfabeni Mire occupies an inter dune valley bordered by dune cordons, across which is a

12

substantial rainfall gradient (Taylet al, 2006). Water effluxfom the dunes may provide
substantial recharge towards Mfabeni, while coastward hydraulic gradients from more inland

5



locales are probably small or absent. The water budget of Mfabeni Mire is unknown, as is its
regulatory function on discharge water. Consagly, the linkages between the coastal dune
system and Mfabeni Mire, and its water regulation function, which might dictate the nature
and magnitude of the local freshwater discharge to the St. Lucia estuary, need to be

understood.

The freshwater discinge from Mfabeni Mire to the St. Lucia estuary, which has provided

refuge for aquatic species during periods of drought, may become crucial under a more
erratic climate. l't i s necessary to under st
the capaility of this system to respond to climatic and larsk stresses, and its role in

sustaining discharge to downstream aquatic and adjacent swamp forest ecosystems.

Climate change, exotic forest plantation activity and agricultural encroachment ontal coast
peatland are significant stressors that threaten to alter the water available to both terrestrial
and aquatic ecosystems. Inadequate knowledge of the processes and their linkages
compromise our ability to make management decisigvs.will only be ableto manage

these valuable resources to the kvagn benefit of society if we understand the mechanisms

involved in their functioning.

13 PROBLEM STATEMENT

South Africa is in reality a dry and arid land with and average rainfall of 497 mm, compared

to a world average of more thar6@ mm per annum. Our society depends on a national level

on our water resources. Peatlands, as are all wetlands, are part of this water resource. These
water resources are not only being exploited but must adapt to externed fagtb as a land

use change and global climate changlee role these systems play in supplying water to
downstream ecosystems and estuaries affect fisheries, agriculture, domestic water supply as
well as tourism. The economic impact of this is diffidolguantify but is substantial.

There is currently a dearth of knowledge about South African peatland hydrology.
Hydrological processes are a key component in the development and maintenance of
wetl ands and the sour ce o fbility® & ehangingdandsacapai ne a
and environmenfThe effects of changes in climate or landscape on wetland ecosystems need

to be considered within the context of natural processes.
6



This study will attempt to quantify the hydrological processes involveshvgeatlands adjust
to eternal stressors, and a range of processes including, sgrbacelwater interaction,

runoff responses and ecosystem services issues.

14 RESEARCH OBJECTIVES

The overall objective of the proposed research is to investigate degséem processes that
regulate water supply in thet. Luciawetland complex, with specific reference to Mfabeni
Mire:

1) Development and persistence of an African mire: how the oldest South African fen has
survived in a marginal climate

This chapter fogses on the development of Mfabeni Mire with the specific objectives to:

a) assess the development of this mire system in relation to the landscape position and

b) understand the hydrological conditions in which the mire could survive in spite of a large
regional water deficit.

2) Hydrological function of a subtropical Africamire: Contributingflow to adjacent and
downstream ecosystems

The aim of this chapter is to characterize the groundwater exchanges through the system with
specific objectives being

a) to understand the feedbacks between regional and local flow systems that contribute flow
to downstream ecosystems, and

b) to develop a conceptual mod el of the syst

3) Using stable isotope and geochemical tracers to gamgiris into the groundwater flow of

Mfabeni Mire

The aim of this chapter is to improve the interpretation and verification of the feedbacks
between rainfall, evaporation, groundwater and surface flow through the Mfabeni Mire using
isotopic, geochemical artlermal techniques. The specific objectives of this study are to

a) establish the source area of the stream flow of Mfabeni

b) determine the area where groundwater recharge occurs for Mfabeni Mire, and

C) investigate the mechanism of maintaining the wee s s o f the mireds

groundwater throughflow).



4) The water balanceof an African mire: perceptions, reality and the implications for
wetland ecosystem service interpretation
The specific objective of this chapter is to quantify Weder balanceof Mfabeni Mire and

thereby define its contribution to downstream and adjacent ecosystems.

5) Synthesis, management guidelines and research recommendations
The objective of this synthesis chapter is to provide management guidelines and research

recommendations as well.

15 RESEARCH APPROACH

Most of the work entailed the gathering of hydrological data including climate, surface and
groundwateicharacteristics. Most sampling points, except for installing water well points in
the dunes, were done Imand to minimize impact on the peatland. In the dunes existing/old

plantation service roads were used wherever possible to minimize impacts.

The water budget was evaluated. Discharge was measured continuously at a weir on the
Nkazana stream. Rainfall waseasured with tipping bucket rain gauges at two locations and
manual rain gauges spread across the mire. Evapotranspiration for the sedge fen in Mfabeni
Mire was modelled using meteorological data frammeteorological station located near the
centre of tle fen. The swamp forest evapotranspiration was measured and modelled by using
a combination of eddy covariance and sapflow equipn&otage changes were determined
from changes in water table measured in PVC wells fitted with pressure transducers.

The goundwater monitoring network was expanded upon the existing infrastructure by
adding multilevel piezometer nests at strategic locations especially in thestaries and
peatland complex. Piezometer nests in dune areas were installed by using mechanical
equipment mounted on a truck along old management tracks. In peatland areas all
piezometers nests were installed by hand to minimize damage to the peat, usingageand

and PVC tubes in the peatland and stainless steel drivepoint piezometers in saialsmat

The longefterm behaviour of the hydrological system was evaluated using geochemical

methods. Water isotopésl and*?0 and major ion chemistry were sampled to characterize
8



the spatial distribution of groundwater recharge and discharge, and fleatepathways

within and between systems.

16 RESEARCH ORGANISATION

The different chapters address specific objectives in order to cover the identified research
gaps but are closely linked to one another as indicated in Figur&he thesis is writtem
manuscript format hence there is some unavoidable repetition mainly in the description of the

study area and sometimes the methods.

1 In Chapter 2 the geological setting and stratigraphic characteristics of a peatland and the
surrounding landscape arevéstigated, as these factors affect groundwater flow into and
within the wetland. Sustained groundwater flow is vital for survival of obligate species
and the maintenance of anaerobic conditions necessary for peat accumulation in regions
with large water dficits as in marginal climates. Therefore, this chapter focused on the
development and hydrological conditions of the Mfabeni Mire.

1 Chapter 3 focuses on the landscape hydrological setting of Mfabeni and small isolated
perched wetlands occurring in depieas between dune ridges. The surface and
groundwater exchanges of Mfabeni Mire were studied to understand the role of this large
wetland complex in maintaining adjacent wetlands and downstream water flows in a
changing environment.

91 Chapter 4deals with tle isotopes and geochemistry to establish the source area of the
stream flow and to determine the groundwater recharge area of the Mfabeni Mire.

1 In Chapter 5the water balancef the Mfabeni Mire is accounted for in order to evaluate
its function and to dane its contribution to downstream and adjacent ecosystems.

1 In Chapter6, the synthesis provides a brief synopsis and conclusion of findings and
proposes management guidelines and research recommendations based on the research

outcomes.
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2. LANDSCAPE SETTING

Development and persistence of an African mire: how the oldest South African fen has

survived in a marginal climate

P.Grundling,*?A.P. Grootjans®* J.S. Price? and W.N.Ellery

'University of the Free State, South Africa

“University of Waterloo, Canada

%Center for Energy and Environmental Sciences IVEM, University of Groningen, the
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Corresponding Author: P. Grundling,peatland@mweb.co.za+27 51 401 2863 (tel), +27

51 401 2629 (fax), Centre of Envinmental Management, University of the Free State, PO
Box 339, Bloemfontein, 9300, South Africa.

