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ABSTRACT OF THESIS 

Characterization of groundwater discharge sites using remote sensing and wetland cores,  
Lake Eyasi basin, Tanzania 

 
By ANDREA M. SHILLING 

 

Thesis Director:  

Dr. Gail M. Ashley 

 

 Lakes in arid regions commonly dry up creating gaps in the sediment records. 

Groundwater discharge (GWD) sites are sourced from aquifers that may be recharged, at 

great distances and unaffected by local precipitation levels. GWD occurs as surface 

springs and seeps supporting continuously aggrading wetlands with the potential to 

record environmental and climatic change.  

 The study site is the NE margin of Lake Eyasi in the Eastern Gregory Rift of 

Northern Tanzania. Landsat and GoogleEarth images were analyzed to locate GWD. In 

July 2011 sites were visited and 7 cores collected. All cores underwent initial analyses 

(magnetic susceptibility, density, and physical description), and Core 1A selected for 

radiocarbon dating and sedimentological, geochemical, and biological analysis. All cores 

contained 2 intervals distinguishable by color and content. The base of the upper interval 

(28-29 cm depth) of Core 1A was AMS dated to 270 +/- 30 yrs BP (conventional 

radiocarbon age) using seeds.  

 The lower interval, light (Munsell: 5Y 4/1) organic-poor clay, impoverished 

microfauna, 5% organic matter, low total organic carbon (</= 1%) and total nitrogen 

(<0.1%), and average TOC/TN of ~11.4. The upper interval, darker (Munsell: 10YR 2/1) 
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organic-rich, microfauna consisting of diatoms and testate amoebae, 10-35% organic 

matter, total organic carbon 3-22% and total nitrogen 0.2-1.2%, and average TOC/TN of 

~14.5.  

 The lower interval records pre-wetland, lake margin sedimentation, while the upper 

interval is a freshwater wetland deposit. Contact between intervals represents onset of 

groundwater flow to the site. When calibrated to calendar years the age date indicates 

GWD reached the site between 200-500 years before today (2012).  When the 

groundwater travel time, estimated to be 400 years, is factored in the date of the rainfall 

responsible for recharging groundwater coincides with the start of the Little Ice Age, a 

period of increased rainfall in East Africa.  

This study shows GWD sites contain usable climate records. Additionally, remote 

sensing offers a low-cost way to identify and monitor GWD, critical in arid regions 

where GWD means potable water. Lastly, radiocarbon dating shows these sites are not 

ephemeral features and have the capacity to persist for hundreds of years.  
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INTRODUCTION 

Freshwater wetlands commonly occur in the arid to semi-arid regions of East 

Africa (Thompson and Hamilton, 1983; Crafter et al., 1992; Hughes and Hughes, 1992; 

Deocampo, 2002; Ashley et al., 2013), and while many are short-lived ephemeral 

features, others are relatively long-lived groundwater (GW) fed features. These GW-fed 

wetlands are an important part of hydrologically closed basins like those of the East 

African Rift due to their ability to persist despite arid conditions (Deocampo, 2002; 

Liutkus and Ashley, 2003; Ashley et al., 2004; Deocampo, 2005; Ashley et al., 2013). 

Geologic structures such as faults or bedrock fractures providing a pathway for GW flow 

to reach the surface at these groundwater discharge (GWD) sites (Rosen, 1994; Quade et 

al., 1995; Deocampo, 1997; Deocampo and Ashley, 1999; Renaut and Jones, 2000; 

Ashley 2001a; Deocampo, 2002; Deocampo, 2005; Ashley et al., 2013).  

In the hydrologically closed basins of East Africa climate change can produce 

lake-level fluctuations that expose large areas of low-gradient lake margin (Kutzbach and 

Street-Perrott, 1985; Deocampo, 2002; Deocampo, 2005). Lake margin is defined as the 

area between a standing body of water and the adjacent terrestrial environment (Feibel, 

2001). This region is often sparely vegetated if not bare.  It is on these expanses of lake 

margin that GWD occurs and eventually wetlands develop and are supported by 

continuously flowing groundwater (Ashley, 2001a; Deocampo, 2002; Deocampo, 2005). 

The initiation of these GWD features can either be tectonic or climate related 

(Deocampo, 2002).  Tectonic activity may cause a shift in sediment layers, move a fault, 

or cause some other change in the sediment or bedrock opening up a new pathway for 

GWD (Deocampo, 2002).  Climate can also cause GWD features to form due to the close 
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relationship between lake-margin wetlands and regional hydrology (Deocampo, 2002). If 

groundwater discharge occurs during high lake level, it enters directly into the lake water. 

The GWD features can only exist when the lake level and thus water table is low enough 

that the lake margin is exposed (Deocampo, 2002). For this situation to occur evaporation 

and evapotranspiration must be greater than precipitation (Deocampo, 2002).  

The GWD and associated wetlands that are the focus of this study are found along 

the margin of Lake Eyasi in the Eyasi Basin of Northern Tanzania. The Eyasi Basin is a 

half graben within the Gregory Rift Valley of northern Tanzania, part of the East African 

Rift System (EARS) (Deocampo, 2002; Deocampo, 2005; Dawson, 2008). Springs and 

associated wetlands, here referred to as GWD sites, were previously studied on the NE 

margin of the basin (Deocampo, 2002; Deocampo, 2005).  The hydrologic model 

explaining the GWD is based on fundamental hydrologic principles (Figure 1) (Ashley et 

al., 2013). Precipitation moves from local topographic highs through the subsurface 

toward topographic lows and emerge as springs at faults or at the base of slopes. The 

Ngorongoro Volcanic Highlands, a 2500 meter high massive, north of Eyasi is the likely 

moisture source for the basin’s groundwater (Deocampo, 2002; Deocampo, 2005). 

Studies of groundwater-fed systems in other EARS basins (Deocampo, 2002; Ashley et 

al., 2004; Deocampo, 2005; Johnson et al., 2009) suggest these springs are sourced by 

aquifers and are thus able to persist in arid conditions.  A number of multi-proxy studies 

have shown that sediment captured in the wetlands associated with GWD provide high-

resolution paleoclimate information, which is possible to date via AMS radiocarbon 

dating (Deocampo, 2002; Deocampo, 2005; Ryner et al., 2008; Rucina et al., 2010). 
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A previous study of the groundwater-fed wetlands on the margin of Eyasi found 

complex relationships among the many factors impacting sedimentation; these factors 

include: clastic sedimentation, mineral precipitation and diagenesis, bioturbation, peat 

formation, and vegetative sediment trapping (Deocampo, 2002).  Additionally, tectonics 

and climate not only cause the initiation of GWD but also impact sedimentation by means 

of sediment supply, aqueous geochemistry, large-mammal activity, and patterns of 

vegetation to name a few (Deocampo, 2002). It is the dynamic and complex interactions 

amongst the factors that can complicate the interpretation of groundwater-fed wetland 

deposits.  

Typically a stratigraphic relationship exists between the lake margin wetland 

deposits and pre-wetland lacustrine or lake margin deposits (Ashley, 2001a; Deocampo, 

2002; Deocampo, 2005). This relationship often provides a high-resolution, datable 

means of identifying paleoenvironmental and paleoclimate changes (Ashley, 2001a,b; 

Deocampo, 2002; Deocampo, 2005).  The low gradient of lake margins means that 

sediment, both allochthonous and autochthonous easily accumulate producing an organic 

rich record (Ashley et al., 2013).  Many multi-proxy studies have been performed 

wetland deposits (Deocampo, 2002; Deocampo, 2005; Ryner et al., 2008; Rucina et al., 

2010) and the results of these studies demonstrate that wetlands represent important 

databases of information not only about current but also past climate and hydrologic 

conditions in Africa (Thompson and Hamilton, 1983; Deocampo, 2002; Ashley et al., 

2013).  

The importance of these groundwater-fed wetlands goes far beyond their ability to 

contain climate and/or hydrologic records (Ashley et al., 2004).  As noted by numerous 
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climate studies, the East African region has been experiencing increasing aridity resulting 

in famines, threatening the lives of livestock and humans alike (Hughes and Hughes, 

1992; Lamb et al., 2003; Kiage and Liu, 2006; Kiage and Liu, 2009; Rucina et al., 2010). 

Haack et al., (1996) report that water table levels in East Africa have been steadily 

dropping over the past few decades causing once permanent water sources to decrease in 

size and disappear. To address this issue numerous recent conferences and projects, e.g. 

the conference in 2008 on Groundwater & Climate in Africa, have focused on addressing 

the growing water crisis and subsequent crop shortage in East Africa (Taylor et al., 

2009). The more recently formed Mawari Project focuses on sustainable management of 

water resources in the EARS (www.mawari.net). The ongoing drought and subsequent 

food shortages have increased interest in the potential of groundwater as a reliable source 

of potable water and resulted in a call for more information on GWD.   

 Determining the longevity of GWD sites in this arid region is a crucial part of this 

study.  For the people of this region it is important to know if the water sources can be 

relied on for only a couple of years or potentially hundreds or more.  In addition to the 

needs of modern people, the longevity of these features could provide a modern analog 

for the paleoenvironmental record of pre-historic archaeological sites and thus insight 

into the lives of early man. The Tanzanian segment of the East African Rift System has a 

rich history in hominin evolution (Olduvai Gorge and Laetoli) (Leakey, 1971; Leakey 

and Hay, 1979). Research at Olduvai Gorge has revealed that many of the archaeological 

sites are associated with springs, wetlands and woodlands (Ashley et al., 2010 a, b). Thus 

understanding what are likely modern analogs of these ancient sites could provide 

information regarding permanent sources of water available to early humans.  While the 
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spring systems examined as part of this study have clearly not been around since the time 

of early man, similar features existed and may have been utilized by them.  Identifying 

whether or not these springs persist long enough to be a reliable source of water in 

today’s arid climate may help explain how early humans coped with arid conditions and 

droughts.    

The objectives of this study are: (1) Locate GWD within the Eyasi Basin via 

remote sensing; (2) Ground truth logistically feasible sites and collecting sediment cores; 

and (3) Analyze cores: determine age of sediments using radiocarbon and interpret the 

wetlands’ climate history with geochemistry and biological remains. The hypotheses 

include: (1) Groundwater, protected from evaporation, is able to support wetlands and 

provide dependable, long-term (multi-decadal or more) sources of potable water. (2) 

GWD able to support wetland vegetation is identifiable through remote sensing. (3) The 

organic-rich wetland sediments have the potential to preserve sedimentation and 

paleoclimate records.  

 

BACKGROUND 

Geology 

The 4,000 km East African Rift System (EARS) has long been a focus of 

scientific research for the opportunity it provides to study continental rifting (McConnell, 

1972; Dawson, 2008).  The EARS has both an eastern and western branch, which appear 

to “wrap around” the Archaean Tanzanian craton, instead following the Proterozoic 

mobile belts (Ring et al., 2005; Dawson, 2008).  The eastern branch, which follows the 

north to south trend of the Mozambique orogenic fold belt, is characterized by greater 
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amounts of magmatism and rift associated volcanism that has moved southwards with 

time (Dawson, 2008). Within the eastern branch of the EARS is the Gregory Rift, which 

contains a connected string of rift basins trending north to south from south-west Ethiopia 

into Tanzania (Ebinger et al., 1997) and many would even extend the Gregory Rift to 

Lake Malawi (Bosworth et al., 1992; Frostick 1997).   

North Tanzanian Divergence 

Unlike the majority of the EARS system, the Eyasi and Manyara rifts in northern 

Tanzania transect the intersection of the Archaean Tanzanian craton and the Proterozoic 

mobile belts (Ring et al., 2005).  The Eyasi and Manyara rifts are in a region known as 

the northern Tanzanian Divergence Zone, and an area of particular interest in many 

structural and seismic studies (Ring et al., 2005).  In this region of the EARS the rift 

expands from 50-60 km wide in southern Kenya to 200 km [Ring et al. (2005) reports the 

rift as being 300-400 km wide] in northern Tanzania (Ebinger et al., 1997, Foster et al., 

1997) (Figure 2).  One of the theories for the width change of this section of the EARS is 

the difference in lithospheric structure between the Archaean Tanzanian craton and the 

Proterozoic Mozambique belt (Ebinger et al., 1997; Foster et al., 1997; Dawson, 2008).   

The sheared contact between the Archaean Tanzanian craton and Proterozoic 

Mozambique belt cuts across and is exposed in the Eyasi Basin (Foster et al., 1997).    

In addition to the change in rift width, the Tanzanian Divergence also differs from 

southern Kenya in general basin morphology. In Kenya the rifts have major faults on 

either side of the basins, in contrast, those in the Tanzanian Divergence have only one 

major fault bounding the western side of the basin, giving them a half graben morphology 

(Dawson, 2008).  
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Recently the North Tanzanian Divergence has come to be considered a two-armed 

rift pattern composed of: (1) The Eyasi and Manyara fault systems in the west and (2) the 

Pangani rift system to the east (Le Gall et al., 2008).  The Eyasi and Manyara faults are 

part of the Mbulu region, a wide area of tilted fault blocks to the western side of the 

divergence (Le Gall et al., 2008). These faults represent a continuation of the Natron 

trough, however their morphology differs, thought to be a result of the faulting cutting 

through the Archaean Tanzanian craton (Le Gall et al., 2008).  Both the Eyasi and 

Manyara basins have the half graben morphology mentioned previously (Foster et al., 

1997; Le Gall et al., 2008).  In contrast, the Pangani fault to the east bears more 

resemblance to the faults in southern Kenya, again most likely due to the fact that the 

Pangani fault does not cut through the craton but rather only through the Mozambique 

belt like the faults in Kenya (Le Gall et al., 2008).   

Within the North Tanzanian Divergence lies the Ngorongoro Volcanic Highland 

(Frostick, 1997; Gawthorpe and Leeder, 2000).  This complex of roughly 9 volcanoes 

includes the Ngorongoro Crater, Oldeani, and Oldoinyo Lengai (carbonate volcano) 

(Frostick, 1997; Gawthorpe and Leeder, 2000). For the areas within the North Tanzanian 

Divergence, the Ngorongoro Volcanic Highland represents the local high and moisture 

source for many regions (Frostick, 1997; Gawthorpe and Leeder, 2000).  

Gregory Rift 

The portion of the Gregory Rift in northern Tanzania is characterized by large-

scale extensional block faulting beginning ~30 Ma, however most subsidence has 

occurred in the last 4 Ma (Hay, 1976; Williams, 1978; Baker, 1986).  The active zone of 

extension within the Gregory Rift includes the Pangani Rift, the Manyara rift, and the 
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Eyasi Rift (Dawson, 1992; Foster et al., 1997). The general basin structure within the 

northern Tanzanian Divergence Zone is basin bounded on the western side by major 

border faults and on the eastern side by mostly unfaulted basement flexural warp (Foster 

et al., 1997).  The border faults bounding the basins to the west, forming rift escarpments, 

are steeply dipping planar normal fault systems (Foster et al., 1997).  The typical throw 

on the border faults is >500 m with uplifted flanks (Foster et al., 1997).  Basins in this 

region typically have small amounts of synrift deposits, less than 3 km, which suggests 

cumulative extension was minor across the basins (Ring et al., 2005).   

Eyasi Basin 

Regionally volcanic rocks range from basaltic to trachytic lavas as well as 

trachyandesitic volcaniclastics (Hay, 1976; Williams, 1978). The volcano bordering the 

northeast margin of Lake Eyasi, Oldeani Mountain, is a deeply incised Neogene 

trachyandesitic volcano (Hay, 1976; Williams, 1978). The lake lies in a half graben to the 

east of the Hamwawa Escarpment formed by the Eyasi fault and to the southwest of the 

Ngorongoro Volcanic Highlands (Hay, 1976; Williams, 1978) (Figure 3). 

The Eyasi basin measures approximately 100 km by 30 km and runs in a 

southwest direction from below the Neogene Crater Highlands to the Iramba Plateau 

(Foster et al., 1997) (Figure 4). Utilizing seismic and gravity data, Ebinger et al. (1997), 

identified a higher region of basement separating the Eyasi Basin into two sub-basins: 

East Eyasi Basin and West Eyasi Basin.  The East Eyasi Basin is bounded to the west by 

the Eyasi fault while the West Eyasi Basin is bounded to the south-east by the Iramba 

Plateau (Ebinger et al., 1997) (Figure 5).   
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The East Eyasi Basin (EEB) is bounded on the west by the Eyasi fault, giving the 

Eyasi Basin its asymmetrical half graben morphology (Foster et al., 1997). The Eyasi 

fault is a single fault segment approximately 100 km long, with greatest occurrence of 

cross fault throw near the basin’s center and decreasing to zero at the south-west end 

(Foster et al., 1997). The Eyasi Rift system cuts through both Archaean and Late 

Proterozoic crust/ Mozambique orogenic fold belt (Ebinger et al., 1997). The amount of 

synrift deposition has been determined to be no greater than 2 km thick within the basin 

(Ebinger et al., 1997).  

To the north of Lake Eyasi is Oldeani, one of the numerous volcanoes making up 

the Ngorongoro Volcanic Highland.  The deposits from Oldeani have been found to be 

silica saturated, ranging from basalt to trachyandesite (Mollel et al., 2011).  The texture 

of the deposits is fine-grained phaneritic to aphenitic, occasionally porphyritic and 

scoriaceous (Mollel et al., 2011). The mineral assemblages of the deposits include 

plagioclase, augite, olivine, and titanomagnetite (Mollel et al., 2011). 40Ar/39Ar age 

dating revealed Oldeani to be roughly 1.5 Ma, making it one of the youngest volcanoes in 

the Ngorongoro complex (Mollel et al., 2011).   