Abstract

Hydrological processes maintain wetlands, whose position in the landscape determines their
character and possible response to climate change. Spdnses to long periods of climate
change were studied in a large groundwater fed fen (Mfabeni Mire), which is one of the
oldest fen systems in South Africa. The geological and geomorphological setting of the mire
was studied as well as its stratigraphyl ahronology. The basal peat of the mire was at a
depth of 9.9 m dated at ca 44 000 cal years Before Present (BP). The average accumulation
rate during the Late Pleistocene was 0.15 mm/year. During the Holocene it was higher (0.3
mm/year). Despite climatehange over this period, peat formation has hardly been
interrupted, suggesting that the system has been able to almost continuously sustain peat
formation processes. This is possible because the peatland is situated in a valley that is
bordered by a highlpermeable sand dune cordon with an elevated groundwater table that
directs groundwater towards the mire. The infilling of the valley by peat has resulted in a
basin with lower permeability than in the surrounding dunes, forcing the water table in the
adjacent aquifer to rise, thus ensuring the mire system a supply of groundwater that is large
enough to dampen the effects of climatic variation.

Keywords: coastal dunes, geology, hydrology, mire, peat, radio carbon dating.
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2.1 INTRODUCTION

Peatlands, whick o mpr i se about 50% of &and@ossink 20000 6 s we
JoosterandClark, 2002), are rare in serarid and arid areas such as southern Africa (Scott
1982, GrundlingandGrobler 2005), and are often threatened by human development, mainly
for agriculture (CowarandVan Riet 1998 Grobleret al, 2004). Consequently they are of

high regional importance, and require good management, which is challenged by the poor
understanding of their ecological and hydrological functions. Peatlands aredextobical
systems where there are strong feedbacks between vegetation and local precipitation,
evapotranspiration, surface and groundwater flows (Ingt®&83 Emili andPrice 2006), in

which the peat substrate comprises the incompletely decomposedtiegttat grows there.

Both the magnitude and source of water fluxes, the associated supply of dissolved minerals
and nutrients influence the vegetation response and determine the peatland form and function
(lvanov, 1981 Rydin andJeglum 2006). Many petands in semarid areas are fens, which

are peatlands mostly located in valley bottoms (topogenous), but sometimespes sl
(soligenous), that receiveir water input from precipitation, surface inflow and especially
groundwater inflow (Joosten and ack, 2002). Consequently, they are minerotophic and
often nutrientrich reflecting predominant surface and groundwater sources (CH8&3
RydinandJeglum 2006).

Most peatlands in the northern hemisphere developed during the Holocene since the last
glaciation, and in that climate accumulated peat at0(68 mm/year (Borremt al, 2004,
Gorhamet al 2003). In norglaciated areageatlands of Late Pleistocene age have been
reported (Irvingand Meadows, 1997Wast et al, 2008) with accumulation rageranging

from 0.52 mm/year (Hopeet al, 2005 Dommain et al, 2011). Differences in peat
accumulation result from variations in climate, duration and level of inundation and dominant
vegetation type. The most rapid accumulation is ofteifsphagnumdominated systems,
because of its resistance to decay. However, there is also substantial peat accumulation in
sedge (Chimnerand Carberg 2008) or tree dominated systems (Dommeinal, 2011),

includingsemtarid or tropical peatlands (Lappalaind996).

Many northern peatlands have a predictable succession from sedge talomasated
vegetation arising because peat accumulation, and the resulting rise in water table, changes

the strength and source of water inputs (lvari®81, Lapenet al, 2005). In emiarid
12



peatlands the accumulation of peat can also affect the hydralmggt{cmet al, 2009) but

the elevation to which peat can accumulate relies more strongly on the availability of water
from surface or groundwater sourcéaulczyfiski (1949) indicked in a study of Polesian
peatlands that the accumulation of peat in lowlands could result in a rise of regional
groundwater levels, whildEmili and Price (2006) noted that a higher regional water table
will favour peatland expansion inlg/permaritime érest peatland complex, western Canada.

In a study of peatlands on the Ruoergai Plateau, in China, Schuandiloosten (2007)
established that the accumulation of peat in lowlands impeded water flow and caused a rise of
the water table in the mirewhich caused a rise of the groundwater in the adjacent upland,
thereby facilitating continuous peat accumulation during the Holocene. However, Grundling
et al. (2000 and Elleryet al (2012 concluded that peatland formation in floodplains in
tropical and sulbbpical regions such as Maputaland, South Africa, is part of backwater and

aggradational (the accumulation of sediment sequences) floodplain processes.

The development of peatlands is strongly linked to hydrological processes from the pore
space to lanaspe level (Price2003). The persistence of peatcumulating wetlands (mires)

in semiarid settings and/or environments with strongly seasonal rainfall, which is common
throughout southern Africa, requires water inputs from large catchments or sustaied
groundwater input (Meadow4988 Colvin et al, 2007 Ellery et al, 2009). Groundwater
inflow, being less temporally variable than precipitation in marginal climatic settings where
rainfall is strongly seasonal and evapotranspiration exceeds ifagoip provides a
relatively constant water source that is likely to sustain permanently wet conditions €Kurtz
al., 2007). It is therefore important to determine the nature and importance of surface
groundwater interactions in landscapes where rairgateasonal and exhibits high inter
annual variability. Furthermore, given the wide interest in climate change and its expected
impact on wetlands (JoosteR009 Crookset al, 2011), it is necessary that management
guidelines are based on a sound usi@derding of the development and functioning of these

systems.

Groundwater flow to peatlands i s governed
storage and transmission properties of the geologic materials and soils (@ndé&zdgerry
1979 Dingman, 2002). Topography can contribute to complex patterns of groundwater flow

into peatlands (Winte2001 Lapenet al, 2005) where a landscape with prominent or high
13



relief will develop local flow systems compared to relatively simpler regional flowragste

a flatter landscape (Winte999). Geologic controls on groundwater movement include
stratigraphic variability in the case of unconsolidated lithologies, or structural and lithological
controls in the case of consolidated sediments (Le MaitigeColvin, 2008). Preferential

flow will typically take place in or along permeable layers, contact, faulting and folding
zones (FreezandCherry, 1979 Dingman 2002). It is therefore important to understand the
geological setting and stratigraphic charastess of a peatland and the surrounding
landscape, as these factors affect groundwater flow into and within the wetland (Winter
1999). Sustained groundwater flow is vital for survival of obligate species and the
maintenance of anaerobic conditions neagséar peat accumulation in regions with large
water deficits as in marginal climates. This study focuses on the development of Mfabeni
Mire, an 11 m thick peat deposit in a vallegttom setting in South Africa. The objectives of
this study are to 1) asse the development of this mire system in relation to the landscape
position and 2) understand the hydrological conditions in which the mire could survive in

spite of a large regional water deficit.

2.2 STUDY AREA

Mfabeni Mire is located on the Easterno&s of LakeSt. Lucig an area between the Indian
Ocean in the east and Laké Luciato the west, within the catchment of the Mkuze River
(Figure.2.1). The region of the entire coastal plain in northern KwaXidtal is known as
Maputaland and has a l#wpical climate with hot and humid summers and mild, drier
winters where frost rarely occurs (Tayld®91). The mean summer temperature (November
to March) exceeds 21°C with 60% of the annual rainfall occurring in summer (Mamiha
Rutherford 2006). The mean annual precipitation of the Eastern Shores decreases Zfiin
mm/annum in the east on the coast to 900 mm 10 km westwards acrosStLakeia
(Tayloret al, 2006).
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Figure2.1: The location of Mabeni Mire in South Africa.

Wetlands, ranging from seasonally inundated depressions to permanently wet mires and
swamp forests are common (Figwtd), whilst coastal dune forest and wooded grassland
dominate terrestrial areas (Grundliagal, 1998; Gage 2003; Venter2003). In the recent

past the dunes surrounding Mfabeni Mire supported eXeititis plantations that were
planted for commerci al ti mber producti on, b L
Wildlife conservation and tourism arewdhe primary designated land use activities. The
Eastern Shores comprises high coastal sand dunes anlgingwplains located on the
Maputaland primary aquifer, which hosts one of the highest concentrations of wetlands in
South Africa and the greatesttert of swamp forests, which are common in the region but
rare in South Africa (Grundlingt al, 1998). Within the lowlying plain occurs Mfabeni

Mire, bordered in the east by an BA00 m high coastal vegetated dune cordon and in the
west by the older&i 70 m high Embomveni (Western) dune ridge (Daetasl, 1992). The
peatland is ca. 10 km long, 3 km wide in places and comridé2ha (31 % of the 4636 ha

of the topographically defined catchment). It is triangular with the main surface drainage
within the swamp forest on its western edge, flowing southwards to $&akKeaucig and is
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bound by beach ridges in the north and south separating it fromBaaigaziand LakeSt.

Lucia, respectively. Minor intermittent water exchanges to or from LB&agai occur
depending on lake levels, which vary depending on wet and dry climate cycles. Mfabeni Mire
is dominated in the north and east by reed/sedge vegetation communities with sparse
occurrence oSphagnungless than 10% of the peatland), and in the santhwest by swamp

forest (Grundlinget al, 1998) that achieves its maximum extent across the peatland towards

the centre of the system.

The idealised geology of the Eastern Shores, as derived from Rawaeq1992), Johnson

and Anhauesser (2006), Bw and Porat (2007), and Poraind Botha (2008), consists of
Jurassic rhyolites and basalts of the Lebombo range, which are overlain by Cretaceous
siltstones of the Zululand Group. An unconformity (a break in a stratigraphic sequence) exists
between the Zduland Group and the younger Port Durnford Formation of Middle Pleistocene
age consisting of lacustrine mud and clayey carbonaceous sand. The overlying Pleistocene
sands and sandstones (Kosi Bay, Isipingo and KwaMbonambi Formations) and Holocene
sands (Siayi Formation) are well sorted, highly porous and permeable. The older
KwaMbonambi Formation forms the lower Embomveni (Western) dune ridge, whilst the
younger Sibayi Formation covers the Kosi Bay formation to form the higher coastal dune in

the east. Th&lfabeni peat has accumulated in the valley between these two dune ridges.

2.3 METHODS

The geology of the dunes adjacent to Mfabeni Mire was examined at 7 terrestrial sites (Figure
2.2) by reverse circulation drilling (Sites A6, B3, D3, DWAF UW1E1, UW2HE and
UW2W1). The lithology of each core was described in the field according to grain size,
texture and colour. This investigation was intended to supplement previous geological
investigations of the coastal plain including the Eastern Shores (GeolSgivaly 1985a,b)

by Davieset al (1992), and to determine the extent of any impeding layers beneath and/or

adjacent to Mfabeni Mire.
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Figure2.2: Sample sites in and adjacent to Mfabeni Mire.

The peatlandvas cored along eight easest transects that were spaced 800 to 1600 m apart
from south to north. The borehole spacing along transects was between 100 to 200 m. Peat
was sampled with a Russian peat corer at 0.5 m increments, one half of which wagdlescrib

in the field according to the Von Rdsumification scale (Von Post, 1922) and the remainder
sealed and returned to the laboratory to determine ash content. Samples were dried for 12
hours at 105 e Go-man32laomen,@miashedatSCFores hauars in open
ceramic cruciblesnia Carbolite CSF furnace.

C dating of selected peat samples was performed by the Council for Scientific and
Industrial Research laboratories in Pretoria, South Africa. THea@e determinations are

given in years before present. Dates are reportedrimentional radiocarbon years, i.e. using

a halflife of 5568 years for €. Ages are corrected for variations in isotope fractionation and
ages are calibrated for the southern hemisphere using the Pretoria Calibration Programme
(TalmaandVogel, 1993).
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2.4 RESULTS

2.4.1 Basin Geology

Coring in and adjacent to Mfabeni Mire established that grey clay material occurs
approximately at present day desel. In the middle of the mire (transect M8), the clay
material below the base of the peat is at least #ick (Figure2.3), but the bottom of the
deposit was not reached. At the deepest point sampled some silt was present in the clay.
Coring at 7 sites adjacent to the peatland to depths belovewsdashowed that the clay
material does not extend beyoin width of Mfabeni Mire valleypottom (Figure2.3), but it

might extend along the length of the peatland.

The cover sands adjacent to Mfabeni Mire (boreholes UW1E1 and UW2EL1 to the east and
UW2W1 and D3 to the west) are well sorted and contain typitadly than 5 % clay in the
upper layers. However, the clay content increases more rapidly with depth in the older
western dunes (UW2W1 and D3) than the younger eastern dunes (UW1E1 and UW2E1). The
sand in the boreholes adjacent to the central part of thégapd (UW2W1 and UW2E1)
contains elevated clay and organic contents at a depth that equates to the prdeeal, sea

but it is not comparable to the clay material beneath the peatland in either its thickness or clay
content. Clay was found in the far tiegrn and southern boreholes (D3 and A6 respectively;
Figure 22), but at a greater depth than the clay beneath Mfabeni Mire (14 m below mean sea
level).
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Figure2.3: Stratigraphy of Mfabeni Mire along eigtitensects from West to East.
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2.4.2 Morphological characteristics Mfabeni Mire

Mfabeni Mire has a complex morphology occupying a deep central depression that is
oriented nortksouth, and with smaller depressions east and west of the main depression. In
the main basin the peat body is up to 10.8 m thick, while in the lateral basins the peat depths
do not exceed 2.5 m (Figu&3). The surface of the peatland slopes downwards from the
central region of the peatland in a southerly direction, and also hasy ayemetle slope
downwards from West to East (not shown). Between transects M3 and M2 the peat surface
steepens with the present Nkazana stream channel incised into the peat surface draining
towards Lakest. Lucia(Figure2.2).