Climate 

Modern Climate 

 The general climate of East Africa is sub-arid to sub-humid, with the Eyasi Basin 

being sub-arid (Kiage and Liu, 2006).  Rainfall in the Eyasi region is bimodal, with the 

long rains occurring from March to May and a shorter period of rain from October to 

November (Nicholson, 1996; Nicholson, 2000; Kiage and Liu, 2006).  There are three 

major air streams, the Congo air (W-SW flow), the NE monsoon, and the SE monsoon, 
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which control the region’s climate making it one of the most complex in Africa 

(Nicholson, 1996; Nicholson, 2000; Kiage and Liu, 2006).  Where these air masses 

collide three convergence zones form; the ITCZ (separating the two monsoons) and the 

Congo Air Boundary (separating easterlies and westerlies) are both surface convergence 

zones, while the third zone is higher in the atmosphere, separating northern and southern 

flows (Nicholson, 1996; Nicholson, 2000; Kiage and Liu, 2006).  All these factors acting 

on the region’s climate can make it difficult to discern the driving force behind the 

climate at a specific site and specific time in history (Nicholson, 1996; Nicholson, 2000; 

Kiage and Liu, 2006).   

 Rainfall on the Ngorongoro Volcanic Highlands, to the north of Lake Eyasi, 

averages 1200 mm/yr (Deocampo, 2002; Deocampo, 2005), while in Eyasi Basin rainfall 

is about half that, between 500-600 mm/yr (Hughes and Hughes, 1992). If more water 

were available for evapotranspiration the rates for the region would be roughly 2500 

mm/yr, which would result in a negative water budget where evapotranspiration exceeds 

precipitation. As a result of such high evapotranspiration rates there is a lack of surface 

water such as streams/rivers and the lakes in this region tend to be saline alkaline such as 

lake Eyasi (Rowntree, 1989). Regional prevailing winds are from the east blowing 

westward, however the Ngorongoro Volcanic Highland and Eyasi Basin produce a local 

effect causing thermal convection so locally wind moves from north to south.  

Holocene climate 

 Little is understood about the mechanisms governing the climate and hydrologic 

changes observed in tropical and subtropical Africa both today and in the paleo-record 

(Johnson et al., 2002; Schefuβ et al., 2011) and as a result much of what is observed in 
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the paleo-record is not fully understood.  Africa’s large size and varying landscape both 

act to further complicate the climate of this continent (Johnson et al., 2002). The 

Holocene represents the last 10,000 years of a 20,000-year Precession cycle, and is a time 

of decreasing insolation (deMenocal et al., 2000).  This has resulted in a wet to dry shift 

in the tropics and a warm to cool shift in temperate regions (deMenocal et al., 2000). 

Superimposed on this broad trend are sub-Milankovitch fluctuations relating to 

interactions between the atmosphere and ocean circulation systems (deMenocal et al., 

2000). While the climate in more recent times (<2,000 years BP) may seem quite variable 

to some, many see the last 2000 years as stable and uneventful when compared with the 

climate during the early and middle Holocene (Verschuren, 2004; Russell et al., 2007; 

Russell and Johnson, 2007).  

The African humid period (~11-4 ka) is generally thought to be a time of warmer 

and wetter conditions (Thompson et al., 2002) however as with most climate studies the 

extent and impact of this climate change vary regionally. The Medieval Climate Anomaly 

(MCA) (~1000 – 700 BP / ~ AD 1000-1270) is considered a time of drier climate within 

the East Africa Rift System (Mohammed et al., 1995; Verschuren et al., 2000) and the 

Little Ice Age (LIA) (~730 – 150 BP / ~ AD 1270-1850), though punctuated by three 

episodes of drier climate, was overall wetter (Verschuren et al., 2000; Verschuren, 2001, 

Ashley et al., 2004). These prolonged dry episodes occurred at AD 1380-1420, 1560-

1620, and 1760-1840 (Verschuren et al., 2000). As is often the case within Africa, not all 

studies agree with one another, for example, Garcin et al. (2007) report drier climate 

during the LIA (AD 1550-1850).  
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 Kiage and Liu (2009) find that the east African climate has been mostly dry since 

AD 1650, yet punctuated by centennial to decadal-scale wet and dry episodes, with two 

dry periods (AD 1650 to AD 1720) coinciding with the LIA.  Russell et al. (2009) report 

that climate between AD 1450 – 1750 was wet in eastern Africa (Verschuren et al., 2000; 

Stager et al., 2005) but dry in the western rift in Uganda, Tanzania, and Malawi (Russell 

and Johnson, 2007) with major climatic events occurring about AD 100, 1000, 1250, 

1600, and 1800 (Verschuren et al., 2000; Alin and Cohen, 2003; Russell and Johnson, 

2008). Bessems et al. (2008) find a period of extreme drought in equatorial East Africa 

occurring roughly 200 years ago. These examples further demonstrate the potential 

variability of climate on the African continent.  Explaining the regional and temporal 

differences observed in the different studies is a continuous challenge for researchers.   

 Perhaps even more difficult to determine are the mechanisms driving the observed 

climate variability.  When viewed on a longer timescale the effects of the Milankovitch 

cycles on Africa’s climate are observable. Orbital precession cycles produce 19- to 23- 

thousand year fluctuations in insolation resulting in observable climate change in tropical 

Africa during the Pleistocene (Gasse, 2000; Scholz et al., 2007).  A large number of 

studies report a shift to more stable, humid conditions over a large part of Africa causing 

significant rises in lake levels, roughly 70 kyr ago, and coinciding with diminished orbital 

eccentricity and a reduction in extreme climatic events related to precession-dominance 

(Scholz et al., 2007).  Even when examining climate change resulting from orbitally-

driven insolation changes many unresolved issues still remain, such as latitudinal 

gradients, regional patterns, and even the exact timing of climate changes in the tropics in 
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relation to higher-latitude regions (Gasse, 2000; Trauth et al., 2003; Bessems et al., 

2008). 

 Lately a number of studies trying to identify the cause of smaller scale, decadal to 

century, climatic changes have found a compelling relationship between solar cycles 

(flares and minimums) and stratospheric and tropospheric weather systems (Stager et al., 

2007 and references therein). Verschuren et al. (2000) found that all three of the severe 

drought events occurring within the past 700 years coincide with periods of high solar 

radiation, and that intervening times of increased moisture occurred during periods of low 

solar radiation, which suggests a relationship between solar radiation levels and decade-

scale rainfall variability in this region.   

Lake Naivasha had highstands (high lake levels) during each of the last three solar 

minima (Maunder, Sporer, and Wolf) (Thompson et al., 2002). By studying Lake 

Victoria during the 20th century a relationship between the 11 yr sunspot cycles and lake 

level maxima was identified (Stager et al., 2007). The increased lake level was the result 

of positive rainfall anomalies, which occurred roughly 1 year before the solar maxima.  

The same relationship was observed in five other lakes in East Africa, suggesting that 

while the effects of irradiance fluctuations due to sunspot cycles are weak, the effects on 

tropical rainfall might be amplified due to interactions with sea surface temperature and 

atmospheric circulation systems (Stager et al., 2007). While there are many studies with 

evidence in favor of solar forcing impacting climate, many researchers still caution that 

this relationship and the spatial extent and temporal persistence is not well understood, 

and that much is yet to be discovered (Johnson et al., 2002; Verschuren, 2004; Russell 

and Johnson, 2007;  Kiage and Liu, 2006; Bessems et al., 2008). 
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Flora & Fauna 

 Aside from the wetlands associated with GWD, the lake margins of Eyasi are 

virtually bare though further away grow short grasslands of Diplachne fusca and 

Sporobolus spicatus (Hughes and Hughes, 1992). The trees growing just beyond the lake 

margin include acacia and palm and much further away baobab can be found. At GWD 

sites Cyperus laevigatus, Typha, and sedges (exact species TBD by Barboni) grew, but 

were restricted to growing close to the GWD (Figure 6 A, B, C, D).  Salt was observed as 

crystals on mud on the edges of sites.  Onion is the main crop observed growing within 

the basin (Figure 6 E). 

 In the past the basin was home to many of East Africa’s native wildlife; however, 

extensive hunting for food has greatly decreased the populations.  In more remote 

regions, away from human settlements, giraffes, elephants, zebras, gazelles, and dikdik, 

for example, can still be found.  Waterfowl, such as flamingoes, are common when the 

lake is present and gather in small numbers around GWD sites. Egyptian geese, 

flamingoes, sacred ibis, marabou stork, egrets, Blacksmith lapwing plovers, and pelicans 

were all observed at GWD sites while in the field (Figure 7 A, B, C). By far the most 

common animals in the basin are the herds of livestock (cows, sheep, and goats) raised by 

the local people (Figure 7 D).  It is the herds of domesticated animals that have the largest 

bioturbation impact on the GWD sites since hippopotamus are rare in this part of the 

basin.  