2.4.3 Peatland Stratigraphy
Variation in the fibre, organic and ash contents within the peat are relatively consistent down
the length and across the width of the peatland. The number of layers and the complexity of

their configuration are greatest where the peat is thickest (R2dgd)re

A total of five distinct peat layers are recognised (Fidli8¢. The basal peat layer in transect

M8 is resting on the clay material and consists of brown medium fibrous wood and sedge
material (Von Post scale 4), with some sand and a thin ash [Blyis peat is covered by a
darker very finegrained gyttja layer with some secondary layers of sand and more fibrous
peat. The gyttja layer is overlain by a dark, medium fibrous layer with wood and sedge
remains (Von Post scale 4), which in turn is gcedeby a decomposed dark sedge peat (Von
Post scale 6). Higher in the profile a less decomposed fibrous sedge peat with some wood
remnants was encountered (Von Post scale 3). A thin layer of iron nodules and wood chunks
separates this layer from the toprllayer of peat. The top layer consists of a very poorly
decomposed sedge and woody peat (Von Post scale 1 to 2); it is more fibrous than all lower
peat layers. Occasionalljpcalisedsandy layers of about 0.2 m separate the peat layers (data
not shown),in particular in the eastern part of the peatland in the decomposed peat layer
(Figure 2.3). In the western part of the mire and in the more shallow peat deposits in the

north, thin ash layers occur (data not shown).
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2.4.4 Radiocarbon dating

The radiocarbn dating of the bottom peat at 9.9 m indicates that peat growth started about 44
000 cal years BP, which is very close to the detection limit‘6fi&ting (Van der Plichand

Hogg 2006). The contact between the basal peat layer and the underlyingaslalated at

43 000 +4 900 te3 000 cal years BP. An older date of 45 100 +4 90@ @00 cal years BP

was determined for the peat two meters above the basal peat, but this is within the error range
of the dating method. Tstae of ¢hé peat @rowthi at abeut 4 st i@ m
000 cal years BP. The agepth curve of the M8 profile (Figur24) based on eight
radiocarbon dates shows a very slow accumulation rate between 45 000 and 10 000 cal years
BP. After 10 000 cal years BP, which markse tPleistocenélolocene boundary, the
accumulation rates increased considerably (Fi@d4¢ Two additional dates (not shown)

were obtained for core M100 in order to date a 0.47 m thick ash layer. The peat at 4.35 m,
immediately below the ash layer wasted at 25 700 + 410 years BP and the age above the
ash layer was 12 430 £ 120 years BP.
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Figure2.4: Age-depth curve of Mfabeni Mire, South Africa, based dft+@ating of a profile
in the centre of the Blprofile (sed-igure 2.2). A distinct increase in peat accumulation rate
can be observed after 10 000 BP, which is the Pleistadelueene boundary.
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2.5 DISCUSSION

2.5.1 The geological setting of Mfabeni Mire

Mfabeni Mire peat is located on clay magémvithin a valleybottom setting (Figur@.3). The

peat deposit thins out to the south and the north where it is underlain by reworked aeolian
marine sands. The devel opment of Mf alevelni Mi r
change is preserddan Table2.1. Through the Late Pleistocene the-k=eel fluctuated 5 7

m above the present sksvel during the last Interglacial High Stand fraal115 000i 90

000 years BP (Ramsay and Cooper, 2002).

Table 2.1: Development of Mfabeni Mire depositional environment in relation telesezl
change from the Late Pleistocene to the Holocene. Geological information older than 65 000
years BP are according to Ramsayd Cooper (2002), while information youngthan 65

000 years BP are according to Ramsay (1995).

Years BP Sealevel |[Mf abeni Mi reds deposi
Note: all elevations are levels relative to preser
sealevel (PSL)

300 000 +5 High stand Formation of western dune complex
200 000 -150 Incising of coastal rivers
125 000 +5-7m Last Glacial High Stand

deposition of Isipingo beach rock and sedime

forming the core of the eastern Dune complex

118 000 -45m Incising of coastal rivers and Nkazana tributary
10 m PSL and deeper

95000- 115000 | +5-7m Last Glacial High Stand

Deposition of Isipingo beach rocks, core of
eastern Dune complex

Deposition of clay layer to 0 m (PSL).
Formation of beach terraces in Mfabeni basin?
Incising clay layer te4 m PSL?

Formation of beeh ridges in Mfabeni Basin?

45 000 -45m Peat accumulation starts in Mfabeni Basin4am
PSL?
33000 -62m Peat accumulation reaches 0 m (PSL) in
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Mfabeni Basin

18 000 -125m Incising of coastal rivers NOT Nkazana tributg
Peat at 2m PSL.

12 500 -95m Northern part of basin experiences peat fire. R

of basin peat at 3 m PSL.

10 000 -50m Pleistocene/Holocene boundary at 3 m.
20- 50cm sand layers in peat (central). Ash lay
in north and south at 3.5m PSL.

6 500 Om Peat accumulatiorreaches 4.5 m PSL in th

Mfabeni Basin

4 400 +35m Peat accumulation reaches 5.0 m PSL in
Mfabeni Basin.

3000 -2m Peat accumulation reaches 5.5 m PSL in

Mfabeni Basin. Some ash layers in the north

section

1500 +1.5m Peat accumulatioreaches 6 m PSL in the Mfabg
Basin

Present Om Peat accumulation reaches 7 m PSL in the Mfa
Basin

The valleybottom in which the peat has formed probably represents the southward course of
the Nkazana palechannel, a tributary of the Mkuze Rivétigure2.1). The valley may have
undergone several phases of erosion that accompanied rejuvenation of coastal rivers during
and since the last Interglacial High Stand until the Last Glacial Maxinoah8 000 years

BP (Tayloret al, 2006; Wrightet al, 2000). The Nkazana palehannel was probably
incised into Early Pleistocene estuarine/lacustrine mud and carbonaceous sand of the Port
Durnford Formation (Wrightet al, 200Q Taylor et al, 2006), with the clay material
underlying Mfabeni Mire of lacustie or intertidal origin. This lacustrine or intertidal
material was deposited since the last Interglacial High Stand period in this tributary following
blockage of the tributary valley with clastic sediment during the ongoing aggradation along
the Mkuze Rver. During the Late Pleistocene this aggradation resulted in the shifting of the

Mkuze River estuary to the south to form a combined mouth with the Mfolozi River (Wright
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et al, 2000). The blockage of the Nkazana channel raised the base level andhestadotis
ideal low energy environment for the accumulation of peat as is described for similar but

younger upstream environments in the Mkuze River floodplain by Edteay (2012).

Results from the terrestrial boreholes indicated that the clay layestricted to the valley
bottom in an east west direction (Figure.3). It is possible that the clay layer extends
further north and south but this was not investigated. This clay material plays an important
role in the formation and development of Mfabéfire by preventing water losses from
ca45 000 years BP when skavel was about 50 m below current deeel (Ramsayand
Cooper 2002) toca6 500 years BP (Tablg.1) when the present séavel was reached
(Ramsay1995).

2.5.2 Chronology of MfabeniMire

The various peat layers (FiguBe3) and plant remains in Mfabeni Mire represent different
environmental conditions. Regular occurrence of wood fragments may represent swamp
forests, while sedges or grasses indicate more open herbaceous fen rieigarfires, as
represented by ash and charcoal in peat profiles, and the accompanying release of nutrients
and minerals (Elleryet al, 1989) were probably instrumental in contributing to spatial
heterogeneity in vegetation distribution within Mfabenird4 Sedge remains in the clay
beneath Mfabeni Mire and wood remains in the basal peat (R2g@)r@oint to the presence

of riparian or swamp forest at the time when peat accumulation commenced in the Nkazana
paleachannelca. 43 000 years ago. The ocaemce ofTyphathroughout the pollen record as
reported by Mazus (in Grundlingt al, 1998) suggests the prevalence of fresh water
conditions from this Late Pleistocene period until present. The presence of gyttja g=jure
above this basal peat indieatflooding of the peat in that period, leading to the emergence of

a shallow lake in the eastern and southern parts of the mirecan88 000 years BP. This

rather sudden increase in water levels was probably caused by the blocking of the Nkazana
paleachannel. The gyttja and peat layers are often interbedded with thin layers of sand
(Figure2.3), representing periods of aeolian sediment transport and deposition (@fraght

2000).
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After ca. 33 000 years BP a fen environment developed with peatadation derived
mainly from sedges such &adium mariscusFinchandHill (2008) report the appearance
of Haloragidaceaan the Mfabeni Mire pollen record between 30 000 and 20 000 years BP,
which together with the dominance Glyperaceaeand the presee of pollen of aquatic
species point to very wet conditions during this period (Grunddingl, 1998). Peat with a
highly decomposed and finer texture with dispersed and thin layers of sand were deposited
from ca. 20 800 years BP toa.ll 570 years BBuggesting drier conditions at the onset of
the last Glacial Maximum aa21 000 years BP (Partridge al, 1999). The shift towards a
drier and cooler climate is also supported by the pollen record, Ratiteaebecoming
dominant, whileCyperaceaesteadly declined (Finchand Hill, 2008). The presence of a
prominent ash layer at M10 (Figu&2) between 4.35 to 3.88 m above @zl further
supports the idea of a drier climate.

The periods of aeolian sedimentation in the peatland ceased in the elademe, suggesting
wetter conditions and increased vegetation cover that would have stabilised the soil surface.
A rapid increase in pollen of wetland speci€yeraceagin the Holocene suggests wetter
conditions and a rise in water level in the peatlarhe alternating layers of finer and fibrous

peat from the early to middle Holocerea(5 280 + 70 years BP) represent wetter conditions

such as open sedge fen (sedge peat).

Chunky wood layers witin the upper woody sedge layer (Fig@8) present irthe western

and central part of the wetland shows thatthy2 450 + 50 years BP most of the peatland

was covered by swamp forest. After that a fibrous sedge peat layer developed, reflecting a
sharp decline in swamp forest cover, with practically allmwdorest giving way to open

sedge fen over the next 2 500 years, probably due to wetter conditions in the fen as a result of
an increase of groundwater discharge fromatii@cendunes. The current distribution of the
swamp forest (Figurg.2 - only in the western and southern parts of Mfabeni Mire) indicates
that the swamp forest has expanded again during recent periods, possibly due to slightly drier
conditions in the fen as a consequence of incision along the Nkazana stream, which has

developed alondhk relatively steep slope between M3 and M2.
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2.5.3 Peat accumulation rates

On the basis of peat thickness (depth) and radiocarbon dating, two distinct trends are
reflected in the accumulation rates for Mfabeni Mire: 0.15 mm/year during the Late
Pleistocee and 0.3 mm/year during the Holocene (Fig2#). The Pleistocene/Holocene
boundary clearly coincides with an increased peat accumulation rate in Mfabeni Mire. The
different accumulation rates are likely to be a reflection of the different environmental
conditions in the Late Pleistocene and Holocene as described above indicating that the
conditions during the Holocene were more favourable for peat accumulation than conditions
during the Late Pleistocene. It is of interest that the Mfabeni Holoceneqoeat@dation rate

of 0.3 mm/year is considerably lower than younger Holocene peatlands of this region
reported by Grundlingt al (1998), which may vary between 0.92.1 mm/year, with an
average of 1.1 mm/year. However, the accumulation rate is simildretglobal average
accumulation rates for Holocene peatlands in the Northern Hemisphere 6f @55

mm/year (Verhoeveat al, 2006 JoosterandClarke 2002).

2.5.4 A conceptual model of Mfabeni Mire hydrology

The inundated clapottom valley, which w&s formed in backwater conditions, where a low
energy environment prevailed probably due to aggradation of the Mkuze River as well as the
Mfolozi River floodplain to the south (Grenfelet al, 2009, 2010), produced a
hydrogeomorphic setting suitable foitiation of peat formation in the Nkazana paledley

~44 000 cal years BP. It is therefore hypothesised that changes in groundwater flow patterns
on the Eastern Shores, east of Lake Lucia (Figure 2.2), over time are due to peat
accumulation in Mfab& Mire as represented in Figu?es. Groundwater discharge from the
western dune accumulated in the valbmitom to initially form a shallow lake on the basal
clay layer, with some of the water flowing towards the east and recharging the groundwater
below the eastern dune (FiguB-1). This phase was followed by tgg deposition in the

open water (Figur@.5-2), colonisation of the surface by vegetation and subsequent infilling
of the valleybottom with peat (Figur@.5-3) which has a lower hydrauli@oductivity than

the surrounding sandy reworked marine deposits (Figurd). The presence of a barrier
such as this to the lateral flow of water caused the groundwater table in the western
Embomveni dune cordon to rise, accompanied by prolonged inandati the peatland,

promoting further peat accumulation. Over time there must have been a steepening of the
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groundwater surface east of Mfabeni Mire (FigRfe4) as the mire surface level (and water
table) rose with respect to skewel on the extreme sgern margin of the eastern dunes
(Figure2.5-4).

West East

[ fibrous sedge peat B ovtia ===~ water level
7777 decomposed peat [ water — water flow

[T clay layer

Figure 2.5-1,2,3,4 Possible changes in groundwater flow during peat accumulation in
Mfabeni Mire.
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It is further hypothesised that Mfabeni Mire, because d@ groundwater fed system, has been
able to cope with climate changes since its formation in the Late Pleistocene, by influencing
the regional water table in the western dune cordon through infilling of the valley with peat.
This process of infilling ofvith peat (Figure.5) is thus a consequence of one or more of the
following (Figure2.6): (1) the regional water table rising due to increased groundwater input
(GW) during the Late Pleistocene; wetter conditions with higher precipitation (Plgwsta

rise after the last glacial maximum, as well as the raising of the base level due to sediment
aggradation. Wetter conditions likely increase water discharge (Q) into Mfabeni Mire valley,
(2) inundating the valley floor with surface water and saturatingritayéeng areas. Increased
inundation of the land surface (3) results in increased plant growth and biomass production of
fibrous plant tissue. Coupled with (4) a decrease jina@ilability in the soil due to (2)
inundation and saturation, decreased mirsaton rates (5) follow, promoting peat
accumulation (6). The infilling of the valldyottom with peat (7), which has a lower
hydraulic conductivity than the sand of the surrounding terrain, results in a reduction in the
eastward flow of groundwater frothe west across the valley. As peat accumulates in the
valley, the water table west of the valley rises (1), a positive feedback develops favouring
peat accumulation. However, as the peat accumulates the peatland and surface vegetation
expand laterally (B in relation to basin morphology, resulting in (1) increased
evapotranspiration losses [ET]. This negative feedback moderates the increase in discharge
[Q] and controls the elevation to which peat is able to accumulate, because peat will
accumulate to arelevation where average lotgrm inputs and outputs are equal. This
conceptual model indicates the importance of sustained groundwater discharge as a critical
contribution of water to the system, providing sufficient wetness to maintain peat
accumulatiorprocesses and dampening the effects of climatic perturbations.
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Figure2.6: A conceptual model of processes that contribute to peat formation of the Nkazana
paleachannel over extended time periods (tens of thousands of years).