Hydrology 

 The main tributary into Lake Eyasi is the Sibiti River, entering the basin from the 

south, however it only ever flows during very wet years, and like most other water 
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sources in this area, the waters of the Sibiti typically evaporate before ever reaching the 

lake (Hughes and Hughes, 1992). In wet years, fluvial drainage from the Serengeti to the 

northwest and from the uplifted metamorphic highlands to the southeast also contribute to 

the lake’s input (Deocampo, 2005). The most likely groundwater source for the GWD 

occurring along the northern margin is the Ngorongoro Volcanic Highlands to the north, 

while the GWD observed on the southeast margin of the lake is likely sourced from the 

uplifted metamorphic highlands that run parallel to the lake margin (Figures 3 and 8). 

Elizabeth Miller at Rutgers University conducted hydrologic modeling of the entire Eyasi 

Basin, and a general travel time for GW to the site fell within 400-1000 years travel time, 

depending on the path taken. Elizabeth Miller is conducting continued analysis of GW 

pathways and travel times at this time.  

Remote Sensing 

The Landsat program, a joint effort between the USGS and NASA, has produced 

one of the longest continuous records of natural and human induced changes on the 

global landscape (USGS, 2012). The first satellite, Landsat 1, was launched in 1972, 

since then 5 additional satellites have been successfully launched (USGS, 2012). 

Presently only Landsat 5 and 7 remain operational however there are plans for a new 

satellite to be launched in early 2013 (USGS, 2012) (Table 1). 

All of the Landsat satellites captured images of earth in 185 km wide swaths, moving in a 

descending orbit (North to South) over Earth’s sunlit side (USGS, 2012). The satellites 

would pass over the same point on earth every 16-18 days, depending on the satellite 

(USGS, 2012). Landsats 1, 2, and 3 contained a Multispectral Scanner (MSS), producing 

images with a resolution of 80 m and recording four spectral bands (Table 2) (USGS,  
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2012). Resolution of 80 m means that the side of a single pixel measures 80 m across, 

thus 1 pixel is 80 m by 80 m. 

Landsats 4 and 5 contain the Thematic Mapper (TM) sensors capable of recording 

several additional bands in the shortwave infrared (SWIR) spectral range, has a resolution 

of 30 m for visual, SWIR, and near IR bands, and added a 120 m thermal IR band 

(USGS, 2012).  The Enhanced Thematic Mapper Plus (ETM+) lies on board Landsat 7 

and boasts 30 m resolution for visible, near IR, and SWIR bands, a 60 m spatial 

resolution thermal band, and a 15 m panchromatic band (USGS, 2012) (Table 3). In May 

of 2003 the Scan Line Corrector on board Landsat 7 failed causing gaps in some of the 

data sets, however this had no affect on the images used in this study (USGS, 2012). 

N-alkanes 

 N-alkanes, the dominant component in epicuticular waxes of plants, are straight-

chain hydrocarbons, relatively large and stable structures capable of being well preserved 

in sediments (Eglinton and Hamilton, 1963; Meyers and Ishiwatari, 1993) (Figure 9). 

These chains typically have an odd number of carbon atoms, ranging from 17 to 33 

carbons in a chain (Meyers, 1997; Castañeda et al., 2007; Russell et al., 2009; Castañeda 

et al., 2011).  N-alkanes originating from terrestrial plants can be transported by either 

wind or water, though it is not uncommon for wind to be the dominant mode in arid 

regions (Meyers, 1997; Castañeda et al., 2007; Eglinton and Eglinton, 2008; Russell et 

al., 2009; Castañeda and Schouten, 2011). When wind transported, n-alkanes are 

transported on leaf fragments or other materials such as sediment or as aerosols formed 

by vegetation fires or simple wind abrasion (Castañeda et al., 2007; Eglinton and 

Eglinton, 2008; Russell et al., 2009; Castañeda et al., 2011). N-alkanes that are  
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transported to the site by wind or water are in addition to those deposited in situ by the 

plants growing in the GWD-fed wetland. 

Shorter chains (C17-C21) are typically associated with aquatic plants, while longer 

chain lengths (C25-C33) are sourced from terrestrial plants (Giger et al., 1980; Cranwell et 

al., 1987). The distribution of the different chain lengths can be used to provide 

information on the vegetation types in an area; for example, it is generally agreed that C31 

n-alkanes are produced mainly by grasses while C27 and C29 are characteristic of 

deciduous trees (Giger et al., 1980; Cranwell et al., 1987; Eglinton and Eglinton, 2008). 

For intermediate chain lengths, such as C19, C21, C23, and so on, sources are less clear, 

most likely produced by a mix of aquatic and terrestrial plants (Giger et al., 1980; 

Cranwell et al., 1987; Eglinton and Eglinton, 2008; Castañeda et al., 2011).  

In the case of the Eyasi groundwater-fed wetlands it is known that pollen from 

species farther from the wetland (not in situ) and sediments are wind transported into the 

system and deposited at the core site (Ashley et al., 2013). Knowing this it can be 

assumed that some of the n-alkanes (not including those from in situ deposition) are also 

wind transported to the site as n-alkanes commonly stick to sediments and other wind 

transported material in addition to being transported directly from the leaf by wind.  As a 

result the n-alkane data likely represents the basin as a whole and not just those plants 

growing immediately over the site.  Additionally the presence of n-alkane with chain 

lengths commonly formed by grasses and trees also indicates the ability of wind transport 

as neither grasses nor trees were growing within a few meters of the site yet their 

signature can be seen in the data.  
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 In addition to using n-alkane chain lengths to determine vegetation type, the 

carbon isotopic composition of specific n-alkanes can be used to distinguish between the 

different photosynthetic pathways utilized by plants (O’Leary, 1981; Collister et al., 

1994; Castañeda et al., 2007; Castañeda et al., 2009; Castañeda et al., 2011; Castañeda 

and Schouten, 2011). Trees, shrubs and other temperate species make up the majority of 

C3 plants, while grasses and sedges, more drought resistant species, represent the bulk of 

C4 plants (Collister et al., 1994; Raven et al., 1999; Castañeda et al., 2007; Castañeda et 

al., 2009; Castañeda et al., 2011; Castañeda and Schouten, 2011). The carbon isotopic 

composition of plants utilizing the C3 photosynthetic pathway tends to average around -

36%o, however plants utilizing the C4 photosynthetic pathway tend to average around -

21.5%o (Cerling et al., 1993; Collister et al., 1994).  End-member values, while not 

varying too much, are reported differently depending on the study. This being said, most 

studies will look at the specific values for plants within the study region to better 

understand the isotopic end-member values specific to the C3 and C4 plants in the region. 

To better constrain the results found here it would be best to determine the specific 

isotopic composition of the different C3 and C4 species in the immediate area around the 

core site and basin area at large, unfortunately this was beyond the scope of this study.  

 

METHODS 

Remote Sensing 

Landsat imagery of Lake Eyasi was acquired from the USGS website, 

(http://earthexplorer.usgs.gov/). Imagery for this analysis was limited to what was 

available on the site as well as cloud free imagery (Appendix 2). Landsat satellites do not 
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have the capability to measure spectral bands unaffected by cloud cover as some satellites 

do. It is possible to use imagery with some cloud cover if they did not cover the cropped 

region, otherwise the presence of clouds would skew the analysis. The software used to 

manipulate and analyze the Landsat imagery was ERDAS Imagine 9.0.  Due to time 

constraints, and in order to increase the number of usable images, all images were 

cropped so only the northeast corner, and future field site, of Lake Eyasi was studied.  

The methods of image analysis that were used are outlined by Ozesmi and Bauer 

(2002) and have been used to locate and monitor wetlands previously. A normalized 

difference vegetation index, NDVI, was applied to the cropped images. The NDVI ratios 

the near infa-red band with a visual band, in this case the band for the color green. The 

resulting image shows areas of higher amounts of vegetation in warmer colors (yellow, 

orange, red with red representing the highest amounts) and the areas with cooler colors 

(greens, blues, etc.) as having less vegetation.  This analysis was performed on as many 

images as possible with the exception of those with too much cloud cover over the site. 

The remote sensing analysis portion of the project was conducted at the Center for 

Remote Sensing and Spatial Analysis (CRSSA) at Rutgers University under the guidance 

of Director Dr. Richard Lathrop.  

 GoogleEarth was used to augment the Landsat study as the majority of 

GoogleEarth imagery is at a higher resolution, now less than two meter resolution for the 

newest imagery, than Landsat imagery and, like the Landsat data, is available free of 

charge.  When ground-truthing (physically visiting a site while in the field) was not 

feasible, GoogleEarth imagery could be used as a means for visually verifying results. 

Additionally, after the field season, a large portion of the lake margin imagery was 
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updated to sub-two meter resolution allowing for additional identification of numerous 

smaller GWD features around the northeast and southeast lake margin.   