2.6 CONCLUSION

Mfabeni Mire is a groundwater dependant ecosystem that was formed in the Late Pleistocene
and continued to develop during the Holocene. This paper showthelatilling of a valley

bottom with peat resulted in a plug effect which forced a righé elevation of the influent
groundwater surface in the adjacent upland as peat accumulated in the lowland. In addition to
favouring the development of a series of ephemeralpean wetlands adjacent to the mire,

the consistent and permanent dischavfgroundwater into the peatland from the upland
allowed for the almost uninterrupted formation of peat over an extended period. This
expansion of the groundwater source resulted in a buffering effect against climatic turbations
in a semiarid region prowding a more stable localised environment for this mire to develop.
Our ability to manage and conserve such systems in future will depend on the insight we gain
in understanding the processes driving formation and evolution during periods of change.
Furtherresearch on flow patterns within mires is needed to understand the mechanisms that

can buffer groundwater fed fens against changes in climate.

29



2.7 ACKNOWLEDGEMENTS

The financial support of the Water Research Commission of South Africa (Project no WRC
K5/1704andL857) is appreciated. The Council for Geoscience and Department of Water
Affairs are acknowledged for 4kind contributions; the staff of the iSimangaliso Wetland
Authority and KwaZuldNatal Wildlife for institutional and research support; SiphMieka

and Andre von Plaster for their dedication in the field.

30



3. HYDROLOGY

Hydrological function of a subtropicd African mire: Contributing flow to adjacent and

downstream ecosystems

P.Grundling**and J.S. Pricé

'University of Waterloo, Canada

Cente of Environmental Management, University of the Free State, South Africa
Corresponding Author: P. Grundling,peatland@mweb.co.za+27 51 401 2863 (tel), +27
51 401 2629 (fax), Centre of Environmental Managemigniversity of the Free State, PO
Box 339, Bloemfontein, 9300, South Africa.

Abstract

Peatlands in drier climates are dependent on groundwater input to maintain a favourable peat
forming environment, and seasonal water deficits and surpluses may thdoefa key
determinant in the ability of these wetlands to contribute to downstream ecosystems. The
surface and groundwater exchanges of Mfabeni Mire in southern Africa were studied to
understand the role of large wetlands in maintaining downstream \Water i a semarid
environment where rainfall is not only seasonal, but also highly variable and considerably
less than the maximum potential evapotranspiration rate. This mird@ha is located in a
low-lying valley between a coastal vegetated deorelon in the east and western inland dune
complex. It is covered in the north and the east with sedge/reed communities and with swamp
forest in the south and west. Water efflux from the western inland dune complex provides
substantial recharge towards Mémi Mire, discharging on its western edge coincident with

the occurrence of a swamp forest ecosystem; only a small portion of groundwater from the
inland dunes flows through the mire, eastward to the coast. The major portion of groundwater
from the inlanddunes is forced to the surface, due to the plugging effect of the relatively low
hydraulic conductivity peat in Mfabeni Mire, then discharges southwards via a stream into
Lake St. Lucia. This stream maintains a relatively low basefl880 (m*/day) due to
sustained groundwater inputs from the western dunes, but does respond rapidly to larger
rainfall events (040mm). The links between
wetland are therefore important in maintaining internal ecosystem processe=galading
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stream flow towards Lake St. Luci/etlands insemtarid environmerg may bemore of a

conduit responding teegional hydrological dynamidban a source of water.

Keywords: wetland, semarid, hydrogeology, groundwater, stream flow, ecosystervices.

3.1 INTRODUCTION

While wetlands may provide various ecosystem services such as flood attenuation, flow
augmentation and water quality enhancement (Mitsch and Gosselink, 1993; Cestahza
1998), there is a dearth of information on the gréed function of wetland complexes,
especially in subtropical and searid regions (Ghermandit al, 2010). In these areas the
cycling of seasonal water surpluses through the groundwater reservoir can create and
maintain water stores and biogeochemmahditions that are key to ecosystem and habitat
diversity (McCarthy, 2006). Furthermore, the link between hydrological processes in large
wetland systems and downstream environments in-adchiregions is poorly understood,
although their impact on dowtream ecosystems can be critical (Yetter, 2004; Smaktin and
Bachelor, 2005; Tayloet al, 2006). Wetland hydrological functions that control downstream
discharge and water quality (Bullock and Acreman, 2003) are dependent on the type of
wetland, relativesize and position in the landscape, as well as local climate (Brinson, 1993;
Kotze et al, 2008; McCartney and Acreman, 2009). Extensive wetlands such as floodplains
can control flood magnitude (Archer 1989; Kotee,al, 2008), while unchannelled valley
bottom wetlands with thick accumulations of sediment such as peat or sand can sustain
baseflow (Joosten and Clark, 2002; Smakhtin and Bachelor, 2005).

Wetlands in serparid climates are often dependant on groundwater discharge as seasonal
rainfall is hghly variable and considerably less than the maximum potential

evapotranspiration rate (Jollyet al 2008; Sanderson and Cooper, 2008). High water

availability generally promotes large evapotranspiration losses (Penman, 1948) especially in
subtropical wdands, although some wetland plants (including trees) can restrict water losses
(Clulow et al, 2012). Groundwater recharge wetlands can impact local water resources
(Roulet, 1990; Branfireun and Roulet, 1998; Bullock and Acreman, 2003), although the
implications such as maintaining groundwater level or water quality improvement are often

difficult to define. Wetlands receiving groundwater discharge reflect the input in terms of
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sustained wetness and water quality, and transform these into outputs suganas (peat)
accumulation that may directly affect downstream systems by augmenting flow in drier
periods (Smaktin and Bachelor, 2005).

Typically single wetlands are not isolated features in the landscape but often part of wetland
complexes linked by stams and or groundwater flow systems (Winter, 1999). It is necessary
to understand the role of groundwater linking discharge and recharge wetlands in larger
wetland systems, and their role in sustaining flow to downstream aquatic ecosystems so as to
inform sound management decisions. Bare¢sal. (2002) in a study on wetland water
chemistry found that the Lak®&t. Luciaestuary on the Mozambique Coastal Plain of south
eastern Africa is dependent on freshwater inflow filtered in the Mkuze Wetland System,
which itself depends on stream flow and groundwater discharge. Sliva (2004) indicated that
groundwater might play a role in swamp forest distribution on this coastal plain, and Grobler
et al (2004) concluded that the functioning of swamp forests in thiomeig strongly
dependent upon their hydrological regime, and that hydrology best explains the vegetation
relationships between natural and recovering previously disturbed sites. However, the

hydrological regime and relationships were not measured andbiesn these studies.