Field Methods 

Site Description 

 Observations were made and photographs taken of the physical setting and GPS 

locations recorded for the GWD sites visited, in particular those from which cores were 

taken (Table 4). Water samples were collected at each GWD site, and in situ 

measurements of water temperature and pH taken (Ashley, unpublished data). Samples of 

vegetation surrounding and supported by the GWD were taken, along with photos, and 

soil samples (Barboni, unpublished data).  

Core Collection 

 A total of 7 short cores were collected from 3 different GWD sites using a 

Livingstone piston corer (Appendix 3). At each location the site for coring was selected 

as far into the wetland as possible in areas of minimal “large animal” bioturbation. 

Standard coring procedures were followed (Wright, 1967).   

 The Livingstone corer was assembled in the field at each coring location.  Once 

chosen the site was carefully cleared of large plants, at the same time the halves of the 

core liner were labeled with location, date, up direction, and core number.  The corer was 

positioned vertically over the core site and kept as vertical as possible throughout the 

coring process.  The corer was then pushed straight down into the wetland until it was not 

possible to push any further.  The corer was then lifted straight out and carried vertically 

to a dry flat location for core extraction.  
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 Cores were extruded onto one half of butyrate tubing, which were split prior to 

leaving for the field, the other half then placed on top and the two taped together.  Next 

the core was plastic-wrapped; plastic end caps labeled with core site, date, and 

top/bottom designation were applied to both ends and taped into place. Once collected, 

cores were stored horizontally, and with no refrigeration available in the field, care was 

taken to keep cores out of direct sunlight, in as cool a location as possible. Numerous 

attempts were made to take multiple cores from the same coring hole however after initial 

core removal the holes filled back in and secondary core retrieval was determined to be 

impossible (Figure 10). 

Lab Methods 

Sedimentology 

Initial Description 

 The cores were analyzed at LacCore, Limnological Research Center Core Facility, 

University of Minnesota - Minneapolis campus, using this lab’s standard initial core 

description (ICD) procedures, which included: whole core multisensory logging, core 

splitting into work and archive halves, core surface preparation, digital whole core 

imaging (Appendix 3), ICD sheet production, split core multisensory logging, 

macroscopic sediment description, microscopic sediment description (smear slides), cold 

storage in D-tubes, and data archiving.   Prior to splitting, cores were run on a Geotek 

Multisensor Core Logger (MSCL), which measured sediment density, acoustic wave 

velocity, electrical resistivity, and loop-sensor magnetic susceptibility at a 0.5 cm 

resolution. It should be noted that it was not possible to calibrate the Geotek Multisensor 

Core Logger (MSCL) to the core liner used, so the results from this machine can only be  
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viewed in relative and not absolute terms.   

 Each core was then split, scraped, and working halves imaged on a digital line 

scanner at 10 pixels per millimeter (~300 dpi) resolution. The archived halves were 

labeled, wrapped in plastic wrap, and stored in a cold storage unit at a maximum of 13oC 

(55 oF). Both the cores and the images were used when describing the cores. A Munsell 

Color Chart was consulted when determining the colors of the cores. Smear slides were 

collected at regular intervals and examined under microscope to aid in the physical core 

description. A Geotek XYZ core scanner was used to collected high-resolution (0.5 cm) 

point-sensor magnetic susceptibility. When not in use or during the overnight periods the 

working halves were rewrapped in plastic wrap and stored with the archived halves in 

cold storage.  Working and archived halves were returned to Rutgers University for 

storage and future work.  

Sub-sampling 

Sub-sampling of the core was done at Rutgers University.  Each core was cut into 1 cm 

thick sections that were then further divided based on the amount or volume of sample 

needed for each analysis (Figure 11). Due to the limited amount of core collected each 1 

cm slice was subdivided and no excess remained. When evident, material pushed down 

during the coring process was identified and removed.  

Percent Sand 

 Methods were adopted from Folk (1980) and Lewis and McConchie (1994). Grain 

size was measured for every other centimeter in Core 1A. The small amount of core 

material meant that it was not possible to perform a full grain size analysis; fortunately it 
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was possible to characterize the larger fraction, greater than 63 microns. Samples were 

collected at a known volume of one cubic centimeter. Each 1 cm3 sub-sample was dried 

over night at 105 oC and dry weight recorded.  Samples were then soaked in distilled 

water and agitated with steel spatula to break apart clumps of organic and clay material.  

The muddy mixture was then wet sieved through a 63 micron mesh screen.  All material 

greater than 63 microns was then dried over night (at 105 oC). Once dried organic 

material was then removed and the remaining sediment fraction weighed to determine the 

weight percent of material larger than 63 microns, which represents the fraction equal to 

or larger than fine sand.    

Sedimentation Rate 

 Taking the amount of core material above the level of the age date and dividing 

by the maximum and minimum age determined by the radiocarbon dating provided basic 

sedimentation rate for the upper interval of the core only. This sedimentation rate was 

then compared to similar studies in the area to see reasonability.   

Geochemical Analysis 

Sequential Loss On Ignition 

 The procedure used for sequential loss on ignition follows Folk (1980) with some 

adjustments based on the research presented in Heiri et al. (2001). LOI was measured for 

every other centimeter of Core 1A. Each sample was air-dried overnight, then 

homogenized with mortar and pestle and dried again over night at 105 oC and dry weight 

recorded. The dried sample was then transferred to a cleaned and dried crucible and the 

combined dry weight of both recorded.  Crucible and sample where then heated in a 

furnace for 4 hours at 550 oC, 4 hours as opposed to the standard 2 hours was chosen due 
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to the high amount of organic matter in the sample (Heiri et al., 2001).  The furnace used 

was a Barnstead: Thermolyne furnace, model series FB1400. After four hours samples 

were cooled to room temperature and the weight recorded.  The percent of sample weight 

lost equals the amount of organic carbon in the sample.   

Next the samples were returned to the furnace for an additional two hours of 

heating at 990oC.  After the samples were again allowed to cool to room temperature they 

were reweighed. This time the percent weight lost when multiplied by a constant 1.36 

provides the weight of carbonate content in the sample. Combining the two calculated 

weights gives the total amount of carbon in the sample.  

Total Organic Carbon and Total Nitrogen Bulk Elemental & Isotopic Analysis 

 Sub-samples were run at the University of Massachusetts – Amherst under the 

guidance of Dr. Finkelstein. Total organic carbon, total nitrogen and stable isotopes for 

both was measured for every centimeter of Core 1A. Sub-samples for carbon and 

nitrogen analysis were collected, dried overnight at 150 oC, and homogenized using 

mortar and pestle. A small portion of each powdered sample (between 2 and 25 mg) was 

decalcified with HCl (1 N; 30 ml) for determination of the organic carbon (Corg) and 

nitrogen (N) content of the samples. Corg, N, d13Corg and d15N values were determined 

using a Costech Elemental Analyzer connected on-line to a ThermoFinnigan Delta V 

mass-spectrometer.  Powdered and weighed sediment samples placed within silver 

capsules were inserted in the autosampler of the elemental analyzer and combusted. The 

d13C composition of the resulting CO2 gas was calibrated against an internal laboratory 

standard (acetanilide, d13Corg=-29.85‰), expressed relative to the Vienna Peedee 
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Belemnite (VPDB) international standard. The d15N values are also calibrated against an 

internal laboratory standard (acetanilide, d15N=-0.26x), expressed relative to air. 

N-alkane Isotopic Analysis 

 In order to have enough material to be able to run this analysis, 4 centimeters of 

sediment had to be combined into one sample.  So starting from the top, every 4 

centimeters were combined and run as one sample. Clayton Magill at Penn State 

University performed the n-alkane specific carbon isotope study (Appendix 4).  

Biological Analysis 

Seed Picking 

  Seeds were collected from the base of the upper interval of the archived half 

(between 28 and 29 cm depth). The material from the core was placed in deionized water, 

gently agitated to break apart, and slowly looked through for seeds with the aid of a 

microscope. Once collected the seeds were sent to Beta Analytic for analysis. 

Diatoms 

R. Bernhart Owen carried out diatom preparation at his lab in Hong Kong Baptist 

University. Methods were reported as follows. Carbonates were removed by adding HCl 

followed by rinsing with distilled water, which assisted with disaggregation. Samples 

were then dried on smear slides and mounted using naphrax. A minimum of 300 diatoms 

were counted along transects on each slide. Taxa were identified to species level using 

light microscopy with phase contrast at 1000×, with reference mainly to the works of 

Gasse (1980, 1986). Several diatom identifications were confirmed using a Leo 1530 

Field Emission Scanning Electron Microscope. 
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Testate Amoebae 

 Sub-samples for the testate amoebae analysis were collected at a known volume 

of one cubic centimeter.  The procedure used followed those of Charman (2001). The 

weight was recorded, sample placed in a beaker, and approximately 100 ml of distilled 

water added.  Sample was then gently broken apart and the slurry heated to a boil for 10 

minutes, periodically stirring to help further disaggregate the sample. After ten minutes 

the sample was washed through a course sieve (300 micron). Care being taken to always 

use deionized water. The portion caught in the sieve was saved for later use in seed 

picking. The rest of the sample (<300 microns) was then back sieved through a fine sieve 

(10 microns). The material caught by the fine sieve, material less than 300 microns but 

greater than 10, was transferred to a separate test tube for testate amoebae analysis.  The 

remaining sample (<10 microns) was saved to check for the absence of testate amoebae, 

once tested this portion of the sample was discarded. Due to time constraints testate 

amoebae were examined every 5 centimeters down core.  For each sample five drops 

were examined for the presence or absence of testate amoebae.  