This study focuses on the landscape hydrological setting of a large-batteyn peatland
(Mfabeni) that is straddled by large vegetated dunes and small isolated perched wetlands
occurring in depressions between dune ridges. whttand system is located on the Eastern
Shores of Lake St. Lucia in the iSimangaliso Wetland Park, a World Heritage Site on the
southern extent of the Mozambique Coastal Plain, South Africa (FsgLixeThe surface and
groundwater discharge from MfabeMiire and the adjacent Eastern Shores have created a
freshwater refugiauring hypersalineconditions in thest. Lucia Estuary (Colviet al, 2007,

Taylor et al, 2006). The surface and groundwater exchanges of Mfabeni Mire were studied
to understand theole of this large wetland complex in maintaining downstream water flows

in a changing environment. The aim of this study was to characterize the groundwater
exchanges through the system with specific objectives being 1) to understand the feedbacks

betweerregional and local flow systems that contribute flow to downstream ecosystems, and

2) to develop a conceptual mod el of the syst
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3.2 STUDY AREA

The Eastern Shores, the undulating landscape hosting Mfabeni Mire, comprisesotoestal

and wetlands bordered by the Indian Ocean to the east and Lake St. Lucia to the west (Figure
3.1). The region has a subtropical climate with hot and humid summers and mild winters
(Taylor, 1991) with 60% of the annual precipitation occurring in sumthe mean annual
temperature is 21°C with the mean maximum monthly 35.3 °C for January and the mean
minimum monthly 5.5 °C for June (Mucina and Rutherford, 2006). The mean annual
precipitation is 1364 mm/year (1961 to 1989) at the coast and is 950 mifi/96Z1989) at
Charters Creek, 10 km inland (Wejden, 2003).

Insert
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Figure 3.1: The landscape setting of Mfabeni Mire within the Eastern Shores of the
iSimanagaliso Wetland Park, located between Lake St. Luctaeinvest and the Indian
Ocean in the east. Sample points and piezometer nests along the main transect are indicated.
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Mfabeni Mire is located in a loWying valley, bordered in the east by an-BI0 m high

coastal vegetated dune cordon (eastern dunes)irarile west by the 130 m high
Embombveni dune ridge (western dunes) (Daetesl, 1992). It is covered in the north and

the east with sedge/reed communities (suckiadristylis longiculmis Cladium mariscus

and Phragmites australljs with swamp forets (dominated mainly byFicus trichopoda,
Barringtonia racemosaand Syzigium cordatumin the south and west (Grundlireg al,

2000). The swamp forest achieves its maximum extent across the peatland towards the centre
of the system. On the Eastern Sholasduse in the past focused dtinus plantations
established on terrestrial areas and in wetlands. These plantations were cleared in the early 2
0006s to make way for wildlife conservation

use activities.

Mfabeni Mire is an extensive fen, which has accumulated 11 m of peat during the past 44 000
years (Grundlinget al, 2000; Chapter 2) in a landscape with a significant precipitation deficit
(Munica and Rutherford2006). The peatland formed on a basal clagdayithin an incised
valley-bottom comprising reworked dune sands, and is bound in the north and south by beach
ridges that separate it from Lalangaziand Lake St. Lucia, respectively (Chapter 2).
Surface drainage is mainly southwards to Lake St. Ltioiaugh the swamp forest on the
western margin of the peatland with minor intermittent water exchanges to or from Lake
Bangazidepending on lake levels. Rawlins and Kelbe (1991) investigated the impact of
plantations on Lake St. Lucia and found that grovatdr efflux from the western dunes may
provide substantial recharge towards Mfab&jiarkeneset al (2006) supported this in a
study on the groundwatelependent ecology of the shoreline of Lake St. Lucia and
speculated that discharge from the eastarned is intercepted by the Nkazana stream.
Modelling by Veereet al. (2009) suggested that groundwater seepage into Nkazana stream is
maintained even though groundwater levels on the Eastern Shores drop significantly during
dry periods. None of the previsugroundwater investigations included the major peatland
(Mfabeni) that separates the eastern and western dunes, and from which water discharges into
the Nkazana Stream (Figu®l). Consequently, the linkages between the different dune
systems, the peatld and its water regulation function that dictates the nature and magnitude
of freshwater discharge to the St. Lucia estuary, remains undetermined. Typically these
linkages would be a function of the hydraulic characteristics of the different sand and peat

types comprising the Eastern Shores. Karupa (2008) foundhihatunes comprise coarser
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sand than themallerwetlandsadjacent to Mfabeni MireOf the sand in the duné&9% was

bet ween 200 em and 500 e&em c cewetlhnde dhsttthe 6 0 % ¢
majority of the sandensess n Mf abeni Mi rebs peat was most |
dunes are therefore expected to be more permeable than the peat dadsssmdthe mire.

33 METHODOLOGY

The approach was to expand the existing teredgiroundwater monitoring network (Taylor

et al, 2006) to include four transects across the mire from the western to the eastern dune
cordon. Monitoring sites (Figurg.l) were numbered from the toe of the western dune (the

A O-point) towards the eastedune. The numbering system incorporated landform, transect
number and distance (in km) away from thpdint. The following landforms were included:

Dep = Depression wetland; SF = Swamp forest; Fen = Fen; FenOC = Sand outcrop in fen;

FenSB = Secondary basin fen, and TPN = Terrestrial point.

Well- and piezometer nes(gigure 3.1 and 3.2yere installed by hand in the peatland, and

with a truckmounted hollowstem auger drill rig in the eastern and western dune cordons.
Wells and multilevel piezometer ests at 43 sites were installed at different depths based on
the peat or dune stratigraphy; up to depths of ~10 m in the peat, 16 m in the clay beneath the
peatland, and to a depth of 30 m in the sandy uplands (24 of the 43 sites were located within
Mfaberi Mire). Wells and piezometers within the peat were 0.05 m diameter PVC tubes
covered with geotextile screening; slot lengths for piezometers were 0.2 m. Salitwstel

615 20 mm diameter drivepoint piezometers were installed in the sand or clay befmatthe
Wells and piezometers in the adjacent sand dunes were 0.05 m diameter PVC tubes; slot
lengths were 1.0 m and were covered with a geotextile screening. Water levels within the
wells and piezometers were monitored manually with an electronic probeveekly basis

for 4 yeardrom April 2008 to May 2012.

The rainfall in the mire was measured during thigedr period with 13 manual rain gauges
and two tipping bucket rain gauge(TE525, Texas Electronics Inc., Dallas, Texas, USA)
(refer to Chapter 50f more detail on rainfall measurements) compound weir was
constructed beneath the Nkazd&ralgeto measure the efflux from Mfabeni Mire to LaRe

Lucia. The weir was calibrated by damming the water behind the weir and releasing the water
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at different levels in order to measure discharge at these flow levels with a calibrated bucket

and using the Kindsvatéarter equation for the-Yiotch (Kindsvater and Carter, 1959)
0 815¢RgM?t an( W 2) h 1

where,Q = water flow rate, rilsec;d = v-notch angleh = head on the weir (mcd =
discharge coefficient, average 0.469: gravitational constant, 9.80/s” b = width of the

weir (m)
Bazi n 0 s(Bdnsak 2061pWas used for thequare fectangularsection
Q = 0.66 (Cd)(B)(2d)®° H'? 2

whereQ = water flow rate, fisec;B = width of the weir, metrestd = discharge coefficient,
average 0.62g = gravitational constant, 9.8h/s”; H = height of the water over the weir,

measured behind the weir edge, m.