Radiocarbon Dating 

 Refer to the following link from Beta Analytic’s website, detailing the 

methodology used for AMS radiocarbon dating: http://www.radiocarbon.com/PDF/Beta-

AMS-Methodology.pdf 
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RESULTS 

Remote Sensing 

 Through the NDVI (Normalized Difference Vegetation Index) analysis it was 

possible to identify regions of the Lake Eyasi margin that remained consistently highly 

vegetated over many years.  When the northeast corner of Lake Eyasi was examined four 

potential GWD features were large enough to be captured with the 30 m resolution of 

Landsat imagery. Each of the four sites was visible in every image analyzed despite 

varying seasons and droughts (Figure 12). Given the coarse resolution of the Landsat 

imagery and the relatively small size of the majority of GWD features it is not surprising 

that Landsat was only able to identify four in this small corner of the lake margin.   

A large portion of Eyasi basin was updated to the new GoogleEarth imagery 

boasting resolution of less than two meters, which made it possible to visually identify 

640 additional GWD features along the southeast and northeast margin (Figure 13). At a 

resolution less than two meters it is possible to distinguish individual trees. 

Unfortunately, the only portion of the basin not yet updated is the northeast margin of the 

lake, the field/coring site, where imagery remains too coarse to identify most of the GWD 

sites along this part of the lake margin.  

Sedimentology 

Core Description 

 The core is divided into two distinct layers, a lower interval from 43 cm to 30 cm 

and an upper interval from 30 to 0 cm. The lower interval was a dark grey color, 5Y 4/1 

Munsell, and did not contain any visible pieces of vegetation but contained sediment of 
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sand, silt, and clay size. Smear slide analysis confirmed the presence of increased clay 

and the presence fragmented of diatoms. The contact between the upper and lower 

intervals is not perfectly horizontal, possibly due to the coring procedures (Figure 14). 

Through visual analysis of Core 1A and core photograph it was determined that the upper 

interval of the core was black in color, 10YR 2/1 Munsell (Figure 14).  The upper interval 

extends from 30 cm to 0 cm depth and contained large pieces of vegetation throughout 

with little sediment visible.  When analyzed under a microscope, smear slides taken 

throughout this interval showed numerous diatoms.  

Density 

As a result of the geotek core scanner not being calibrated to the core liner the 

results of the density scan can only be considered in relative and not absolute terms.  A 

difference in density between the lower and upper interval of each core was observed, 

with the lower portions always exhibiting higher densities (Appendix 5). In Core 1A 

there is an obvious decrease in density between the lower and upper intervals, at roughly 

29 to 30 cm depth.  Within the upper interval of the core, there is an interval of relatively 

constant density from 29-20 cm depth, above this point the density continues to decrease 

steadily up core.  Between 10 and 8 cm depth there is a sudden drop in density, this 

anomaly is due to a small gap in the core and not due to changes in the core composition 

(Figure 15). 

Magnetic Susceptibility  

 The magnetic susceptibility plots for the 7 cores collected were highly variable.  

In general regions of high organic matter (OM) had lower susceptibility then those 

regions that appeared to have higher amounts of sediment, i.e. the lower portions of the 
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cores. Two of the cores (Cores 2A and 2B) were recovered from a “blister wetland” 

sourced by GWD.  This feature occurred further out on the lake bed, and one core, core 

2A, contains considerably more lake margin material than others, and as a result has a 

significantly higher magnetic susceptibility plot, note the difference in scale (Appendix 

6).  

Within Core 1A the magnetic susceptibility scan showed a highly variable trend.  

The lower portion of the core, 43-30 cm, has a slightly higher magnetic susceptibility 

average of 11.7 SI (x10^-6) (SI = International System of Units) with a standard 

deviation of 2.26. The average for the upper interval is approximately 8 SI (x10^-6).  

Within the upper interval from 30-16 cm magnetic susceptibility averages 9 SI (x10^-6) 

with a standard deviation of 1.76 SI (x10^-6), from 15-5 cm 7.8 SI (x10^-6) with a 

standard deviation of 1.19 SI (x10^-6), and an average of 2.7 SI (x10^-6) with a standard 

deviation of 2.79 SI (x10^-6) for the top 5 cm (Figure 16).  

Percent Sand 

The lower interval of the core from 43-30 cm contained an average of 20% 

material larger than 63 micrometers (>/= fine sand size) with a standard deviation of 6.37 

% greater than 63 µm, 29-16 cm averaged 25% greater than 63 µm with a standard 

deviation of 6.06% greater than 63 µm, and the top from 16-0 cm averaged 3.2% greater 

than 63 µm with a standard deviation of 1.73% greater than 63 µm. Averaged weight 

percent of grains larger than 63 microns showed a decrease in larger grains for the top 14 

cm of core (Figure 17). 
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Sedimentation Rate 

 Calculated sedimentation rates for the upper interval of the core only ranged from 

1.3 mm/yr using the youngest age date reported by the radiocarbon dating (215 years 

before 2012) to 0.56 mm/yr using the oldest reported age date (497 years before 2012).  

Sedimentation rates of ~1mm/yr have been reported for other GW-fed wetlands studied 

in this region (Ashley et al. 2004), suggesting the rates calculated here are reasonable.  

Geochemical Analysis 

Sequential Loss on Ignition 

Overall LOI increased up core with a maximum value of 38.1% organic matter 

(OM) occurring at 1 cm depth and a minimum of 5.35% OM at 35 cm depth (Figure 18). 

The lower interval of the core (43-30 cm) had an average LOI of 5.73% OM with a 

standard deviation of 0.27% OM.  Within the upper interval from 29-16 cm averaged 

8.72% OM with a standard deviation of 1.22% OM, from 16-5 cm averaged 14.33% OM 

with a standard deviation of 2.51% OM, and the upper most interval from 4-0 cm 

averaged 31.98% OM with a standard deviation of 8.77% OM. Due to a malfunction in 

the furnace used, the second stage of the sequential LOI study to determine percent 

carbonate was not completed. Those samples run prior to the identification of the 

malfunction were proven to be inaccurate. There was not enough core material remaining 

to repeat the analysis, as a result this test was dropped from the study.  

Total Organic Carbon – Elemental Analyzer 

 The lower interval of the core, 43-31 cm depth, averaged 0.88% carbon with a 

standard deviation of 0.36% carbon.   In the upper portion percent carbon averaged 
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3.55% carbon from 30-16 cm depth with a standard deviation of 0.78% carbon, 7.06% 

carbon from 15-4 cm with a standard deviation of 2.20% carbon, and 23.67% carbon for 

the top three centimeters (3-0 cm) with a standard deviation of 3.24% carbon. The 

maximum percent carbon of 26.85% carbon occurred at 1 cm depth and the minimum of 

0.54% carbon occurred at 41 cm depth (Figure 19).  

Total Nitrogen – Elemental Analyzer 

 The lower interval of the core, 43-31 cm depth, averaged 0.06% nitrogen with a 

standard deviation of 0.023% nitrogen.  Within the upper portion percent nitrogen 

averaged 0.23% nitrogen for 30-16 cm with a standard deviation of 0.053% nitrogen, 

0.54% nitrogen for 15-4 cm with a standard deviation of 0.12% nitrogen, and 1.28% 

nitrogen for 3-0 cm with a standard deviation of 0.14% nitrogen.  The maximum percent 

nitrogen of 1.43% nitrogen occurred at 1 cm depth and the minimum of 0.04% nitrogen 

occurred at 41 and 43 cm depths (Figure 19). 

TOC/TN ratio 

 C/N ratios, in this case TOC/TN specifically, were calculated for each centimeter 

of Core 1A.  C/N values ranged from 19.2 at 2 cm depth to 11.59 at 11 cm depth.  For the 

lower interval of the core, 43-31 cm depth, C/N averaged 13.85 with a standard deviation 

of 0.65.  Within the upper interval C/N averaged 15.55 for 30-16 cm with a standard 

deviation of 0.75, 12.76 for 15-5 cm with a standard deviation of 1.06, and 17.61 for the 

uppermost four centimeters with a standard deviation of 1.86 (Figure 20).   
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Carbon Stable Isotopes 

 The carbon stable isotope study compared 13C/12C. The overall average for the 

core was -22.60 with a standard deviation of 0.71.  The average for the lower interval of 

the core, 43-30 cm, was -22.68 with a standard deviation of 0.467, and the upper interval 

from 30-15 cm averaged -22.65 with a standard deviation of 0.435, from 14-5 cm 

averaged -22.95 with a standard deviation of 0.698.  The only section of the core showing 

much variation was the upper 4 centimeters, which averaged -21.20 with a standard 

deviation of 0.88. The most enriched value of -20.60 occurred at 1 cm depth, and the 

most depleted value of -23.76 occurred at 14 cm depth. The average standard deviation 

for those samples ran in triplicate was 0.15 (Figure 21). 

Nitrogen Stable Isotopes 

 The nitrogen stable isotope study compared 15N/14N. The overall average for the 

core was 2.66 with a standard deviation of 0.496.  The lower portion of the core from 43-

31 cm averaged 2.39 with a standard deviation of 0.56, while in the upper portion 

averaged 2.54 for 30-17 cm with a standard deviation of 0.233, 3.16 for 16-5 cm with a 

standard deviation of 0.184, and 2.26 for 4-0 cm with a standard deviation of 0.291. The 

most enriched value of 3.44 occurred at 12 cm and the most depleted value of 1.08 

occurred at 36 cm (Figure 21). 

N-alkane Specific Carbon Isotope data 

 The n-alkane specific carbon stable isotope study compared 13C/12C in different 

chain length n-alkanes. For C23 the isotopic values range from -16.7 to -21.3, for C25 

values range from -22.4 to -26.4, for C27 values range from -25.7 to -28.0, for C29 values  
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range from -23.7 to -30.7, for C31 values range from -22.2 to -25.5, and for C33 values 

range from -22.5 to -25.5 (Figure 22; Appendix 7).  

Biological Analysis 

Diatoms 

 R. Bernhart Owen at the Hong Kong Baptist University completed the diatom 

analysis and interpretation. Five distinct zones were identified based on the condition and 

species of diatoms observed (Figure 23).  The following results were reported:  

Zone I (43-39 cm depth) contains infrequent, fragmented diatoms only, with diatoms 

more common in Zone II (39-29 cm depth), but highly fragmented. Zone III (29-14 cm 

depth) is characterised by the presence of Staurosira venter and relatively abundant 

Nitzschia amphibia. Fragmentation is common, but there are many intact diatoms. S. 

venter and N. amphibia occur in fresh to brackish water. Highly saline taxa are scarce, 

but present. S. venter disappears in Zone IV (14-5 cm depth) and N. amphibia declines, 

being replaced by Rhopalodia gibberula with an increase in Caloneis bacillum and saline 

taxa (notably Anomoeoneis sphaerophora). R. gibberula is widespread in lakes and rivers 

and hot springs, and is often epiphytic. In Africa, it is tolerant of meso- to hyperhaline 

conditions and is often associated with alkaline lakes. Zone V (5-0 cm depth) resembles 

Zone III, but with increased Staurosira. The saline taxon A. sphaerophora also occurs.  

Testate Amoebae  

 Testate amoebae were not found in the lower interval of the core (43-30 cm 

depth) and in very low numbers (<10 specimen per drop) throughout the upper interval of 

the core (29-0 cm depth). Due to the relative infrequency in the upper interval of the core  
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it is possible some testate amoebae are in the lower interval but were not found during the 

analysis.  Preliminary identification was made with the assistance of Michelle Goman 

(Figure 24).  

Radiocarbon Dating 

Radiocarbon Dates 

 A Conventional Radiocarbon Age of 270 +/- 30 years BP was reported.  When 

calibrated this age corresponds to a 1 sigma age range of Cal AD 1640 to 1650 (Cal BP 

310 to 300) and a 2 sigma range of CalAD1520 to 1570 (Cal BP430to 380), CalAD1590 

to 1590 (Cal BP360to 360), Cal AD 1630 to 1670 (Cal BP 320 to 280), Cal AD 1780 to 

1800 (Cal BP 170 to 160), and Cal AD 1950 to 1950 (Cal BP 0 to 0) (Appendix 8). 

 A second core, 3C, was also age dated using seeds collected at 28-29 cm depth.  

A Conventional Radiocarbon age of 10 years +/- 20 years BP suggests either the GWD 

started fairly recently and sedimentation/deposition rates are extremely high or the 

sample sent for dating was contaminated with modern material (Appendix 8).  

 

DISCUSSION 

Remote Sensing 

The NDVI analysis of the northeast margin of Lake Eyasi revealed a belt of vegetation 

along the northeast lake margin as well as four likely GWD sites all of which were highly 

vegetated in all images (Fig. 12). While ground-truthing the four GWD sites was not 

logistically feasible, the consistency of the high amounts of vegetation and lack of 

visually identifiable surface water source suggests these are GWD associated features. 

Additionally numerous GWD sites visited during the field season fell within the 
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consistently vegetated band identified in the NDVI analysis, suggesting this vegetated 

band may be groundwater-fed.  This idea was further supported by the visual analysis of 

the higher resolution (less than 2 meters) GoogleEarth imagery, which showed a region 

along the lake margin with hundreds of GWD sites clustered close together (Fig. 13). 

The imagery provided by GoogleEarth does not contain the spectral band data that 

Landsat imagery contains, limiting GoogleEarth imagery to visual analysis, however 

there are numerous useful tools, such as the “ruler tool” which aid in the visual analysis.  

The “ruler tool” was used in this study as a means of determining the approximate sizes 

of numerous features without having to visit them in the field. When looking at the 

general size of the GWD features it became apparent why there was only limited success 

with the Landsat-NDVI study.  The majority of GWD features were found to be under 30 

m in diameter and located close together. As a result of the lower resolution of Landsat 

imagery (~30 m), a GWD feature had to be larger than 30 m by 30 m to take up one pixel 

on the Landsat image.  Additionally with low resolution pixels often represent a “mixed” 

source, for example if one 30 m by 30 m contains vegetation and bare soil it will give a 

mixed signal over the whole pixel.  As a result of mixed pixels the hundreds of small 

GWD features spaced closely together appear as a region of increased vegetation rather 

than individual features.   

It is possible to identify GWD regions using Landsat imagery though smaller 

features require imagery with higher resolution. Having access to the higher resolution 

imagery available through GoogleEarth made it possible to visually confirm identified 

sites that were inaccessible due to their remote locations. GoogleEarth imagery provides 
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remarkably detailed images, however unlike Landsat, does not contain spectral band data, 

thus restricting analysis.  Utilizing both data sets allows for a more detailed analysis then 

the analysis of just one could provide.  

Groundwater Discharge Onset 

 The transition from the lower interval of Core 1A to upper interval, occurring at 

approximately 30 cm depth, is interpreted as the onset of groundwater discharge to the 

site.  Aside from the obvious visual difference between the lower and upper intervals of 

the core, numerous other tests revealed additional changes occurring at the transition.  

Physical analysis of the core revealed higher magnetic susceptibility and density in the 

lower interval of the core indicating a higher proportion of sediment to organic matter, 

further supported by the relatively low LOI (percent organic matter) found in the lower 

interval.  High LOI and the geochemical analysis showing both carbon and nitrogen 

increasing in the upper interval supports the idea that at GWD onset vegetation began 

growing at the site and has continued growing site since then.  There is a relative absence 

of biological remains (diatoms and testate amoebae) in the lower interval of the core and 

a sudden appearance of numerous diatom assemblages and testate amoebae after the 

transition into the upper interval. The changes occurring in these different tests all 

indicate there was a change in the environment from one with no GWD, unable to 

support vegetation or organisms, to one where GWD is continual, supporting vegetation 

and organisms through to the present time.  

Seeds collected from just above the transition point, between 28-29 cm depth, 

produced a conventional radiocarbon age of 270 +/- 30 years BP which calibrates to a 

range of calendar ages, however all of the dates fall between 497-215 years before today 
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(2012) placing the onset of GWD between 1515-1797 cal yr AD.  Rough estimations 

were made to determine reasonable travel times for groundwater originating on Mt. 

Oldeani (Figure 4 and labeled OD in Figure 5) and flowing to the GWD sites and have 

produced a range of values, a groundwater travel time of roughly 400 years being the 

most plausible (Appendix 9).  Applying this estimation to the range of dates for 

groundwater onset indicates the groundwater that first reached the site was recharged 

from precipitation on Oldeani approximately 897-615 years before today (2012) (between 

1115 – 1397 cal yr AD). 

There are two potential causes, tectonic and climatic, for the onset of GWD at this 

site. If the cause was tectonic, an earthquake or other tectonic activity occurring between 

497-215 years ago could have caused the groundwater flow to be redirected and start 

discharging at the coring site. Tectonics is a less likely cause because there are numerous 

GWD sites around two sides of the lake and for a tectonic even to affect each the same 

and cause a permanent redirection of GW is unlikely, however without age dating 

multiple GWD sites it is not possible to rule out this cause as Lake Eyasi lies within a rift 

basin. It is more plausible that a change in climate and rainfall amounts resulted in the 

onset and continuation of GWD at the site. Based on the age date of GWD onset and the 

calculated travel time for groundwater from source to site (approximately 400 years), the 

rainfall recharging the GWD at the site fell on Mt. Oldeani between 1115 – 1397 yr AD.  