The water level behd the Nkazana weir was measured every 15 minutes with a S8linst
pressure transducer. The calibrated Kindsv@tter equation was applied to the measured
water levels to determine the discharge of the Nkazana stream at the Datgeias lost for
the period mid February 2009 till May 2009. Therefore dischéygthis periodwas inferred
for the Nkazana stream bgorrelation with the discharge pattern of the ki stream
measuring weir 3 km to thesouttwestand 8 km from the coastvhich exhibis similar
discharge patterns to the Nkazana wWAppendix1). This rectangulaweir measures stream
flow from a 10 300 ha catchment on the Westenor&s of lake St. Lucia located on the
Maputaland primary aquifer comprisiridghly permeable sandy soil§he 18x10°m®/year
estimatedstream flowfrom the Mpate Riveris approximatelyfour times the groundwater
flow of theEastern Shore@dNomquphu, 1998)

The hydraulic parametergravimetric and volumetric water contebylk density, porosity,
specific yield ad hydraulic conductivity for sand and peatremeasuredThe gravimetric
content, bulk density and volumetric water content were calculated and determined using the

following methods (Rowell, 1994):
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Gravimetric water content in percentage (%) was detemunirsing

a4 pUAE— 3

whereCm is gravimetric water contenint is the weight of wet soil sample, angsis the

weight of dry soil sample.

Bulk density of dry soil sample, which is expressed in §/evas determined as

neo — 4

where,} bs the bulk density andt is the volume of wet soil sample.

Volumetric water content in percentage (%) was determined as

whereC is the volumetric water content apdis particle density, wieh is assumed to be
2.73 g/cn (standard value for sand particles) and 1.4 dfdéon dried peat) (Brady and Weil,
1998).

Porosity expressed in percentage (%) was calculated using

pTL P TR 6

Specific yield §y) is the volumeof water released per unit area of soil, fmit change in
water table, and was measured from 0.05 m sections of peat monoliths which were saturated,

then drained for 24 h. Specific yield was calculated as

= Z 7 7
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whereM is mass, angl ws density of water, assumed to be 1000 kg m

Vertical hydraulic conductivity was determined with a constant head permeameter on cores
extracted from 5 peatland sites, 2 depressions andrdstigal site. Additionahorizontal
hydraulic conductivityneasurements were made using the bail test procedure described by
Hvorslev (1951), in the wells and piezometers described above. Well and piezometer tops
and surface elevationese surveyed usinddGPS and a dumpy level was used to determine
elevation changes within the swamp foreBhe twodimensional groundwater software
packageJSGS Topodrivevasusedto guidethe depiction of isopotential lines and flow net

for the main transect.

3.4 RESULTS

3.4.1 Hydrology- Regional Water Table Distribution

The most distinct feature of the regional water table is the groundwater mound beneath the
western dunes, which creates a water table divide isolating the wetland complex from Lake
St. Lucia to the wesfThis groundwater moun(previously reported by Rawlins and Kelbe
(1991) and Tayloet al (2006) was assessed witfebruary 200gsummer)water table data
provided by the KwaZukNatal Wildlife Research Office in iSimanagaliso Wetland Park.
This study coniders only the area to the east of this divide, from which the waterstapks
towards the Indian Ocean (Figude). The water table (February 2009) was 13 m above
mean sedevel (a.m.s.l.) beneath the western dune complex (20 to 50 m below itse¥urfac
From the western mound to the swamp forest on the western margin of the peatland it
followed a shallow consistent gradient (0.5 to 2.0 m below surface). At the swamp forest the
gradient steepened (0.2 to 0.1 m below surface), from where it slopey tgeralrds the east

along the surface of thedge fen section (7 m a.m.s&pd from its eastern margin the water
table dipped more steeply below the eastern plain and the coastal dune (1 to 80 m below
surface) towards the ocean (Fig&@). Perched contons (between 7 and 7.5 m a.m.s.l.,
associated with a thin subterranean organic layer bordering the mire) are evident on the
eastern margin of the mir€urther tothe southwhere he system narrows and the swamp
forestcovers its full extent the watealile is characterised by a strong gradient southwards to
Lake St. Lucia (Figure 3.2)
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Figure3.2: The water table during a relatively wet period (February 2009). Contour interval
is2m

3.4.2 Hydrogeolmy

Mfabeni Mire consigt of an Jil m thick peat deposit, located on an impeding clay layer
(Figure 3.3) within a valleybottom setting with permeable reworked aeolian marine sands
defining the peat basin margins (Chapter 2). Relatively thin sand layers (0.3 to 0.5 m)
interbedded in peact as preferential flow zones in the eastern part of the peatland (Figure
3.3). The peat consists of a fairly coarse surface layer (H3 on the Von Post Humification
Scale) and increase rapidly in humification with depth. Mire vegetation comprises swamp
forest in the west, partially on the footslope of an-&ashg dune, with the majority of the
mire consisting of sedge/reed fen (Fig@8). Grassland covers the dunes to the west with

mixed grassland dune forest covering the coastal dunes in the east.
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Figure 3.3: Schematic diagram of the simplified hydrogeology of Mfabeni Mire with
hydraulic conductivity in cm 'S and equipotential lines (grey lines). Large blue arrows
indicate flow through sand and teenaller arrows the flow through peat. Peat humification
based on the Von Post scaendicated by H.

3.4.3 Groundwater flow

The hydraulic gradients in the summer groundwater flow net (Figddeindicated water

arriving from the western duntllowing a horizontal gradient. The flow lines indicate
groundwater discharges at the swamp forest and flows across the fen along the gentle slope to

the east.

At the eastern margin of the fen where there are interbedded sand layers 8HEyutteere

was a denward hydraulic gradient and the flow lines turn downward (recharge), after which
groundwater flows underneath the coastal dune complex towards the ocean. The winter flow
patterns jot shown were similar to summer with a marginal (0.2 m) decrease inabiidr

head on average in winter, the drier period. The hydraulic gradient was somewhat steeper
below the swamp forest (0.006) compared to the fen (0.001) and in sand layers (0.002) east of
the fen with an upward groundwater flow (0.06) developing in westalf of the mire. Flow
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lines (not shown) based on the water table elevations (F&jRyesuggest flow is captured
further downstream by the Nkazana stream draining southwards to Lake St. Lucia; whilst
northwards flow into Lakéangazioccurs only durindnigh rainfall eventsThe outputfrom

USGS Topodriveused to guide the depiction of isopotential lines and flow paths shown
Figure3.4 areincludedin Appendix 2
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Figure3.4: A) Measured hydrdic head of the main transect; andByw patterns along ¢h
main transect through Mfabeni for teemmer Felruary2009.

3.4.4 Response to rainfall events
Rainfall occurred throughout the year, but with medium to large events (> 25mm/day)

occurring mordrequently in summer compared to winter (Fig8rg). An average rainfall of
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