The time frame during which the groundwater was precipitated coincides with the 

start of the Little Ice Age (~1250 AD). Numerous studies of lake levels in East Africa 

have shown the Little Ice Age to be a period of increased rainfall and thus high lake 

levels (Verschuren, 2000; Verschuren et al., 2001) and initiation of wetlands (Ashley et 



	   66	  

al., 2004; Driese et al., 2004). This is in opposition to the Medieval Climate Anomaly, a 

time of increased temperatures and dry climate (Mohammed et al., 1995; Verschuren et 

al., 2000).  Within the Little Ice Age there were a number of drier periods (1380-1420, 

1560-1620, and 1760-1840) that some suggest relate to periods of solar maximum 

(Verschuren et al., 2004).  Others have found connections with recent periods of 

increased rainfall and solar minimums (Thompson and Hamilton, 1983; Stager et al., 

2005). The suspected mechanism between solar radiation levels and rainfall deals with 

the impact of radiation on higher level convection currents (for example in the 

troposphere), however research into these theories is relatively new and rapidly 

progressing (Thompson, 1983; Verschuren et al., 2004; Stager et al., 2005).  

Wetland Development 

 Within the upper interval of Core 1A there is evidence that the amount vegetation 

increased with time as the groundwater-fed wetland developed with time.  This increase 

in vegetation is indicated by the increase in carbon with time found in both the LOI and 

elemental study. The percent sand analysis also showed a consistent decrease in sand 

sized particles starting between 15-14 cm depth.  One interpretation of this change in 

percent sand is that the sudden decrease in larger (sand sized) particles corresponds to 

when tall plants arrived at the site.  Larger particles are often carried closer to the ground 

by wind and tall plants such as Typha could act as a barrier causing large particles to fall 

out at the edges of the stands of tall plants (Deocampo, 1994).  

The increase in the amount of carbon/organic matter in the core and the arrival of 

tall plants all indicate that after GWD began the vegetation surrounding slowly developed 

into the highly vegetated wetland seen there today.  This idea of wetland development is 
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consistent with what is observed in the higher resolution GoogleEarth imagery.  Looking 

at the different GWD sites it is possible to see ones that have minimal vegetation, while 

others have stands of taller plants (Typha) and even pooling water.   

Sub-Interval of Salinity Increase 

 Within the upper interval of Core 1A is a “sub-interval” or zone, first identified in 

the diatom analysis, of increased salinity.  During this time, from 16 – 5 cm or roughly 

50-150 years ago, saline-tolerant diatom taxa appear and freshwater taxa disappear. At 

the start of this time percent sand decreases, suggesting the arrival of taller plants.  

Additionally the TOC/TN ratio indicates this period as a time when the source of the 

organic matter is slightly more aquatic than the rest of the upper interval of the core.    

All indications suggest that this was a time when the environment became more 

saline and may have been receiving more water.  There are a couple options to explain 

this, first the amount of GWD may have increased, supporting larger forms of vegetation 

and expanding the wetland, which in doing so reabsorbed salt deposited on the 

surrounding soil and increasing the salinity within the wetland.  Alternatively, this may 

represent a time of increased rainfall and higher lake levels, which may have introduced 

salinity to the system through frequent flooding of lake water, or a consistently higher 

lake level could have caused the saltier groundwater below the lake to be mixed with the 

fresh groundwater typically flowing to the system.   

Future Data 

 Work on this site is ongoing and future results will help bolster some of the 

findings presented here.  Pollen and phytolyth analyses are already underway by Doris 

Barboni and will provide additional information regarding: arrival time of onion farming 
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to the area (and the potential anthropogenic impacts of such), further evidence that this 

GWD wetland expanded and developed over time, and additional information for the 

paleoclimate of the region at large through blown in pollen. Additionally as part of this 

study more age dating will be performed, and the plants growing at and around the site 

will be better characterized in terms of their isotopic and n-alkane signatures so that the 

results of those studies can be better constrained.  

 

CONCLUSIONS 

The objectives of the study to locate groundwater discharge areas in the Eyasi 

Basin by remote sensing and to determine the longevity of sites by analyzing the 

sedimentary record of a core from an active wetland were met.  Large GWD features (> 

30 m2 ) were identified with Landsat imagery, but resolution limitations of Landsat did 

not allow identification of smaller (< 30 m2 ) wetlands. GoogleEarth was found to be 

useful for locating smaller features, but imagery provided by GoogleEarth does not 

contain the necessary spectral band data, thus limiting its use to visual analysis. Utilizing 

both data sets allow for a more detailed analysis than just one could provide. 

The seven cores collected from three sites on the lake margin of Lake Eyasi had 

similar records. Core 1A (43 cm) was representative and revealed stratigraphy comprised 

of two distinct intervals. The bottom interval was an organic-poor (5%) clay containing 

minor, abraded and broken microfossils and an average C/N ratio of 11.4 suggesting 

“lake” sediments. The C/N ratio begins at the bottom with a higher proportion of aquatic 

plants compared to terrestrial plants and up-section the proportion gradually changes to a 

higher proportion of terrestrial plants at the top of the interval at ~29 cm.  Small-scale 
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fluctuations in the C/N ratio may reflect repeated lake flooding during the lower interval.  

Radiocarbon dates of seeds collected at the base of the upper layer are 270 +/- 30 years 

BP (conventional radiocarbon age) in age.  

The upper interval, in contrast, is organic-rich (10-35%) clay, with abundant 

diatoms and testate amoebae, an average C/N ratio (~14.5) and organic remains (n-

alkanes) recording the presence of deciduous trees and grasses. N-alkanes of both plant 

types become more negative up core suggesting increasing aridity with time, despite the 

apparently flourishing wetland (increase in both C and N).  The rather abrupt change in 

sediments between the lower and the upper layer is interpreted to result from an increase 

in groundwater discharge to the site with a sufficient positive water budget to support 

wetland vegetation.  A change in environmental conditions is indicated by sediments 

between 15-5 cm; a higher proportion of aquatic plants to terrestrial plants, a dramatic 

decrease in sand, and presence of saline-tolerant diatoms.  This interval of increased 

salinity could have number of  causes (1) GWD increased expanding the area of the 

wetland and salinity increased as salt from the surrounding soil was dissolved, (2) the 

frequency of lake transgressions increased during this time raising salinity, or (3) GWD 

decreased and salinity rose due to the high rates of evapotranspiration. The top 4 cm of 

core represents an environment much like the one observed today, a groundwater fed 

wetland environment, with standing water in localized areas, with tall sedges being the 

dominant vegetation.   

Without more dates on the Eyasi groundwater-fed wetlands, the reason for the 

initiation of groundwater flow to the site and the sustained flow for the last few hundred 

years can only be speculation.  However, rough calculations for the time for groundwater 
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to move from the closest recharge area, Mt. Oldeani, to the site is ~400 years. Solar 

minima connected with the Little Ice Age have been suggested to have triggered periods 

of higher rainfall in the region starting >700 years ago (Verschuren et al. 2000).  This 

timing is consistent with the initiation of the wetland at the study site at 1515-1797 cal yr 

AD if the groundwater takes ~400 years to travel from the recharge area to the study site. 

In addition to the scientific gains of this study there is the potential to benefit and 

aid the people living near these GWD features, relying on them for life-sustaining water 

for themselves as well as livestock and crops.  Through a better understanding of what 

drives these features, how they form, evolve through time, and how long they last, it may 

be possible to monitor these features through remote sensing and ensuring they remain 

able to provide much needed potable water to this region. In the same way people today 

rely on these GWD features it is also likely that early man relied on similar features when 

trying to cope with Africa’s harsh, ever changing climate.  GWD features such as those 

found along Lake Eyasi may be a modern analogue for similar sites preserved near 

archeological sites in other parts of East Africa.  Such GWD features may help explain 

how early man was able to migrate out of Africa despite uncertain water supply from the 

major lakes.  

GWD and the wetlands associated with them hold great potential for containing 

climate record, however much more must could understood about the mechanics behind 

them, and the environment in which they are found. More in depth research into the 

groundwater path and geohydrology of this region, a better understanding of the isotopic 

signature of the C3 and C4 plants in this region, as well as a more complete understanding 

of how these GWD features form and evolve through time is required before one can 
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begin connecting the event seen in this core to one in the past. This study has shown the 

critical need for further examination of GWD features in this basin and in similar sites 

around the world as they represent a highly responsive ecosystem capable of capturing 

climate changes. 
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Appendix 4. N-alkane preparation methods. 
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Appendix 5. Density plots for all cores. 
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Appendix 6. Magnetic susceptibility plots for all cores. 
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Appendix 7. N-alkane carbon isotope plots for n-alkane chain lengths measured. 
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Appendix 8. Radiocarbon Date results for Cores 1A and 3C.  
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Appendix 9. Groundwater travel time calculations.  
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